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Abstract. YVO,:Eu nanocrystals synthesized by direct precipitation reaction. The morphologic
transformation of the nanocrystals as the results of thermal treatments were analyzed using optical
spectroscopy. A red shift of the fluorescence lines with the increase of the crystallite size was
observed. The kinetics of the 5D, level of Eu3* is also analyzed.
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1. INTRODUCTION

In recent years, rare-earth-doped nanocrystalline phosphors have attracted
great interest. Among the various host materials researched, much attention has
been given to YVO,:Eu**, which was used as red phosphor in color television
cathode ray tube displays and high pressure mercury lamps. Recent studies show
that nanosized YVO,:Eu has significant promise in plasma display panels (PDP) [1].

Different methods have been used to prepare YVO Eu3* since it was
introduced by Levine and Pallia in 1964 [2], high temperature solid state method
[3], hydrolyzed colloid reaction technique [4], hydrothermal methods [1, 5],
precipitation techniques [6, 7], etc.

YVO, has the zircon structure (space group I4,/amd, lattice parameters
a=7.1183 A, c=6.2893 A [8]). The lanthanide ion substitutes for yttrium in the
YVO, lattice. This site has D,; symmetry.

The introduction of the rare earth ions in crystals results in two effects:
splitting of the degenerate levels and shift of the gravity center of the levels. This
last effect is related to the nephelauxetic effect [9] which is a measure of the metal-
ligand covalency. The difference between the bulk crystals and the nanocrystals of
various size concerning the neighborhood of the metal ion could modify the
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splitting of the energy levels, the metal-ligand covalency and the kinetics of the
metastable levels.

For nanocrystals doped with rare earth ions a valuable tool in the
investigation of the morphology changes produced by various thermal treatments is
the optical spectroscopy. In the case of Eu3*, the luminescence line spectrum is
relatively easy to analyze since the strongest transitions originate from an energy
state (’Dy) not split by the crystal field. Consequently, the Eu3* ion has been
extensively used to probe the local environment of dopant sites.

In the precedent papers [10, 11] we presented some results concerning the
morphological transformations induced by the thermal treatments on the YVO,
nanocrystals synthesized by coprecipitation. These transformations were monitored
by optical (probe Eu3*) and EPR spectroscopy (probe Gd3*) [10] and by optical
and Mossbauer techniques (probe Eu3*) [11]. All these investigations put in
evidence the improving of the order and the reduction of the surface influence as a
result of the increase of the particle size as a result of the thermal treatments.

In this paper we present new data concerning the luminescence properties of
YVO,:Eu nanophosphors. The fluorescence spectroscopy was used to monitor the
morphological transformations induced by the thermal treatments in YVO,
nanocrystals synthesized by direct precipitation reaction. For comparison,
microcrystalline powder (bulk material) of YVO,:Eu was synthesized by the solid
state reaction.

2. EXPERIMENTAL

YVO, nanocrystals were prepared by direct precipitation reaction [6]. Two
solutions, Y(NO3); and Eu(NOs);, were prepared and added to a solution of
NH,VO; adjusted to pH 12.5 with NaOH. The obtained colloid was heated at 60°C
for one hour with magnetic stirring. The resulting nanocrystals of YVO,:Eu3*
(5 at.%) were separated from the solution by filtering and then dried at 60°C. The
nanopowders were annealed in air, at various temperatures (300°C, 400°C, 500°C,
550°C, 600°C, 700°C, 900°C and 1300°C), for 4 hours.

The microcrystalline YVO,:Eu was synthesized by solid state reaction [12]
using a Y,03, Eu,05 and NH,VO; mixture. This mixture was fired at 1000°C for
one hour, then powderised and fired again at 1200°C for one hour. The resulted
powder was washed with a solution of NaOH in water, dried and fired at 1200°C
for one hour.

The experimental apparatus used for optical fluorescence measurements
consisted of a 1 m Jarrell-Ash monochromator equipped with an S-20 photo-
multiplier and a SR 830 lock-in amplifier on line with a computer. Eu3*
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fluorescence was excited with a Xenon lamp equipped with suitable optical filters
(pump transition: 7Fy, — SL4). For the lifetime measurements, the europium
luminescence was excited with the second harmonic of the Nd:YAG laser Solar II
and analyzed with a TURBO MCS scaler on line with a computer.

All the measurements were performed at room temperature.

3. RESULTS AND DISCUSSION

The results of the XRD analysis on the YVO4Eu nanopowders were
presented elsewhere [10]. The crystallite size (in fact, the coherence domain) varied
between ~ 6 nm for the ‘as prepared’ sample and ~ 60 nm for the sample annealed
at 900°C The dependence of the crystallite size function of the thermal treatment
temperature presented three temperature domains: in the first domain (between
60°C and ~400°C) the size of the particle increased slowly; in the second
(~400°C-700°C) a rapid size increase was observed; finally, in the third one
(700°C-900°C) no noticeable increase of the particle size was present. These
temperature domains reflect the dynamics of the increase of the nanoparticle size
[10]: from 60 nm to 12 nm in the first domain, from 12 nm to 60 nm in the second
and no noticeable modification in the third. In the present paper the domain of the
thermal treatments was extended at 1300°C, but the corresponding XRD data are
not yet available. Moreover, for comparison, we analyzed an YVO,:Eu powder
synthesized by solid state reaction (bulk material).

3.1. LUMINESCENCE SPECTRA

The luminescence spectra for three YVO,:Eu samples (the ‘as prepared’,
denoted 60°C), the sample annealed at 900°C as well as the bulk sample (prepared
by solid state reaction) are given in Fig. 1. The fluorescence lines in the spectrum
of the ‘as prepared sample’ are wide, denoting disorder near the Eu3+ ion. On the
contrary, the fluorescence lines of the sample annealed at 900°C are narrow, close
to the line of the bulk material. The dependence of the linewidth on the annealing
temperature was discussed in [10].

In order to see if the position of the fluorescence lines changes as the result of
the thermal treatments, since the Dy, — 7F, transition is forbidden in D,y

symmetry, we analyzed in details the transition 5D, — 7F;. We have chosen this

transition because all the lines are evidenced and the position of the center of
gravity can be calculated. In the D,4 symmetry the level 7F; splits in two Stark

components so that we observe only two lines in the spectrum: D, (A;) — 7F; (A,)
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i Fig. 1 — Fluorescence spectrum of three

YVO4jEu (5%) 60°C YVO,Eu (5%) samples: the ‘as pre-

pared’ one (60°C), the sample annealed

at 900°C, and the sample synthesized by
solid state reaction (bulk).
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and 5Dy (A|) = 7F; (E) [13]. A, and A, represent no degenerate representation of
the group D,4 while E represents a doubly degenerate one.

Since we are interested in the shift of the gravity center of the 7F; level, we
calculated the position of the gravity center of the transition:

2E,+E
E ==, ey
3
where E| is the position of the line corresponding to °D, (A;) — "F; (A,) and E, to
5Dy (A;) = F; (E). According to [13], E, < E;. The results are given in Fig. 2.

The dependence of the position of the center of gravity of Dy, — 7F,
transition on the annealing temperature is not monotonous. The ‘red shift’ reaches
its maximum (approx. 10 cm™! in rapport with the value measured in the ‘as
prepared’ sample) for 550°C. The significance of this maximum in not clear in
present.

T L | T T T

. —— — .
16800 4 YVO 'Eu (5% O nano 4
‘%‘ 4' %) o buk
16798 - -
L 16796 -
P

Fig. 2 — Squares: the red shift of the - 16794+ %] 4
gravity center of the 5D, — F, tran- —
sition in YVO,:Eu (5%) nanocrystals

function of the annealing temperature. 16790 L'}::l [H]r% l%l %‘ I'{] % i

°D

Circle: for comparison, the position

of the gravity center of D, — ’F, (o7 1 A S

transition in YVO,:Eu (5%) bulk is 0 200 400 600 800 1000 1200 1400 1600
shown. annealing temperature [°C]




5 Effects of particle size on the luminescence of YVO ,:Eu 951

The red shift of the fluorescence lines with the annealing temperature is
observed for other transitions too. For example, in Fig. 3, we show the dependence

of the position of the most intense two lines belonging to the 5D, — 7F, transition:
5Dy (A}) — "F, (EW) and D, (A;) — "F, (B,) according to [13]. Because not all
the lines of this transition can be separated in the fluorescence spectrum, we can
not calculate the position of the gravity center.
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Fig. 3 — The red shift of the most intense two fluorescence lines
belonging to the 5D, — 7F, transition.

The red shift of the emission lines is a consequence of the nephelauxetic
effect [9]. If a lanthanide ion is embedded in a crystal, the 4f electron clouds
expand, and the Slater parameters F) and the spin-orbit parameter { decrease. As a
result, all the distances between the energy levels decrease and the absorption and
the luminescence lines are red shifted in rapport with the free ion. The
nephelauxetic effect was related to the covalency of the metal-ligand [9].
Therefore, increasing the thermal treatment temperature (resulting in the increase
of the nanoparticle size) the covalency of the Eu3*- O bonds in YVO,:Eu
increases. According to Figs. 2, 3, this effect can be observed for the samples
annealed up to ~ 550°C, i.e. for crystallite size up to ~ 30 nm (coherence domain).

The increase of the covalency with the nanoparticle size could be related with
the expansion of the cell parameters of YVO, nanoparticles in rapport with the
bulk material. Though there are not (in our best knowledge) such published data
for YVO, nanoparticles, we could still consider the existence of this expansion in
analogy with other oxides nanoparticles [14-16]. Thus, we could relate the
observed increase of the covalency with the reduction of the Eu3+ - O2- distance
due to the thermal treatments.
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3.2. KINETICS OF LUMINESCENCE

We analyzed the luminescence kinetics of the 3D, level in the YVO,:Eu

nanopowders annealed at temperatures up to 1300°C and in the bulk sample. The
luminescence was excited with the second harmonic of the Nd:YAG laser (532 nm,
pump transition is ’F; — 3D;). The Kinetics is generally non-exponential except for
the sample annealed at 1300°C and the bulk sample. The risetime observed for all
the samples is due to the kinetics of the 2D, level of Eu3*. A value of ~ 6.5 us was
obtained for the risetime (°D lifetime), in concordance with Ref. [17].
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Increasing the annealing temperature the decays becomes closer to exponential.
In order to compare the nonexponential decays we calculated an effective life-
time as the area of the normalized decay. For an exponential decay, in absence of
risetime, this effective value is exactly the lifetime. The results are shown in Fig. 5.

800 o : 7
o YVO,:Eu (5%)
750 il

700+ -

Ty [1S]
ju}

650 4 .

600+ g

550 4 a
Fig. 5 — Dependence of the effective @~ f ~===-=-=-=------------------

lifetime of the annealing tempera- 500 — T
ture. Dotted line represents the effec- 0 200 400 600 800 1000 . 1200 1400
tive lifetime of the bulk sample. annealing temperature ["C]




7 Effects of particle size on the luminescence of YVO ,:Eu 953

The fluorescence (observed) lifetime Ty depends on the radiative (characterized
by the radiative lifetime T,) and nonradiative de-excitation processes (transition
probability A,,):

©)

There are two main factors which influence the decay of 5Dy level of Eu3* in
nanocrystals: transfer to impurities adsorbed at the nanoparticle surface
(nonradiative processes) and the effective index of refraction. When the size of the
nanocrystallites is much less the radiation wavelength, the radiation ‘feels’ an
effective index of refraction which is an average between the index of refraction of
the crystallite and that of the surrounding medium [18].

For an electric-dipole transition the radiative lifetime is

1 A

D) B(nz +2)J2 "

3)

where f(ED) is the oscillator strength, A is wavelength in vacuum and » is the

refractive index. Because the nanoparticles occupy only a small fraction x of the
volume, we can define an effective refraction index

”eﬁ(x)zx”w@ +(1=x) gy, “)

nyyo, =2 and n,, =1, being the indexes of refraction. The reduction of the

effective refractive index in rapport with the bulk material increases the radiative
lifetime and, as a result, the fluorescence lifetime. On the contrary, the transfer to
impurities increases the nonradiative transition probability A,,, leading to the
reduction of the fluorescence lifetime.

Both effects can be observed in the decay of D, level in YVO,:Eu
nanocrystals.

The energy gap between Eu3* level 5D, and 7Fg is quite large ~ 12000 cm!.

nr»

This corresponds approximately to the third harmonic of the OH- oscillator [19].
Therefore, OH- is a very efficient quencher of Eu3* emission and is present at the
nanoparticle surface as a result of the wet synthesis. The thermal treatments remove
the adsorbed OH- and other impurities from the nanoparticle surface, resulting an
increase of the fluorescent lifetime.

The radiative lifetime depends on the effective refractive index which, in
turn, depends on the fraction of the volume occupied by the nanocrystals. This
volume fraction depends on the agglomeration of the nanoparticles. The
agglomerate size decreases with increasing temperature [20]. Therefore, there is no
simple dependence of the effective refractive index of the annealing temperature.



954 S. Georgescu, E. Cotoi, A. M. Voiculescu et al. 8

Since the two main factors which influence the kinetics of the 5D,
luminescence manifest an opposite tendency with annealing temperature we may
expect a maximal value of the fluorescence lifetime. This is observed in the
temperature interval 500°C-550°C. For higher temperatures, though the number of
the surface quenchers is reduced, the increase of the nanoparticle size increases the
effective refraction index, reducing the radiative lifetime.

A special behavior is observed for the sample annealed at 300°C (Figs. 4 and 5).
The shape of the decay at few hundreds of microseconds after the beginning (Fig. 4)
could be interpreted as very efficient transfer to impurities. For the time being, this
behavior is not clear to us and needs supplementary investigations.

4. CONCLUSIONS

The YVO,:Eu nanocrystals were synthesized by direct precipitation reaction.
The size of the ‘as prepared’ nanocrystallites is ~ 6 nm (coherence domain for
XRD). As a result of thermal treatments, the crystallite size increases (~ 60 nm for
thermal treatment at 900°C).

The morphological transformations of the nanocrystallites due to the thermal
treatments are monitorized using optical spectroscopy, sensitive probe being Eu3+.

For YVO,:Eu nanocrystallites smaller than ~ 30 nm a significant red shift of
the fluorescence lines is noted. In analogy with other oxides, we related this shift
with the increasing covalency due the possible reduction of the Eu3* - O%- as the
crystallite dimensions increase due to the thermal treatments.

The kinetics of the 5D, level was affected by two main processes: transfer to
impurities present at the particle surface and the modification of the radiative
transition probability due to the ‘effective’ index of refraction — an average
between the index of refraction of the crystallite and the index of refraction of the
surrounding air. The fluorescence lifetime presents a maximal value for the
samples annealed at 500°C-550°C. For higher annealing temperatures the decay
becomes shorter and closer to exponential.
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