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EFFECTSOF THERMAL TREATMENT ON THE LUMINESCENCE
OF YAG:Eu NANOCRYSTALSSYNTHESIZED BY A NITRATE-
CITRATE SOL-GEL METHOD

S. Georgescu', A. M. Chinig, A. Stefan, O. Toma

Nationa Institute for Laser, Plasma and Radiation Physics, Bucharest-Magurele, Romania

YAG:Eu nanopowders were synthesized by the nitrate-citrate sol-gl method. The
morphologic modifications of the nanocrystalites produced by the thermal treatments at
various temperatures are monitored by two parameters obtained from optical fluorescence
spectroscopy: intensity ratio of the transition °Dy — ‘F, and °Dy — ‘F; and the maximum
splitting of the 'Fy level. An abrupt change of both parameters is observed at the amorphous-
crystalline phase transition, followed by their gradua decrease with the annealing
temperature. This fact was explained by an increase of the symmetry of the Eu® ion
neighborhood.
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1. Introduction

Rare-earth-doped yttrium aluminum garnet (Y AG) materials have wide applications as solid
state laser media and are promising phosphor candidates [1-10]. Recently, high quality ceramic
active media were obtained and characterized [11-14].

Powders of Y AG doped with various rare earth ions can be obtained by the sol-gd route [6,
15-21]. In contrast with the solid state reaction which requires high temperatures (> 1600 °C) [22],
the YAG phase is obtained by the sol-gel route at significantly lower temperatures (~ 900 °C),
without any other parasitic phase.

Eu** -doped oxides are very efficient red phosphors. Extensive studies were devoted to Eu**
-doped Y,0; [23-31] but only few papers concerning the fluorescence properties of EU**: YAG
nanopowders were published [2-6, 21].

Besides the efficient luminescence, the peculiarities of the emission transitions make Eu**
ion an ideal probe, very sensitive to any changes of its neighborhood.

In a previous paper [32] we reported on some preliminary results concerning the structural
and spectroscopic properties of nanopowders of YAG doped with Er**, Eu®**, and Tb*" prepared by a
nitrate-citrate sol-gel method and annealed at various temperatures between 600 and 1400 °C. Thus,
the transition amorphous to crystalline phase took place in ardatively narrow temperature interval
(900-930 °C) and the crystalites dimension increases with the annealing temperature. The phase
transition was put in evidence using X-ray diffraction, FT-IR and fluorescence spectroscopy.

In this paper we continue the studies of the modifications induced in the nanopowders of
YAG:Eu by the thermal treatment using the fluorescence spectroscopy. In this aim, we anayze the
splitting of the luminescence lines and the changes of the transition probabilities.

2. Experimental

The YAG nanocrystals were obtained by a nitrate-citrate sol-gd method. Details can be
foundin[32].
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Thermal treatments were applied at successively increasing temperatures in the interval 600-
1400 °C. Optical measurements were performed on powder samples anneded at 900, 930, 1000,
1100, 1200, 1300, and 1400 °C.

The luminescence of the Y AG:Eu nanocrystals was excited at room temperature with a Xe
lamp with suitable filters and gathered into a GDM 1000 monochromator equipped with an S-1
photomultiplier in the photon-counting configuration. The spectra were recorded using a TURBO
MCS scaer. The pump takes place in a wavdength domain centered a 390 nm, spanning the
transition ‘Fy — °Ls. The luminescence spectra were not corrected for the spectral sensitivity of the
experimental set-up.

3. Results and discussion
Europium substitutes the Y** ion in the garnet lattice, entering the dodecahedral position

with the locad symmetry D,, as Eu®. Pat of the energy levd scheme of Eu** (‘F; and °D;
multiplets) isgivenin Fig. 1.
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Fig. 1. Part of the energy level scheme of EU®",

Due to the large phonons of YAG, only the fluorescence lines originating from °D, are
cdlearly observed in the fluorescence spectra. Therefore, we will discuss only the transitions *Dy —
F,. A detailed discussion regarding the optical transitionsin bulk YAG:Euis givenin [33].

In D, symmetry the transitions I, « I'; are forbidden for both dectric and magnetic dipole
[34]. °D, and ‘F, transform in D, as I, (the totally symmetric representation). Therefore, the

transition °Dy — 'F, is forbidden in this symmetry. F, splitsin three crystal field sublevels having
the symmetry I'p, I'; and M, respectively, al the three lines belonging to the magnetic dipole
transition °D, — F; could be observed. In D, 'F, splits in five sublevels (2, + I, + 5 +T,) but
only three fluorescence lines belonging to the dectric dipole transition °Dy — ’F, could be observed
(transitions I'; « I, areforbidden) and so on.

In the amorphous phase the locd symmetry is lower and al the transitions are dlowed. In
Fig. 2 is shown the fluorescence spectrum for powder annealed at 900 °C in the spectral domain
11500 — 17500 cm™. This spectral domain spans the transitions °Dy - ‘F3(J=0,...,6), marked F;in
Fig. 2. We note the presence of the fluorescence line corresponding to the transition °Dy — ‘F,. The
fluorescence lines are wide, characteristic for the amorphous phase



Effects of thermd treatment on the luminescence of Y AG.Eu nanocrysta s synthesized ... 2987

15000

10000

counts

5000

12000 13000 14000 15000 16000 17000
-1
E(cm))

Fig. 2. The luminescence spectrum (transitions °Dy — 'Fy, J = 0,...,6) of the powder
annedled a 900 °C. The luminescence lines are wide, characteristic for the amorphous
phase.

The fluorescence spectrum (in the same spectral domain) of the powder sample anneadled at
930 °Cis presented in Fig. 3. A drastic change of the luminescence spectrum is observed. Thistime
the fluorescence lines are narrow, characteristic for the crystalline (garnet) phase. This meansthat in
the temperature interval 900-930 °C takes place the transition amorphous — crystaline. This
transition was confirmed by X-ray diffraction and FT-IR measurements [32]. Since now the
symmetry at the Eu** positionis D,, the transition °Dy — ‘F, is no longer observed.
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Fig. 3. The luminescence spectrum (trangitions °Dy — 'F;, J = 0,...,6) of the powder

annedled at 930 °C. This time, the luminescence lines are narrow, characteristic for the
crystalline phase.

With annealing temperature increases the apparent average crystallite size for the YAG:Eu
nanopowder [32]. In the annealing temperature interval 930-1300 °C, this size increases from 32 nm
to 82 nm. Obviously, the optical properties of the Y AG:Eu nanopowders depend on the crystalite
properties (dimensi on and shape distribution) but is more convenient to represent the results function
of the annealing temperature. In fact, the measured properties are the result of averaging in
individual crystalites (function of the ratio / surface volume) and of the averaging on the crystalite
size distribution in powder.
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For higher anneding temperatures (larger crystalites) the fluorescence lines become
narrower. The annealing temperature dependence of the linewidth for two wdl isolated lines of the
transition °Dy — 'F,was givenin [32].
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Fig. 4. Theratio of the areas of the dectric dipole transition ("D, — F,) and magnetic dipole
transition (*Dy — "F4) function of the annealing temperature of the Y AG:Eu nanopowders.

Thetransition °Dy — ‘F1 isamagnetic dipole one. The magnetic dipole transitions are parity
alowed and their intensity is practically not sensitive at the changes in the nei ghborhood of the Eu®*
ion. On the other hand, the eectric dipole transition °Dy — ’F, (a hypersensitive transition [35, 36])
is very sensitiveto the structural changes. Therefore, the usual practice [37] isto monitor theratio of
the transition intensities R = I(°Do - 'F2) / I(°Do - 'Fy), the intensity of the magnetic dipole
transition playing the role of an internad standard. Because the transition intensities are proportional
with the area under the fluorescence lines, we shall calculate the ratio of the respective areas: R =
A(Dy -~ 'F5) I A(Dy — "F1). The dependence of this ratio on the annealing temperature is presented
inFig. 4.

Theratio R decreases significantly with the anneaing temperature (gpproximatey 1.5 times)
denoting an increase of the local symmetry [37]. The higher the symmetry, the lower is theratio R.
We note that for the amorphous powder (lower local symmetry- (Fig. 3)) thisratioiscloseto 7.

Anocther measurable indicator of the evolution of the nanocrystalline Y AG:Eu powders with
the annealing temperature is the maximum splitting of the 'F; level, AE [38, 39]. As we already
discussed, all thethree lines of the 'F; level are visible in the fluorescence spectrum.
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Fig. 5. Dependence of the maximum splitting of the ‘F, level (AE) function of the annealing
temperature.
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In Fig. 5 we observe a reduction of the maximum splitting of the 'F; level with increasing
annealing temperature from approx. 172 cm® to 167 cm™. We note that the value of 167 cm?,
obtained for the Y AG:Eu powder annedled at 1400 °C, corresponds to the bulk materid value [40].
For the amorphous powder (annealed at 900 °C, Fig. 2) the maximum splitting is much larger: 328
cm™. Since the vaue of the maximum splitting is proportional with the crysta field intensity [38,
39], theintensity of the crystal field decreases with the increase of the annealing temperature, i.e. the
crystd fidd intensity decreases with the increase of the crystallite dimension.

Theratio surface / volume decreases with the crystallite dimension. Therefore, we could link
the observed effects (the reduction of the ratio of the transition intensitiess R = 1(°Do - ‘F2) / 1(°Do
— F,) and the decrease of the maximum splitting of 'F; leve, i.e. the reduction of the crysta filed
intensity) with the reduction of the relative influence of the surface of the nanocrystals. The Eu®*
ions in sites close to the surface “see’” a modified crystal fidd in rapport with the EU** ions placed
inside the nanocrystal. The near surface sites have a lower symmetry. Though the monitored
parameters evidence an increase of Eu** neighborhood symmetry with the annealing temperature,
the symmetry of the neighborhood in the nanocrystals immediately after the phase transition is close
to D,. This fact is evidenced by the absence of transition ®Dy - 'Fy in the fluorescence spectrum of
the nanocrystals immediatdy after the phase transition.

4. Conclusions

In this paper we used the optica fluorescence spectroscopy to monitor the evolution of the
Y AG:Eu nanocrystals with annealing temperature. Thus, the fluorescence spectrum exhibits a drastic
change at the amorphous-crystdline phase transition (narrow fluorescence lines instead of large
ones, the line corresponding to the °Dy — F, disappears). Increasing the annedling temperature, the
intensity ratio of the transitions °Dy — 'F» (electric dipole) and °Dy — ‘F, (magnetic dipole) and the
maximum splitting of the 'F; level decrease denoting an increase of the loca symmetry and a
reduction of the crystal fied intensity at the Eu®" position. Both aspects could be related to the
reduction of the influence of the surface of the nanocrystals with the increase of the crystallite
dimensions.
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