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Luminous properties of a red phosphor, Eu-Y,03 (Eu-doped Y203) have been studied by %Y (nuclear spin 1/2)-
static NMR. Pure Y,03 showed an anisotropic pattern with the peak centered at 299 ppm assigned to the Y atom in the
site, where none of the 12 nearest neighbouring Y atoms are substituted by an Eu atom. The signal became broader with
increasing doped Eu content. Additionally, a shoulder peak assigned to the Y atom in the site where one of the 12 nearest
neighbouring Y atoms was replaced by one Eu atom appeared around 100—110 ppm in the samples with more than 1

mol/% Eu content.

The spin—spin relaxation of the centered signal was mainly dominated by the dipole—dipole interaction mechanism
between the Y nucleus and the paramagnetic electrons of Eu** with 4f° electron configuration which substituted at the
second nearest and further neighbouring Y. In conclusion, the line-broadening of %Y signal at constant Eu content was
correlated with the Eu distribution on the basis of the facts that the phosphor sample with higher brightness showed broader
linewidth and the intensity of the ESR signal corresponding to the lattice defects has no relation to the brightness.

Red phosphor, Eu—Y;03 (Eu-doped Y,03), has been used
in a projection tube or a lamp having red, blue, and green
colors. It is strongly desired that the phosphor is prepared
in much smaller particles and has higher brightness because
a television tends to be larger. In the phosphors hitherto
used, the power of the incident beam of the cathode ray must
be increased in order to keep the high brightness with the
high resolution on the screen. However, the power of the
incident beam is limited because it results in a lowering of
the emission efficiency of the phosphor. Therefore, we hope
to prepare the phosphor which can realize the high brightness
and the high resolution without further increase of incident
beam power. In order to develop the phosphor with such
characteristics, the crystal field and/or the structure of the
emission center must be elucidated. Thus far, component
analysis or X-ray analysis has not succeeded in obtaining the
data closely related to the characteristics of emission.

Although the limited studies'™ of solid state NMR of
89Y (nuclear spin = 1/2 and natural abundance 100%) have
been done because of its low resonance frequency, 14.706
MHz at 7.05 T, low sensitivity (1.18x10™* times to 'H),
and long spin-lattice relaxation times (several hours), we
carried out an investigation by using solid state NMR of Y
nuclei to elucidate the distribution of Eu and fine structures
of phosphor crystals for the first time.

In this paper, we describe details concerning the depen-
dence of the characteristics of emission efficiency on the Eu
distribution and the defects in Y,0j3. For this purpose, 3Y-
static NMR and ESR were employed for the Eu distribution
and the defects in Eu—Y,0s, respectively.

Experimental

Materials: All the samples used in this study are listed in
Table 1. The raw material, Y,O3; and Eu,Os;, were prepared by
Mitsubishi Chemical Co., Ltd., and the other materials used as the
flux were purchased from Wako Co., Ltd., Junsei Co., Ltd., and
Kanto Chemical Co., Ltd. The raw materials, Y203 and Eu,Os3,
were luminescence grade and all materials purchased were reagent
grade.

The samples in this experiment were prepared by the method de-
scribed in the handbook of phosphors'® and a patent.'" The prepa-

Table 1. Sample List of Eu—Y,03

Sample (Y1—cEu:);03 Chroma Particle size Amax Brightness

l—¢c x/y"™ dso/um  nm %
MR1 1.00 0.00 0.295/0.149 — 380.5 1
MR2 0.99 0.01 0.604/0.361 6.08 611.0 83
MR3 0.97 0.03 0.635/0.354 5.52 611.0 91
MR4 095 0.05 0.647/0.349 5.82 611.0 84
MR5 093 0.07 0.652/0.345 7.19 611.0 75
MR6 0.90 0.10  0.655/0.343 5.95 611.0 56
MR7 0.70 030  0.649/0.342 — 611.0 4
MR8  0.965 0.035 0.640/0.351 354 611.0 88
MR9 0.9650.035 0.642/0.351 5.56 611.0 79
MR10 0.9650.035 0.640/0.352 3.48 611.0 57
MRI11 0.9650.035 0.638/0.353 4.23 611.0 78
MR12 0.9650.035 0.641/0.351 4.80 611.0 62
MR13 0.9650.035 0.637/0.353 3.31 611.0 71

a) Activator content.
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ration procedures are as follows. MR1—MR7(Eu-doped Y»03):
BaCl-2H,0, H3zBOs;, and LiCl were added to Y,O3; and EuyOs
as the flux in an alumina crucible and the mixture was heated to
1450 °C and held for several hours to produce Eu-doped Y203
(Eu-Y,03). MR8: Y,03; and Eu,03 were dissolved in 6 M HCl
(1 M=1 moldm™>) and 10% oxalic acid solution was added to
the solution. By heating up the mixture in an alumina crucible to
1000 °C, the oxalates, Y2(C,04)3, and Eux(C,04)3, were obtained
and the following firing at 1450 °C for several hours will produce
a co-precipitation Eu—~Y,03. MR9—MR13: BaCl,-2H,0, H3;BOs,
and LiCl were added as the flux to the oxalates Y2(C,04)3 and
Euy(C20,);. The mixture was heated to 1450 °C and held for sev-
eral hours to produce the other co-precipitation Eu-Y,03. All the
obtained Eu—Y,03 were washed with pure water several times and
dried.

Apparatus and Measurements:  Each molar ratio, Eu/Y, and
the amounts of impurity were determined by Seiko SPS-1200A ICP
and Rigaku 3370 fluorescence X-ray spectrometers. The amounts of
impurities of all samples were less than 1 ppm. The activator content
was consistent with the analytical concentration of Eu within the
experimental error. The crystal structure of Eu—~Y>03 was identified
in power by an X-ray diffractometer with monochromated Cu K
(Philips PW1700 diffractometer). The emission spectra and the
intensities of brightness were measured with a TOPCON ABT-32
electron-ray emission spectrometer. The particle size was measured
with a Model PA-2 coalter counter. The measurements of % Y-static
NMR spectra were carried out at 14.706 MHz on a Bruker MSL-
300 spectrometer equipped with a static probe (dia. 10 mm) atroom
temperature. The 90 © pulse width was 20 us and the chemical shifts
were determined relatively to 1.5 M Y(NOs3)3 aqueous solution as
0 ppm. A single pulse was used for static measurements. ESR
spectra were measured by a JEOL JES-FE2XG ESR spectrometer
at room temperature.

Results and Discussion

The schematic diagrams of the crystal structure'® and of
Y—O-Y bonds for Y,03 are shown in Figs. 1-a and 1-b, re-
spectively. In a unit cell (Fig. 1-a), 24Y atoms (24d site,
C, symmetry),” 8Y atoms (8b site, Sg symmetry),” and
480 atoms exist. The X-ray powder diffraction patterns
of Eu—Y,0; were almost same as that of the pure Y,03 up
to 10 mol% content of Eu. Each Y atom binds 12Y atoms
through O atom, as shown in Fig. 1-b. The Y site substituted
by the Eu atom is denoted as Y°; then Y!, Y?, - -- are used for
the nearest neighboring Y, the second nearest neighboring Y,
--- to the Eu atom. Therefore, the schematic bond is repre-
sented as Y° (Eu)-O-Y'-0-Y?2—-.. The emission spectrum
of Eu—Y,03 showed a sharp strong peak at 611 nm.'” The
pattern of the spectrum was almost the same for Eu-Y,03
with 1 to 10 mol% content of Eu.

ESR Signal: Figure 2 shows the ESR spectrum of MR 1
at room temperature. In the spectrum, a sharp peak assigned
to F* center such that an electron was trapped in an oxy-
gen defect (+2 valent) appeared at g =2.004." Besides the
F* center peak, several weak signals appeared in the wide
magnetic field (ca. 0.23 T). These peaks have not hitherto
been assigned. For a series of Eu—Y;03; (MR1 to MR7), the
signal intensity of the F* center decreased with increase of
Eu content, as shown in Fig. 3. In the samples with the same
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Fig. 1. (a)Schematic crystal structure of Y,O3. This diagram
shows a unit cell composed of 8 small cubic unit cells (8
octants). 2 of 8 octants take 8b site and 6 of 8 octants
take 24d site in accordance with statistical probability. (b)
Schematic structure of Y—O-Y bonds for Y,0s.

Fig. 2. ESR spectrum of MR1 at room temperature.

Eu content (MR8 to MR13), the signal intensity of the F*
center became stronger as the particle size decreases.
89y.Static NMR Spectra:  Figure 4-a shows the ¥Y-
static NMR spectra of Eu~Y,03; with 0 to 10 mol% Eu
content (MR1 to MR6). The signal of the sample with 30
mol% Eu content (MR7) was not observed because of the
line-broadening. The 3°Y-static NMR spectrum of MR1
consists of the superposed peak of 3°Y at 24d site (7, =399
ppm, 0y =299 ppm, 033 =282 ppm) and 8b site (g =352
ppm, o) =250 ppm) and shows the maximum intensity at
299 ppm, corresponding to ¢, at 24d site.” When Eu atoms
were doped in Y,O3, the line-broadening of the %Y signal at
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Fig. 3. Plot of In(Z) vs. Eu content. I: amplitude of ESR
signal with g =2.004.

299 ppm occurred as observed for MR2 to MR6. As shown
in Fig. 1-b, 12(-O-Y) bonds exist around one Y atom. Since

the chemical shifts of the main signal in MR2 to MR6 were -

the same as that in pure Y,03, the signal was assigned to
Y(-O-Y, ~Y)s where none of the 12 nearest neighboring
Y atoms were substituted by Eu atom. The center Y atom
in Y(-O-Y, —Y)s is named as Y”, which exhibits peak A
centered at 299 ppm. Eu atoms should be substituted in the
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second nearest and further neighboring Y to YA.

Further, a shoulder peak (B) appeared around 100—110
ppm .in MR2 to MR6. Since the shoulder peak became
stronger with doping more Eu atoms in Y03, this peak was
attributable to Y(—O-Y, —Y)s5(-O-Y, —Eu) where one of the
12 nearest neighboring Y atoms was replaced by one Eu
atom. The center Y atom in Y(-O-Y, —Y)s(-O-Y, -Eu)
is named as YB. The Y® atom is corresponding to Y! with
only one nearest neighboring Y site replaced by one Eu atom,
abbriviated simply as Y!(Eul). The spectra for MR2 to MR6
in Fig. 4-a were deconvoluted to the signal A at 299 ppm and
the signal B around 100—110 ppm by employing a gaussian
type function, because the line shape of MR2 at 299 ppm was
closely approximated by the Gaussian type function. The
plots of the difference of the half-width (A v/ ) of the signals
between MR2 to MR6 and MR1, (Av;;; (MR2—MR6) —
Av/5(MR1)), vs. Eu content showed a good correlation, as
shown in Fig. 5.

Line-Broadening via Paramagnetic Eu*>*:  The line-
broadening phenomenon of the Y signal is expected to
be caused by the paramagnetic Eu** with 4f° electron
configuration.'” If the line-broadening is caused by the
dipole—dipole interaction between Y nucleus and the para-
magnetic electrons of Eu®*, the next relation is expected.
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89y-static NMR spectra of MR1 to MR6 (a) and MR8 to MR13 (b). Eu content (mol%): MR1 0%, MR2 1%, MR3 3%,

MR4 5%, MR5 7%, MR6 10%, MR8 to MR13 3.5%. Spectral width: 200000 Hz, data point: 4 K, pulse width: 5 us, aquisition

number: 3000—26000, recycle time: 10 s, dead time: 40 ps.
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Fig. 5. Line-broadening of the Y* signal vs. Eu content.

Avip < > N;/73, 0

“where 7; is the distance between Y and Eu and N; is the
number of Eu atoms at 7;.

The distances (d) between Y and the nearest neighboring
Y! in each case are reported as follows:'9d(Yg,~6Y14y) =
3.516 A, 3.999 A, d(Y9,,~2Y%,)=3.516 A, 4.000 A,
d(Y%,4—4Y},4)=3.533 A, 4.014 A, where the subscript ex-
presses each site, and the coefficient of Y! is the number
of Y! with the same site and distance. The distances be-
tween Y and the second nearest neighboring Y? scatter in
the range of 7 to 8 A, and the third nearest neighboring Y in
the range of 10.5 to 12 A, depending on the sites. The para-
magnetic contribution to Y2 from the Eu atoms substituted
at the third nearest neighbor Y and at further Y? is thought
to be negligible, because the line-broadening is proportional
to the inverse of . Therefore, the line-broadening of YA
is mainly due to the Eu atom substituted at the second near-
est neighboring Y2. Consequently, the number of Eu atoms
(effective Eu atoms) which substitute at the second nearest
neighboring Y to YA in Eq. 1 becomes the main contribution
to the linewidth. The line-broadening of signal was propor-
tional to the doped Eu content and became about 5 times,
as shown in Fig. 5. This result indicates that the number of
Eu atoms substituted at the second nearest neighbouring Y
is proportional to that of the doped Eu content for MR2 to
MR6 with the same preparation condition.

Relationship between the Line-Broadening of the Y*
Signal and the Brightness:  Figure 4-b shows the ¥Y-
static NMR spectra of MR8 to MR13, which include the
same amount of Eu content (3.5 mol%) but were prepared
under different preparation conditions such as the firing tem-
perature, firing times, amounts of flux, or total amounts of
the raw materials and flux.'?. The linewidths of the 3°Y sig-
nals (A) changed depending on the preparation conditions.'”
This phenomenon can be explained by the difference in Eu
distribution as described below. One possible image of ho-
mogeneous and inhomogeneous distributions of Eu is shown
in Figs. 6-a, and -b, respectively. In Fig. 6-b, Y (Eu2) indi-
cates the Y! with two of the Y sites replaced by Eu atoms,
such as Y (-O-Y, ~Y)4(~O-Y, —Eu),, where Y is the nearest
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Fig. 6. Models of Eu distributions. (a) homogeneous distri-

bution; (b) inhomogeneous distribution.
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Fig. 7. Plots of the brightness vs. line-broadening of the Y*

signals of MR8 to MR13. Eu content of MR8 and MR13
was kept constant at 3.5 mol%.

neighbouring Y site of Y!. In other words, Y'(Eu2) is the Y
atom in the site where two of the 12 nearest neighboring Y
atoms were replaced by Eu atoms; such a signal cannot be
detected because of the line-broadening.'®

In the homogeneous case (Fig. 6-a), total number of Eu
atoms will contribute to the linewidth of YA. But in the inho-
mogeneous case (Fig. 6-b), the number of the second nearest
neighboring Y to the doped Eu atom decreases and that of Y?3
and/or further Y? increases. Therefore, the apparent content
of effective Eu decreases in the inhomogeneous sample. If
the total Eu content doped in Y;Oj3 is constant, the number of
effective Eu atoms is larger in the homogeneous distribution
than in the inhomogeneous distribution. As a result, it is
expected that the line-broadening of Y in the homogeneous
case becomes larger than that in the inhomogeneous case.

The Eu** in Y,0; which has 4f° electron configuration
emits the red light with A,,= 611 nm as mentioned above. If
no path which decreases the brightness is present, the bright-
ness is proportional to the number of Eu atoms. Itis generally
appreciated that the concentration-quenching effect which
decreases the brightness occurs when the Eu—Eu distance
becomes shorter.!? Therefore, it can be suggested that the Eu
atoms in the region where Eu atoms are closely distributed
do not effectively contribute to the brightness. Therefore,
the number of Eu atoms which effectively contributes to the
brightness is larger in the homogenous distribution that in the
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inhomogeneous distribution, if the total Eu content doped in
Y,03 is constant. As a result, Eu—Y,03 with the homoge-
neous distribution of Eu should exhibit stronger brightness
than with the inhomogeneous one at the same Eu content.

Figure 7 demonstrates the relationship between the bright-
ness and the line-broadening of signal A for MR8 to MR13.
The brightness became stronger with increasing the line-
broadening of the Y# signal.

Relationship between the Brightness and the Intensity
of F* Center: The intensities of ESR signals assigned
to F* center for MR8 to MR13 are shown in Fig. 3. The
intensity of F* center becomes larger in the order of MR9 >
12>11=13>10>8, but the brightness becomes higher in
the order of MR8 >9 ~11>13>12>10. From these results,
it is clear that no correlation exists between the intensity of
the F* center and the brightness.

Conclusions

We investigated the details concerning the relationship
between the characteristics of the Eu—Y,03; phosphors, the
brightness, and the Eu distribution by using ¥Y-static NMR.
The relationship between the brightness and the defects was
also examined by ESR.

Eu-Y,0s; phosphors showed two signals at 299 ppm and at
100—110 ppm. The signal at 299 ppm assigned to YA (—0-Y,
—Y)s, where none of the 12 nearest neighboring Y atoms is
substituted by Eu atom, became broader as the doped Eu
content increased. The shoulder peak around 100—110 ppm
assigned to Y!(-O-Y, —Y)5(-O-Y, ~Eu), where one of 12
nearest neighboring Y atoms was replaced by one Eu atom,
appeared in the sample with above 1 mol/% Eu content.
The line-broadening of the signal at 299 ppm occurs via
the paramagnetic Eu>* with 4f° electron configuration which
substituted for the second nearest neighboring and further Y.

From the results that there is a good correlation be-
tween line-broadening and brightness and the line-broaden-
ing changes depending on the sample preparing conditions,
it was proved that the line-broadening of 3°Y signal was
affected by the Eu distribution, i.e., the linewidth is much
broader in the homogeneous distribution than in the inho-
mogeneous distribution at the same Eu content. Since there
was no correlation between the intensity of F* center and
the brightness, it is concluded that the intensity of brightness
would be mainly dominated by the Eu distribution rather than
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by the amounts of lattice defects.

For obtaining the red phosphor with higher brightness, the
sample with highly homogeneous distribution of Eu** ion
should be prepared. This is verified by measurements of
linewidth of 8Y-static NMR.

We wish to thank Miss C. Miura (Mitsubishi Chemical
Co., Ltd.) for the preparation of compounds investigated.
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