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A novel Y3(;_y)Er3,GasO;> nanocrystalline garnet has been synthesized by a sol-gel technique and

a complete structural, morphological, vibrational, and optical characterization has been carried out in
order to correlate the local structure of the Er** ions with their optical properties. The synthesized

nanocrystals are found in a single-phase garnet structure with an average grain size of around 60 nm.
The good crystalline quality of the garnet structure is confirmed by FTIR and Raman measurements,
since the phonon modes of the nano-garnet are similar to those found in the single crystal garnet. Under
blue laser excitation, intense green and red visible and 1.5 pm infrared luminescences are observed,

whose relative intensities are very sensitive to the Er** concentration. The dynamics of these emissions
under pulsed laser excitations are analyzed in the framework of different energy transfer interactions.
Intense visible upconverted luminescence can be clearly observed by the naked eye for all synthesized
Er**-doped Y;GasO, nano-garnets under a cw 790 nm laser excitation. The power dependency and the
dynamics of the upconverted luminescence confirm the existence of different two-photon upconversion
processes for the green and red emissions that strongly depend on the Er** concentration, showing the

potential of these nano-garnets as excellent candidates for developing new optical devices.

A Introduction

Nowadays, rare earth (RE*")-doped nanocrystals attract great
attention due to their size, shape, and phase-dependent structural
and luminescence properties, which make them suitable for
fundamental and technological applications.”* On the other
hand, the favorable physical and chemical properties of the oxide
garnet crystals, such as high transparency from the UV to the
mid-IR, high thermal conductivity, hardness, good chemical
stability, and relatively low-energy phonons, make them one of
the most important families of host matrices for the RE3" ions
with interesting luminescence properties already used in lasers
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and phosphors.* In fact, the Nd**-doped Y3Al;0;, (YAG) garnet
is one of the most well-known and used laser-active materials.

In the last decade, large efforts have been made to investigate
the luminescence properties of RE**-doped nanostructured
garnets,* especially in the development of lasers and phosphors
in lightning applications, 3-D optical imaging for displays and as
an alternative to quantum dots in the development of photonic
and optoelectronic devices. The Y3Al;01, (YAG)®” and the
Gd;Gas0; (GGG) nanostructures have proved to be efficient,
flexible and robust luminescent materials and can support high
concentrations of RE** ions through substitution of Y** or Gd**
ions without charge compensation.®®

From the point of view of the potential optical applications of
the RE*" ions, one of the most interesting phenomena is their
capacity to convert the infrared absorbed radiation into visible
emitting light, known as energy upconversion.'® The particular
selection of one or various RE*" ions and their concentrations
allows controlling the upconverted visible luminescence to match
a specific coordinate of colour, or even the generation of white
light as a combination of red, green and blue (RGB) emissions.
Thus there is an increasing demand for upconversion materials
with important applications in upconversion lasers, due to the
availability of powerful near-infrared commercial laser diodes,
IR detection by conversion to visible light, where detectors are
more efficient, and biological fluorescence labels and imaging or
3-D displays.!*'-1¢ When the RE*" ions are incorporated into
the nanocrystals their upconversion efficiencies depend on the
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RE** ion concentration, the size of the nanocrystals, the intra- or
inter-particle energy transfer processes, and the rate of the
multiphonon relaxation."*'¢ Hence, there is a need for a rigorous
search for RE*"-doped hosts with low-energy phonons, high
quantum efficiencies, and optimized nanocrystal size and RE**
concentrations in order to have the most efficient luminescence
properties.

Among the trivalent RE*" ions, the erbium (Er**) ion is
a versatile optically active ion for upconversion since its energy-
level structure contains several metastable multiplets.'” Further,
it provides interesting laser emissions at around 1.5 pm, associ-
ated with the *I;3, — “I;5,, transition and widely used in optical
telecommunication and range-finding applications, and at
around 2.9 um, associated with the *I;1,, — *I;3/, transition used
in medical applications. Moreover, an efficient upconversion
laser in the visible region pumped by an infrared laser diode has
been obtained with a higher efficiency than that achieved by
second harmonic generation techniques due to broad pumping
mechanisms.'®2°

This work presents for the first time, as far as we know, the
synthesis of Er**-doped Y;GasO;, (YGG) nano-garnet using an
easy citrate sol-gel method, as well as the study of the correlation
between the nanocrystal structure and morphology and the
Stokes and upconverted luminescence properties. This charac-
terization was carried out as a function of the concentration
of the optically active ion in order to carefully control the
Er** luminescence in the nano-garnet.

B Experimental

Nanocrystalline yttrium gallium garnets of composition
Y3(1,X)EI'3XG3.5012, with x = 001, 0.05 and 0.1 and hereafter
called YGGI1Er, YGGS5Er and YGGI10Er, were successfully
synthesized by the citrate sol-gel method in an air atmosphere.*!
Stoichiometric molar ratios of high-purity Ga(NOj3);-9H,0,
Y(NO3);-4H,0 and Er(NOs)3- 5SH,O materials were dissolved in
25 ml of 1 M HNOj; under stirring at 353 K for 3 h. Then citric
acid, with a molar ratio of metal ions to citric acid of 1 : 2, was
added to the solution, which was stirred for a further 2 h and
finally dried at 363 K for 36 h. This process created a gel that was
fired at 773 K for 4 h in order to remove the residual nitrates and
organic compounds and the subsequently obtained powder
sample was finally calcined at 1173 K for 16 h.

The HRTEM micrographs (FEI-TECNAI G2 microscope at
200 kV) were used to study the morphology and the nano-
structure of the YGG powder. The X-ray diffraction patterns
of the YGG nano-garnets were measured using the CuK,
(1.5406 A) radiation in the range of 26 = 10-80°, with a step size
of 0.02° (PANalytical X’Pert Pro). The infrared absorption
spectrum was recorded using a FTIR spectrometer (Bruker
IFS66), whereas the Raman spectrum was obtained in back-
scattering geometry (Horiba Jobin Yvon LabRAM HR UV)
with resolution better than 2 cm~' and exciting with the unfo-
cused 632.8 nm radiation of a 30 mW He-Ne laser.

The visible and NIR diffuse reflectance spectrum in the range
from 200 to 1800 nm was measured using an integrating sphere
with a Cary 6000i (Varian). The luminescences of the Er**-doped
YGG nano-garnet powders were measured by exciting at 488 nm
using the laser line of an Ar* laser (2060-10 Beamlock Spectra

Physics) for the visible range or at 790 nm using a Ti:sapphire
laser (3900S Spectra Physics) pumped by the Ar* laser for the
NIR range. These emissions were focused with a convergent lens
onto a 0.75 m single-grating monochromator (Jobin Yvon
Spex750M) with a resolution of 0.1 nm and then detected either
with a photomultiplier tube (Hamamatsu R928) or an InGaAs
detector. Moreover, under a cw 790 nm laser excitation, the green
and red upconverted luminescences were focused with a conver-
gent lens onto a fiber coupled 0.303 m single-grating spectro-
graph (Andor Shamrock SR-303i-B) and detected with a cooled
CCD detector (Newton DU920N). The luminescence decay
curves and the dynamics of the upconverted emissions were
measured by exciting the Er** ions with a 10 ns pulsed optical
parametric oscillator OPO (EKSPLA/NT342/3/UVE) using
a digital storage oscilloscope (LeCroy WS424) coupled to the
detection system. All spectra were corrected for the spectral
response of the equipment.

C Results and discussion
C.1 Morphological and structural properties

The HRTEM micrographs of the synthesized powder obtained,
shown in Fig. 1, reveal that nanocrystalline powder has been
obtained in the form of agglomerated nanocrystals in different
shapes with different sizes ranging from 40 to 60 nm. The exis-
tence of aggregated particles has been ascribed to the bridging of
adjacent particles through the hydrogen bonding of water and
the significant capillary action generated during the drying
process in the precursors.”? HRTEM images show that the lattice
spacing between different layers of Er**-doped nanoparticles is
around 4.60 A, which corresponds to the (220) plane of the cubic
phase of the YGG nano-garnets. The distance between the layers
corresponding to the (220) plane in bulk YGG is 4.34 A, which is
smaller than the distance obtained for the nanocrystal. Thus,
from the HRTEM pictures it can be concluded that an increase in
the lattice parameter of the nanoparticles is accompanied by
a decrease in their sizes.

X-ray diffraction measurements reveal well-defined Bragg
reflections of the nanocrystalline powder samples, indicating that
the material under study is well-crystallized in a single phase of
cubic crystalline structure, without appreciable changes due to
the Er** doping concentration (see Fig. 2 for the YGGI1Er nano-
garnet). These patterns have been indexed to the Y3GasOi,
(YGG) garnet structure with an Ja3d (no. 230) space group and
refined by both the Le Bail and the Rietveld method?* using the
FULLPROF program.?® The Le Bail fitting allows getting more
accurate values of the shape and cell parameters in terms of
profile matching, being a reliable first step before carrying out the
Rietveld fitting, since it gives more accurate results for both the
shape and the lattice as starting values for the refinement. The
Rietveld fitting, carried out after adding the atomic positions to
the Le Bail output, has been done by the refinement of 21
parameters, a pseudo-Voigt profile function, and a polynomial
function with six refinable coefficients for the background. The
cell parameters and the reliability factors for both fittings are
summarized in Table 1. The fittings are quite good and only small
differences have been found for the amplitudes of a few peaks, as
can be observed in Fig. 2 for the Le Bail refinement. The average
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Fig. 1 High resolution transmission electron microscope (HRTEM)
micrographs of the YGG nano-garnets.

crystallite size has been estimated to be around 60 nm for the
three samples under study from the full width at half maximum
(FWHM) of the diffraction peak at 32.71° using the Scherrer
equation along with the structure of the YGG unit cell,*® con-
firming the estimations made using the HRTEM micrographs.
The YGG garnet crystal structure can be described as
a network of GaOg octahedra and GaQ, tetrahedra linked by
shared oxygen ions at the corners of the polyhedra (see Fig. 2).
These polyhedra are arranged in chains along the three crystal-
lographic directions and form dodecahedral cavities which are
occupied by the Y** ions. Thus the YGG garnet possesses three
crystallographically distinct cation sites,” i.e., the Ga®* ions are
located both in 24(d) tetrahedral S, sites and 16(a) octahedral S,
sites with fourfold and sixfold coordination, respectively, while
the Y** ions are located in a 24(c) dodecahedral D, site with
a coordination number of 8. The O*" ions occupy the 96(h) sites
with each one being a member of one tetrahedron, one octahe-
dron, and two dodecahedra. Due to ionic size considerations in
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Fig. 2 (Top) X-ray diffraction pattern (upper) and Le Bail refinement
(lower) of the YGGI1Er nano-garnet. The lower part of the figure shows
the difference between the observed and the calculated plots and the
vertical marks are the allowed reflections for this material in the Ja3d (no.
230) space group. (Bottom) unit cell of the YGG crystal, where the
spheres show the position of the Y** ions occupying a D, point symmetry
site and the S; and Sy site positions of the Ga** ions.

Table1 Cell parameters and reliability factors obtained from the Le Bail
and the Rietveld refinements

a(A) V(AY) X Ry Ry Rep
Le Bail fitting
12.2833(3) 1853.296 5.00 7.87 10.3 4.62
Rietveld fitting
12.2816(5) 1852.528 14.5 13.0 17.8 4.69

the YGG lattice, the RE** ions are expected to predominantly
enter into the distorted dodecahedral sites by replacing the Y**
ions and to be coordinated to eight O*~ ions.?®

The vibrational modes of the different polyhedra of YGG can
be studied by FTIR and Raman spectroscopy.? The FTIR
spectrum of the YGG nano-garnet powder, shown in Fig. 3,
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Fig. 3 FTIR and Raman spectra of the YGG nano-garnets.

consists of two main bands with superimposed peaks whose
energies range from 520 to 1100 cm™', in addition to different
broad peaks at higher energies. The peaks with maxima at
around 590, 620, 640, 685 and 840 cm~' correspond to the
formation of the nanocrystalline YGG and are assigned to
the characteristic metal-oxygen stretching vibrational modes of
the GaQy, tetrahedra in the garnet structure.?-3°

The Raman spectrum of the YGG nano-garnets has been
measured in the 100-2500 cm™! range and the observed modes
are summarized in Table 2. The primitive cell of a garnet lattice
contains four formula units (80 atoms)*' in which, from a factor
group analysis, there are 25 Raman-active modes that can be
classified as 3 A, 8 E, and 14 T,, modes.*? It is worth noting
that out of 25 predicted Raman-active modes, 17 of them are
experimentally observed for nanocrystalline YGG and are
compared with vibrational modes of YGG single crystals® (see
Table 2). A quite good agreement is observed between the
vibrational modes of the nano-YGG and the YGG single-crystal
and, in general, only slight shifts in frequency have been found
between the Raman modes of nanocrystals and those of the bulk

Table 2 Comparison of the energies of the experimental Raman vibra-
tional modes (in cm™') of the YGG nano-garnets and single crystal

Vibrational phonon YGG nano-garnet YGG single

mode (present work) crystal (ref. 29)
Ta 119 119 (theory)
E, 133 134

Ta 151 155 (theory)
Tog 175 176

Tag 187 180

Ta 243 243

Tag 272 274

E, 286 287

E, 300 324

Ay, 357 356

Tag 393 392

E, 411 412

Tag 420 432

Ajg 528 529

Ta 594 596

Tog 612 611

E, — 635

Tog 752 754

material, and these are within the accuracy limits of the
measurements.

The Raman spectrum of garnets has been interpreted on the
basis of the vibrational modes of the tetrahedral GaO, and
octahedral GaOg units, considering that the vibrations of the
different polyhedra are strongly coupled to each other.**** While
the assignment of the different Raman modes to the different
vibrations in terms of eigenmodes is very clear in the Y3Als0;,
(YAG) crystal,® the same situation is not so evident in the
Y3Gas01; (YGG) crystal.? The Raman spectrum of YGG
can be divided into two main regions: the low-frequency region
(100-340 cm™") and the high-frequency region (340-800 cm™").
Starting with the latter and according to Saine et al. (1982),%* the
bands comprised in the 340-450 cm™' and the 580-700 cm™'
ranges can be attributed to the antisymmetric stretching modes
of the GaOg and GaO, polyhedra, respectively. However, the
band at 360 cm™! can be assigned to the symmetric stretching
mode of the GaO, tetrahedron coupled with a rotational mode
involving the whole tetrahedron. Finally, the band observed at
around 760 cm~' is mainly due to the symmetric stretching mode
of the GaOy, tetrahedron, even if a weaker contribution due to the
antisymmetric stretching mode of the same polyhedron could be
present.3*

The bands in the low energy region are mainly due to the
0-Ga-O bending modes of the Ga-related polyhedra and to
lattice modes related to the movements of the Ga-related poly-
hedra against the Y** ions, which can also be considered as
stretching or bending modes of the YOg dodecahedra. In this
sense, it is important to note that the stretching and bending
forces of Y** ions in YOg dodecahedra are considerably smaller
than those of GaO, tetrahedra and similar to those of GaOg
octahedra in garnets.?® In particular, the two lowest-energy E,
phonons at 133 and 286 cm™' have frequencies that exhibit
a strong dependence on the lattice parameter and correspond-
ingly on the RE*" mass, being the smallest in frequency attrib-
uted to the translation of YOg units. On the other hand, the T,
modes at 187 and 272 cm™' have been shown to be almost
volume-independent and this behavior could be related to
canceling contributions due to the intermixing of octahedral and
dodecahedral molecular modes.*® Therefore, all these low-
frequency E, and T,, modes could yield important information
regarding the occupation of the dodecahedral sites by the Er**
ions. In fact, since this is a low-energy phonon site, the multi-
phonon relaxation probabilities in the YGG nano-garnets may
be considered one of the lowest found in oxide matrices, and
could yield high quantum efficiencies for the emitting levels of
the Er** ions.

Despite the measured FTIR and Raman spectra confirming
the good crystalline quality of these nanocrystals of garnet
structure, there are a few Raman and IR peaks above 1100 cm™!
whose explanation is not easy, although it is accepted that their
presence is related to the anions attached to the nano-garnet
crystal surface during the synthesis process. In principle, the
presence of these anionic groups on the nanoparticles surface is
potentially undesirable since they may act as quenching traps,
diminishing the luminescence and lifetimes of the RE** emitting
levels. The peak at around 1500 cm ™' could be assigned to CO3>~
carbonate groups, while the bands in the range from 2000 to
2350 cm ™' could arise from the carbon dioxide in air. Finally,
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another band at around 3550 cm~! (not shown) is associated with
the OH™ anionic groups arising from the water adsorbed during
the exposure of dried powder to air. The presence of high energy
vibrations may indicate that the heat treatment was not enough
to remove either the carbonate or the hydroxyl ions from the
nanocrystal surface, since these bands have been shown to
disappear after synthesis at a higher temperature.?*

C.2 Absorption and luminescence

For optical applications special interest is devoted to the analysis
of the local structure around the RE** ions in the matrix, since it
rules the fine structure splitting of the free-ion multiplets and the
forced intra-configurational 4f—4f electric-dipole transition
probabilities in the visible range. The optical properties of the
RE** ions and, therefore, their interest for optical applications
depend on the final environment of these ions.3¢

As already mentioned, the Er’" ions will predominantly
enter the distorted dodecahedral sites by replacing the Y** ions.
Thus the eight oxygen ligands surrounding the optically active
Er** ion create a local environment with orthorhombic D,
point symmetry. As a consequence, the D, crystal-field interac-
tion felt by the optically active ion will completely remove the
degeneracy of the »*'L; multiplets of the free-Er** ion, giving rise
to (2J + 1)/2 Stark, or crystal-field, levels labeled according to the
irreducible representations obtained from group theory.3¢

The room temperature (RT) diffuse reflectance spectrum of
the YGGSEr nano-garnet in the UV-visible-NIR range is given
in Fig. 4. The peaks observed correspond to intra-configura-
tional 4f''4f'"" electronic transitions starting from the “I;s;
ground state to the different excited levels of the Er** ion. All the
transitions are assumed to be electric dipole in nature, except for
that to the “I;3,, first excited state that shows a magnetic dipole
contribution.?” The labels of the different transitions of the Er**
ion in the YGG nano-garnet have been assigned according to the
well-known Dieke’s diagram for this ion in the LaCl; crystal®®
and the energies of the Stark levels of Er** in a YGG single
crystal summarized by Morrison and Leavitt.** A partial energy
level diagram of the Er** ion in the YGG nano-garnet is given in
Fig. 5. The sharp peak profiles found for all the electronic
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Fig.4 Diffuse reflectance spectrum of the YGGSEr nano-garnet powder
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ground state to the indicated levels.
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Fig. 5 Partial energy level diagram of the Er** ion showing different
radiative transitions (downward solid lines) related to the luminescence
after a *I5,, — “F7, ground state absorption (GSA) under a direct laser
excitation at 488 nm. The multiphonon (zig-zag lines) and energy transfer
(dashed lines) non-radiative relaxation processes are also shown.

transitions confirms that the Er** ions are incorporated in the
nanocrystalline structure of the garnet. From these data, and the
emission bands presented later, it can be stated that the
absorption transitions at RT start mainly from the four Stark
levels of the *I;s, ground state with lowest energies, which are
separated around 350 cm™' from the Stark levels with higher
energies. The intense band at around 240 nm, strongly over-
lapped with the absorbance of the YGG matrix, can be assigned
to the Er**-O* charge transfer state, although different
4f'' — 4f'°5d inter-configurational transition bands of the
Er** ion have also been observed in this range.*

When the Er** ions are resonantly excited to the *F, level with
a cw 488 nm blue laser radiation, the luminescent >H, ,» and *Ss/»
thermalized levels are immediately populated through non-
radiative multiphonon relaxation processes and green, red, and
NIR luminescence are measured (see Fig. 6). However, these
emissions not only start from the *H;;» and *Ss/, thermalized
levels but also from the *Fop, *I;12, and *I;3,, multiplets popu-
lated through different non-radiative de-excitations. The only
non-emitting level is the *Ig, one, from which the expected
emissions at around 800 and 1700 nm are not observed, even
under a direct excitation of the Er** ions to this level. The
emission bands are assigned in Fig. 6 and their sharp peak
profiles further confirm that the Er** ions are incorporated in
the YGG nano-crystals. Similar observations are found for
Er**-doped Lu3;GasO;» (LuGG)® and Gd;GasO, (GGG)
nanocrystals® and single crystals.*!

Of special interest are the emission bands from the I3
multiplet at around 1.5 pm shown in Fig. 6. The peak positions
and spectral profiles of these bands are similar to those in the
absorption spectrum, although their relative intensities strongly
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Fig. 6 (Top) Luminescence spectra of the YGGIEr and YGGI0Er
(overimposed) nano-garnets in the visible-NIR range at RT. The spectra
are normalized to the intensity of the 2H/,,*S3/» — *I;5/, green emission.
(Bottom) 1.5 um *I;3» — *I;5» NIR luminescence of the YGG1Er nano-
garnet. The different bands are correlated to transitions between the *I13/,
and “I; 5/, Stark levels. The degeneracies of the ground and the first excited
multiplets are given in parenthesis. The inset figure shows the relative
intensities of the *I;3,, — *I;5» emission and the lifetime of the *I;5/, level
as a function of the Er** concentration.

differ. The fact that the ground and the first excited multiplets of
the Er** ion in the garnet crystal show a particular Stark splitting
with two groups of levels separated by a few hundred cm™' give
rise to four bands with a rich structure of peaks between the
different Stark levels. The identification of these bands is given in
Fig. 6.

The dependence of the luminescence with the Er** concentra-
tion for the *Fop, “I;1» and *I;3, emitting levels are clearly
observed around 660, 975 and 1500 nm, and the emissions
starting from the first two levels in the YGG10Er nano-garnet
are included in red in Fig. 6 for comparison. The relative inten-
sity of the weak “Fo, — *I;5,, red emission between 645 and
680 nm compared to the green one increases by a factor of
around 4.5 when the concentration of Er** ions increases from
1 to 10 mol%. This factor is around 11 for the *I;;;, — “I;5» NIR
emission at 975 nm and 7.5 for the *I;3, — “I;5/» NIR emission at
1.5 um, as shown in the inset of Fig. 6. The enhancement of these
emissions with the increase of the Er** ion concentration can be
ascribed to different cross-relaxation processes involving the
ground state and the emitting levels.

In order to check the existence of these energy transfer chan-
nels in the YGG nano-garnets, the lifetimes of the emitting levels
were measured for the YGGI1Er, YGGS5Er and YGGI10Er nano-
garnets and are reported in Fig. 7. It is known that at very low
concentrations of the optically active ions, for which the inter-
actions between them are negligible, the decay of the lumines-
cence can be described by a single exponential. However, at
higher concentrations the active ions are closer to each other and
the energy transfer processes become more efficient, causing
a non-exponential decay.** For this reason, an effective lifetime
(terr) can be evaluated by using the following equation®3

(1

that for the samples with higher Er** concentrations probabilities,
in the presence of energy transfer processes, can be expressed as

1 1

—=—+ Wer (2

Tetf  To
where Wegr is the energy transfer probability and 7, is the
intrinsic lifetime of the thermalized levels, involving radiative
and non-radiative multiphonon de-excitation probabilities, and
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Fig. 7 Er’*" luminescence decay curves of the (top) green, red and
(bottom) NIR emissions in YGGI1Er, YGG5Er and YGGI10Er nano-
garnets at RT under resonant laser excitations.
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can be measured if the concentration of Er** ions is low enough
to neglect ion—ion interaction and, therefore, the energy transfer
probabilities.

Two different temporal regimes can be observed in the YGG
nano-garnets according to the order of magnitude of the lifetimes
of the four emitting levels of the Er** ions. On one hand, those
from the *Hy1/2, *S3/2, and the *Fy, levels with typical lifetimes of
the order of tens of microseconds and, on the other hand, those
of the *I;;, and *I 3, metastable levels with longer lifetimes of
hundreds or thousands of microseconds. Moreover, different
dynamics are found for each emitting level.

Under resonant laser excitation at 525 nm, the 7. at RT of the
’H,,/» and *S5/, thermalized levels is found to be around 100, 45,
and 10 pus for the YGGI1Er, YGGS5Er, and YGGI10Er nano-
garnets, respectively (see Fig. 7). The green luminescence decay
curve for the lowest Er’* concentration is quasi-exponential,
indicating a homogeneous distribution and therefore an Er**—
Er** distance large enough to, in a first approximation, neglect
the energy transfer processes. Its effective value of around 100 ps
is lower than the 125 us found in Er**-doped GGG nanocrystals
with the same concentration,® probably due to differences in the
multiphonon probabilities for both matrices and indicating
a slightly higher radiative transition probability of the Er** ion in
the YGG nano-garnet. At higher Er** concentrations, the
observed non-exponential nature of the luminescence decays is
accompanied by a shortening of the lifetime that is related to
energy transfer processes between Er** ions and/or to different
quenching traps (impurities and/or defective sites).* The resonant
cross-relaxation channels that depopulate these thermalized
levels are the (*Szp, Tysi2 = 1312, o) and (*Szpa, “Tisy = “opa,
T 35) cross-relaxation channels, labeled as I and IT in Fig. 5. The
first channel involves two nearby interacting Er** ions, one
excited at the *Ss/, emitting level and the other one at the *I;s/,
ground state. The first Er** ion (the donor of energy) de-excitates
to the “I;3, first excited multiplet and transfers non-radiatively
the energy of the transition to the other Er** ion (the acceptor of
energy) that promotes from the “I;5» ground state to the *Io,
level. The second channel takes place between different levels,
but the point is that both channels finally feed the *I;;,, level,
after a fast non-radiative relaxation from the *Io, level and the
“T13, lowest emitting level, which further increases their
luminescence.

Assuming the intrinsic lifetime 7, is equal to the effective
lifetime measured for the YGGI1Er sample, i.e. considering that
the energy transfer probability can be ignored, the Er**—Er** rate
of energy transfer Wgr of the green emitting levels can be esti-
mated for the higher Er** concentrations using eqn (2). Wgt =
12200 s7! for the YGGSEr and Wit = 90000 s~' for the
YGGI10Er nano-garnets, which are comparable or much higher
than the intrinsic (radiative plus multiphonon) probability of
10 000 s~! obtained for the *H,,, and *S3,, thermalized levels of
the Er** ions. This rough estimation allows the conclusion that
the energy transfer probability starts to be quite important in the
quenching of the green luminescence for concentrations of
around 5 mol% of Er** ions. The competition between the
spontaneous radiative de-excitation and the cross-relaxation
processes gives rise to an effective decrease in the luminescence of
the Hjy, and “S3, thermalized levels that, analyzing the area
under the luminescence decay curves, can be estimated to be

around 65% for the YGGSEr, reaching around 90% for the
YGGI10Er nano-garnet.

On the other hand, the luminescence decay curves of the “Fg»
level for the three samples are quasi-exponential, as shown in the
inset of Fig. 7 for the low-doped sample, and have a similar
dynamics that gives the same effective lifetime of around 9.6 ps
for all the Er** concentrations studied. This result is quite
surprising and indicates that no efficient energy transfer process
involves any Er** ion in this level; ie., no resonant or quasi-
resonant cross-relaxation channels exist involving the Er** ions
in the “Fo/» multiplet and, hence, no quenching of the red lumi-
nescence is observed in the YGG nano-garnets. On the contrary,
the quenching of the luminescence from the “Iy, is rather effi-
cient, since no luminescence was measured even at low Er**
concentrations. This behavior can be associated with low radi-
ative probabilities, high multiphonon relaxation probabilities
and the existence of different cross-relaxation channels, being
the resonant ones, namely the (*lopn, *lop, — “I132, *Sip),
(Top, *Ti1z = *Tizp2, *Fop) and oz, “Toja = *I1172, *Fopz) channels
labeled as III, IV and V in Fig. 5.

The luminescence decay curve of the *I;;» — “I;5, emission
obtained under a 970 nm resonant laser excitation is particularly
interesting since it shows a non-exponential character even for
the lowest Er** concentration. Thus the energy transfer processes
are also rather efficient for Er** ions in this level, due to the
(T, *Tiz = *Lisp, "Hiip) and (T, Tz = *Fop, Tisp)
resonant cross-relaxation channels, labeled as VI and VIII in
Fig. 5, and, most probably, to quenching traps.

The luminescence decay curves of the *I;3, — *I;s/, transition
for all the Er** ion concentrations are single exponential, point-
ing to diffusion mechanisms of energy transfer.**** From the
decay curves, lifetimes of the I3, level have been determined
by single exponential fits and found to be around 5.75, 3.25 and
1.85 ms for the YGGI1Er, YGGSEr and YGGI10Er nano-garnets,
respectively. The variation of the lifetime of *I;3/, level with the
Er** concentration is shown in the inset of Fig. 6, where it is
observed that the lifetimes are decreasing monotonically with the
increase of the Er** ion concentration. This effect can be asso-
ciated either with the (4113/2, 4[13/2 b 4115/2, 419/2) resonant cross-
relaxation channel, labeled as VII in Fig. 5, or, most probably,
with energy transfer from Er** ions to the quenching traps.

C.3 IR-to-visible energy frequency upconversion

The phenomenon of energy upconversion in RE?**-doped
matrices involves different mechanisms that, after the absorption
of low-energy photons, give rise to an emission of higher energy
photons. It is a two-step or multi-step non-radiative process in
which the main feature is the existence of at least one metastable
intermediate state, which acts as a reservoir for the optically
active ions, and at least one excited level at higher energy from
which the RE*" ions finally return to the ground state after
emitting photons. The RE** ions have shown an important
capability to obtain upconverted luminescence in many matrices,
including oxide and fluoride ones, with important applications in
optical devices such as upconverted visible laser, optical ampli-
fiers or white light displays.'®

Two possible mechanisms can be responsible for the pop-
ulation of the excited emitting level: the excited state absorption
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(ESA) and the energy transfer upconversion (ETU). The former
involves only one optically active ion successively promoted to
the upper levels by the resonant absorption of two or more laser
photons, whereas the latter is a many-body mechanism involving
two or more nearby interacting optically active ions. Both
mechanisms are not mutually exclusive and can coexist to
effectively contribute to the population of the excited emitting
level, although usually one of them dominates the upconversion
process.>'**?

The IR-to-visible upconversion luminescence has been
measured at RT by exciting the YGGIEr, YGGS5Er and
YGGI10Er nano-garnets under 790 nm cw laser excitation in the
same experimental conditions. As usual in these kinds of non-
linear optical phenomena, the obtained high-energy visible
emissions are visible to the naked eye. The emissions observed
after exciting with a laser pump power of around 770 mW, and
presented in Fig. 8, consist of two distinct bands, the first one
with peaks ranging from 515 to 570 nm gives green light and is
ascribed to the (*Hjyp, *S3;n) — “I;sp transitions, whereas the
second one shows red emission peaks between 645 and 680 nm
associated with the “Fg;, — *Iy5/, transition. The upconversion
spectra of the YGGEr nano-garnets are similar to those of the
LuGG and GGG garnets doped with similar Er** ion
concentrations.>*
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Fig. 8 NIR to green and red upconverted luminescence of the Er** ions
in YGGI1Er, YGGSEr and YGGI10Er nano-garnets after a 790 nm cw
laser excitation resonantly with the *I;s, — *Ioj> transition at RT for
a pump power of 770 mW.

It is worth noting that the main feature observed when
comparing the upconverted luminescences for the three nano-
garnets under study is that the relative intensities of the green and
red upconverted emissions strongly depend on the Er** concen-
tration, as can be observed in Fig. 8. This feature opens the
possibility of a tunability of the upconverted luminescence that
can be exploited in different optical devices.

The green-to-red intensity ratio obtained for the YGGIEr is
around 10, quite similar to that obtained under blue laser exci-
tation. However, this ratio decreases almost to 3 for the YGGS5Er
nano-garnet, slightly but significantly smaller than in the Stokes
experiments, and it dramatically falls to around 0.4 for the
YGGIO0Er with the highest doping concentration of Er** ions,
which is a factor 5 times smaller when exciting with the blue laser
rather than with the IR laser. These differences are due to the
non-linear character of the upconversion processes and the
presence of new and concentration-dependent mechanisms that
populate the “Fo, red emitting level more efficiently, as will be
shown later.

A first step in the analysis of the mechanisms involved in the
IR-to-visible upconversion process is the measurement of the
dependence of the upconverted emission intensities on the IR
laser pump power for the three nano-garnets under study. It is
known that the upconversion intensity Iyc will be proportional
to a power n of the IR excitation intensity I1r; i.e., Iyc * (Ir)"
where 7 is the number of IR photons absorbed per visible photon
emitted.*® The evaluated values for n are 2.05, 1.69, and 1.57 for
green emissions and 1.92, 1.65 and 1.46 for red emissions for the
YGGI1Er, YGGS5Er and YGGI10Er nano-garnets, respectively
(see Fig. 9). The nearly quadratic dependency observed for all the
intensities with the laser pump power indicates that two quanta
of energy equivalent to two 790 nm IR photons are involved in
the population of the Hy/», *Ss/, and *Fy;, emitting levels, by
either a two-photon ESA or by two-Er** ETU mechanisms.
Although a strictly quadratic dependence may be expected, an
experimentally observed decrease in the slopes of the upcon-
verted emission intensities versus pump power may occur,
reaching a linear dependency in the limit of infinitely large
upconversion rates.*

An easy way to distinguish which is the main mechanism
responsible for the upconversion processes is through the
measurement of the dynamics of the upconversion luminescence
after a 790 nm laser pulsed excitation, and their comparison with
the temporal evolution of the Stokes emission exciting resonantly
at each level. For this purpose the temporal evolution of green
upconverted emissions has been measured for all Er**-doped
nano-garnets, exciting with a 790 nm pulsed OPO laser, and is
shown in Fig. 10 (black curves). The curves of all nano-garnets
have been compared with the luminescence decay curves (see
green curves in Fig. 10) obtained under blue laser excitation, with
an energy resonant with the *I;5, — “F, transition, after which
the Er’** ions immediately relax to the green emitting thermalized
levels. Different dynamics are observed for the three nano-
garnets studied, indicating different degrees of mixing between
the ESA and ETU mechanisms depending on the Er**
concentrations.

As already mentioned, the ESA and ETU mechanisms may
coexist to effectively contribute to the population of the excited
emitting level, although usually one of them dominates the
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Fig. 9 Dependence of the green (closed symbol) and the red (open
symbol) upconverted emission intensities of the Er’** ions in YGGIEr,
YGGSEr and YGG10Er nano-garnets with the laser pump power at RT.

upconversion process. In the case of ESA, when the nano-garnet
is excited with the 790 nm laser pulse, the Er** ions in the ground
state reach the intermediate “Io;, level through a ground state
absorption (GSA) process and, during the same laser pulse,
absorb a second IR photon to promote to the high energy levels,
a mechanism labelled as ESA1 in Fig. 11. However, since ‘I,
cannot be considered a metastable level, it is more probable that
the Er** ions immediately relax non-radiatively to the *I;;,, and
the “I;3,, levels, typically in the femtosecond range, before
absorbing the second laser photon. In this process they follow the
resonant channels labelled as ESA2 and ESA3, to reach the *F5,
and the 2Hyy;, levels, respectively, which finally result in pop-
ulation of both ?Hyy/, and *S;,, thermalized green emitting levels.
Of these two excited state absorption mechanisms, ESA3 is more
probable due to the longer lifetime of the *I;3, level, although the
efficiency of the ESA mechanism lies also in the resonance of the
absorption processes, one from the ground state to the inter-
mediate level and a second one from this level to the emitting one.
In any of these cases, and as a fingerprint of this mechanism, the
temporal evolution of the green upconverted emission from the
emitting level, and hence its lifetime, after the laser pulse
following an ESA mechanism should be exactly the same as that
obtained by exciting this level resonantly through a pure ground
state absorption (GSA).

On the other hand, if the ETU mechanism dominates the
upconversion process, one or different energy transfer processes
could take place between nearby Er** ions in the ground and
in the intermediate *Iy1/, and “I;3, states. The most resonant
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Fig. 10 Temporal evolution of the green upconverted luminescence of
the Er** ions in YGGI1Er, YGGS5Er and YGGI10Er nano-garnets after
a 790 nm laser pulsed excitation. The luminescence decay curves of the
green emission under direct excitation of the ?Hy/, and *S;/, multiplets at
525 nm are also included for comparison.
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numbers) processes related to the green and red upconverted emissions
under a 790 nm laser excitation.
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cross-relaxation channels involving these intermediate levels, as
well as the “Iy/; level, are presented in Fig. 11 labelled as IIT and
VI, as discussed in the previous section. This non-radiative
interaction also depends strongly on the inter-ionic distances
between the optically active ions and starts after the laser pulse,
needing some time to promote the Er** ions to the emitting level.
Thus there is an initial rise in the temporal evolution of the
emission intensity after the laser pulse. The efficiency of this
mechanism depends on the concentration of Er** ions and the
resonance between the emission and absorption profiles of the
transitions involved.

The temporal evolution of the upconverted green luminescence
in the YGG nano-garnet, shown in Fig. 10, has an initial rise
from the non-zero population of the emitting state followed by
a slow decrease in the population. The non-zero population of
the thermalized levels is the fingerprint of the ESA processes
while the following rise indicates that a second mechanism is
feeding the emitting levels through ETU mechanisms. Since the
lifetimes of the intermediate levels are involved in the process, the
intensity of the upconverted emission reaches its maximum at
around 10 ps after the laser pulse for the YGGI1Er. This delay is
quite similar for the YGGS5Er and it decreases to 1.5 ps for the
YGGI10Er, being almost negligible due to the highly efficient
energy transfer processes involving the de-excitation of the
thermalized levels. In order to obtain quantitative values of the
percentage of ESA and ETU mechanisms in the green upcon-
verted emission, the Stokes luminescence decay curve of the
emitting level under resonant excitation, with an initial value that
equals the value of the non-zero initial value at ¢t = 0, is super-
imposed on the temporal evolution of the intensity of the
upconverted emission after a laser pulsed at 790 nm at RT.*’
Comparing the area under the temporal evolution of the Stokes
luminescence with the total area, it can be concluded that the
ESA and the ETU mechanisms share the responsibility of the
upconverted green luminescence of the YGGI1Er nano-garnets
with nearly 50% for each mechanism. In the case of the YGGSEr
and YGGI10Er nano-garnets, the ETU is the dominant mecha-
nism with a percentage that increases with the Er** concentration
(see Fig. 10).

With regards to the “Fo;, — “I;5» red upconverted emission,
there is one relevant point to consider that has been commented
on previously; an increase of the red emission compared to the
green one that is much larger compared with the relative inten-
sities obtained from 488 nm direct laser excitation and that is
directly dependent on the Er** concentration. This should indi-
cate different natures in the non-linear mechanisms involved for
each level.*! In order to analyze the mechanisms involved in the
upconversion process for the red emission, its temporal evolu-
tions under a 790 nm laser pulse for the nano-garnets studied are
shown in Fig. 12 (black curves), together with the temporal
evolution of the red emission exciting resonantly at 525 nm the
2H,,/» and *Ss), thermalized levels (green curves) and at 655 nm
the “Fo,, level (red curves).

None of the upconverted luminescence dynamics for the YGG
nano-garnets studied follow a pure exponential behavior,
contrary to the red emission after a resonant excitation into the
“Fo)» level (see Fig. 7 and 12), making the dynamics of this level
quite complex. Moreover, from Fig. 11 it can be observed that
none of the ESA mechanisms that can be induced after a 790 nm
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Fig. 12 Temporal evolution of the red upconverted luminescence of the
Er** ions in YGGI1Er, YGGSEr and YGGI10Er nano-garnets after a 790
nm pulsed excitation. The luminescence decay curves of the red emission
under direct excitation of the “Fo, level at 655 nm (thin line) and exciting
at 525 nm the *Iys5;, — *Hjy; transition (thick line) are also included for
comparison.

laser excitation can be used to resonantly feed the *Fg,, level from
which the red emission takes place. From the dynamics of the red
upconverted emissions of the YGGI1Er nano-garnet obtained
exciting at 790 nm and at 525 nm resonantly with the *Hyy, level,
it can be concluded that, for such a relatively low Er** concen-
tration, the “Fg, is populated through radiative and multi-
phonon relaxation from the *Hj;, and *S;/, thermalized levels.
For higher Er** concentrations, the longer temporal evolutions
reveal the presence of a different energy transfer mechanisms that
feed the red emitting level. Thus the only way to populate this
level after a 790 nm laser excitation is from the thermalized “H ),
and “Ss), levels, populated using the above-mentioned mecha-
nisms, and through an efficient, resonant energy transfer cross-
relaxation mechanism labeled as VIII in Fig. 5 and 11, in which
the “I;;» and the “I;3, levels act as reservoir metastable levels.
Taking into account that the lifetime of the *Fo), level is inde-
pendent of the Er** concentration, the long lifetimes of these
metastable levels even at such high concentrations as that in the
YGGI10Er nano-garnet confirm the existence of cross-relaxation
channels that feeds the red emitting level.

The enhancement of the red emission with respect to the green
one as a function of the Er** concentration indicates that the
ETU mechanism, which populates the *Fy, level, is more effec-
tive than those corresponding to the *Hyy/, and *S3/; thermalized
levels. Thus a tunability of the intensities of the combined green
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and red upconverted emissions is possible in the Er’**-doped
YGG nano-garnets.

D Conclusions

The synthesis of Er**-doped Y;GasO;, (YGG) nanocrystals has
been successfully carried out via a citrate sol-gel synthesis. X-ray
diffraction measurements confirm that the nanocrystals are
formed in a single phase of the garnet structure with an average
grain size of 60 nm, whereas HRTEM pictures show that the
nanoparticles are agglomerated in interconnected spherical and
elliptical shapes. The vibrational properties of the YGG nano-
garnets determined by Raman and FTIR spectroscopy also
confirm the good crystalline nature of the single phase nano-
particles and show that several impurities are attached to the
nanocrystal surface. The peaks observed in the absorption and
luminescence spectra are due to the incorporation of the Er*
ions into the low-phonon energy dodecahedral site, replacing the
Y3* position, since the interaction of the Er*" ions with the
oxygen ligands in a D, local point symmetry completely breaks
the degeneracy of the free-Er** multiplets. When exciting the Er**
ions in the blue range, intense green, red and infrared emissions
are observed, starting from four emitting levels, whose intensities
strongly depend on the Er** concentration. Different lumines-
cence dynamics observed for the different emitting levels for the
higher doped nano-garnets indicate the presence of different
cross-relaxation mechanisms between Er** ions and the transfer
of energy to quenching traps. The red-to-green intensity ratios
increase due to cross-relaxation channels that efficiently quench
the radiative de-excitation of the *Hj,/», *S;» green emitting
levels, whereas that of the *Io/; red emitting level is not affected.
Under cw 790 nm laser excitation the Er**-doped YGG nano-
garnets show bright and intense green and red upconverted
luminescence. Different dynamics are observed for the green and
red upconverted emissions. Both ESA and ETU mechanisms are
involved in the upconverted green luminescence of the YGGI1Er
nano-garnets with nearly 50% for each mechanism, whereas
ETU is dominant in the upconverted green luminescence of the
YGGSEr and YGG10Er nano-garnets. The enhancement of the
red emission with respect to the green one for the high-doped
nano-garnets is ascribed to the existence of cross-relaxation
channels activated by the infrared laser. This ETU mechanism
populates the *Fo, level more efficiently than those corre-
sponding to the *Hyy,; and *Ss/, thermalized levels. These results
indicate that a tunability of the intensities of the combined green
and red upconverted emissions is possible in the Er’**-doped
YGG nano-garnets, making the YGG nano-garnet a potential
and interesting material in different optical devices such as in
two-dimensional displays or upconversion lasers.
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