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Abstract

The M, _,Na, AL,(BO;),0 (M = Ca and Sr) solid solution systems have been shown interstitial
solid solutions and continuous substitutional solid solutions. The symmetry around the Eu site of
yEu™: M, —x-yNayAl, Mg (BO;),0 (M = Ca and Sr) changes the intensities and the chromaticities
of transitions. The Eu’* ion can be very bright and efficient and have the desired emission wave-
length depending on the site symmetry of the Eu* ion site. As the amount of Na in the Eu* ion
doped Ca,_,Na, Al,(BO,),0 system increases, the Eu site symmetry is going to be a noncen-
trosymmetric site, With increasing x, the decreased intensity in the Dy, — 'F, (590 nm) transition
relates to the low symmetry of the Eu*-doped Ca, _,Na, AL(BO,),0 system, because of the Ca-
centered octahedron in the CaAl,(BO;),0 compound. The SrAl(BO,),0 compound also provides
an improved chromaticity due to the lower site symmetry of Eu** ion.
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1. Introduction

Research involving optical and luminescent mate-
rials during the last 30 years has lead to the many
development of their widely recognized uses. For
example, laser applications encompass communica-
tions, image processing, computing, and medical
surgery. Light emitting solid-state materials have
also found far-reaching applications that include var-
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ious types of display technology, e.g., television and
fluorescent lamps. Clearly, the investigation of new
materials issues forth a means of replacing older
and less cost-effective devices with mordern energy
efficient ones, in addition to developing advanced
technologies.

The red luminescence of the Eu®* ion doped into
inorganic solids has been extensively studied. The
sharp emission feature near 612 nm has found
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Fig. 1. Energy level diagram for Eu* ion.

important applications in fluorescent lighting and
display technologies such as color television and
plasma displays. The emission transition occurs
from the excited 5D§ level to the 7FJ levels J=0, 1,
2, 3, 4, 5, 6) of the 4f° configuration of the Eu*
ion."” A Eu** energy level diagram is drawn in Fig.
1. Because f — f type transitions of the 4f orbitals
are well shielded by the filled 5s* and 5p° levels,
these transitions are only weakly influenced by the
host lattice. Furthermore, since the transitions are
not spin-allowed, long excited-state lifetime on the
order of 107 are observed. For a luminescent center
on a site of inversion, the most intense transition is
D, — 'F,, which occurs near 590 nm. The orange
color of this line is inadequate for display and light-
ing purposes. However, once the symmetry con-
straint is lifted, the 5D0 - 7F2 transition can dominate,
thereby, generating a saturated red line near 612
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nm. Some of the characteristics of this emission in
the Euw’*:M, _ Na, AL(BO,),0 (M =Ca and Sr) sys-
tems are described in this work.

2. Experimental

2-1. Synthesis, Crystal Growth, and Solid Solu-
tion

Synthesis and Crystal Growth. A powdered
sample of M,_,Na, AL(BO;),0 M=Ca and Sr)
was prepared by heating a stoichiometric mixture of
the reagents, MCO, (M =Ca, Sr, and Na,) (Alfa,
99.99%), ALO, (Alfa, 99.999%), and B,0, (Alfa,
99.98%). The mixture was heated at 893 K for 1 h,
cooled and ground at room temperature, and again
heated in a Pt crucible at 1173~1273 K for 12 h. An
X-ray powder diffraction pattern of the product,
obtained with a Philips diffractometer, matched with
that the computer program LAZY-PULVERIX” gen-
erated on the basis of the results of the single-crystal
study (vide infra). The compound M, _,Na, Al,(BO;),0
(M =Ca and Sr) melts congruently at 1283 K with
flux, 30 mol% LiBO,. The melt was cooled at 0.07 K/
min from 1333 to 900 K and then 5 K/min to room
temperature. A clear, colorless crystal was physi-
cally separated from the matrix for X-ray measure-
ments (Fig. 2).

Solid Solution. A powdered solid solution sam-
ple of M, _,Na, AL(BO;),0 (M =Ca and Sr) system
was prepared by heating a stoichiometric mixture of
the reagents, MCO; (M =Ca, Sr, and Na,), ALO;,
and B,0,. The mixture was heated at 893 K for 1 h,
cooled and ground at room temperature, and again
heated in a Pt crucible at 1173 K for 22 h. An X-
ray powder diffraction pattern of the product, ob-
tained with a Philips diffractometer, was collected.
The peak positions were corrected by using an
internal silicon powder standard. Peak positions and
unit-cell constants were calculated by using the least
squares with p-Vax-II computer program, POLSQ."

2-2. Optical Measurement

Emission spectra were obtained by using a spec-
trofuorimeter equipped with Cary excitation and
Oriel emission monochromators and an Oriel 350-
W Xe lamp as the source (Fig. 3). Emission spectra
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Fig. 2. Synthesis diagram of Eu™ jon-doped aluminum borate materials.
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Fig. 3. Spectrometer diagram.

were corrected for variation in PMT response and
the wavelength-dependent throughput of the mono-
chromator.

3. Results and Dicussion

3-1. Solid Solution
To identify the structures M, Na,_, AlL(BO,),0
M=Ca and Sr), we examined the solid-solution

series M, Na,_, AL(BO;),0 over the range 0<x <
1; the results from powder X-ray diffraction mea-
surements are sammarized in Table 1.

The unit-cell parameters of {Ca, Na,)AlL(BO,),0
solid solution systems were analyzed by a Rigaku
AFC6R X-ray diffractometer {Fig. 5(a)]. Among the 2
series, the unit-cell parameters of (Sr, Na,)AlL(BO,),0
solid-solution systems were determined by X-ray
powder patterns [Fig. 4 and 5(b)] using a standard
reference material 640b silicon powder® and the
POLSQ software package” on a -Vax-II computer.

There are two types of solid solutions, substitu-
tional and interstitial solid solutions. Interstitial solid
solutions are formed by placing atoms between
those which are already present, and substitutional
solid solutions are formed by substituting one type
of atom for another. The CaNa,_, AL(BO,),0 solid-
solution systems have been shown as interstitial
solid solutions and continuous substitutional solid
solutions according to Vegard’s law”, and their crys-
tal structures are shown in Fig. 5 and 6, in partic-
ular.

3-2. Luminescence

yEu™: M, _,_ Na, Al,_ Mg (BO,),0 (M = Sr and
Ca) system has been studied for a red luminescence
material, where Eu™ ion is used at the M> ion site
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Table 1. Phase transition of M Na,_, ALL(BO,),0 (M =Ca and Sr) systems

Composition (x) Ca,Na, _,, AL,(BO;),0 Sr,Na, _,, AL(BO,),0
0 NABO’ (Space group P31c)
~0.2 NABO SNABO
~0.4 CNABO SNABO
~0.6 CNABO SNABO
~0.8 CNABO SNABO
1 CABO’ (R3c) SABO’

NABO = Na,AL(BO,),0: a=b=48087(6) A, c=15273(4) A, V =305.86(6) A°, space group = P31c (no. 159),
Z =2; CNABO(CaNa,_, AL(BO,),0) Ca;-.Na,AL(BO,),0: a=b=4.812(1) A, ¢=15453(1) A, V=309.9(1)
A, space group = P6;22 (no. 182), Z=2; SNABO(Sr,Na,_,AL(BO,),0) Sr55Nay ,AL(BO,),0: a=b =4.870(3)
A, c=15802(1) A, V=325, 63(5) A%, space group = P6,22, Z =2; CABO = Ca,Al,(BO,),0: a=b=4.810(6) A,
¢ =46.633(5) A, V =934(1) A>, space group = R3c(h) (no. 167), Z = 6; SABO = StAL(BO,),0: a=b = 4.891(2) A,
€=23.923(4) A, V=495.6(2) A3 space group = R32 (no. 155), Z =3.
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Fig. 4. X-ray powder patterns in the Sr,_,Na,Al,
(BO,),0 system.

as an activator and Mg** ion is used at the Al’* ion
site for charge balance. The emission transition of
the Eu™* ion arises from the excited °D, level to the
’F, levels (J=0, 1, 2, 3,.4, 5, 6) of the 4f° config-
uration. Changes in the spectrum of the Eu’* ion are
perhaps related to the symmetry of the Eu site. Sites
with inversion symmetry, only allow magnetic-dipole
transitions (AJ = 1) corresponding to the *D, — 'F,
transition (=590 nm), are usually too orange for
most applications. However, if the site symmetry is
noncentrosymmetric, the electric-dipole transition is
allowed (AJ = £2), which is the SﬁDo - 7F2 transition
(= 620 nm), to generate the perfect red."” As the
symmetry around the Eu site changes, the intensi-
ties and the chromaticities of all transitions change.
The Eu* ion can be very bright and efficient and
has the desired emission wavelength depending on
the site symmetry of the Eu™ ion site. It also has
unique properties based on the environment around
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Fig. 5. Graph of the continuos substitutional solid
solutions of the M,_ Na, AL(BQO,),0 system: (a)
Powder crystal cell parameters in M = Sr; (b) Single
crystal cell parameters in M = Ca,

it, which can lead to structural information. The
high intensity of the °D,, — "'F, transition near 700
nm may be an unacceptable loss, but this intensity
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Fig. 6. Drawing of the unit cell of M,_,Na, AL(BO,),0
system (M = Ca and Sr).

should be monitored as a function of Na substitu-
tion. Because of a strong and efficient saturated red
emission at 612 nm, Eu*:Y,0, is generally consid-
ered to set the standard for the comparison with
other red-emitting photoluminescent materials. The
red-emitting phosphor is currently used in the
device of Eu**-doped Y,0,,'® which has the chro-
maticity of X =0.652 and Y =0.348. The emission
spectrum would be chromatically variable. Such a
transition typically occurs in distorted octahedra
since the activator site will deviate from the inver-
sion symmetry to yield a hypersensitive forced elec-
tric-dipole transition."” As the amount of Na in the
Eu™ ion-doped Ca, _,Na,, AL(BO,),0 system increases,
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Fig. 7. MOy structures of aluminum borates (M =
Na, Ca and Sr).
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Fig. 8. Emission spectra and chromaticity of yEu™:
M,_,_,Na,Al,_ Mg (BO;),0 (M =Ca and Sr).

the Eu site-symmetry becomes a noncentrosymmet-
ric site. Therefore, the intensity in the *D,, — "'F,
(=590 nm) transition relative to that of the Eu®-
doped Ca, _,Na,, AL(BO,),O system decreases, because
the compound CaAl,(BO,),0 has a Ca-centered oc-
tahedron due to a Eu-doping site symmetry (Table 2
and Fig. 7). The SrAlL(BO,),0 compound also pro-
vides an improved chromaticity due to the lower site

Table 2. Site symmetry and geometry of MO, (M =Na, Ca and Sr) structures in M,Na,_, Al,(BO,),0

(M = Ca and Sr) systems

Compound Space group Site symmetry Site geometry
CaAl,(BO;),0 R3c(h) Se Trigonal antiprism
SrAl,(BO,),0 R32 D, ~Trigonal prism
Na,AL(BO;),0 P3lc D, Distorted trigonal prism
M,Na, _,,AL(BO;),0 P6,22 C, Distorted trigonal antiprism
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symmetry of the Eu** ion. The emission spectra and
chromaticity of the Eu**-doped Ca,_Na, Al,(BO,),0
(x=02 and 0.26) and SrAl(BO;),0 compounds
are shown in Fig. 8.
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