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Pure hexagonal-phased Y1-xBO3:Eux (x ) 0-0.30) nanocrystals with different particle sizes were prepared
by a facile sol-gel pyrolysis process, and their photoluminescence spectra evidently showed a size-dependent
characteristic because the ratio of the red emission transition (5D0 f 7F2) to the orange emission transition
(5D0 f 7F1) (R/O) was much higher in the smaller particles. Both XRD patterns and IR spectra demonstrated
that the lattices of YBO3:Eu nanocrystals were distorted and that as the particle size became smaller, the
lattices became more distorted. Studies on the charge transfer (CT) bands indicated that Eu3+ ions can be
excited preferentially by different excitation sources in both the bulk and the nanocrystals, suggesting that at
least two different types of intrinsic luminescent sites, site1 and site2, coexist in YBO3:Eu. Site-selective
excitation spectra also revealed that a particular site, site3, existed concurrently in the nanocrystals. Site2,
the site with relatively inferior symmetry of the intrinsic sites, was identified to be ofC1 symmetry. Meanwhile,
for the nanosized samples, Eu3+ ions exhibited enhanced R/O values in both sites2 and3, which might be
ascribed to the distorted lattices, and thus displayed the observed superior color chromaticity. A pronounced
energy transfer between site2 and site3 in the nanocrystals was also observed while Eu3+ concentration was
increased to the quenching concentration, which indicated that site3 may be a disordered surface site
surrounding the interior sites.

1. Introduction

To meet the demands of plasma display panels (PDPs) and
a new generation of Hg-free fluorescent lamps, phosphors with
a high quantum efficiency and high vacuum ultraviolet (VUV)
absorption are required.1,2 Much attention has been paid to the
phosphors with quantum cutting effect for their two-photon
visible emission under VUV excitation.3,4 However, even
including this quantum cutting effect, the efficiency and
absorption of these phosphors are still not satisfying, for
example, LiGdF4:Eu, for which overall quantum efficiency is
only 32%, despite that its downcoversion efficiency approaches
200%.5

Until recently, as far as quantum efficiency and VUV
absorption are concerned, rare earth (RE) orthoborate, YBO3:
Eu, is still one of the best red phosphors, which performs high
VUV transparency and exceptional optical damage threshold.6

However, all of this excellence does not make YBO3:Eu a
desired VUV luminescent material because of its chromaticity
problem. The characteristic emission of YBO3:Eu is composed
of almost equal contributions from5D0-7F1 and 5D0-7F2

transitions, which gives rise to an orange-red emission instead
of a red one, whereas concentration of the main emission in
the 5D0-7F2 is required in terms of application. Considering
that the5D0-7F2 transition is hypersensitive to the symmetry

of the crystal field and will be relatively strong if the symmetry
of the crystal field is relatively low, we attempt to reduce the
symmetry of the crystal field to solve the chromaticity drawback
of YBO3:Eu, in terms of increasing the contribution of5D0-
7F2 transition. Simple and effective as it may seem to lower the
symmetry of the crystal field by changing the structure of the
borate ions in YBO3:Eu, studies showed that the wonderful VUV
absorption of referred rare earth borate relies much on the
hexagonal vaterite-type structure,7 thus making it harmful for
us to adjust the borate group structurally. With respect to this,
nanosized YBO3:Eu was fabricated within a low crystal field
symmetry, while maintaining the orthoborate structure, thus
realizing the improvements of both chromaticity and fluores-
cence yield.8

The microstructural properties of nanosized materials have
been extensively studied and discussed in previous reports and
reviews. It is generally considered that the degree of disorder
in the nanoparticles is relatively high, thereby a lower crystal
field symmetry might be induced in such materials.9-14 Many
efforts have been devoted to the site symmetry determination
of YBO3:Eu; however, there are still considerable controversies
about the local Eu3+ symmetry. For YBO3:Eu3+, Holsä15

reported two types of Eu3+ sites withD3d andT symmetry, and
Chadeyron et al.16 proposed two intrinsic sites ofC3 symmetry,
while other authors regarded the local symmetry of YBO3:Eu
asD3 andD3d,17 threeD3 sites,18 a uniqueC1 site,6 or D3 and
C3

19. In this paper, we present detailed studies on the micro-
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structure and the site symmetry, the size dependence of
chromaticity, and their correlation within the YBO3:Eu nano-
crystals.

Moreover, we introduce a facile sol-gel pyrolysis process
for preparing YBO3:Eu nanocrystals in this paper. YBO3:Eu is
apt to form highly agglomerated particles; therefore, although
there are various fabrication processes of bulk YBO3:Eu, such
as solid-state reaction,6 coprecipitation,20 microwave heating,21

spray pyrolysis,22 and sol-gel method,20 only a few reports were
presented on the synthesis of YBO3:Eu nanocrystals. Recently,
Lou et al. prepared 40-60 nm YBO3:Eu waveguide film through
a sol-gel route,23 starting from the preparation of boron yttrium
and boron europium heterometallic alkoxides within a humidity
controllable system. Zhang et al. synthesized 40 nm YBO3:Eu
nanocrystals using a different sol-gel method, whereas it is
difficult to obtain a pure hexagonal-phase nanosized YBO3:Eu
at low calcination temperature (below 800°C).19 In this
investigation, we have employed a precursor pyrolysis method
using boric acid, yttrium, and europium-EDTA (ethylenedi-
aminetetraacetic) complexes. The salient advantage of this
fabrication is that pure hexagonal-phased YBO3:Eu with high
luminescence intensity and superior chromaticity can be obtained
at low annealing temperature.

2. Experimental Section

2.1. Nanocrystal Synthesis.Appropriate amounts of Y(NO3)3,
Eu(NO3)3, H3BO3, and (NH4)2-EDTA aqueous solutions were
mixed together and kept stirring until a homogeneous solution
was formed. The final pH was controlled as 6-7. By slow
evaporation of the solvent, the complex precursors were obtained
and dried at 80°C under a vacuum for hours. Aliquots of the
precursors were calcined at 650°C for 100 min in oxygen, at
700 and 900°C for 5 h in air toobtain nanosized YBO3:Eu,
and at 1100°C for 5 h in air toobtain submicron-sized samples.
These samples are denoted asa, b, c, andd series, respectively,
in the following description. Because boric acid-EDTA com-
plex has similar properties to yttrium- and europium-EDTA
complexes, its formation might contribute to the avoidance of
aggregation. Previously, it was neglected that boric acid can
form a complex by reacting with the molecules that have two
or more carboxyl (or hydroxyl) groups,24 and to our knowledge,
no one has yet utilized boric acid-EDTA complex as a
precursor to synthesize nanosized borate materials.

For comparison, the bulk YBO3:Eu was obtained by direct
solid-state reaction from the mixture of Y2O3, Eu2O3, and H3BO3

at 1100°C for 5 h in air.
2.2. Characterization.X-ray diffraction (XRD) studies were

carried out on a Rigaku D/max-2000 X-ray powder diffrac-
tometer using Cu KR (λ ) 1.5405 Å) radiation. TEM images
were taken on a Hitachi H-8000 NAR transmission electron
microscope under a working voltage of 300 kV. The FTIR
spectra were measured on a Nicolet Magna-IR 750. Fluorescence
spectra were recorded on a Hitachi F-4500 spectrophotometer
at room temperature. Brightness and CIE (Commission Inter-
national del′Eclairge) color coordinates were calculated by
integrating emission counts from a PR650 photomultiplier tube
detector. Thermogravimetric-differential thermal analysis (TG-
DTA) was investigated by using a Du Pont 2100 thermal
analyzer in air. High-resolution fluorescence emission spectra
and emission decay curves were measured at room temperature
using a SPEX1403 double-grating monochromator and a R955
photomultiplier under 266 nm excitation provided by a frequency-
quadrupled YAG:Nd laser. The site-selective excitation was

performed by the same set of instruments with a rhodamine
6G laser pumped by the YAG:Nd laser.

3. Results and Discussion

3.1. Microstructure Character of YBO3:Eu Nanocrys-
tals: XRD, TEM, and FTIR Studies. Figure 1 shows the XRD
patterns of YBO3:Eu samples, in which all of the peaks could
be indexed to the hexagonal phase of YBO3 with vaterite-type
structure and no excessive traces of rare earth oxide were
observed. By applying Scherrer formula to the full width at half-
maximum of the diffraction peaks, we could calculate the mean
particle size of Y1-xBO3:Eux as 19.5, 40.8, and 88.6 nm fora,
b, andc samples withx ) 0.02, respectively. Obviously, the
sizes of YBO3:Eu samples increased with annealing temperature
and time. The least-squares refined crystallographic unit cell
parameters were obtained by using the software “LAPOD”,25

as listed in Table 1. The values of all samples are roughly
matched with YBO3 standard values given in JCPDS (No. 16-
277). An increscent trend of cell volume values and a decrescent
trend of c/a values could be clearly observed as the particle
size decreased.

To verify the main cause of cell parameter increase, we
analyzed thec samples with different Eu3+ doping concentra-
tions. The cell parameters of these samples were calculated from
XRD patterns and listed in Table 1. As expected, because of
the larger ionic radius of Eu3+ in comparison with Y3+, doping
Eu3+ into YBO3 lattice also leads to a cell-parameter increase.
However, unlike a decrescent trend ofc/a values observed as
the particle size decreased, thec/a values of allc samples were
almost equal to each other and were around 2.325. The above
phenomenon can be well interpreted if we take thec/a value as
a measure of the lattice distortion in the YBO3:Eu, preliminarily
considering that the lattices are more distorted in the nano-
crystals than in the bulk and that with smaller particle size the
lattices become more distorted.

The TEM image of sampleb is shown in Figure 2. It revealed
that the YBO3:Eu nanocrystals were spherelike particles with
almost no amorphous constituents. The grain sizes are distributed
in the range of 30-50 nm, which is consistent with the mean
particle size deduced from XRD. The electron diffraction pattern
shown in the inset of Figure 2 further confirmed the indexed
hexagonal structure.

Figure 3 shows the FTIR spectra of Y1-xBO3:Eux samplesb
and c with x ) 0.02 andd samples with different doping
concentration. The IR absorption peaks between 800 and 1200

Figure 1. XRD patterns of Y1-xBO3:Eux samples. Complex precursors
are decomposed at (a) 650°C for 100 min and (b) 700, (c) 900, and
(d) 1100 °C for 5 h. Bulk sample is obtained by direct solid-state
reaction at 1100°C for 5 h.
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cm-1 are typical for the polyborate group B3O9
9-.6,26 The

structure of B3O9
9- is shown in Figure 4. According to the

referenced IR assignments,6,26,27we consider the IR absorption
peaks in the region of 800-950 cm-1 to be of ring stretch
vibration modes (RS) and the peaks in the region of 950-1200
cm-1 to be of terminal stretch vibration modes (TS). The origins
of the absorption peaks and their intensities were listed in Table
2. With the particle size decreasing, all absorption peaks red-
shifted and the intensity ratio of RS to TS decreased. However,
higher doping concentration only induced red shifts of IR
absorption peaks without changing the intensity ratio of RS to
TS. According to Hooke’s law,28 as the bond distances become
longer, force constants become lower and IR absorption
wavelength will be longer. Therefore, red-shifts of IR absorption
indicate that longer B-O bond distances should exist for the

samples with smaller particle size, as well as those with higher
doping concentration.

Meanwhile, the intensity of IR absorption relates to the
content of the bonds that perform the relevant vibration mode.
Therefore, we deduced that the number of the terminal O atoms
should be fewer in the smaller particles and almost unaltered
as the contents of Eu3+ ions varied. The deficiency of terminal
O atoms should be responsible for the lattice distortion in the
nanocrystals. Previous studies showed that, in addition to the
limited coherence length of the nanocrystals, many bulk and
surface defects existed as a consequence of the low-temperature
synthesis and the high surface area of the crystallites.29 These
defects probably accounted for the deficiency of terminal O
atoms in the nanocrystals.

3.2. Chromaticity and Brightness of YBO3:Eu Nano-
crystals.3.2.1. Size-Dependent Chromaticity.Figure 5 displays
the emission spectra of YBO3:Eu under 240 nm UV irradiation.
All of them were normalized to their maximum. The spectra
consist of sharp lines ranging from 580 to 720 nm, which are
associated with the transitions from the excited5D0 level to7FJ

(J ) 1, 2, 3, 4) levels of Eu3+ activators,30 of which the major
emissions are centered at 591 nm (5D0-7F1) and 610 and 625
nm (5D0-7F2), well-corresponding to orange-red and red color,
respectively. Although the major peak positions in the emission
spectra are identical to each other, the intensity patterns are much
different. For the bulk and submicron-sized samples, the5D0-
7F1 transition is the most intense one.22 But for the nanosized
particles, the relative intensity of5D0-7F2 increased with
decreasing particle size. It is obvious that with the particle size
decreasing the red emission coming from5D0-7F2 increases,
and as a result, a redder fluorescence in chromatic sense, that
is, a superior chromaticity, can be obtained.

The intensity of the transitions between differentJ levels
depends on the symmetry of the local environment of the Eu3+

activators and can be described in terms of Judd-Ofelt theory.31

According to the selective rules, magnetic dipole transition is
permitted and electric dipole transition is forbidden, but for some
cases in which the local symmetry of the activators is without
an inversion center, the parity forbiddance is partially permitted,
such as Eu3+ ions occupyingC2 sites in Y2O3:Eu.31 It is well-
known that the relative intensity of5D0-7F1 and 5D0-7F2

transitions depends strongly on the local symmetry of Eu3+ ions.
Subsequently, when Eu3+ ions occupy the sites with inversion
centers, the5D0-7F1 transition should be relatively strong, while

TABLE 1: Least-Squares Refined Unit Cell Parameters for Y1-xBO3:Eux Bulk and Nanocrystalline Samples

samplea a (Å) c (Å) c/a cell volume (Å3)

JCPDS std no. 16-277 3.778 8.81 2.332 108.90
bulk (x ) 0.02) 3.7806( 0.0014 8.8214( 0.0036 2.3333( 0.0013 109.19( 0.008
a (x ) 0.10) 3.8072( 0.0038 8.8168( 0.0093 2.3158( 0.0034 110.68( 0.199
b (x ) 0.02) 3.8021( 0.0036 8.8340( 0.0089 2.3235( 0.0032 110.59( 0.190
c (x ) 0.02) 3.7980( 0.0042 8.8276( 0.0104 2.3242( 0.0037 110.28( 0.219
d (x ) 0.02) 3.7839( 0.0017 8.8200( 0.0042 2.3309( 0.0015 109.37( 0.088
c (x ) 0.001) 3.7840( 0.0007 8.8154( 0.0017 2.3292( 0.0006 109.36( 0.035
c (x ) 0.1) 3.7989( 0.0012 8.8381( 0.0029 2.3265( 0.0010 110.46( 0.060
c (x ) 0.2) 3.8091( 0.0014 8.8637( 0.0036 2.3270( 0.0013 111.38( 0.077
c (x ) 0.3) 3.8307( 0.0010 8.9030( 0.0024 2.3241( 0.0009 113.14( 0.051

a Complex precursors are decomposed at 650°C for 100 min fora and at 700 , 900, and 1100°C for 5 h for b, c, andd, respectively. Bulk
sample is obtained by direct solid-state reaction at 1100°C for 5 h.

Figure 2. TEM image and electron diffraction of YBO3:Eu nano-
crystals prepared at 700°C for 5 h.

Figure 3. FTIR spectra of Y1-xBO3:Eux samples. Samplesb-d are
denoted in the text and Figure 1.

Figure 4. Structural sketch map of B3O9
9- ion.
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the 5D0-7F2 transition is parity-forbidden and should be very
weak. The abnormal luminescent behavior of the nanosized
YBO3:Eu must be correlated to the microstructure. As mentioned
above, the distorted lattices and the terminal oxygen deficiencies
in the nanosized YBO3:Eu may increase the degree of disorder
and lower the local symmetry of Eu3+ ions, and as a conse-
quence, the transition probability of5D0-7F2 is increased and
the visual color is improved.

3.2.2. Size-Dependent Quenching Concentration.The rela-
tionship between luminescence intensity and dopant content is
shown in Figure 6. The dependence of5D0-7F2 and 5D0-7F1

transitions on the activator concentration is identical for different
sized YBO3:Eu samples, but the quenching concentration varies.
It is about 0.08 for the bulk YBO3:Eu and increases to 0.15
and 0.20 for 88.6 and 40.8 nm samples, respectively. It is worth
noting that quenching concentration increases with decreasing
the particle size, as has been observed in other kinds of
nanocrystals.29,32 It is understandable that the concentration
quenching effect is due to the possible nonradiative transfer
between neighboring Eu3+ ions, which increases the mobility
of the excited states within the host matrix and therefore
increases the probability of nonradiative de-excitation via
quenching centers (traps).33,34 In nanosized materials, the
deficiency of the traps due to the limited primitive cells per
particle results in the fact that the traps distribute randomly with
a considerable fluctuation between particles; there must be more
traps in some of the particles while fewer traps in others.12,33

Resonance energy transfer only occurs within one particle
because of the hindrance by the particle boundary. Therefore,
with increasing the concentration of luminescent centers,
quenching occurs first in particles containing more traps, while

those particles with few or no traps quench only at high
concentration or do not quench at all. Therefore, quenching
occurs at higher Eu concentration in smaller particles. The
quantum efficiency is another important factor to be studied,
and the detailed investigation is in progress.

3.2.3. Color Coordinates (x, y) and RelatiVe Brightness.Color
coordinates (x, y) and relative brightness of Y0.9BO3:Eu0.1 were
presented in Table 3. Previous studies showed that the lumi-
nescence intensity of YBO3:Eu was influenced by the synthesis
method. The YBO3:Eu obtained by the sol-gel method appeared
to have a higher luminescence intensity in comparison with that
prepared by the solid-state reaction.20 Our work was similar to
those results, as the brightness of sampled is 1.44 times as
high as that of the bulk prepared by the solid-state reaction

TABLE 2: Peak Positions and Intensities of FTIR Spectra for Y1-xBO3:Eux Samples

sample terminal stretch ring stretch

b (x ) 0.02) peak positions (cm-1) 1078 1028 916 860
peak intensities 0.6356 0.5598 0.8354 1

c (x ) 0.02) peak positions (cm-1) 1086 1028 1008 920 869
peak intensities 0.6922 0.5302 0.5272 0.9629 1

d (x ) 0.02) peak positions (cm-1) 1097 1032 1008 924 878
peak intensities 0.7535 0.5 0.5123 1 0.9479

d (x ) 0.001) peak positions (cm-1) 1101 1003 924 870
peak intensities 0.7914 0.5748 1 0.9745

d (x ) 0.1) peak positions (cm-1) 1093 1089 1027 1009 920 870
peak intensities 0.7563 0.7568 0.585 0.5889 0.999 1

d (x ) 0.4) peak positions (cm-1) 1093 997 916 862
peak intensities 0.7794 0.5973 0.9369 1

d (x ) 0.7) peak positions (cm-1) 1074 993 912 858
peak intensities 0.7687 0.6471 0.9492 1

Figure 5. Emission spectra of YBO3:Eu samples. Samplesa-d and
bulk are denoted in the text and Figure 1.

Figure 6. Quenching concentration of YBO3:Eu for samplesb andc
and bulk obtained by monitoring the emissions of (a)5D0-7F1 (at 591
nm) and (b)5D0-7F2 (at 610 nm).
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(Table 3). Moreover, the luminescent intensities of Y1-xBO3:
Eux nanocrystals at their quenching concentrations (x ) 0.15
and 0.20 for 88.6 and 40.8 nm YBO3:Eu nanoparticles,
respectively) were higher than that of the bulk (x ) 0.08) (Figure
6), which suggested potential applications of the nanocrystals.
From Table 3, we can also find that the chromaticity of the
nanocrystals is better than that of the bulk and as the particle
size gets smaller, the chromaticity gets better. The magnitudes
of the color coordinates (x, y) and relative brightness were
satisfactorily coincident with the emission spectrum results.

3.3. Site Symmetry of YBO3:Eu Nanocrystals. 3.3.1.
WaVelength-Selected Excitation and Emission Spectra.The
excitation spectra obtained by monitoring the emissions of5D0

f 7F1 (at 591 nm) and5D0 f 7F2 (at 610 nm) for YBO3:Eu
were given in Figure 7. The broad bands showed in the spectra
originated from the charge-transfer excitation (CT). For all
samples, a small shift of the CT bands could be observed. The
CT bands monitored by5D0 f 7F1 were located at a shorter
wavelength compared with those of5D0 f 7F2. Figure 8 shows
the emission spectra of YBO3:Eu under different wavelength
UV excitation. The5D0 f 7F1 emissions are relatively strong
when excited at a relatively short wavelength and become
weaker under a longer wavelength excitation. The results
indicated that Eu3+ ions could be excited preferentially by
different excitation sources. There seems to be at least two
different luminescent sites existing in YBO3:Eu, one of which
possesses a superior symmetry while the other possesses an
inferior symmetry. These two kinds of sites were denoted
successively as site1 and 2, respectively, in the following
description. In comparison with Eu3+ ions in site2, Eu3+ ions
in site1 have a relatively lower intensity ratio of5D0 f 7F2 to
5D0 f 7F1 (red/orange or R/O). And the CT band of Eu3+ ions
in site 1 is located at a relatively shorter wavelength.

As reported by Lin et al.35 and Hoefdraad,36 the peak position
of CT band is involved in the length of Eu-O bond: the shorter
the Eu-O bond is, the shorter the wavelength of the CT band
position will be. Therefore, it can be deduced that the average
Eu-O bond distance of site1 is shorter than that of site2.

However, it should be noted that the above result does not mean
that one can obtain an inferior site symmetry by merely
lengthening the Eu-O bond. In this work, we have already
pointed out that a relatively larger cell volume can be observed
for the YBO3:Eu samples with smaller particle size or with
higher doping concentration. On the basis of these results, it
can be considered that the average RE-O bond distance is
relatively longer in the YBO3:Eu samples with smaller particle
size and higher doping concentration. However, the former type
of Eu-O bond elongating resulted in a superior chromaticity,
while the latter one gave an almost unchanged chromaticity.
Therefore, inferior site symmetry might be involved in not only
the longer Eu-O bond distance but also the more distorted
lattices. It is well-known that the interface effects of nanoscaled
materials might lengthen the Eu-O bond distance, for example,
as was reported by Tao et al.37 for the Y2O3:Eu and Y2SiO5:Eu
nanocrystals. Also it has been reported that in nanosized
materials the degree of disorder is high while the crystal field
symmetry is low.9 Therefore, it should not be unique charac-
teristics of hexagonal YBO3:Eu system to observe such chro-
maticity improvement. In fact, if one compares the fluorescence
spectrum of the nanoscaled triclinic GdBO3:Eu38 with that of
the bulk triclinic GdBO3:Eu,39 one can easily find that the
chromaticity is also improved in such nanoscaled materials.
However, until recently, little attention has been paid to the
chromaticity improvement in nanoscaled materials.

3.3.2. Site-SelectiVe Excitation and Emission Spectra.The
high-resolution emission spectra of samplesa and b and the
bulk were measured under 266 nm UV excitation and displayed
in Figure 9a. The three groups of emission peaks between 570
and 640 nm can be attributed to5D0 f 7Fj (j ) 0,1,2) transitions
of Eu3+ ions. A larger R/O ratio can be observed for the
nanocrystals, which coincides satisfactorily with the above

Figure 7. Excitation spectra of YBO3:Eu for samplesb and c and
bulk obtained by monitoring the emissions of5D0 f 7F1 (at 591 nm)
and5D0 f 7F2 (at 610 nm).

TABLE 3: Color Coordinates (x, y) and Relative Brightness
of Y0.9BO3:Eu0.1 Samples

CIE coordinate

sample x y relative brightness

bulk 0.638 0.355 1
a 0.661 0.330 0.182
b 0.646 0.346 0.688
c 0.645 0.348 1.06
d 0.639 0.359 1.44

Figure 8. Emission spectra of YBO3:Eu for (a) sampleb and (b) bulk
under different wavelength UV excitation.
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studies of this work. Only one5D0 f 7F0 transition located at
580.9 nm appeared for the bulk as shown in Figure 9a. The
other two groups of emission, which corresponded to5D0 f
7F1 and5D0 f 7F2, are denoted as A (maximum at 593.3 nm)
and B (maximum at 610.1 nm). Figure 9b shows the excitation
spectra, which are associated with the5D0 f 7F0 of Eu3+ ions,
of the emission lines A and B in Figure 9a. The excitation
spectrum for the nanocrystals (sampleb) by monitoring line B
shows two peaks located at 580.8 and 580.4 nm (by Gaussian
fitting), whereas the other excitation spectra only give one peak
located at 580.8 and 580.9 nm for the nanocrystals and the bulk,
respectively.

Generally, the5D0 f 7F0 transition of Eu3+ is a parity-
forbidden one, but when Eu3+ ions occupy one of theCs, C1,
C2, C3, C4, C6, C2V, C3V, C4V, andC6V (i.e.,Cs, Cn, CnV) sites, the
parity forbiddance will be partially permitted and thus a5D0 f
7F0 emission can be observed.31 Furthermore, the7F0 and5D0

state levels do not split. Therefore, the5D0 f 7F0 transition is
commonly utilized to deduce the number ofCs, Cn, and CnV
sites in luminescent materials.40 Based on the above results, two
conclusions can be drawn in our case. First, there is only one
of Cs, Cn, andCnV sites existing in the bulk, while two of them
are present in the nanocrystals. Second, for the excitation
spectrum in the nanocrystals by monitoring line B, the peak
located at 580.8 nm belongs to Eu3+ ions in the intrinsic site of
YBO3:Eu (referred as siteI ) and the peak located at 580.4 nm
should be related to Eu3+ ions located in the surface site (referred
as site3). The results are in agreement with the earlier report40

on the Y2SiO5:Eu nanocrystals, in which the excitation spectra
showed four5D0 f 7F0 lines and the authors attribute the forth
line to a surface site. Similarly, the phenomenon that one
crystalline site and one disordered site are presented in the

nanocrystals is also observed by other authors even earlier.
However, those reports did not mention what is the physical
relationship of these two types of sites.12

In Figure 9b, the two spectrum peaks of the nanocrystals are
both located at shorter wavelength region compared with that
of the bulk. The small blue shift can be interpreted by the
nephelauxetic effect of RE ions31 on the basis of the above cell
volume data. The theory about the nephelauxetic effect of RE
ions states that in crystal field the 4f orbitals of RE ions are
expanded and mixed with the opposite parity 5d orbitals and
thus are concerned with bonding. The nephelauxetic effect
causes the decrease of electron-electron repellence in RE ions
and corresponding decrease of 4f level gap in RE ions, and as
a result, spectrum lines of RE ions shift to a longer wavelength
(red shift) in comparison with the corresponding spectrum lines
of RE atoms. In our case, in comparison with the bulk, the
nanocrystals possess a relatively weaker crystal field because
of the larger cell volume. The nephelauxetic effect of Eu3+ ions
correspondingly becomes weaker in the nanocrystals, which
should be responsible for the blue shift of the5D0 f 7F0

excitation lines. Furthermore, it can be deduced that the cell
volume of the site3 is relatively larger compared with that of
site1. The blue shift of the5DJ f 7FJ transition in nanocrystals
is ubiquitous, as observed in cubic Y2O3:Eu41 and monoclinic
Y2O3:Eu.11-14 However, only a few authors41 attributed the blue
shift to the nephelauxetic effect of Eu3+ ions.

Site-selectively excited emission spectra were recorded under
pumping at 580.4 and 580.8 nm for the nanocrystals (sampleb
for different Eu3+ concentration) and at 580.9 nm for the bulk.
The emission spectra belong to site1 were shown in Figure
10b, and those belonging to site3 were shown in Figure 10c.
To compare with the site-selectively excited emission spectra,
the unselected excitation luminescence spectra were presented
in Figure 10a. Compared with Figure 10a, some lines vanished
and other lines presented relatively lower intensities in Figure
10b, suggesting the existence of another site, which coincides
with the above analyses (see section 3.3.1). Moreover, three
emission peaks of5D0 f 7F1 transition and five emission peaks

Figure 9. High-resolution emission spectra (a) of YBO3:Eu for samples
a andb and bulk under 266 nm UV excitation and (b) excitation spectra
of lines A (at 593.3 nm) and B (at 610.1 nm) from panel a.

Figure 10. Emission spectra of Y1-xBO3:Eux for b series samples and
bulk under (a) 266 nm UV excitation and by exciting (b) site1 and (c)
site 3.
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of 5D0 f 7F2 transition can be observed. The results meant that
the ground states7F1 and 7F2 split into three and five levels,
respectively; therefore, we considered that Eu3+ ions in site1
are inC1 symmetry coordination.42 The assignment of the site
1 is in agreement with the reports of Lin et al.6

In Figure 10b,c, as far as the R/O value is concerned, the
luminescent spectra of the nanocrystals evidently differ from
that of the bulk. The R/O values in the nanocrystals are greater
than 1, whereas it is less than 1 for the bulk. It is prominent
that both site1 and 3 should be responsible for the superior
chromaticity in the nanocrystals. However, for the same
nanocrystals (sampleb), spectra with a R/O value greater than
1 have already been presented in section 3.3.1 under 240 and
220 nm UV excitation. Hereby, there must be another site, and
the spectrum R/O value of Eu3+ in this site should be greater
than 1, which means this site should have a relatively lower
symmetry in comparison with sites1 and3. Therefore, site1
in the above discussion is just site2 in section 3.3.1.

Moreover, when Eu3+ concentration was equal to or greater
than the quenching concentration (x ) 0.20), the R/O values
belonging to site2 became lower while those of site3 became
higher, suggesting a pronounced energy transfer between site2
and site3 in the nanocrystals. As mentioned above, in earlier
studies, there was a pendent question about what is the physical
relationship of the two sites in nanocrystals (one crystalline site
and one disordered site).9-14 Some authors considered that these
two sites could exist as a disordered surface site surrounding a
crystalline interior, while other authors considered that they
result from the distribution of particle size, the larger particles
producing the crystalline spectra and the smaller particles
producing the disordered spectra. It is generally accepted that
there are no ion-ion interactions across the particle inter-
face.12,13,33On the basis of this, it can be deduced that if the
latter opinion was true, then no energy transfer would occur
between these two sites. Therefore, site3 must be a surface
site surrounding the interior site, site2. Owing to the long
distance between the luminescent centers in site2 and those in
site 3, one can deduce that the energy transfer between these
two sites should be very weak before the resonant energy
transfer net of luminescent centers was formed. In Figure 10,
when Eu3+ concentration was lower than the quenching
concentration, that is, before the resonant energy transfer net
of luminescent centers was not formed, the energy transfer was
certainly very weak.

It is well-known that the energy transfer strongly depends
on the temperature and the energy mismatch.40,43The5D0 level
of Eu3+ ions in site 2 is located at a lower energy region
compared with that in site3, and the mismatch is an energy
difference|∆E23| ) 12 cm-1. Therefore, the relative transfer
rates can be described as40,43

At room temperature (300 K), (|∆E23|)/(kT) ) 12/208.5 and
(w3f2)/(w2f3) ≈ 1.06. The transfer rate from site3 to 2 is almost
equal to but slightly higher than that from site2 to 3.
Consequently, the two emission spectra are similar to each other
after the resonant energy transfer net of luminescent centers was
formed.

Figure 11 shows the temporal behaviors of the5D0 f 7F2

emission after respective site2 and3 selective excitation. Results
showed that when Eu3+ concentration was greater than the
quenching concentration, the lifetimes of site2 and 3 both

became relatively shorter and had a great deviation from single
exponent. Such phenomenon may result from the energy transfer
between site2 and 3, as evident in Figure 10. Forx ) 0.10
samples, the nanocrystals exhibit a relatively longer lifetime in
site2 while a relatively shorter lifetime in site3 compared with
the bulk. In previous studies, Schmechel et al.44 and Tissue et
al.12,14considered that Y2O3:Eu nanocrystals possessed relatively
longer lifetimes than the bulk; they attributed their results to
the decrease of the radiative transition rates in nanocrystals,
while in the contrary, Huang et al.45 observed relatively shorter
lifetimes in the nanocrystals, and they attribute the shortening
to the energy transfer from a surface site. On the basis of our
results, we considered that both deductions were reliable,
although they were formally different. If the energy transfer
from the surface to the interior was effective, the latter one
should be dominant, and then a relatively shorter lifetime could
be perceived. To the opposite, if the energy transfer from the
surface to the interior was ineffective, the former one should
be turned into the deciding factor, and thus a relatively longer
lifetime could be observed. In such studies, because of different
fabrication methods, the energy transfer from the surface to the
interior should exhibit different behavior.

Moreover, one can clearly discover that the lifetime of the
Y1-xBO3:Eux nanocrystals at its quenching concentrations (x )
0.20) is shorter than that of the bulk (x ) 0.08) from Figure
11. Because the decay time of bulk YBO3:Eu is somewhat
longer for practical application,2 the short lifetime of the
nanocrystals should be of benefit to its utilizations.

4. Conclusions

Pure hexagonal-phased YBO3:Eu nanocrystals with different
particle sizes were prepared by a convenient sol-gel pyrolysis
process, and their photoluminescence spectra showed the size-
dependent chromaticity, that, the R/O ratio was much higher in
the smaller sized samples. Both XRD patterns and IR spectra
exhibited that the lattices of YBO3:Eu nanocrystals were
distorted, and as the particle size became smaller, the lattices
became more distorted. Studies on the CT bands indicated that

Figure 11. Decay curves of the5D0 f 7F2 emission by exciting (left)
site 2 and (right) site3.

(w3f2)/(w2f3) ) [n(|∆E23|) + 1]/[n(|∆E23|)] )
exp(|∆E23|/(kT))
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Eu3+ ions can be excited preferentially by different excitation
sources in both the bulk and nanocrystals, which suggested that
at least two different intrinsic luminescent sites, site1 and site
2, coexisted in YBO3:Eu. Site2, the site with relatively inferior
symmetry, was clarified to be ofC1 symmetry. Site-selective
excitation spectra also present a particular site, site3, in the
nanocrystals. For the nanocrystals, Eu3+ ions in both site2 and
site3 displayed improved R/O values, which might be resulted
from the distorted lattices and should be responsible for the
superior chromaticity. A pronounced energy transfer between
site 2 and site3 in the nanocrystals was observed, while the
doping concentration was higher than the quenching concentra-
tion, which indicated that site3 may be a disordered surface
site surrounding the interior sites. At quenching concentrations,
the lifetime of the nanocrystals is shorter than that of the bulk
and the luminescent intensity of the nanocrystals is higher than
that of the bulk. On the basis of its superior chromaticity,
relatively shorter lifetime, and higher luminescent intensity, the
YBO3:Eu nanocrystal is considered to be a promising VUV
phosphor.
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