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Abstract

The low-voltage efficiency of the blue-emitting phosphor, cerium activated yttrium silicate (Y1�mCem)2SiO5, has been

improved by co-activating with gadolinium, (Y1�m�nCemGdn)2SiO5. Gd3+ improves the efficiency by transferring

energy to Ce3+, and makes this phosphor a more promising candidate for low-voltage field emission flat panel displays.

Low-voltage cathodoluminescence and photoluminescence measurements were made to determine the optimum

concentrations of Gd3+ that yielded the most luminous efficient phosphor. For photoluminescence, Ce3+ most

efficiently luminesces at the excitation wavelength lex ¼ 358 nm. Co-activating with Gd3+ did not improve the

photoluminescent efficiency because Gd3+ does not absorb at Ce3+ excitation energy, and thus cannot transfer energy.

For low-voltage cathodoluminescence, co-activating with Gd3+ did improve the efficiency since Gd3+ was sufficiently

excited, with the optimum composition found to be (Y0.8425Ce0.0075Gd0.15)2SiO5.

r 2002 Elsevier Science B.V. All rights reserved.

PACS: 78.55.�m; 78.60.�b
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1. Introduction

Field emission displays (FED) are the next
generation flat panel display design that utilizes
cathodoluminescence (CL) to excite phosphors,
similar to the mature cathode-ray tubes (CRTs).
CRTs are large, but offer a bright screen and good

contrast due to the high amount of energy,
between 15 and 30 keV, the electrons impart onto
the phosphor-coated screen. In FED technology,
the electron gun is replaced by a matrix-addressed
array of hundreds of millions of B1 mm inverted
conical electron field emitter tips deposited onto a
flat substrate. The distance between the emitter
tips and the phosphor coated screen is greatly
reduced from that distance between the electron
gun and the screen in CRTs (0.1 cm compared with
B45 cm). Thus, the acceleration voltages are
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reduced to as low as possible in order to prevent
damaging coronal discharge between the electron
emitters and the screen [1]. While lower voltages
decrease the power consumption of the FED from
that of the CRT, the lower energy electrons reduce
the brightness and color gamut of the screen. To
keep the brightness and color gamut competitive
with that of CRTs, the current density is increased.
This leads to higher coulombic loading, or aging,
which accelerates the chemical disassociation and
causes defects that decrease the efficiency of the
phosphors [1]. When sulfur containing phosphors
are used in the FED environment, the dissociated
sulfur ions can damage the electron emitter tips by
raising their work function and cause the eventual
failure of the FED screen. Age-resistant coatings
that encase the phosphor particles are currently
being developed [2]. When an electron hits the age-
resistant coating, most of its energy is absorbed by
the coating, reducing the energy imparted on the
phosphor and leading to reduced emission [1].
Therefore, phosphors must be developed that
exhibit efficient luminescence with good chroma-
ticity coordinates, and also withstand the high
coulombic loading from the field emitter tips.
Oxide host lattice phosphors show the most
promise in meeting these requirements.

Cerium (Ce3+) activated yttrium silicate,
(Y1�mCem)2SiO5, is currently being used1 as the
blue component phosphor for low-voltage flat
panel FEDs. Yttrium silicate is isostructural with
the monoclinic rare-earth (RE) oxyorthosilicates,
RE2(SiO4)O, which crystallize into two different
structures, denoted X1 and X2 [3,4]. X1 crystallizes
for the large RE ions lanthanum to terbium (radii
of 0.092–0.114 nm) with the space group P21/c.
The RE ions occupy two crystallographic sites that
exhibit C1 symmetry, denoted A1 and A2. Site A1
has a coordination number (CN) of 9, with 8
oxygens bonded to silicon and one free oxygen.
Site A2 has a CN of 7, with 4 oxygens bonded to
silicon and 3 free oxygens. X2 crystallizes for the
smaller RE ions dysprosium to lutetium (radii of
0.085–0.092 nm), with the space group C2/c. The
RE ions also occupy two different crystallographic
sites with C1 symmetry, denoted B1 and B2. B1

has a CN of 6 and site B2 has a CN of 7, with both
sites having two free oxygens [5]. To form Y2SiO5,
yttrium (Y3+) replaces the RE ion in these
structures (radius of 0.093 nm) and forms either
the X1 or X2 polymorphs depending on the
preparation. X1, the low-temperature polymorph,
forms at temperatures less than 11901C while X2,
the high-temperature polymorph, forms at tem-
peratures above 11901C [6], and has a melting
temperature of 19801C [7].

The activator Ce3+ (radius of 0.106 nm) can
easily substitute for Y3+, and equally populates
the two different crystallographic sites in the X1-
and X2-Y2SiO5 structures. Fig. 1(a) shows the
photoluminescence (PL) emission spectra of
(Y1�mCem)2SiO5 for the X1- and X2-Y2SiO5. X2

is the desired phase due to its higher luminescent
efficiency and more saturated blue-emission which
leads to more favorable chromaticity values. The
luminescence arises from the parity allowed f-d
electronic transition in Ce3+. Fig. 2(a) shows the
energy level diagram for Ce3+ in Y2SiO5, in which
luminescence occurs from the 5d to either the 2F7/2

or 2F5/2 ground state [8]. The split in the ground
state level is due to the electrons exhibiting either a
þ1

2
or �1

2
spin which causes the doublet emission

seen in both the X1- and X2-Y2SiO5 spectra. The

Fig. 1. Luminescence spectra from the low-temperature

X1-Y2SiO5 and high-temperature X2-Y2SiO5 structures

of (Y1�mCem)2SiO5 (same scale).1Futaba Corp. of America, Schaumburg IL 60173, USA.
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emission properties attributed to the A1 and A2
sites in the X1-Y2SiO5 have been shown to be
identical, as they have for the B1 and B2 sites in
the X2-Y2SiO5 [5]. The allowed electronic transi-
tion also gives rise to the broad asymmetric
emission that stretches into the green and red
regions of the visual spectrum. A possible ex-
planation to describe the asymmetric emission
could be offered by the Jahn–Teller effect. The
emission from Ce3+ arises from a 5d state in which
the energy levels are highly influenced by the
surrounding O2� ligands. Since not all bonds
between the Ce3+ and O2� ligands are of the same
length, the emission from these states could cause
the emission to become distorted towards the
longer wavelengths. There is some evidence that
the Jahn–Teller effect can influence the emission
from Ce3+ in Y3Al5O12 [9].

The luminescent efficiency can be improved by
substituting Y3+ with Gd3+ (radius of 0.097 nm).
Gd3+ can readily transfer energy to other rare-
earth ions because the energy difference between
its ground and first excited state is the largest for
all trivalent rare-earth ions, greater than
30,000 cm�1 [10]. Fig. 2(a) shows the energy level
diagram of Gd3+, and (b) shows its excitation and
emission spectra. In Y2SiO5, Gd3+ emission
mainly occurs at 313 and 307 nm. The emission
at 313 nm is due to the electric-dipole transition
6P7/2-

8S7/2, while the emission at 307 nm is due to
the magnetic-dipole transition 6P5/2-

8S7/2. Due to

the forbidden nature of the 6I and 6D transitions,
only when Gd3+ is sufficiently excited via energy
transfer from the host lattice can Gd3+ further
transfer energy to Ce3+ [10]. Energy transfer
occurs because the 6P7/2 energy level of Gd3+ is
equal to the 5d levels of Ce3+, shown in Fig. 2(a),
and is known as the resonance condition [11].
Resonance takes place because the emission of
Gd3+ overlaps with the 310 nm absorption peak of
Ce3+. It has been previously shown that in single
crystals of Ce3+ activated yttrium silicate, Gd3+

improved the cathodoluminescence efficiency by
50%, with an optimal composition found to be
(Y0.9725Ce0.0025Gd0.025)2SiO5 [12].

The purpose of this study is to improve the
low-voltage cathodoluminescence efficiency of
(Y1�mCem)2SiO5 by co-activating with Gd3+,
(Y1�m�nCemGdn)2SiO5, and determining the opti-
mum composition that achieves the maximum
luminous output at low-voltage excitation. Phos-
phor powders with various activator and co-
activator concentrations were measured using
photoluminescence and cathodoluminescence (500–
5000eV) to determine the optimum composition.

2. Experimental

Yttrium silicate, (Y1�m�nCemGdn)2SiO5, phos-
phors were prepared using combustion syn-
thesis. Combustion synthesis involves a highly

Fig. 2. (a) Energy level diagram of Ce3+ and Gd3+ in yttrium silicate. (b) Excitation and emission spectra of Gd3+ in yttrium silicate.
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exothermic reaction between metal nitrates and an
organic fuel, producing temperatures in excess of
15001C, and sustains these high temperatures long
enough (B45 s for a complete reaction) for the
product to crystallize and grow. The reactant
materials were Y(NO3)3 � 6H2O (Alfa Æsear RE-
acton 99.99% [REO]), Ce(NO3)3 � 5H2O (Alfa
Æsear REacton 99.99% [REO]), Gd(NO3)3 � 6H2O
O (Alfa Æsear REacton 99.99% [REO]), fumed
0.014 mm SiO2 (Aldrich 99.9%) and carbohydra-
zide (CH6N4O) (Aldrich 98%). The reactants were
weighed to make several compositions according
to the reaction,

2ð1� m � nÞYðNO3Þ3 þ 2mCeðNO3Þ3
þ 2nGdðNO3Þ3 þ SiO2 þ 15

4
CH6N4O

¼ ðY1�m�nCemGdnÞ2SiO5 þ 15
4
CO2

þ 45
4
H2Oþ 21

2
N2; ð1Þ

where m ranged from 0.001 to 0.05 and n ranged
from 0.05 to 0.30. The precursors were placed into
a 300ml pyrex crystallization dish and dissolved in
50ml of water. The solution was stirred for 30min
with a magnetic stirring bar and put into a
preheated muffle furnace at 5001C. Once the water
boiled, the reactants ignited, producing a porous
powder that filled the volume of the crystallization
dish. The porosity is caused by evolved gases, with
the reaction forming 25mol of gas for every 1mole
of solid Y2SiO5 formed. More information on
combustion synthesis can be found elsewhere [13–
15]. The product was allowed to cool and then
lightly grounded for a few minutes with an
alumina mortar and pestle. A fraction of each
composition was then annealed at 13501C for 1 h
to fully transform the powders to the desired X2-
Y2SiO5 phase. The phases present were determined
by X-ray diffraction (XRD), using CuKa1

(0.15406 nm) radiation. Particle size and morphol-
ogy were determined using a scanning electron
microscope (SEM). The photoluminescent (PL)
properties and low-voltage cathodoluminescent
(CL) efficiencies (lm/W) were determined for
annealed powders and compared to commercial
standards from Nichia2 and USR Optonix3 which

appeared to be prepared via a solid state synthesis
reaction. The emission spectra and luminescent
intensity for PL were measured using a 450W
xenon lamp, excitation and emission monochro-
mators (both with 1200 groves/mm gratings) and a
1024� 124CCD camera to record the emission
spectra. The CL efficiencies were measured in the
projected voltage range of FEDs, 500–5000 eV,
using a spot size of 0.196 cm2 at a constant 5mW/
cm2 power. The emitted light was coupled into an
optical fiber bundle leading to a spectroradi-
ometer. The light was dispersed by a 400 groves/
mm grating and imaged with a 1024 element linear
silicon photodiode array. The resulting spectrum
was then weighted by the photonic response of the
eye and integrated over the range of visible
wavelengths. The result of this calculation was
the luminous intensity per unit area in candelas per
meter square (cd/m2). The efficiency was then
calculated by

e ¼
lm

W
¼

p� luminanceðcd=m2Þ � spotsizeðm2Þ
volts� amps

:

ð2Þ

3. Results and discussion

Fig. 3 shows the XRD patterns for combustion
synthesized yttrium silicate powders, both as-
synthesized and annealed at 13501C for 1 h, with
a commercial standard shown as a reference. The
only identifiable phases present in the as-synthe-
sized powders were the X1- (marked with an *,
JCPDS Card x 41-4 [16]) and X2-Y2SiO5 (JCPDS
Card x37-1476 [16]) polymorphs, with no un-
reacted SiO2 or Y2O3 found. X2-Y2SiO5 was the
major phase found in the annealed and commer-
cial powders. The annealed combustion synthe-
sized powder has an unidentified peak at
2y ¼ 29:21. The peak closely corresponds to the
80% peak of X1-Y2SiO5 (29.241) and to the 100%
peak of Y2O3 (2y ¼ 29:151) (JCPDS Card 41-
1105). No other unindexed peaks were detected.

PL and CL emission spectra for
(Y1�mCem)2SiO5 were found to be similar. The
optimum Ce3+ concentration was found

23775 Hempland Road, Mountville, PA 17554.
3214 Kings Highway, Hackettstown, NJ 07840.
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previously, with m=0.0075 for both PL and low-
voltage CL (p1 keV) [17]. From PL absorption
spectra, the maximum excitation wavelength was
found to be 358 nm, with smaller absorption
lines occurring around 310, 275 and 220 nm and
an adsorption edge at approximately 200 nm [17].
These results agree for (Y0.99Ce0.01)2SiO5 powders
made via sol–gel synthesis [5].

(Y0:9925�nCe0.0075Gdn)2SiO5 was co-activated
with Gd3+ with concentrations ranging from
n=0.05 to 0.30. Under PL excitation, emission
only occurs when exciting at Ce3+ maximum
excitation wavelength, lex ¼ 358 nm, or exciting
the host lattice which occurs at wavelengths less
than 220 nm. When exciting at Gd3+ excitation
wavelengths, 273 nm (8S7/2-

6I) and around
250 nm (8S7/2-

6D), the luminescence is much less
than at Ce3+ excitation wavelength due to the
absorption of these wavelengths being weak for
both Ce3+ and Gd3+. Fig. 4 shows the emission at
lex ¼ 358 nm for a powder containing no Gd3+

and the average emission for all powders contain-
ing Gd3+, and demonstrates that Gd3+ does not
improve the luminescent intensity when excited at
this wavelength. Therefore, exciting this phosphor
at wavelengths longer than approximately 220 nm
does not provide enough energy to excite Gd3+

and for energy transfer to occur.

While the addition of Gd3+ did not improve the
PL intensity, it was found to improve the CL
efficiency. Fig. 5(a) shows how the composition
(Ce3+ concentration held constant at m ¼ 0:0075;
Gd3+ ranging from n ¼ 0:05–0.30) affected the
efficiency and is compared to a commercial
standard. Fig. 5(b) shows the efficiency normalized
to a commercial standard (standard=1.0), at each
voltage, in Fig. 5(a). The optimal composition,
shown in Fig. 5, is (Y0.8425Ce0.0075Gd0.15)2SiO5 and
was found to have improved efficiencies of 5–60%
over the commercial standards at voltages lower
than approximately 2 keV. At excitation voltages
higher than 2 keV, the efficiencies of commercial
phosphors were found to be comparable to the
optimally activated combustion synthesized phos-
phor. In addition, no emission from Gd3+ was
detected in the emission spectra from the com-
mercial standards. The Ce3+ and Gd3+ concen-
trations are also much higher than those reported
for single crystals in Ref. [12]. Powders have
numerous lattice defects which quench the emis-
sion intensity. In single crystals, lattice defects are
at a minimum, but energy transfer between like
activators that promote concentration quenching
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Fig. 4. The PL spectra for powders with a composition

(Y0:9925�nCe0.0075Gdn)2SiO5 and is compared to

(Y0.9925Ce0.0075)2SiO5 and a commercial standard. Error bars

are associated with spectra containing various Gd3+ concen-

trations (lex ¼ 358nm).

Fig. 3. XRD scans of (a) as-synthesized powders (* denotes X1-

Y2SiO5) and (b) after being annealed at 13501C for 1 h and are

compared to (c) a Y2SiO5:Ce commercial standard.
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increase, which decreases the emission intensity
once the activator concentration is higher than
some optimal level. Therefore, lower activator
concentrations are needed to keep this energy
transfer at a minimum. In powders, higher
activator concentrations increase the number of
activators in crystallographic sites that prompt
luminescence, but defects decrease the interaction
between activators since they are also competing
to absorb the incident energy. Defects absorb the
incident energy, which decreases the amount of
energy reaching the activator ions, which decrease
the luminescence.

Fig. 6 shows the emission spectra of powders
containing Gd3+ compared with a commercial
standard. As the Gd3+ concentration increases
from n ¼ 0:05 to 0.30, the emission intensity of
Gd3+ decreases, while the emission from Ce3+

increases until the Gd3+ concentration reaches
0.15. As the concentration of Gd3+ increases
above n ¼ 0:15; concentration quenching reduces
the emission of Gd3+ further. Eventually, at
higher concentrations, Gd3+ will no longer emit
and the crystalline structure will revert to X1 when
Gd3+ fully replaces Y3+, forming Gd2SiO5. The
Ce3+ emission in Gd2SiO5 is similar to that of X1-
Y2SiO5:Ce.

There are several explanations for the better
performance of the optimally activated combus-

tion synthesized phosphor over the commercial
standards at voltages p2 keV. One explanation is
that the composition of the commercial powders is
optimized for higher voltage applications. Sec-
ondly, at low voltages, the electrons do not
penetrate deeply into the phosphor particle,
leaving a large number of activators unexcited.
Since Gd3+ readily transfers energy to Ce3+, the
optical activity of Ce3+ is increased as is the
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number of excited Ce3+, which yields higher
efficiencies at low voltages. At higher excitation
voltages, most Ce3+ and Gd3+ ions are excited
due to deeper penetration of electrons into the
particles. Since there is only a limited number of
activators which are excited both by the electron
beam and from energy transfer from Gd3+, the
phosphor may have reached saturation. By adding
higher concentrations of Ce3+, the efficiency could
be improved beyond that seen with the commercial
standards. Once the Ce3+ concentration exceeds
an optimal level, concentration quenching between
Ce3+ ions would decrease the emission intensity
and the addition of Gd3+ would not improve the
efficiency.

The chromaticity of the optimally activated
combustion synthesized powders under CL excita-
tion was found to be comparable to the commer-
cial standards at low excitation voltages. The
average chromaticity values were x ¼ 0:159 and
y ¼ 0:109 for the optimally activated phosphor
and x ¼ 0:161 and y ¼ 0:126 for the commercial
standards. The chromaticity values were not found
to vary significantly over the range of excitation
voltages used or with Gd3+ concentration. These
values are also better than the chromaticity values
for X1-Y2SiO5:Ce, x ¼ 0:181 and y ¼ 0:198: The
optimum chromaticity values are from the blue
CRT phosphor ZnS:Ag, x ¼ 0:147 and y ¼ 0:054:
Fig. 7 plots the chromaticity coordinates for the
X1- and X2-Y2SiO5 phosphors and the blue CRT
phosphor. The emission spectra of X2-Y2SiO5

would also exhibit a saturated blue if it was not
for the long emission tail that extends into the
green and red regions of the visual spectra. The
emissions from the tail mix with the saturated blue
doublet emission from the main transitions in
Ce3+, and give the phosphor a blue-white hue,
which would slightly reduce the color gamut of a
display screen.

4. Conclusions

The low-voltage cathodoluminescence efficiency
of cerium activated yttrium silicate has been
improved by co-activating with Gd3+,
(Y1�m�nCemGdn)2SiO5. The low-voltage cathodo-

luminescence efficiency was enhanced via energy
transfer from Gd3+ to Ce3+. The optimum Gd3+

concentration was found to be n ¼ 0:15; with the
optimum phosphor composition found to be
(Y0.8425Ce0.0075Gd0.15)2SiO5. The optimum con-
centrations of Ce3+ and Gd3+ are higher than
for single crystals due to the defects in the powder
competing with these activators with absorbing
and re-emitting the incident energy. The optimally
activated powdered phosphor was found to be
better than commercial standards up to voltages of
around 2 keV, while at higher voltages it was
found to be only slightly less efficient. While this
phosphor has an efficiency of approximately 1 lm/
W at 1 keV which is required for a good blue-
emitting candidate for low-voltage field emission
flat panel displays, its chromaticity coordinates
were found to be less optimal than the blue-
emitting CRT phosphor.
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