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Nowdays there are several technologies used for flat panel displays (FPDs), and developing FPDs with
enhanced energy efficiency and improved display quality is strongly stimulated. Field emission displays
(FEDs) have been considered as one of the most promising next generation flat panel display technologies
due to its excellent display performances and low energy consumption. During the development of FEDs,
phosphors are irreplaceable components. In the past decade, the exploring of highly efficient low-voltage

&

cathodoluminescent materials, namely FED phosphors, has been becoming the focus of enhancing energy
efficiency and realizing high-quality display. This review summaries the recent progress in chemical
synthesis and improvement of novel and rare-earth and transition metal ions activated inorganic
cathodoluminescent materials with powder and thin film forms. Discussion is focused on the modification
20 of morphology, size, surface, composition, conductivity of phosphors and corresponding effects on their
cathodoluminescent properties. Special emphases are given to the selection of host and luminescent
centers, the adjustment of emission colors through doping concentration optimization, energy transfer and
mono- or co-doping activator ions, the improvement of chromaticity, color stability and color gamut as
well as the saturation behavior and the degradation behavior of phosphors under the excitation of low-

25 voltage electron beam. Finally, the research prospects and future directions of FEDs phosphors are

S

discussed with recommendations to facilitate the further exploration of new and highly efficient low-
voltage cathodoluminescent materials.

Keywords: Field emission displays, Cathodoluminescence, Rare earth, Phosphor, Thin film.

Silicon-based and Carbon-based materials etc.) by the
photolithography ~with thin film deposition and etching.’
Moreover, the cathode technology is advanced and its

» 1. Introduction

Currently, quite a few technologies are being developed for flat
panel displays (FPDs), including plasma display panels (PDPs),
electroluminescence (EL) devices, field emission displays (FEDs)
and liquid crystal displays (LCDs) and so on. Now people have
more and more requirements for image quality. Therefore,
developing display panel technologies with enhanced energy
efficiency and improved display quality is strongly stimulated.’
Of these display technologies, in recent years, FEDs have been
investigated for the development of full color flat panel display,
40 which is considered as one of the most promising technologies
for next generation FPDs due to their potential advantages in
aspects of display quality (brightness, contrast ratio, angle of
viewing, response time), power consumption, stability, lifetime,
etc.” For FED, its basis is an array of field emitter tips cathodes
aligned opposite to the phosphor anode, as shown in Scheme 1.
Therefore, the development of FEDs mainly depends on the
following aspects: field emitter arrays (namely electron-emitting
microcathode arrays), the packaging of FEDs devices and
luminescent materials.’ The field emitter arrays may be
so manufactured using a variety of materials (Mo, W, Ta, ZnO,
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development affects the energy efficiency of FEDs. Because a
ss number of issues exist in the packaging of FEDs devices,
including frit seals, spacers to maintain cathode/anode distances,
dielectric breakdown, plasma discharge, and vacuum generation
and maintenance, the packaging of FEDs is also necessary for the
improvement of the display performance. While luminescent
¢ materials (or phosphors) are indispensable components of FEDs
devices, whose luminescent efficiencies and properties not only
determine the quality of images but also affect the energy
efficiency of display devices.>? Therefore, selection of the
phosphors for the anode is critical for FEDs. In order to make
es FEDs come into market, it is clear that continued improvements
are required in microcathode arrays and packaging technologies,
especially for the phosphors. Consequently, in the past decade,
the exploring and development of highly efficient low-voltage
cathodoluminescent materials and improvement of existing FEDs

70 phosphors have been becoming the focus of FEDs devices.'®*
Basically, the operation principle of FEDs is similar to that of
conventional cathode ray tubes (CRTs) in which the images
originate from the excitation of electrons on phosphors (Scheme
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1). However, requirements for phosphors applied in FEDs are
greatly different from those used in CRTs due to the lower
accelerating voltages and the higher current densities. Firstly,
FEDs phosphors should decrease or avoid the release of gasses in
the FED devices that is connected with progressive degradation
of vacuum level in the display space to extend its operating
time.”*** Secondly, for FEDs phosphors, the excellent
cathodoluminescent properties such as high emission intensity,
high luminous efficiency, high saturation current density, high
color purity and good stability and durability under low
accelerating voltages (<7 kV) and high current density (=100
nA/cm?) are essential.”’ > Based on the above reasons, the
selection of suitable hosts and luminescent centers is very
important for synthesis of FEDs phosphors.’® As activator ions,
rare earth (RE) ions have been playing an important role in
modern lighting and display fields due to the abundant emission
colors in the whole visible light range owing to their 4f—4f or 5d
—4f transitions.’' In addition, transition metal ion (Mn®>"), Bi**
ion and some groups (e.g. WO0,%, Mo0,%, GeO,*, SnO4>, TiOg%,
NbO,*) are also efficient luminescent centers.>>* For host
materials, so far many efficient sulfide-based phosphors such as
Y,0,S:Eu’, Gd,0,8:Tb**, SrGa,S,:Eu*/Ce™, (Zn/Cd)S:Cu,Al,
and ZnS:Ag,Cl, etc. have been explored as efficient low-voltage
cathodoluminescent  materials.***  Unfortunately,  sulfide
phosphors are easily decomposed and emit sulfide gases under
electron bombardment due to dissociation of the cation-sulfur
bonds, subsequently damage emission tips, shorten the device
lifetime and simultaneously contaminate environment, which
deny the practical application in FEDs devices.**** For the same
3 reasons, ZnS:Mn nanomaterials, CdSe/ZnS quantum dots
composites need to be eliminated, and the influence of other
gasses on FED operation should also be avoided.*** In avoid of
the abovementioned defects, oxide-based phosphors including
rare-earth and transition metal ions doped garnets, oxides,
silicates, phosphates, vanadates, perovskites, etc.**> have gained
increasing concerns due to their better thermal stability, chemical
stability and environmental friendliness compared with sulfides.
However, most of these phosphors are insulators and negative
loading is easy to accumulate on the grain surface in phosphor
layer, which decreases cathodoluminescent efficiency. That is
why the electrical conductivity of FED phosphors should be high
enough to avoid charge accumulation.”’ In order to overcome this
drawback, in recent years many semiconductor-based materials
such as ZnO, Ga,0; (Gd,Lu);GasO;,, Zn(Ga,In),0y,
(Ca,S1)Iny0y, Zn;3Ta,0g, Zn,GeO,, GaGe,0s, Mg,Sn0y4, ZnGeN,,
etc. are explored as low-voltage cathodoluminescent materials
through the efficient doping of RE**, Mn** and Bi** ions.'"** &
5 Besides, the current low voltage cathodoluminescent materials
also suffer rough surfaces, irregular shape and size distribution,
poor adherence to substrates, poor preparing of phosphor screens
(thin films) from phosphor powders, simultaneously the color
saturation and color index need be further improved to enhance
display quality.'> " 7" All these considerations and the ever-
growing demand for highly efficiently low voltage
s cathodoluminescent materials in FEDs prompt researchers to
reach a cognitive that more attention should be paid to improve
existing phosphors and develop newly efficient low voltage
cathodoluminescent materials.

On another level, in modern chemistry and materials science,
the tremendous advances in the synthetic control of morphology,
size, dimensionality and composition allows researchers to tailor
chemical and physical properties of materials and thus, the
rational control over these factors has motivated scientific and
technological efforts in recent years.”*®® The morphology, size,
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6s composition, surface, and crystallization can influence the

cathodoluminescent properties of phosphors.”’” To date, many
efforts have been made to explore excellent approaches for the
fabrication of a variety of inorganic luminescence materials to
improve their performance in applications. Among them, the soft-
chemical methods are intensively pursed as effective and
approaches to  prepare inorganic
cathodoluminescent materials with controllable shape, size,
surface form, composition and luminescent properties.'> %87 In
this critical review, we summaries the recent progress in chemical
synthesis and improvement of existing and new phosphors
including RE** ions and transition metal ions activated inorganic

convenient various

oxide-based luminescence materials, semiconductor-based
luminescence materials, self-activated luminescent materials etc.
We discuss the modifications and optimizations in morphology,
size, composition, conductivity of phosphors and their
cathodoluminescent properties. Some emphases are also focused
on the studies of selection of hosts and luminescent centers,
enhancement of efficiency through energy transfer, adjustment

and design of emission colors, improvement of color index and

s color gamut as well as color stability and degradation behavior of

phosphors.
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Scheme 1 A schematic model of analogue FED device. (reproduced
with the permission from ref. 94, copyright 2011, Optical Society of
America)

2. Improvement and development of FEDs
phosphor powders

2.1 Improvement of phosphor powders

It is well known that the most common form of phosphors is
powders, which are mixed with organic binders to spread on a
substrate for display and lighting applications.*® Conventionally,
phosphor powders are prepared by the solid reaction process, i.e.,
direct mixing of precursor components (oxides and inorganic
salts etc.) and firing them at high temperature for long time with
repeat grinding process. This process usually suffers from waste
of energy (>1000°C, >10 h in general), contamination of
impurities, and inhomogeneous composition and morphology (>3
pm particles with irregular shapes, wide size distribution, and
serious aggregation) for the final phosphor products, which might
result in a damage of luminescent performance of phosphors.”
Because of the morphology, size, composition, surface, and
crystallization have great effects on the cathodoluminescent
properties of phosphors, many efforts have been made to explore
suitable methods to control these factors for improving their

120 cathodoluminescent performance, which has technological and

fundamental scientific importance.® Specifically, high-quality
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displays will require better low voltage efficiencies, chromaticity,
saturation behavior, and maintenance of phosphors. Some
possible routes to achieve the above improvements are discussed
in the following section.

2.1.1. Modification of particle morphology, surface and size

Usually, soft chemistry processes are utilized to design and
synthesize inorganic nano/microstructures with various kinds of
shape, size, and chemical composition for application as
advanced functional and engineering materials.”” '® In recent
years, a large number of synthetic methods have been developed
for generating and improving inorganic cathodoluminescent
materials.”® After reviewing recent phosphors being developed in
FEDs devices, advances in soft chemistry synthesis (such as sol-
gel, hydrothermal, spray pyrolysis, electrospinning, homogenous
precipitation, high boiling solvent, combustion, and microwave)
of low-voltage cathodoluminescent materials are summaried and
discussed.” % 37 In general, soft chemistry synthesis can
produce future generation phosphors with better morphology and
surface forms (more regular shape, spherical in some cases), and
narrower size dispersions at moderate temperatures (<1000°C).
These factors can decrease the light scatting and nonradiative
transitions of phosphors, which is conducive to enhance the
cathodoluminescent performance. On the other hand, for FED
phosphor powders, the particle size is critical to loading on
screens, which  further influences their luminescent
performance.”” ' It is known that the cathodoluminescent
emission intensities and brightness of FEDs phosphors increases
with increasing the accelerating voltage and the filament current
of anodes, which is attributed to the deeper penetration of the
electrons into the phosphor body and the larger electron-beam
current density. The electron penetration depth can be estimated
using the empirical formula:

E j 1.2
b n =

R R

where n = 1.2/(1 - 0.29 1gZ), and A is the atomic or molecular
weight of the material, p is the bulk density, Z is the atomic
number or the number of electrons per molecule in the
compounds, and E is the accelerating voltage (kV).*® The deeper
the electron penetration depth, the more plasma will be produced,
which results in the CL intensity increases. However, according
to the above empirical formula, the electron penetration depth
into phosphors are general tens of nanometers in FED devices
due to the low excition voltage (1-7 kV), which makes activator
ions in the inner of phosphor particles with big size (microsize)
cannot be efficiently excited. So reasonable particle size is
important for improving their cathodoluminescent efficiencies. In
addition, the resolution is a pivotal index for display quality,
which is also closely related to the particle size of the
luminescent materials.'” Although, some theoretical and
experimental considerations have suggested that the most
efficient phosphors are submicron grain size of spherical
shape,'% '™ nanoparticle phosphors might be more appropriate
for low-voltage FED application in terms of the following
aspects:'™ 1% 1) In some cases, the preparation of
nanocrystalline phosphors requires much less temperature and
time in comparison with conventional microsize grains, which
low the synthesis cost; 2) The employment of such materials
allowed for optimal packaging of grains, avoids cutting of the
picture spot and decreases scattering of light-emitting layer,
which enhance the efficiency of phosphor layer and the quality of
images; 3) At present, many optoelectronic devices trend to
micromation, phosphor powders with small grain size allowed a
fabrication of thin light-emitting film that could extend the

ey

display operating time and fundamentally decreased the total
resistance of phosphor layer. Based on the above reasons,

es recently, some researchers pay more attention to optimize low-
voltage cathodoluminescent materials in nano- or submicrosize
via various soft chemical synthesis processes for improving their
luminescence efficiency.
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os Scheme 2 Basic Principle of Pechini-Type Sol-Gel (PSG) Process
and Multiform Optical Materials Derived from It. (reproduced with
the permission from ref. 99, copyright 2007, American Chemical
Society).

Sol-gel process. The sol-gel technique is one of the most well-
known soft chemistry processes, which can be generally divided
into three types judging by different use of precursors:” a) sol-gel
process under hydrolysis and condensation of molecular
precursors; b) gelation process under concentration of aqueous
namely, c)

polymerization and complex process (called Pechini-type sol-gel

process, and abbreviate as PSG). Because most of the metal
alkoxides suffer from high cost, unavailability, toxicity, and fast
hydrolysis rate that result in difficult in controlling the
10 homogeneity of different components during experimental
processes, and thus the latter processes, especially PSG process
are frequently employed in the preparation of multicomponent
metal oxide materials. PSG process that commonly uses metal

100

10s solutions into metal-chelates, “chelate” route;

salts as precursors, citric acid (CA) as a chelating ligand of metal
115 ions and polyhydroxy alcohol such as ethylene glycol (EG) or
poly(ethylene glycol) (PEG) as a cross-linking agent to form a
polymeric resin on the molecular level, which can ensure
compositional homogeneity and enhance dispersion of particles.
Since CA is a polybasic compound having three carboxylic acid
120 groups and one alcoholic group in one molecule, rare earth ions
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and other non-monovalent cations can form very stable chelate
complexes with CA. The potential ability of CA to solubilize a
wide range of metal ions in a mixed solvent of EG/PEG and H,0
is of prime importance, especially for systems involving cations
that can be readily hydrolyzed to form insoluble precipitates in
the presence of water. An advantage of the PSG process is that
the viscosity and the molecular weight of the polymer can be
tailored by varying the CA/EG(PEG) molar ratio. After a heat
treatment at moderate temperature (500-1000 °C) followed by
PSG process, the organic additives can be removed and a pure
phase of multiple-components metal oxide are obtained. The final
materials (including luminescent materials) can be made into
powder and thin film forms and others (Scheme 2). It is pointed
out that the PSG process may be far from a green chemistry due
to the generation of the large amount of organic mass during the
synthesis. So far, the PSG process has been extensively used for
the synthesis of electric and magnetic materials.'”'%® By PSG
process, the physical properties of materials can be improved
with respect to the other routes such as solid-state reaction
process and amporphous citrate process, as suggested by
Kakihana in a review article.'” In the past decade, Lin’s group
has derived mutiformed cathodoluminescent materials from the
PSG process, including nanocrystalline luminescent materials,
monodisperse and spherical core-shell structured phosphors, one-
dimensional  (1D) (combined with the
electrospinning process), thin film phosphors (via dip-coating),
and their patterning (combined with the soft-lithography process).
The basic principle is shown in Scheme 2. The purpose is to gain
fine control of the material morphology, surface and size, and to

nanostructures

30 find novel cathodoluminescent materials and optimize their

cathodoluminescent performance. Typically, a series of oxide-
based nanocrystalline phosphors from tens of nanometers to
several hundred of nanometers have been prepared through the
PSG process for FEDs, including
La,0+/LaOCl/LaGaOy/LaAlOy:RE™, 5052110113

Lu;GasO,,:RE*,'"* (Ca,Sr)In,0,:RE* (RE = Pr, Sm, Eu, Tb, Dy,
Ho, Er, Tm),>* " 7 NaCaPO,Mn*",** CaYAIO,:Tb*>"/Eu*",”
KNaCa,(POy):A (A = Ce**, Eu®*, Tb>*, Mn?*, Sm*),'®
K(Sr,Ca)Gd(PO,),:-RE*/Mn** (RE = Ce,Tb,Dy,Eu,Tm),”>
Ca,Bay(PO,);CLA," Cag(La,Gd),(PO,)¢02:A (A = Eu*, Ce™,
Dy*, Tb*, Mn*™H)'"® " and so on. It is found that the
nanocrystalline phosphor layer could be much thinner compared
to that consists of microsize phosphor grains, which can influence
both total resistivity of the phosphor layer and amount of residual
gasses bounded between the grains.”” ' Then it further
influences the efficiency of the light source, long time stability of
the intensity of emitted light, and device lifetime. Psuja et al.
investigated the effect of grain sizes on emission yield of RE
doped nanophosphors in cases of Eu’:Y,0;, Tb**:Y,0,,
Tb**:Y;Al50,, (Tb:YAG), Ce*:YAG, and
Tb>*:YAG/Eu>:YAG.” They found that the light-emitting
efficiencies increase with grain size in the nanorange by a
comparison of cathodoluminescent intensities of phosphor layer
and powders, and Eu:Y,0; nanopowder (900°C, 46 nm) was
more efficient than commercially available microsize phosphor
grains (3.5 um). Moreover, the CIE chromatic coordinates did not
change with phosphor grain sizes. Therefore, they suggested that
the RE® doped nanocrystalline phosphors may effectively

replace the microsize phosphors in FED devices. Xu et al. also
e demonstrated that these as-prepared nanocrystalline phosphors
(Lu3Ga5012:Tb3+) by PSG process can form a more compact
phosphor screen, which exhibits an improved luminescent
efficiency and stability under the bombardment of electron
beam.®” Wakefield et al. also confirmed that the nanocrystalline
oxide based phosphors (Y,O3:Eu and Zn,SiO4:Mn) had better
luminescence efficiency than that of commercial FED phosphors,
which show promising properties for use in low voltage field
emission displays.'®!

6

@

Homogenous precipitation process. Homogenous
precipitation process is a simple, effective solution-based method
large-scale of
nano/microstructured materials under template-free conditions. It

7

for a fabrication novel  inorganic

is usually used to synthesize hydroxide materials under different
precipitants using metal salts as precursors.’” After an annealing

7

o

process at moderate temperature, the obtained hydroxides can be
transformed to oxide materials with maintaining morphology.
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Fig. 1 (a-d) SEM micrographs of the GaOOH:Dy** prepared at

105 different pH values: 4, 6, 7 and 9. (e-g) SEM images of
LaCO;OH:Eu’ obtained at pH values are 2, 7 and 10, respectively.
Following a heat treatment, the above samples are respectively
transformed to B-Ga,03:Dy** and La,0,CO+/La,03:Eu*" phosphors
without changing morphologies. (h) and (i, j) show the comparison of

110 CL and photoluminescent (PL) emission intensity of B-Ga,Os:Dy**
and L3202C03:Eu3+. (reproduced with the permission from refs. 66
and 87, copyright 2009 and 2010, American Chemical Society).
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Gd),05:Eu®* phosphor particles have been synthesized through a
s novel homogeneous precipitation method by Silver et al.'! These
cubic-Y,05: Eu®* spherical phosphor particles (ca. 300 nm) will
be ideal for FED devices as they can densely close-pack on
screens (Fig. 2d) and they display high luminous efficiency under
low-voltage electron beam excitation (Fig. 2e). It is also
es confirmed that these particles are useful in voltage ranges up to
5000V and perform well at such voltages compared to
commercial phosphors. Therefore, it is concluded that the
luminescent efficiencies of inorganic nano/microstructures are
strongly related to their morphologies and sizes. Through the
70 modification of morphology, size and surface, one can reduce
surface defects and thus enhance the luminescent efficiencies of
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0.005Mn 0.04Mn
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Fig. 2 SEM photographs of Zn,;SiO4sMn phosphors by the
homogeneous precipitation (a) and of the commercial phosphor (b).

25 The emission spectra (c¢) of Zn,SiO4:Mn phosphors synthesized as
various Mn contents. (d) SEM image of cubic—(Y,Gd)gngEu3+
phosphor particles (270 nm). (¢) CL luminance versus europium  ss
concentration plots of the spherical phosphor particles of cubic
Y,03:Eu** (1-5mol% Eu) fired at 980 °C using a range of excitation

30 energies from 1000-10000 V and ImA emission current compared to
a commercial sample. (reproduced with the permission from refs. 120
and 121, copyright 2007 and 2012, The Society for Information 9

o

Display and Elsevier). ! WA =
] ) U] 7000 - d >
35 Over the past several years, monodisperse nano-/microstructures . =<
) . . ] o a: as-prepared o £
with controllable morphologies and sizes, which exhibit size- ’; 6000+ b: 500 °C 38
dependent luminescent properties, have been synthesized by the o5 @ 50004 c.700°C g b
homogftnous precipitati.on and investiga.ted. Li et al. has reposrte;céi ; 4000 d:1000°C § §
the simple synthesis of monodisperse B-Ga,O5:Dy™, i 25
40 La,04/La,0,CO5:RE* (RE = Eu, Tb, Yb, Ho, Er, Tm),*’ et £ 4000 s %
- S
with defined morphologies and narrow size dispersion (Fig. la— E 20004 % g
1g) by optimizing the external experimental parameters. They 100 : gs
demonstrated that the cathodoluminescent properties of © 10001 ©2 6CsIFZ) 64 I
phosphors can be improved by improving the morphologies and ot——
45 sizes of phosphors particles. As sh(;wn in Fig. 1h, the relative CL 400 450 500 550 600 650 700
emission intensities of B-Ga,O3:Dy”* phosphors are different with Wavelength (nm)
different morphologies/sizes, which are attributed to the 105
difference of surface defects. The more defects on phosphor Fig. 3 (a) A possible formation mechanism of Zn,GeO,Mn**
particles surface, the lower luminescent efficiency are obtained submicrorods. (b-e) SEM images and (f) CL spectra of
due to the increase of nonradiative transitions. The similar Zn,GeOs:Mn**  submicrorods with  different postcalcination
situation appears in the as-prepared La,05/La,0,CO5:RE** (RE = temperatures:  500°C, 700°C, 1000°C and Zn,GeOs:Mn** bulk

Eu, Tb) phosphors particles with different shapes and sizes (Fig.
1i and 1j). Jung et al. also improved the luminance of
Zn,Si04:Mn phosphors by homogenous precipitation process.'>
The as-prepared Zn,SiO4:Mn phosphor particles present uniform
spherical shape and have an enhanced emission intensity than
commerical Zn,SiO,:Mn bulk phosphors, as shown in Fig. 2(a-c).
In addition, spherical sub-micrometre Y,05:Eu** and cubic (Y,

110 material (solid state reaction process), respectively. The insets in (f)
show the luminescent photographs of ZmGeO4Mn** with highly
pure green light emission. (reproduced with the permission from ref.
75, copyright 2011, Royal Society of Chemistry).

Hydro/solvothermal process. As a typical solution-based
s approach, hydro/solvosthermal process generally employ water or
organic solvents under certain temperatures and pressures for

This jowrnal s © The Royal Society of Chewmistry [year]Chem: Soe: Revs, [2014], [vol], OO—-00, [vel], 0O—-0O
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synthesis of variously inorganic nano- and/or micro-crystals due
to some acceptable advantages including relatively green
synthesis, easily controllable reaction conditions, low reaction
temperature (in general < 250°C) and cost, high yield, specially,
easily controlled size, structure and shapes of the products. Shang
et al. developed a water-based hydrothermal system to prepare
Zn,GeO,:Mn** phosphors with irregular submicrorods shape.”
Fig. 3a show a possible formation mechanism of Zn,GeO,:Mn>*
submicrorods, as follows: Firstly, GeO, is hydrolyzed to form
10 GeOs ions, and then Zn**, Mn** and GeO;> ions combined to
form Zn,GeOy4 nuclei at the present of OH". These nuclei further
grow along the c-axis to produce Zn,GeO,:Mn** nanorods and
finally aggregate together to form Zn,GeO4Mn?* submicrorod-
like bundle. Annealing at different temperatures can remove H,O
organic components on surface, then
Zn,GeO,:Mn** submicrorods phosphors. As shown in Fig. 3b-3d,
it is obviously seen that Zn,GeO4:Mn** submicrorods phosphor
has smooth surface, regular shape and narrow size distribution
than bulk material prepared by solid state reaction method. Under
w0 the same excitation conditions, Zn,GeO,;Mn>* submicrorods
phosphor has a higher CL emission intensity than that of bulk
materials (Fig. 3f). Since the optimal shape, size and surface of
particles, the cathodoluminescent efficiency of Zn,GeO,:Mn>*
phosphor was be enhanced.
»s During the process of hydro/solvothermal reaction, selecting an

w
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ss Fig. 4 Typical TEM images of the LaOF:RE* (RE = Eu’*, Ho™,
Tm*, Dy*, Sm™) phosphors with (A) and without (B) oleic acid
treatment. The inset in part A shows its HRTEM image. (C) The CL
emission spectra and corresponding digital photographs of
LaOF:RE™. (D) The CL emission intensities in height (Brightness)

s0 and integrated area (Radiant efficiency) of LaOF:RE* (RE = Tm’",
Tb**), ZnO:Zn and Y,SiOs:Ce. The corresponding CIE chromaticity
coordinates and digital photographs (1-4 represent LaOF:0.07Tb**
(02521, 0.5647), ZnO:Zn (0.2053, 0.3879), LaOF:0.005Tm**
(0.1510, 0.0761) and Y,SiOs:Ce (0.1651, 0.1568), respectively) are

ss also shown. (reproduced with the permission from refs. 122 and 123,
copyright 2012, American Chemical Society and Royal Society of
Chemistry).

appropriate organic additive with functional groups is one of
the promising and popular strategies to control shape and size.
e The organic additive generally acts as complex agent or structure-
directing agent. Through using oleic acid in reaction system,
Shang et al. successfully prepared well-separated LaOF:RE** (RE
= Eu™, Ho™*, Tm*, Dy*, Sm™, Tb**) nanoparticles with sizes of
about 30-50 nm (Fig. 4A)."** ' The HRTEM image (inset in
s Fig. 4A) shows lattice planes with perfect crystallinity. Due to the
excellent dispersion and crystallinity, these as-prepared
LaOF:RE** phosphor nanoparticles can also be compactly coated
on screen to improve the intensity of emitted light, and device
lifetime. Doping RE** ions into LaOF host, emission colors from
70 blue to red with high color purity (4f-4f transition, Eu**, red;
Ho™, green; Tm®', blue; Dy**, yellow; Sm®*, orange in Fig. 4C)
were obtained. Especially, green-emitting LaOF:Tb** and blue-
emitting LaOF:Tm** with the CIE chromaticity coordinates
LaOF:0.07Tb* (0.2521, 0.5647) and LaOF:0.005Tm>" (0.1510,
75 0.0761) are more pure than those of ZnO:Zn (0.2053, 0.3879) and
Y,Si05:Ce (0.1651, 0.1568), respectively. For CL, the efficiency
of a luminescent material includes the radiant efficiency () and
the luminous efficiency (L, brightness),'* which can be compared
roughly by their emission peak areas (integrated luminescence
intensity) and the CL intensity (in height), respectively. It can be
seen from Fig.4D that under the same excitation condition,
although the emission peak areas of the LaOF:0.07Tb** and
LaOF:0.005Tm*" are smaller than that of ZnO:Zn and Y,SiOs:Ce;
however, the CL intensity of the LaOF:0.07Tb** is higher than
ss that of the ZnO:Zn, and the LaOF:0.005Tm’* has the comparative
CL intensity with the Y,SiOs5:Ce blue phosphor. According to
these results, the as-prepared LaOF:RE (RE = Eu**, Ho**, Tm™,
Dy**, Sm*, Tb*") nanoparticles phosphors can be considered as
potential full color FEDs phosphors. It is worth noting that the
9 comparison of radiant efficiency and luminous efficiency
between broad and narrow bands emission ions may be not
reasonable and commonly have a big error. Therefore, the results
are just considered as a reference.
In addition, the morphology and size of products can also be

3
S

os well controlled and modified by a combination of water and
organic in hydrothermal process. During
fabrication processes, organic solvents act as the “shape
modifier” to either promote or inhibit crystal growth through
modifying crystal growth dynamically and thus can adjust and
100 control the morphology and size of the products. By the use of
the above synthesis method, a series of cathodoluminescent
materials such as p-Ga,05:Dy** %% '** Gd,05:Eu*,'" Lu,05:RE*
(RE = Eu, Tb, Dy, Pr, Sm, Er, Ho, Tm)126 with regular prism, rod,
sphere shapes in nano- to microscale were synthesized, which not
10s only improve the cathodoluminescent performances of phosphors

solvents these

but also meet some requirements in micromation of FEDs

devices.
Electrospinning process. Since some specific and
fascinating luminescence properties, for example, various

emission lifetimes and increased luminescence efficiencies etc.,
there is growing interest on exploring new luminescent materials
on one-dimensional (1D) nanostructures.'””'** These one-
dimensional nanomaterials possess diverse
potential applications in nanoscale electronics, photonics, display
1s and advanced bioanalysis.*™® The electrospinning technique is an

1

S

luminescence
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effective and simple method for preparing one-dimensional (1D)
nanomaterials. It is a process that uses the strong electrostatic
force from a high static voltage act on a polymer solution placed
into a container with a millimeter diameter nozzle. Under applied
electrical force, the polymer solution is ejected from the nozzle.*®
20 '3 After the solvents are evaporated during the course of jet
spraying, the fibers are collected on a grounded collector. In the
past few years, followed an annealing process to remove the

organic additives, some researchers have extended the application CCATURC A T
of a sol-gel process combining with electrospinning technique to e o _
. : : -1 38, 128-134 esx0| 277 o o (9) ] 225 el o (h)
25 prepare a rich variety of 1D luminescence nanomaterials. SN et d ok ko saman| e lmol T
Th 1 . . d f . f 1D 90 S4.0x10' —e—2 mol% Eu®, 1 mol% To = exto] ——2'mol% Eu", 1 mol% Tb>*
e electrospinning setup and formation process o 8, ] 2 momE 05 molkTy & 0 2 mom%Ew™, 0.5 moim
luminescent nano-/microstructures is shown in Scheme 3. 1D & Zoo
. . . e £ 4x10'
nanomaterials synthesized by this method wusually have éz-sxw‘ 2
exceptional long length, uniform diameter and diverse Gaone 3 o
30 composition. o 15¢10° Filament current: 90 mA | .1 “Accelerating voltage: 3.0 kV|

Through the electrospinning process a variety of RE* ions ‘;ccefé’,aﬁnésvoltaé‘; (k\,j‘:5 ® o Eament curent (mA)
doped 1D fiber, tube and belt-like cathodoluminescence materials

. : 15 . 129 133 135 136

including ~LaOCI, * CaTiOs, = YVO,, ™ GdVO,, ™ LaPO,, " " Fig, 5 (ac) SEM, TEM images of the as-formed 1D LaOCL:Eu*
Y2SlOS" 140 Ca4Y6(810ﬁﬁlO, C?}§d8(5104)602’143 nanofiber, nanotube and microbelt phosphors. (d) The CL spectra of
Lay 33(S104)60,, CaWwo,, Tby(WO,)s, Gd,MoOg, 100 LaOCL:Eu™ phosphors with fiber, tube, and belt-like morphologies.

CaMoO,'* have been derived and/or optimized, especially () The range of CIE chromaticity coordinates of LaOCI:RE* (RE =

w
)

morphology- and size-dependent luminescence performance were Sm, Eu, Tb, Dy, Tm) 1D nanomaterials, and corresponding CL
investigated and color tuning by doping different kinds of RE* photos are shown in (f). The dependence of CL intensities of
ions, changing RE’* ions concentrations, codoping and/or energy LaOCL:RE* 1D nanomaterials of (g) accelerating voltage (kV) and

a0 transfer were designed. For example, the as-prepared LaOCL:Eu®* 105 (h) filament current (mA), respectively. (reproduced with the
ID nanofiber, nanotube and microbelt phosphors are all permission from ref. 15, copyright 2010, Wiley)

composed of nanopaticles with perfect crystallinity, as shown in e 3 3h o )
Fig. 5a-5c. The comparison of CL spectra of LaOCI:Eu** 1D Eu™/Tb™/Tm™) as shown in Fig. Se. The corresponding CL

nanomaterials with three different morphologies/sizes (here all digital photographs (Fig. 5f) also support the above results.
ss the experimental conditions were kept identical) is shown in Fig. ' Generally, the increase in CL intensity (brightness) with an
5d, it can be seen that the belt-like sample has a higher CL increase in electron energy and filament current are attributed to
intensity than that of fiber-like and tube-like samples. That is the deeper penetration of the electrons into the phosphor body
because that the LaOCL:Eu®* nanofibers and nanotubes produce and the larger electron-beam current density. However, a larger
more surface defects than microbelts due to smaller nanoparticles current density may results in the accumulation of excess
s and larger surface area. However, defects have serious drawback 15 electrons on phosphor surface. If the?se electrons .could not be
for luminescent intensity of phosphors as they provide promptly transferred, the cathodoluminescent efficiency will be
nonradiative recombination routes for electrons and holes. The reduced due to a saturation behavior. Under low-voltage electro}n
same  morphology- and  size-dependent  luminescence beam excitation, the CL emission intensities of 1D LaOCI:RE™
performance appears in systems of YVO,RE** (RE = Eu, Tb, nanophosphors gradually elevate with raising accelerating voltage
ss Dy, Sm),'”® LaPO 4:Ce/TH™ 1% CaWO, . Tb*'™ and so on. ' and filament current without obvious saturation behavior (Fig. 5g
Therefore, controllable modification of morphology and size of and 5h), which is beneficial to apply in FEDs devices.
1D luminescent materials can elevate their luminous efficiencies. Hydrolysis-Sol/gel method. According to previous
Via the electrospinning process, RE** (Eu**, Tb**, Tm™, Sm*") research, the emission performances can be improved in spherical
can be homogenously dispersed in LaOCl systems and the CIE phosphors with respect to the irregular ones, which are basically

6

S

chromaticity - coordinates of 1D LaOCL:RE™ nanomateria%i 125 attributed to the high packing densities and low scattering of
phosphors can be tuned in a wide range through changing RE light.” '°' Therefore, there is a growing interesting on

: . 3+ . 3+ 3+ 3+ 3+
concentrations and codoping RE™ ions (Eu™/Tb™, Eu™/Tm™, synthesizing inorganic phosphors with spherical morphologies in
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Scheme 4 Hydrolysis-Sol/gel synthesis of spherical core-shell-
structured phosphors.

Lu minescence

recent years.'* As one of the most well-known hydrolysis
method, Stober method'® that based on hydrolysis of
tetraethylorthosilicate (TEOS) in an alcohol medium in the
presence of water and ammonia, has been extensively employed
to prepare the monodisperse silica (SiO,) spheres with different
sizes from nano to micron meter by a modified procedure. Lin’s
group developed a combination of these monodisperse SiO,
spheres and the PSG process following suitable annealing
temperatures to synthesize a series of monodisperse and spherical
core-shell structured phosphors (Scheme 4). The size-dependent
and/or properties
extensively investigated.”” The concrete experimental process is
extremely simple as follow: first, stir the as-formed SiO, particles
in corresponding PSG precursor solutions of the phosphors
(composing of metal ions, citric acid, and PEG), then separate the
SiO, particles by centrifugation following a heat treatment at
certain temperature to obtain the final phosphor products. The
size for the phosphor particles can be controlled by the ones of
the silica cores and the number of coating cycles.'* By the above
method, a variety of precursor solutions of phosphors can be
coated on the surface of SiO, spheres to form the desirable
spherical phosphors. For example, the comparison of the TEM
images of Fig. 6a and 6d clearly shows that the YVO,Eu®*
phosphor layer was formed on SiO, surface and the HRTEM and
ED images also confirm the formation of YVO,:Eu** phase. The
photoluminescence emission spectra of the as-formed
Si0,@YVO,:Eu* phosphor exhibits excellent red emission of
Eu* (618 nm, Dy—'F,) in YVO,Eu® system. More important,
the luminescent properties of core-shell structured phosphor
particles can be tuned and optimized by changing the size of SiO,
cores and thickness of phosphor shells (Fig. 6f)."*” Due to a low
cost (silica is cheaper than most of pure phosphor materials that
often employ the expensive rare earth elements as the activators

tunable luminescence also have been

and/or host components), and large scale synthesis, accordingly, a
series of spherical core-shell structured cathodoluminescent
materials were prepared and corresponding core-shell sizes and

ss emission properties are collected in Table 1.'4> 147160
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Fig. 6 (a-c) TEM, HRTEM and ED images of monodisperse and
spherical Si0,@YVO,:Eu® particles, respectively. (d) Typical TEM
image of the as-formed SiO, spheres by Stober method. (e) The PL
spectra of representative spherical Si0,@YVO,:Eu® phosphor. (f)
The dependence of emission intensity with the sizes of SiO, spheres
in SiO,@YBO;:Eu** system. (reproduced with the permission from
refs. 145 and 147, copyright 2005, American Chemical Society)

Table 1 Characteristics of some core-shell structured phosphor
particles prepared by the PSG process.

Sample SiO, Emission Refs
core/phosphor | colors
shell size
(nm)
Si0,@Y,05:Eu** 500/60 red (Eu™) 148
Si0,@YVO,:Eu*/Dy*/Sm™ | 500/60 red (Eu™); 145
yellow (Dy*); | 149
orange (Sm**)
Si0,@GdVO,:Eu** 500/50 red (Eu™) 150
Si0,@Gd,(WO,)5:Eu** 400, 500, red (Eu*) 151
600, 700/50
Si0,@NaGd(WO,),:Eu’** 400/40 red (Eu*) 152
Si0,@CaWO,: Eu*"/Tb* 500/50 red (Eu*"); 153
green (Tb*)
Si0,@LaP0,:Ce**/Tb>* 1200/60 purple (Ce™); 154
green
(C €3+,Tb3+)
Si0,@Y,Si05:Eu*/Ce*, 385/50 red (Eu*); 155
Tb** green
(C €3+,Tb3+)
Si0,@CaTiO;:Pr** 500/70 red (Pr*) 156
Si0,@Gd,MoOg:Eu’** 500/50 red (Eu*) 157
Si0,@CaMoO,:Eu’** 500/65 Green (Tb*) 158
Si0,@Gd, Ti,O7:Eu** 500/60 red (Eu™) 159
Si0,@YBOs:Eu** 300, 570, red (Eu*) 147
950,
1200/100
Si0,@Y;Al;0,,:Ce*/Tb** 500/100 green (Tb*) 160
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Fig. 7 (a) SEM images of Y,0s:Eu™ synthesized by alkali-salt-added

30 spray pyrolysis process. (b) Relative luminance of Y,03:Eu® red
phosphor as a function of particle size synthesized by (e) spray
pyrolysis and (#) solid-state reaction. (reproduced with the
permission from ref. 57, copyright 2004, The Electrochemical
Society)

Spray pyrolysis process. Except for hydrolysis-Sol/gel
method, other better morphology of the spherical shape with a
size around 0.5-3 pum for phosphors can be obtained by the spray
drying process.”” It needs a combination of PSG precursor
solutions and subsequent annealing process to obtain final
phosphor products. Shimomura et al.”’ obtained high luminance
and a small-sized Y,05:Eu®" phosphor with little agglomeration
by spray pyrolysis, as shown in Fig. 7a. Its maximum luminance
in this study was better than that of commercial Y,05:Eu**
phosphor synthesized by solid state reaction at the same median
ss particle size (Fig. 7b). By loading the corresponding precursor

solution on a spray drying apparatus and a following annealing

process at high-temperature (600-1200 °C), the representative

red-emitting  Y,05:Eu®®, red-emitting CaTiO5:Pr’*'®!, green-
emitting YBO;:Tb**'®* and blue-emitting Sr,CeO,:Ce***® FEDs
phosphors were also prepared to spherical particles with sizes
ranging from 0.6 to 3.0 pum. It is demonstrated that the as-
prepared spherical phosphors possess indeed improve their
emission intensity over the other irregular ones, which is also due
to high packing densities and low scattering of light.** 16! 1t is
ss noticed that the disadvantages of phosphors prepared by spray
pyrolysis is that the optimal heating temperature was generally
higher than that for the solid-state reaction.”’ Moreover, it also
has a bigger size distribution than that prepared by homogenous
precipitation or hydrolysis-Sol/gel methods. Therefore, it will be
further improved.

3

)

4

S

5
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2.1.2 Modification of phosphor composition

For phosphors, it frequently involves in the substitution of
cations to produce
luminescence, which easily results in a mismatch of charge and

in host lattice with activator ions

es crystal lattice due to different valence state and ion radius. These
mismatches will generate many defects (vacancy, gap, crystal
lattice distortion and strain) to decrease the luminescent
efficiency of phosphors, and as a result need to be avoided or
reduced. By modifying phosphor composition, the luminescent
70 performance of phosphors can be efficiently improved.
Generally, composition modifications of phosphors mainly focus
on two aspects: the one is to conduct charge compensations for
relaxing charge mismatch; and the other one is to relieve crystal
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Fig. 8 <(a) Comparison of CL intensities of Znjos-
y)Mgl_%yGeOz;:O.04Mn2+ samples at different Mg doping

115 concentrations (0 red line, 0.05 blue line, 0.10 black line). (b) CL
spectra of Caj.99.yM;GeOy: 0.01Eu™* M = Mg, Ba; y =0, 0.2, 1.0,
1.99). Inset shows the magnified spectra from 600 to 640 nm. (c) CL
spectra of Cal,ggEu0,01GCO4, Cal,ggLio,mEuO,o]GCO;;,
Caj .99Eu0,01Alo.01Geo9904. (b) and (c) accelerating voltage = 5 kV,

120 filament current = 105 mA. (reproduced with the permission from
refs. 75 and 164, copyright 2011, Royal Society of Chemistry and
The Electrochemical Society)
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20 Scheme 5 A simple model to illustrate the possible increasing
mechanism of luminescent efficiency by composition modification
(charge compensations and crystal lattice strain relaxing).

other cations with complementary radius. Based on the above
25 consideration, representative Ca,GeO Eu** and Zn,GeO,:Mn**
phosphors have been optimized and the effect of composition
modification on cathodoluminescent efficiencies of phosphors
has been elaborately investigated. Fig. 8 shows the CL spectra of
Mg-doped Zn, 9sGe04:0.04Mn** and Li*, AI**, Mg?*, Ba**-doped
Ca, 43GeO,:0.01Eu’* systems. It can be seen that the CL spectra
of anA%(l,y)MglA%yGeO4:0.04Mn2+ samples show the maximum
emission at 532 nm (green light with CIE chromaticity
coordinates x = 0.268, y = 0.644) under the excitation of 3 kV
accelerating voltage, which corresponds to the characteristic
emission of Mn** from *T, to ®A,, as shown in Fig. 8a. Moreover,
the CL intensity increases with the replacement of Mg®* ions. The
possible reason is the join of Mg* ions (r = 0.57 nm,
Coordination Number (CN) = 4) decrease the crystal lattice strain
due to mismatched ions radius with Zn** (r = 0.60 nm, CN = 4)
and Mn** (r = 0.66 nm, CN = 4) ions. The relaxing of crystal
lattice strain can efficiently suppress nonradiative processes and
finally result in the improvement of cathodoluminescent
efficiency. The similar situation appears in the Mg**, Ba**-doped
Ca, 99GeO,:0.01Eu’* systems (Fig. 8b). The emission intensities
of Mg-0.2 and Mg-1.0 doped Ca; 9oGeO,:0.01Eu*" samples are
comparable to or even higher than that of Ca, 99Ge0,:0.01Eu®*
sample, but the emission drastically decreases in the Ba-1.99
sample. This may be because the radius of Mg?* ions is smaller
than that of Ca®* ions, which makes Mg>* ions more easily enter
into the host lattice, introducing the smaller lattice distortion.
While the doping of Ba®" ions increase the lattice distortion due
to a larger ion radius than Ca?* ions, and thus decrease the
luminescent intensity. For Ca, 49GeO,:0.01Eu*" systems, there is
a charge mismatch between Eu™ and Ca®* ions. According to the
electroneutrality theory, two Eu** ions will replace three Ca*
ions to obtain charge balance, and as a result two positive defects
of [Euc,]® and one negative Ca** vacancy of [Vc,]" would form.
These defects and vacancies may capture excited electron to
proceed to non-radiative transitions and damage the luminous
efficiency. Therefore, Shang et al. introduced Li* ions or AI**
ions to use as compensator for charge defects. Co-doping Li* ions
can help to incorporate the Eu* ions into Ca®* sites by
compensating for the different charges between Eu** and Ca®*
ions and the red light emission intensity of Ca; ggLig¢1Eug0,GeOy
65 is elevated with respect to Ca; goEug ¢;GeOy. In the AP co-doped
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S

Ca, goFug ;GeO, sample, the AI** ions may replace the Ge** ions,
which can also maintain the charge compensation and decrease
the defect in the phosphor. Unexpectedly, it exhibits a decrease in
luminescent intensity. This is attributed to the electronegativity
difference between Ge and O (AX = 1.43) is lower than that
between Al and O (AX = 1.83).1%% 1% Because the compound
composed of elements with small differences in electronegativity
(X) should have a narrower band gap which leads to higher
conductivity.'®* ' While the cathodoluminescence intensity is
related to the conductivity of phosphors and a narrow gap can
lead to higher conductivity which is beneficial to the
cathodoluminescence.'®* ' So the CL emission intensity of the
APP*-codoped sample is decreased compared with that of the un-
codoped sample. An X-ray diffraction study by Shimomura et
al.”’” indicated that the highest luminance Y,O;:Eu** phosphor
obtained by the addition of a lithium salt had little strain in the
crystal and its crystal growth was promoted by the additive.
Therefore, the luminance improvement by Li composition
modification originated from the acceleration of crystal growth
and reduction of its strain. The similar research was carried out
on the (Gd2,x,ny)03:Euy3+ M = Al, Ca, Mg) according to
combinatorial Chemistry Method by Seo et al.>® In order to
reduce crystal lattice strain, three co-dopants (Al, Ca, Mg) were
introduced into Gd,O5:Eu™. They developed a ternary material
library of a triangle-type composition array to obtain the optimum
composition of co-dopants. It was found that the
cathodoluminescent efficiency of Gd,Os:Eu™ phosphor was
obviously improved by introducing three co-dopants. Especailly,
the cathodoluminescent efficiency of Al co-doped phosphor,
(Gd, 3Aly 05)05:Eug 12°*, was superior to that of the commercial
red phosphor Y,Os:Eu**. Therefore, they suggested that these
optimal (Gdz_x_ny)O3:Euy3+ (M = Al, Ca, Mg) phosphors were
excellent red FED phosphors at a low voltage excitation.

A simple model to illustrate the possible increasing mechanism
of luminescent efficiency by composition modification is shown
in Scheme 5. During the process of doping cations into host
lattice, if its valence state is higher than that of host cations,
cation vacancies will be produced, whereas oxygen vacancies
will appear (Scheme 5a). These vacancies, namely, crystal lattice
defects increase the probability of non-radiative transitions, and
thus decrease luminescent efficiency. When introducing charge
compensator ions into the host lattice, it will reduce charge
defects and thus can improve luminescent performance. On the
other hand, cationic replacements with different radius in one
matrix will result in crystal expansion or shrinkage. This will
generate strain or many defects due to the distorted crystal lattice,
which also increases the possibility of non-radiative transitions.
By doping other ions with complementary radius, it can relieve
lattice strain and then decrease defects, which finally enhance
luminescence efficiency of phosphor (Scheme 5b). In general, the
cathodoluminescent efficiency of FED phosphors can be
optimized by composition modification including charge
compensations and crystal lattice strain relaxing, which promotes
a potential application of phosphors in field emission display
devices.

2.1.3 Improvement of conductivity

It is well known that electron beam is used as excitation source
in field emission display technology. In order to realize highly
efficient field emission display, phosphors should be efficiently
excited by low voltage electrons. Although the accelerating
voltage employed in FEDs is much less than that worked in
CRTs, its energy is still much higher than UV or visible light
radiation, which is around a few thousand to thousands of eV.1 If
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could not be promptly transferred, these electrons very easily
the phosphor surface to recombine with
holes/surface defects, which increase nonrediative transitions and
thus In addition,
excessive electrons staying on the phosphor surface also easily
reach charge saturation. The tendency for the brightness to
plateau even when the current is increased at a fixed electron
voltage; this is a serious concern especially for FEDs since the
voltage is normally low (<4 kV).’ Requiring high current for high
power and brightness. Accordingly, an important question for
FEDs is how to eliminate or weaken charging and surface
recombination effects, and improve the saturation. One of the

accumulate on

decrease cathodoluminescent efficiency.

most promising and efficient approach is to improve the
conductivity of FEDs phosphors. This approach can efficiently
and opportunely release the accumulated charges on phosphors
and thus improve the saturation of phosphors and enhance their
cathodoluminescent efficiency. Generally, there are two main
routes to increase the conductivity of FEDs phosphors: the one is
the selection of semiconductor materials as host lattice and the
other one is to mix transparent and conductive naonocrystalline
powders with FEDs phosphors. For the selection of hosts, it is
known that the compouds composed of elements with small
differences in electronegativity should have a narrower band
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Fig. 9 (a) A simple model illustrating the blue emission process in
Caln,0;4 and the energy transfer process from Caln,O4 to Dy3+, pr*
and Tb®. Typical CL spectra of (b) Calny04:0.015Dy*, (c)
Calny04:0.0016Pr™, (d) Caln,04:0.0032Tb™, and (e) Y20,S:0.05Eu**
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3

&

S

&

for stability comparison. Excited voltage = 2kv and Filament current

60 = 16 mA (Io: initial intensity, I;: intensity after continuous electron

beams excitation for half an hour). (reproduced with the permission
from ref. 71, copyright 2007, Elsevier)

Moreover, the bandgap of oxide-based phosphor systems is
related to crystal structures of hosts.** 7> Generally, reticular acid
radical-coordinated polyhedrons in host easily result in a narrow
bandgap of host. While the bandgap of host has great effects on
the conductivity and luminescent efficiency of phosphors. A
narrow gap can lead to higher conductivity which is beneficial to
the cathodoluminescence. On the other hand, luminescence
quenching will occur if the energy levels of excited states of
activator ions located among the conduction band of host.** Only
the excited states of activator ions locate below the conduction
band of host, the phosphors present excellent luminescent
performance.* Therefore, appropriate hosts with reasonable
bandgap should be considered during the exploring and design of
novel FED phosphors, which could merge the luminescence
performance and conductivity of phosphors.**”> According to the
first route, a series of RE>* ions or Mn?* ions activated Ga,05,%
(Ca,SnIn,0,,°* ™ La(Ga,In)O,,'* "> '3 167 Mg (Sn, T)O,,”
(Zn,Mg)zGeOA‘,75 Li,ZnGeO,* etc. cathodoluminescent materials
were derived, as summarized in Table 2. Except for the efficient
transport of electrons, semiconductor hosts (emission from UV to
bluish-green light region) generally have a sensitive enhancement
for luminescent efficiency of RE®" ions. A simple model
illustrating luminescence mechanism of the representative
phosphor example Caln,0,:Dy>*, Pr**, Tb*" is shown in Fig. 9a.
Under the excitation of electron beam, an electron (e) is excited
from the VB to the CB. The electron (e) moves freely around the
CB, finally relaxes to the donor band (oxygen vacancies). The
recombination of the electron in the donor band with the acceptor
(calcium vacancies or indium vacancies) yields a blue emission
with a maximum wavelength at 450 nm. When Dy** (Pr’* or
Tb*") is present in Caln,O, host lattices, the excitation energy can
be nonradiatively transferred to Dy®* (Pr** or Tb*), resulting in
an enhanced emission of Dy** (Pr** or Tb®"). Furthermore, after
continuous electron beams excitation for half an hour, the
Caln,0,:0.015Dy**, Caln,0,:0.0016Pr** and Caln,0,:0.0032Tb**
still keep 88%, 92% and 90% of original intensity, but for
commercial Y,0,5:0.05Eu®* phosphor, it only keeps 80% the of
original intensity value, as shown in Fig. 9a-9d, respectively. The
results show that Caln,O4-based phosphors have better stability
than the Y,0,S based phosphors under the low-voltage excitation
conditions. In general, the cathodoluminescent efficiency and
electron beam-stimulated stability can be efficiently improved
with the increase of conductivity of phosphor due to the decrease
of charge accumulation and the reduction of surface chemical
reaction, respectively.

Another route towards increasing phosphor conductivity is a
mixing of conductive naonocrystalline powders like In,O3, SnO,,
ZnO, Au, Ag and so on.”” 818170 7hang et al. encapsulated
In,O; layer on Y,05:Eu® phosphor particles to form
Y,0;:Eu** @In,0; phosphor and concluded positive effect on
their cathodoluminescent performance.®® They found that the
luminous efficiency of Y,0;:Eu** @In,0; phosphor screens was
obviously improved with respect to uncoated Y,Os:Eu*, as
shown in Fig. 10a. Moreover, the luminous efficiency of the
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Due to a relatively severe operation environment (low voltage
and high current density) in FEDs, future generation phosphors
should possess better low voltage efficiencies, chromaticity (high
color purity and wide color gamut), saturation and degradation

6s behavior, and maintenance. Possible routes to achieve these

former improves much more than the latter with an increase in
the accelerating voltage. This is attributed to the increased
electrical conductivity of Y,0;:Eu** phosphors with increasing

@ s2{(b) improvements include optimizing morphology, size, surface and

: e 6.8wt%-coated 0 crystallization of phosphor grains, enhancing electrical

B conductivity of phosphors particles, modifying composition of
5 y ol phosp. p ying p

3 phosphors, enlarging color gamut, designing energy transfers and

“g’ 1 70 so on. On the basis of these approaches, in the past decade a

03 1: series of novel FEDs phosphors has been developed, as collected

° in Table 2, which shows excellent low-voltage

0 400 50 600 700 7 cathodoluminescent properties and has promising application in
prop p g app

12 Vet 050 Og'comerune field emission display devices. Although most of the newly

(c) ——6.8wt%-coated ok @ 15 developed low-voltage cathodoluminescent materials commonl
= & P P g y
—e—non-coal N . . J ..

, 1ok oeoate orst -4 have the higher color purity and color stability than traditional
15% 065 [ & purtty 3+ y 34
5 sl Losof TN FED phosphors, for examples, LaOCL:Tm’" and LaGaO;:Tb’
'§ ] than Y,SiOs:Ce (blue);¥® LaOCLTb* than ZnO:Zn (green);92

E Z 045[ :
s g | R m— (Zn,Mg),GeOy;Mn?* and Mg,SnOgMn**  than  Y,SiOs:Tb**
2 oal o0k s0 (green);>”™ NaCaPO,:Mn>* than (Zn, CdS):Ag* (yellow),™ the
] I luminescent efficiencies of the formers are still lower than the
» °2 T 10 20 0 a0 50 e oo s s , To0 o w0 latters. Fortunately, these luminescent disadvantages of the newly
Irradition time/min oiage

developed low-voltage cathodoluminescent materials can be
Fig. 10 (a) Dependence of luminous efficiency of Y,05:Eu** reduced or eliminated to some extent through process
phosphor screens before and after In,O; coating on the excitation s optimization, including improves the morphology, size and
voltage. (b) The electrical conductivity of Y,Os:Eu’* phosphors as a crystallization of phosphors. Therefore, it is very necessary to

25 function of In,O;3 coating at room temperature. (c) Comparison of the explore appropriate preparation processes of these phosphors.
relative cathodoluminescence degradation behavior and of uncoated
and In,Os-coated YzngEu3+ phosphor screens. (d) The variation of
chromaticity of In,Os-coated phosphor screen with an accelerating
voltage. The inset shows a macrophotograph of the Y,Os:Eu®

3. Phosphor thin films and patterning

Except for phosphor powders, phosphor thin films are the other

L

@

phosphors coated with 6.8 wt% In,Os; on excitation at 700 V.
(reproduced with the permission from ref. 89, copyright 2007, Wiley)

In,O5 coating (Fig. 10b), which is consistent with the previous
reports.m’ 12" Moreover, In,Os-coated Y,0s:Eu’* phosphor
screens have a better stability than uncoated one under 700 V
accelerating voltage (Fig. 10c). This is because that the
conductive In,O; nanoparticles not only can reduce surface
charge accumulation but also may serve as protective layer on
phosphor surface to prevent chemical degradation caused by the
direct electron beam bombardment. Finally, the aging rate of the
low-voltage CL efficiency is suppressed and as a result the
lifetime and stability of the phosphor screens are improved
evidently."”" In addition, they also observed the Commission
International del’Eclairge (CIE) chromaticity coordinates stability
s of Y,05:Eu**@In,05 phosphors under electron beam radiation.
Under the excitation of 700 V accelerating voltage,
Y,0;:Eu** @In,05 phosphors gives a bright red light, and its CIE
values are nearly invariable (x and y keeps at about 0.575 and
0.375) with changing accelerating voltage (Fig. 10d), which is
suitable for applying in field emission display. The similar
improvement for cathodoluminescent efficiency and luminance
appear in  In,Os-coated ZnGa,O, and ZnGa,O,:Mn**
phosphors.'®® % Therefore, employing some conductive
materials on the surface of phosphor indeed can reduce the
accumulated electrons on the surface of phosphor and improve
the cathodoluminescent efficiency of phosphors. This may also
act as a bridge to drain the coulomb charge to the ITO substrate
efficiently, which decreases the excited voltage and improves the
lifetime, stability, and efficiency of the phosphor screen.

6 2. 2 The development of new phosphors for FEDs

a

important form to apply in display faceplates. Usually, the
phosphor thin films are formed by depositing phosphor precursor
on a substrate following a subsequent annealing. In the previous
sections, the main discussions are focused on the
cathodoluminescent materials in powder forms prepared by
various soft chemical methods. While phosphor thin films appear
more attractive for field emission displays (FEDs), because they
could be operated at lower voltage and endure much higher
power densities without degradation than those with powder
phosphors.”* ' In addition, phosphor thin films also offer
advantages such as higher contrast and resolution, better thermal
stability, superior thermal conductivity, a high degree of
uniformity and better adhesion to the substrate, and reduced
outgassing for FEDs compared with the conventional display
screen prepared by the direct deposition of phosphor grains.'’*!7
In order to define a smaller pixel spot size and then to achieve a
higher resolution, thin film phosphors should possess uniform
thickness, smoother surface form and small grain size. To date,
phosphor thin films have been prepared by a variety of deposition
techniques, such as chemical vapor deposition (CVD),'”® physical
vapor deposition (PVD),"® Ton beam sputtering,'®' filtered arc
deposition,'®*  electrophoretic ~ deposition  (EPD),'®  spray
pyrolysis,'" ' and pulsed laser ablation.'®* These techniques are
time-consuming or need expensive and complicated equipment
setups. Therefore, a simple and economical method for making
high quality phosphor thin films is desirable. Lin’s group
explored a facile preparation of oxide phosphor films by the PSG
process and investigated their structure, morphology, and optical
properties.'®'*® The simple preparation process mainly involve
in three steps: the first step is the preparation of the precursor
solution with certain viscosity, including the dissolution of the
starting materials, formation of metal chelates with citric acid
(CA) and their polyesterification with PEG; the second step is the
preparation of the amorphous precursor film by a dip-coating or
spin-coating process on the desired substrates (silica glasses,

12 Chem. Sov: Rey:, [2013], [vol], OO—0O0This journal s @ The Royal Society of Chemistry [year]
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silicon wafers, ITO and quartz plates, some ceramics slides, etc.);

Table 2 Some newly developed rare earth ions or Mn”* jons activated
low voltage cathodoluminescent materials and their luminescent

properties.

Sample Emission peaks Color CIE chromaticity Refs
(nm)/main coordinates (x, y)
transition

Ga,05: Dy™* 438/'T\-*A, Blue (0.1837, 0.1602) 66
(GaOy)

492, 580/*Fy, to White (0.2994, 0.3331)
6H|5/2, 6le/z (Dy’“)

Caln,O,: Eu* 431, 447, 467, White (0.3237, 0.3232) 54
492,512,

537, 588,

616/5D0.|.Z.3’7FD.I.2.3

(Bu™);

588/°D;-'F,; 619/ Red (0.5646, 0.3481)
°Dy-'F, (Bu™)

Caln,O,: Dy, 493, 582/°F,, to Yellowish (0.3456, 0.3758) 71

Pr’, Tb* Hisp, “Hiap white
(Dy™);
494/°P,-H, (Pr’*); | Cyan
487/°Dy-"Fe,
544/°D,-'Fs (Tb*) | Green

SrIn,0,:Dy”™, 493/'Fop-"Hisp, Bluish (0.3019, 0.3291) 72

Pr’*, Tb* 582/*Fo-"Hy3p white
(Dy™);
494/°P,-*H, (Pr**); | Orange (0.5447, 0.3482)
487/°Dy-"Fe,
544/°D,-'Fs (Tb*) | Green (0.2496, 0.5564)

LaOCL:Tm*" Dy”, | 458/'D,-F, Blue (0.1584, 0.0651) 15,

Sm™, Tb*, Eu™ (Tm*); 86,
480, 571/*Fyp, to Yellow (0.3992, 0.4484) 92
6H|5/2, 6le/z
(Dy™;

565, 607, Orange (0.5506, 0.4065)
650/* G512'6H5/2.7/z.

92 (Sm“);

384, 416, 437, Blue (0.1723,0.1210)
486, 543/°Ds - 'F; Green (0.2486, 0.5188)
(= 6-0) (Tb™);

615/Dy-'F, (Eu™) | Red (0.6039,0.3796)

LaGaO;: Tm™, 458/'D,-'F, Blue (0.1552,0.0630) 14

Sm*,Tb*, Dy, | (Tm™); 112

Eu’* 561, 597, Yellow (0.4880, 0.4153) 113
642/'Gs-"Hsp, 10,

92 (Sm“);

414, 437, 414, Blue (0.2087, 0.1541)
437/ Dy 4-"Fs 4 Green (0.2705, 0.5262)
(Tb*);

480, 572/*Fyp, to Yellowish (0.3432, 0.3920)
°H,sp, “Hpp white

(Dy™;

590, 614/°Dy-'F; , | Red (0.5396, 0.3634)
(Eu™)

LaInO;: Eu™ 465,491, 512, Yellowish (0.3688, 0.4040) 167
534, 588, 610 white
PDojasFoios (0.5740, 0.3451)

(Eu™); Red
588, 610/°Dy-"F,
(Eu™)

Mg,(Sn,Ti)Oy: 465/(SnOg); Blue (0.1780, 0.2449) 37

Mn** 456/(TiOg) Blue (0.1773, 0.2186)
499/'T,-°A, (Mn**) | Cyan (0.1409, 0.3185)

Green (0.0908, 0.5668)

Li,ZnGeO,: Mn™ | 530/'T\-°A; (Mn™) | Green (0.160,0.108); 39

(0.235, 0.702)

(Zn,Mg),GeOy: 460/ (GeOg); Blue; Green (0.165, 0.209); 75

Mn** 531/'T\-°A, (Mn®>") (0.268, 0.644)

NaCaPO,:Mn”>* 560/'T;-°A; Mn”") | Yellow (0.428, 0.552) 94

Ca,GeOy:Eu™ 613/Dy-'F, (Eu™) | Red (0.559,0.341) 164

CaYAIO,Tb™, 383, 416, 468,537, | Blue (0.181,0.123) 95

Eu’™ 548/°Ds,-F; Green (0.272, 0.480)

(j = 6-0) (Tb™);

593, 623/°Dy-F, , Red (0.534, 0.347)

(Eu™)
SrY,0,:Tb™, 545/D,-'F5(Tb™); | Green (0.278, 0.531) 97
Tm™, Dy™* 455/'D,-'F, Blue (0.148, 0.059)

(Tm™);

491, 581/'Fyp, to Yellowish (0.363, 0.395)

°H,sp, “Hin (Dy’”) white

20

25

4

S

45

Fig. 11 Atomic force microscopy (AFM) images for YVO4Eu** (a
and b), GdVO,Eu® (¢ and d), and LaVO4Eu’ phosphor films
prepared by the PSG dipcoating process. (reproduced with the
permission from ref. 192, copyright 2005, American Institute of
Physics)

finally, crystalline phosphor films are produced by the
postannealing process at moderate temperature (500-1000°C)
with a slow heating rate to avoid the cracking and peeling of the
films. Generally, the phosphor thin films prepared via PSG
process are smooth and consist of nanocystalline grains ranging
from 100 to 500 nm, as shown in Fig. 11.'"* The as-prepared
phosphor thin films via the PSG process have many advantages,
as follow:"®'% a) simple process and equipment; b) low
processing temperature, making it possible to prepare films on
glass, semiconductor, and integrated photoelectronic devices; c¢)
films can be coated on substrates with a large area, various shape
and different material compositions; d) a easy control of
homogeneity, constituents and microstructure; e) a controllable
thickness by adjusting the viscosity of the coating solution or the
repeating number of the coating process. It is noted that the thin
film phosphors present similar luminescence properties to powder
phosphors, but have lower emission intensity due to the light
trapping inside the luminescent layer. Therefore, such films
cannot presently compete with powder phosphors in applications
phosphors in applications that require high brightness.'¥"'*> On
the other hand, full-color displays generally need to deposit the
three color modules (red, green, blue) on the desired regions to
form pixels.”” Therefore, during the fabrication of display
devices, patterning luminescent materials on screen to form pixel
matrixs is an essential and critical technique. An accurate
patterning technology and screening process for phosphor screen
has a vital effect on the resolution of display devices. For
instance, pitches of phosphor lines for a supervideo graphics
adapter with 800 x 600 lines, video graphics adapter with 640 x
480 lines, and quarter video graphics adapter with 320 x 240 lines
in 6 in. color displays

This jowrnal s @ The Royal Soclety of Chemistry [year]Chem: Soe: Revs, [2014], [vol], 0O—-00, [vol], 0O-00
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depending on the host compositions) with a slow heating rate (1
°C/min) and held for several hours. In this way, phosphor films

Fig. 12 Schematic procedures of MIMIC for patterning of phosphor films (Left) and the optical photographs for patterned
LaPO,:Ce™, Tb** phosphor films with different stripe width (Right, a-50 pm, b-20 pm, c-10 pm, d-5 pm). (reproduced with the
permission from refs. 185 and 186, copyright 2002 and 2003, American Chemical Society and Royal Society of Chemistry)

are defined as 50.8, 63.5, and 127 pm, respectively.”’ 19990 far,
25 electrophoretic deposition, screen printing, vacuum deposition,
etc., based on photolithographic patterning technologies have
been employed to fabricate flat panel displays (FPDs) devices.’®
Unfortunately, these patterning techniques for a phosphor screen
frequently require expensive photolithographic and etching
30 equipment, complicated layout, and excessive loss of expensive
phosphor materials during the fabrication process. Based on these
considerations, a growing interest has been focused to soft
lithography patterning techniques, which has the potential of
becoming versatile and low cost methods for -creating
submicrometer and micrometer size structures.’’'"  Soft
lithography  technique uses a soft and flexible
poly(dimethylsiloxane) (PDMS) elastomer that can exactly
replicate the surface features of the master mold and transfer
them in the patterning process instead of rigid materials as the
stamp or mold and it is carried out by casting the prepolymer on a
master with relief structure.””' Recently, several soft lithography
techniques including micromolding in capillaries (MIMIC),
microtransfer molding (WTM), inkjet printing (IP) and
microcontact printing (uCP) to realize the pattering of thin film
phosphors have been well explored and developed. The detailed
introductions are demonstrated in the following sections.

(1) Micromolding in capillaries (MIMIC)

As soft lithography technique, MIMIC can pattern a material
based on a low-viscosity solution.?”!**® Phosphor thin films also
can be patterned by the MIMIC technique. The basic principle of
this process is shown in Fig. 12 (Left).” First,
polydimethylsiloxane (PDMS) stamp modes (with different
channel widths 5-50 pm) were fabricated by casting PDMS on
masters having desired patterns.'s> ' Then the PDMS modes
were placed in conformal contact with thoroughly cleaned silicon
wafer substrates. The channels of the mode thus formed
capillaries with the silicon wafer substrate. The phosphor
precursor sol (via the PSG process) was then dropped at the open
end with a transfer pipet. The capillary force made the sol flow
into the mold. Then the modes and substrates were dried at 100°C
overnight. After carefully removing the modes, the resulted
patterned gel films were heated to high-temperature (500-1000 °C

S

=]

@

S

with patterning were obtained. Fig. 12 (Right) shows optical
micrographs of the as-prepared patterned LaPO,:Ce**, Tb*" gel
films. The dark and white regions correspond to the film strips
and spaces, respectively. It is clearly seen from Figure 13a-d that
film strips have widths of 5, 10, 20, and 50 pm, respectively, with
smooth and perfect surfaces. Patterned phosphor films were
formed after a subsequent annealing of these patterned gel
films.'®> 1% According to the MIMIC technique, many other
kinds of patterned phosphor films, such as Y,0s:Eu®,
Gd,05:Eu’, (Y, La, Gd)VO,Eu’" etc., can be prepared, which
are promising for applications in the field emission display
fields, 197 198

(2) Microtransfer molding (nW"TM)

Microtransfer molding (uTM) is one of the most popular and
typical soft-lithography techniques. This technique can directly
replicate the feature of the stamp and form the pattern in
accordance with the geometry of the stamp. Wang et al. introduce
YVO,:Eu* as an example to illustrated the fabrication of light-
emitting arrays via pTM technique, as shown in the left of Fig.
132.%™ First, the PDMS stamps were fabricated by casting the
PDMS prepolymer, a mixture of Sylgard silicone elastomer, and
its curing agent over a relief master prepared by
photolithography. The elastomer was degassed for 30 min at
room temperature and cured at 65°C for 4 h, then peeled gently
from the master. In this way, PDMS stamps with microwells were
obtained. Second, the quartz plates were transformed to
hydrophilic properties by immersing them in a piranha solution of
concentrated sulfuric acid and hydrogen peroxide. Next, the
YVO4Eu®* precursor solution was cast on the patterned side of
the PDMS mold and the excess solution was removed by scraping
with a flat PDMS block. After spin-coating at 1500 rpm, the
YVO,:Eu* precursor solution was deposited into the recessed
square regions of the PDMS mold, and the mold was brought into
contact with the quartz substrate. Then, the mold and substrate
were dried at 100°C for 4 h. When the mold was peeled away
carefully, patterned squares of the YVO,:Eu™ precursor gels
were left on the surface of the quartz substrate. Finally, the

125 patterned substrate was calcined at 700°C for 3 h to pyrolyze the

organic components and the precursor gel was transformed into
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crystalline YVO,:Eu®*. The as-prepared YVO,:Eu’* precursor gel
pattern by the p'TM technique (Fig. 13b) exhibits ordered square
arrays without obvious swelling or

pTM YVOs:Eu™ sol (b)
- k1) 9 B
(a) YVOFEU at
700 °C for 3h
s Pows moid
v Remove the excess solution with
B _ PDMS block
(E=2F
" Spin-coating
=B

| Pattern transfer

I

I Take a press on the PDMS to transfer the

1 pattern, and baked at 100 °C for 40 min

! Remove PDMS mold

'
Annealing at 700 °C for 3h

Volaniaf o7 |

s formation depends on the chemical heterogeneity of the

substrate’s surface, these techniques are continuously being

tR-Lens OF-04-09 { } |
c
200 HmM 100 pm
Accelerating Voltage: 4kV %
Filament Current: 100 mA | o (e)

CL IntensiTy (a.u.)

300 400 500 600 700 800
Wavelength (nm)

Fig. 13 (a) Schematic diagram of the experimental microtransfer molding (WTM) process used for patterning YVO,:Eu’* films. Optical
image of the patterned YVO4:Eu* precursor gel film fabricated by b) uTM, c) after calcination at 700°C, and d) the corresponding
luminescent image under 254-nm UV light excitation. The inset in (¢) SEM image of the patterned YVO4:Eu®" film, indicative of the
morphology of the crystalline YVO,:Eu® particles after firing ags 700°C. (¢) The CL spectra of the patterned YVO,Eu™ film
(Accelerating Voltage: 4 kV; Filament Current: 100 mA). (reproduced with the permission from ref. 204, copyright 2011, Wiley)

deformation (a high fidelity to the initial PDMS stamp). The
estimated side length of the precursor gel square is 22.56 + 1.37
um. After calcination at 700 °C in air, the patterned YVO4:Eu**
crystalline film was formed on the quartz plate and the
corresponding optical microscope image is shown in Fig. 13c.
The white square is the final crystalline YVO,:Eu** and the black
is the bare substrate. A size-shrinkage of the square gels was
observed after firing, which is attributed to the pyrolysis and
evaporation of the organic compounds in the gel. The estimated
side length of the crystalline square is 19.17 + 2.05 p m. As
observed in Fig. 13b and 13c. The calcination procedure did not
modify the morphology of the printed feature in principle, and the
aspect ratio of the square pattern is 1:1 before and after heat
treatment. However, the calcination reduces the size of the square
gel spots owing to the pyrolysis and evaporation of the organic
species, and the edges of the calcined square spots are not as clear
as that of the uncalcined gel spots because of the shrinkage
during the heat-treatment process. The red luminescent image
(Fig. 13d) and CL spectrum (Fig. 13¢) of YVO,:Eu** phosphor
films indicated that the as-prepared YVO,:Eu** phosphor films
can be efficiently excited by UV light and low voltage electron
beam.

(3) Microcontact printing (nCP)

Microtransfer printing (uCP) is another one of the most
popular and typical soft-lithography techniques.””* On the
contrast to uTM, the nCP technique prints the self-assembled
monolayer (SAM) pattern on the substrate in the first step, which
makes the substrate change from being chemically homogeneous
into chemically heterogeneous. Then, other functional materials
can be grown or deposited on the desired patterned regions.
Although pCP requires multiple steps and the final pattern

)

I~

developed and improved. For example, a self-assembled
monolayer can be firstly transferred onto a substrate and its end

100 group can then be modified through organic synthesis to generate

well-defined surfaces with a broad range of characteristics.”®

Therefore, uCP is an improved technique based on pTM. Fig. 14a
shows the process of fabricating a representative YVO,:Eu**
arrays of dots via pnCP. This technique is based on the
modification of the substrate surface and the selective deposition
on desired regions.”®® First, the PDMS molds and the quartz
plates were carried out the same treatment as u®'TM technique. The
PDMS mold was subsequently flooded with 1H,1H,2H,2H-
perfluorooctyltrichlorosilane (PFOTS) solution in n-octane (1
vol%) and blown dry with N,, then the PDMS mold was placed
in contact with the as-cleaned quartz substrate to print the self-
assembled PFOTS monolayer (SAM). Next, the patterned
substrate was used as a template for the selective deposition of
the metal salts solution by spin-coating. During this spin-coating
process, the precursor solution was selectively deposited on the
hydrophilic regions because of the poor adhesion between the
solution and the SAM. Finally, the substrate with the patterned
gel was calcined at 700 °C for 3 h to obtain the crystalline
YVO,Eu* film. Fig. 14b shows the optical microscopy image of
a YVO4Eu® precursor gel pattern (just spin-coating dried,
without annealing) fabricated by the pCP technique. It can be
seen that the ordered dot-patterned precursor gel arrays were
transferred from the PDMS stamp to the quartz substrate. After
calcination at 700°C in air, the patterned YVO,Eu®* crystalline
film was formed on the quartz plate and the corresponding optical
microscope image is shown in Fig. 14c. Similarly, the calcination
reduces the size of the dot gel spots owing to the pyrolysis and
evaporation of the organic species, and the edges of the calcined
square spots are not as clear as that of the uncalcined gel spots
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because of the shrinkage during the heat-treatment process.
Under 254 nm UV light excitation, the patterned YVO,:Eu’* thin
film phosphors show bright red light emission, as shown in Fig.

uTM and pCP methods, indicating that soft lithography (WTM
and pCP) techniques could be used at all for the patterning of
inorganic rare-earth salts.””” > These results demonstrate that the

ss Pechini-type sol-gel process has a good compatibility with soft-
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Fig. 14 (a) Schematic diagram of the experimental microcontact printing§uCP) process used for patterning YVO,:Eu’* films. Optical image

20
image under 254-nm UV light excitation. The inset in (¢) SEM image

of the patterned YVO,:Eu®* precursor gel film fabricated by b) uCP,

c) after calcination at 700°C, and d) the corresponding luminescent
of the patterned YVO4:Eu** film, indicative of the morphology of the

crystalline YVO,:Eu®* particles after firing at 700°C. (e) The CL spectra of the patterned YVO4:Eu®* film (Accelerating Voltage: 4 kV;
Filament Current: 100 mA). (reproduced with the permission from ref. 204, copyright 2011, Wiley)
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Fig. 15 Schematic Representation of the Inkjet Printing Setup. *The
inkjet printing system was manufactured by Microdrop Technique

40 GmbH (Germany), which consists of a piezo-actuated inkjet
dispenser head and its controller. A motorized stage under the inkjet
printing head equipped with the computer and software provides the
precise position of substrate. (reproduced with the permission from
ref. 209, copyright 2010, American Chemical Society)

45
14d. The CL spectra of patterned YVO,:Eu** films in Fig. l4e
also shows the characteristic Eu** emission at 596 nm and 619
nm, which correspond to the Eu** transitions of °Dy — 'F;, and Dy,
— "F,, respectively. Except for YVO,:Eu®*, many other kinds of

so patterned phosphor films, such as CaWO,:Ln"* (Ln=Tb, Eu),
Gdy(WO,)3:Ln** (Ln = Eu, Tb) were also prepared based on the

85
lithography techniques for patterning inorganic phosphor
materials, which holds potential for fabricating new-generation
field-emission display devices. Moreover, these results can guide
us in future research, and be helpful to others who have interest in
90 these types of devices.

(4) Inkjet printing (IP)

Recently, inkjet printing has attracted substantial interest as a
pathway to make display devices, in which the material
deposition and patterning can be performed within a single step

ssby a fully digital driven process.”?'> This direct-writing
technique has many advantages such as simple, fast, large area,
and low material consumption. There are many reports for the
applications of inkjet printing on the fabrication of polymer light-
emitting diodes (PLED).>"***® The deposition of light-emitting
100 polymers as pixels or conducting polymer PEDOT:PSS as the
hole transportation layer can be carried out by inkjet printing in
the PLED fabrication process. The bottleneck of the inkjet
printing technique in organic electronics is being exceeded and
some prototypes of full-color organic light-emitting televisions
10s have been demonstrated.”’” **! The quantum dots are also
considered as excellent candidates for the inkjet printing route in
fabricating a display device due to their good dispersibility in
solvent and the size tunable light emission.””>** Cheng et al.
have made an attempt to pattern inorganic phosphor materials for
1o the applications of a field emission flat display by the inkjet
printing technique. The principle of this process is shown in Fig.
15. Using YVO,:Eu™ as a representative example, the patterning

16 | Chem: Sov: Revs, [2013], [vol], 00—00This jovunal is © The Royal Society of Chemistry [year]
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of phosphor thin films through inkjet printing technique can be
realized® The inkjet printing system consists of a
piezoelectrictype printing head with a nozzle diameter of 70 pm.
The microdrops were squeezed out by applying a voltage to the
s glass capillary inside the dispenser head. A computer-controlled
motorized translation stage can move in the X-Y directions
relative to the dispenser head which provide the patterns on the
substrate such as dots and lines. Prior to the inkjet printing
process, the ITO glass plates were first immersed into the
10 saturated NaOH/ethanol solution for 5 h and then ultrasonically
cleaned for 10 min to remove the organic contamination. Then
the ITO glass substrates were rinsed by copious amounts
deionized water and dried under nitrogen flow to form
hydrophilic surface. Additionally, the hydrophobic ITO surface
15 was obtained by putting the precleaned ITO glass plates into a 3
mM perfluorooctyltrichlorosilane (PFOTS, Aldrich) solution in
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Fig. 16 Microscopy photographs of the as-inkjet-printed dots and
so lines of gel (a, ¢) and the corresponding phosphor pixels of crystalline
YVO,:0.05Eu® (c, d); the SEM image showing the morphology of
crystalline particles of YVO4:0.05Eu’ after firing at 600°C (e); and
digital photograph exhibiting the red-emission YVO,:0.05Eu’* lines
matrix (corresponding to Fig. 15d) with the size of 4 cm X 6 cm
ss prepared on ITO-coated glass and illuminated under 254 nm UV light
(f) The scale bars represent 200 pm in panels a-d and 200 nm in panel
e. (g) The CL spectrum of patterned YVO4:0.05Eu™ on ITO-glass
excited by electron beam. The inset shows the CL intensity of the

YVO,:0.05Eu® pattern as a function of electron beam voltage.
0 (reproduced with the permission from ref. 209, copyright 2010,
American Chemical Society)

hexane for 4 h to self-assemble the densely packed monolayer of
PFOTS onto the ITO surface. After careful filtration with a
polyvinylidene fluoride (PVDF) microporous filter, the ink
solution was loaded on the inkjet printing system to produce the
dots or lines pattern on the ITO glass. The driven voltage and
pulse width are 20 V and 34 ps, respectively. The inkjetting
frequency is 100 droplets per second. After being dried at 100 °C
for 20 min, the resulting pattern-formed substrates were baked at
600°C with an increasing rate of 1 deg/min and held there for 4 h
in air in order to form the light-emitting YVO,:Eu’* pixels. Fig.
16a, ¢ and 16b, d shows the microscopy image of as-inkjet-
printed dots array before and after annealing, respectively.
15 Obviously, the as-inkjet-printed dots arrays are highly uniform
before and after annealing. However, significant shrinking in the
diameter of the dots due to the remove of organic components
was observed after annealing at 600°C, although its shape was
maintained. In addition, it can be seen from Fig. 16e that the
crystalline YVO,:0.05Eu® are composed of fine particles with a
size between 20 and 120 nm (measured on the long axis) after
600°C annealing. The patterned YVO,:0.05Eu’* film shows the
strong red emission under a hand-held UV light with 254 nm
wavelength (Fig. 16f), which indicates the feasibility of printing
ss inorganic nanophosphor material for high-resolution screen
application through the Pechini-type sol-gel and inkjet printing
route. Under the excitation of low voltage electron beam, the
patterned ' YVO,:0.05Eu™ film can also give good red light
emission centered at 614 and 619 nm due to the “Dy-'F,
o0 transition, as shown in Fig. 16e. Moreover, the CL intensity
increases quickly upon raising the accelerating voltage from 1 to
4 kV when the filament current is fixed on 105 mA, indicating
the light-emitting intensity of YVO,:0.05Eu®" is strongly
dependent on the accelerating voltage, which is in line with FED
os working principle. In summary, the preparation of patterning
YVO,Eu™ light-emitting pixels by a combination of inkjet
printing and the PSG method show a feasible scheme for
patterning inorganic thin film phosphors by the inkjet printing
route. This facile and quick method has the potential to be used in
the fabrication of FED devices by continuing efforts to further
improving the properties of ink solution and prestructuring
substrate, modifying the layout, and so forth.
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4. Enlarge color-gamut and design white light
emission

105 4.1 Enlarge color-gamut

The resolution is a vital parameter for display devices, which is
strongly related to the color saturation, namely, the color gamut
of phosphor.?” " Generally, the wider of color gamut of
phosphor, the higher picture quality can be achieved.”® The color
gamut for phosphors is depicted by the location of their CIE
chromaticity coordinates. The typical color gamut for FEDs is
made up of a triangle region enclosed by three chromaticity
coordinate points of trichromatic (Red, Green and Blue, RGB)
FEDs phosphors, (0.647, 0.343) (Y,0,S:Eu**; red), (0.298, 0.619)
115 (ZnS:Cu,Al; green) and (0.146, 0.056) (ZnS:Ag,Al; blue). In
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order to realize high-quality full-color FEDs, it is necessary to
enlarge the color gamut of these phosphors. There are two main
strategies to reach this goal. The one is to develop FEDs
phosphors with higher color purity with respect to current
s trichromatic FEDs phosphors. The other one is to explore some
novel phosphors with their CIE chromaticity coordinates locating
out of the above triangle area. According to the first strategy,
Lin’s group has develop a series of RGB phosphors with high
color purity. For example, blue-emitting Tm>*-doped La,Os,
10 LaOCl, LaOF, LaGaO; and so on were prepared and
investigated.'* 8- 110-155.122 Thege phosphors all demonstrate more
higher color purities than commercial FED blue phosphor
Y,SiO5:Ce due to main 'D,-’F, (around 458 nm) transition
emission of Tm>* ions (Table 2). In addition, some Tb**-activated
15 phosphors such as Tb**-doped LaOCl, LaGaOs;, KNaCa,(PO,),
etc., can also give highly pure blue emission through a low Tb**
doping content due to the main “D;-"Fg transitions emission of
Tb** jons.'* °* 1> As mentioned in the previous section, rare earth
(RE) ions have been playing an important role in display fields
20 due to the abundant emission colors based on their 4f~4f or Sd—4f
transitions. For 4f~4f transitions of RE ions, the emission spectra
are narrow and the peak positions are basically stable in different
hosts because the electrons in 4f orbits are strongly shielded by
the outside 5s and 5p electrons. As a result, their luminescent
25 properties (peak width and position) are not strongly dependent
on the crystal structure of host and can maintain a high color
purity. For 5d—4f transitions of RE ions, the energy level of the
excited state 4/"’5d is commonly lower than that of the lowest
excited state in its 4f" electron configuration, they generally
30 presents broad band emission than 4f~4f transitions. The different
coordination surroundings in a host that result in different crystal
field strength have a prominent influence on its luminescence due
to the 5d states of RE ions in outer orbitals.* ® Furthermore, the
spectral position of 4f"/5d — 4f" transition is closely related to
35 the nephelauxetic effect.”?® The higher charge and the smaller
radius of ligand ion, the stronger the nephelauxetic effect appears,
which will result in the lower the position of 5d energy level. So,
the 4f — 5d transitions of RE ions depends deeply on the host
lattice, and the emission color from the 4f"'5d — 4f" transition
40 can be adjusted from ultraviolet to red light region.” Hirosaki et
al." realized a highly pure blue emission of Eu®* in AIN host with
CIE coordinate (0.139, 0.106). Under electron beam excitation, it
showed better saturation behavior, brightness and degradation
behavior than that of Y,SiOs:Ce. So it is an excellent blue-
ss emitting FEDs phosphor. For green-emitting phosphors, Mn**-
activated Mg,SnQOy, (Zn,Mg),GeO, and Li,ZnGeO, systems have
promsing properties for use in FEDs.*”** ™ Because the Mn** is
a transition metal ion with 34° electronic configuration, its
emission, corresponding to “T,—%A, transition, consists of a
so broad band whose position depends strongly on the host
lattices.”?” >® If the crystal field around Mn®* ion is weak, the
splitting of the excited energy levels in d orbits will be small
resulting in Mn** emission with higher energy, whearas it will
give lower energy emission.’”” ** Due to the weak crystal field
ss surroundings, the as-prepared Mn”*-activated Mg,SnO,,
(Zn,Mg),GeO, and Li,ZnGeO, phosphors give brilliant green
emission from 500 nm to 530 nm with narrow band width, which
makes them have higher green purity than commercial green
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Zn0:Zn phosphors (Table 2). While Mg,Yg(Si04)60,:Ce®*/Mn**
and Ca,Y(Si04)s0:Ce**/Mn?* show excellent red emission of
Mn?** due to the strong crystal field surroundings, which can be
used for highly efficient red-emitting FED phosphors. In addition,
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Fig. 17 (a) CL emission spectrum of Li,CaSiO4:Eu**. Left inset is
the relevant luminescent photograph. Right inset is CL intensity
as a function of accelerating voltages and filament currents. (b)
PL spectra of BaZrSi;Oy:Eu®* with that of BAM:Eu®* under 405
nm and 420 nm excitations. (c) Emission spectra of Ba;.
Eu,Si,O,N, with varying Eu?* concentration (A, = 440 nm).
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(reproduced with the permission from refs. 232-234, copyright 2005
and 2011, American Chemical Society, Royal Society of Chemistry

the pixels per unit area) compared with three-color system.
e Accordingly, the second strategy to enhance the display quality is
to explore suitable four-color (RYGB) or (RGCB) systems
phosphors such as cyan- or yellow-emitting phosphors. As

and The Electrochemical Society)
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M 4500 Table 3 The CIE chromaticity coordinates, emission colors of color-
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LiZCaSiO4:Eu2+ (0.119, 0.203) cyan 232
BaZrSi309:Eu** cyan 233
BaSi,0,Ny:Eu** cyan 234
NaCaPO,: Mn* (0.428, 0.552) yellow | 94
LaGango‘S%Sm“ (0.4880, 0.4153) yellow | 14
7ZnGeN, yellow | 17
LaAlO3:0.25%Sm™ (0.5133, 0.4625) yellow | 111
CayGds(Si0s)s02:5%Ce™, 10%Mn™ | (0.497, 0.401)
Fig. 18 The CL spectra of (a) Mg,SnOq:x mol% Ti**, y mol% Mn**
% (x = 0-3.0, y = 0.01-0.1) and (c) NaCaPOy,:3 mol% Mn”* samples. CayGds(Si0s)s02: 5%Ce™, 18%Mn™ | (0.519, 0.414) yellow | 231

The CIE chromaticity coordinates of (b) Mg,SnO4:x mol% Ti*, y
mol% Mn>* (x = 0-3.0, y = 0-0.1) and (d) NaCaPOy4:3 mol% Mn**
samples. The triangle and quadrangle in (b) and (d) show the typical

Ca,Gds(Si04)60,: 5%Ce*, 25%Mn> | (0.545, 0.415)

metioned in the previous section, the emission of Eu?* ion can
vary from ultraviolet to red light depends on the host lattice.
Therefore, Eu®* ion can obtain cyan emission by selecting
suitable host. Xie and Wang et al. realized cyan emission of Eu>*
jons in Li,CaSiOyEu®**? and BaZrSi;0q:Eu*™* systems,
respectively, as shown in Fig. 17 and Table 3. We can obviously

and enlarged color gamut for FED phosphors, respectively. The

3;

&

insets in (b) and (c) are cathodoluminescent photographs of
Mg,SnO4:x mol% Ti*, y mol% Mn** (x = 0-3.0, y = 0-0.1) and
NaCaPO,:3 mol% Mn** samples, respectively. (reproduced with the
permission from ref. 37 and 94, copyright 2011, Optical Society of
America and Royal Society of Chemistry)
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0 observe that the CL emission intensities increase in direct

another promising red-emitting phosphors like Ca,GeOyEu® and ™ proportion to voltage and current of anodes without saturation.
CaTiO5:Pr’* also have potential application in FEDs due to high
color purity (Table 2).'% 164 22%230 Ty geperal, these trichromatic
phosphors have higher color purity than those of commercial
RGB phosphors, resulting in potential applications in full-color
FEDs. Developing phosphors with higher color purity than
commercial RGB FED phosphors is also a feasible strategy to
improve display quality.

The as-prepared BaZrSi;Oo:Eu?* has comparable emission
intensity than that of commercial blue phosphor (BAM) under the
same excitation condition. Eu**-activated BaSi,O,N, can also be
developed as cyan-emitting FED phosphor due to its excellent
so stability and high color purity (Fig. 17c and Table 3).** *° In
addition, Li et al. designed a highly pure cyan light emission by
mixing blue light (Ti**) and green light (Mn**) in Ti**, Mn**-
codoped Mg,SnO, system, as shown in Fig. 18a and 18b. The as-
prepared cyan-emitting phosphors have good stability under low
ss voltagelow voltage electron beam excitation. After continuous
electron beam excitation for an hour, it still keeps 92% of its
original intensity, with little change of their CIE chromaticity
coordinates.”” Therefore, it is promsing phosphor for use in FED.
Base on the second strategy, NaCaPQ,:Mn** shows bright yellow
emission under electron beam excitation with the CIE
chromaticity coordinate (0.428, 0.552), which has a higher color
purity than commercial yellow-emitting FED phosphor (Zn,
CdS):Ag*, as shown in the inset of Fig. 18c and 18d.** The

4

o

On the other hand, the colors observed by the human eye are

so those depicted in the whole 1931 Commission International

del’Eclairge (CIE) chromaticity diagram according to the
colorimetry theory. At a four-color system, if four points are
selected as red, yellow, green and blue (RYGB) or red, green,
cyan and blue (RGCB), they would surround a larger color gamut
than the three-color system.”’ 17, 94 Therefore, these four-color
systems will display more natural color than RGB system, and
thus better meet people's individual requirements. Moreover,
four-color system, has a higher “information density” (namely,

5.
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corresponding CL spectra all consist of a broad emission from
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Scheme 6 The schematic mechanisms of generation of white light via (a) co-emission (mono-/codoing RE** ions) and (b) energy transfer
(from hosts or RE ions to RE ions or Mn”* ions) in single-phase host. (c) A generation of white light through the complex of different
colors, Blue-Yellow (BY) or Red-Green-Blue (RGB). Colored straight lines with arrows represent different luminescence. The horizontal
braces with different colors represent different light emission and white stars represent white light by the complex of different light

emission.

electron beam bombardment, its CIE chromaticity coordinates
present a good stability. The luminance of NaCaPO,: 3 mol%
Mn?** phosphor screen increase with increasing the accelerating
voltage (V,) and current density (J,) and the luminance of 1510
cd/m? can be achieved when V, =7 kV and J, = 130 pA/cm2 (Fig.
17¢). Moreover, there is no obvious saturation effect for the CL
intensity of these phosphors with the increase of V, and J,. So the
as-prepared NaCaPO,: Mn?* phosphors have potential to be used
as yellow-emitting phosphor in four-color system (RGBY) FEDs
due to its good color purity and stability. Other yellow-emitting
LaGaO;:Sm>", ' ZnGeN,"”, LaAlO;:Sm*,'!
Ca,Gdg(Si0,)¢0,:Ce* /Mn***! demonstrate
chromaticity coordinates and stability (Table 3), which are also
potential RYGB system phosphors in FEDs devices. In general,
the development of highly pure RGB phosphors and appropriate
four-color system (cyan or yellow emitting phosphors) phosphors
can efficiently enlarge color gamut and improve color saturation,
and further to realize high-quality field emission display.

and

also excellent

4.2 Design of white light emission

It is well known that excellent white light emission can supply
excellent backlights in the display fields like LED, LCD, PDP
and FED, which has a positive effect on display quality.” ® In
recent years, there is an increasing focus on obtaining white light
emission in single-phase host due to some potential advantages in
luminous efficacy, chromatic stability, color-rending index and
cost against the mixing of two or three different phosphors.?*¢>%
Many excellent and tunable white light emitting materials for
FEDs can be obtained via designing co-emission (mono- or co-
doping RE®*" ions) and energy transfer (from hosts or RE ions to
RE ions or Mn>* ions) in single-phase hosts. The basic guiding
principle mainly involves in a complex of complementary
luminescence such as blue and yellow light, red, green and blue
light to obtain white light emission. A schematic illustration of
generation of white light via co-emission and energy transfer in
single-phase host is shown in Scheme 6. Due to abundant

70

10:

3

doping Tm*/Dy**, Tb*/Sm*, Tb**/Eu**, Tm*/Tb**/Eu** ions
etc., into single matrix (Scheme 6a). While white light emission
in energy transfer systems mainly result from the Ce**—Mn**

s (Blue-Yellow light complex) and Ce**—Tb**, Mn** (Red-Green-

Blue light complex) energy transfers, as shown in Scheme 6b.
The summary of luminescent properties for single-phase white-
emitting phosphors via co-emission and energy transfer under
low voltage electron beam excitation is shown in Table 4. It is
noticed that the energy can also be transferred to the lower energy
excited state among the RE ions, depending on the RE
concentration, energy and phonon energy.
Moreover, the more energy transfer occur among the RE ions, the
lower the luminescence efficiency. Therefore, it is important to
optimize RE ions doping concentrations and select suitable hosts.
The elaborate discussions are shown as follow.

transfers rates

(1) Singly doping RE* ions like Eu** or Dy™ into appropriate
single host.

The trivalent Eu®" ion is well-known as a red-emitting activator
due to its 5D0-7FJ transitions (J = 0, 1, 2, 3, 4, usually ranging
from 578 nm to 700 nm) based on 4f° configuration with the most
prominent °Dy-’F, emission group around 610-625 nm.** 7
Except for the main red emission, some other emission lines
located in blue-green region from higher °D levels, such as °D,

s (green), D, (green, blue), and °D; (blue) can also appear at the

low phonon frequencies of the host lattices and the low doping
concentration of Eu®" (Scheme 6a). That is attributed to the
avoidance of the multiphonon relaxation and cross relaxation
occurring among the energy levels of Eu*, respectively. If the
phonon energy (highest vibration frequency, vp,,) of the host
lattice is high enough to cause multiphonon relaxation, it will
quench the higher-level D 12,3 emission of Eu**. Moreover, if the
doping concentration of Eu®* is high, the 5D1’2’3 emission might
be quenched by cross-relaxation between two neighboring Eu®*
ions, such as Eu’* (°Dy) + Eu™* ('Fy) — Eu™* (D) + Eu™* ('Fy)
and Eu** (°Ds) + Ev** ("Ey) — Eu** (°D,) + Euv** ("F,) (Scheme
5a). So whether the emission can occur from higher excited states
Dy, °D,, and °Dj or not for Eu** ion depends critically upon the
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highest vibration frequencies (v,,) available in the host lattice
and the doping concentration of Eu®*. In other words, an
appropriate selection of the host lattice and doping concentration
of Eu™* is possible to yield simultaneously the red emission from
D, energy level and the blue and green emissions from the
higher 5D1’2’3 energy levels of Eu™ with comparable intensity,
thus generating a white light emission from Eu**-monodoped
materials. It has been proposed by Blasse and Grabmaier that the
radiative rate is approximately equal to the nonradiative rate if the
energy gap in the nonradiative transition amounts to 4-5 times
the maximum phonon frequency of the host lattices.>’ For Eu**-
doped Caln,Oy, the vy, of Caln,Oy4 is determined to be 475 em™
whereas the energy gaps for °D,—~°Dy, *D,—~°Dy, and *D;—°D,
of Eu** are 1571, 2563, and 2948 cm™', respectively.54 Thus, the
15 Vimax Of Caln,O,4 is low enough and the numbers of phonons
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Fig. 19 Emission spectrum of (a) CaIn204:xEu3+ (x = 0.008-0.06) and
(b) CaIn204:0.01Eu3+ under the excitation of electron beam. The inset
shows luminescent photograph with white light emission. (c) Typical
0 cathodoluminescence spectra of SrIn204:0.003Dy3+ with CIE
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chromaticity coordinates x = 0.3019 and y = 0.3291. (reproduced
with the permission from refs. 54, 70, 72, copyright 2007, The
Electrochemical Society, American Institute of Physics and American
Chemical Society)

needed to bridge these neighboring excited levels are 4 (°D,—
Dy), 5 (D, —~D)), and 6 (°D;—°D,), respectively. So it is
reasonable that all of the emissions from higher energy levels
D,_; of Eu* are present, apart from the lowest 5D, excited state
in Caln,O, host lattice. Under low voltage electron beam
excitation, the emission spectra of Caln,O,:xEu®* consists of all
the emission lines from the 5D0’1’2’3 excited states to the 'Fy
ground states of Eu*, ie., °Ds3-'F, (418 nm), °Ds-'F, (431 nm),
°D3-"F; (447 nm), °D-'F, (467 nm), °D,-'F, (492 nm), °D,-'F;
(512 nm), °D;-"F, (537 nm), °D;-'F, (555 nm), *Dy-'F; (588 nm),
Dy-"F, (616 nm), and *Dy-"F, (700 nm), as shown in Fig. 19a.
These emission lines of Eu®* cover the whole visible spectral
region and the relative intensities vary with the doping
concentration of Eu®" based on the cross relaxation effects. At
appropriate Eu**-doping concentration at x =0.01, the above
emission lines of Caln,O4:xEu’* have comparable intensities and
give a brilliant white light emission (Fig. 19b). Moreover, tunable
white light emission can be obtained by precisely controlling the
doping concentration of Eu®* ions, as shown in Table 4.
According to the same approach, LaInO5:Eu™, LaOF:Eu** and p-
NaYF,:Eu®* have been developed as single-phase white light
emitting cathodoluminescent materials (Table 4122, 167,240

It is known that the emission spectrum of Dy®* can be mainly
separated into two groups, the blue emission from 460 to 505 nm
and the yellow emission from 570 to 600 nm accompanied by a
group of weak lines in the red region from 650 to 700 nm based
in its 4/ configuration. These emissions correspond to the
transitions from *Foy, to ®H,s, °Hys, and °H,yp of Dy3+ (Scheme
6a), respectively.86 The yellow-emitting 4Fg-H 3/, transition is
hypersensitive transition, which is susceptible to the crystal
environment. However, the blue emission is basically invariant
with the surrounding environment. In composite oxides, the
covalency between Dy’* and O” has an important effect on the
ratio of yellow to blue emission. Generally, the bigger covalency,
the stronger yellow emission of Dy®" ion will be achieved.
Moreover, the covalency of Dy**-0% is different in different host
matrix due to the local variation of the symmetry and
coordination environment of crystal structure. Therefore, the ratio
of yellow to blue emission can be adjusted by doping into
different host lattice, resulting in a possible to obtain white-light
emission in Dy*-monodoped luminescence material. For
example, for SrIn,04:0.015Dy** phosphor, its CL spectrum (Fig.
19¢) is made up of the characteristic emission lines of Dy**, i.e.,
4F9/2-6H15/2, 491 nm and 4F9/2—6H15/2, 580 nm. It has a suitable
yellow-to-blue intensity ratio, and thus appear a white emission
of Dy** in SrIn,O, with CIE chromaticity coordinates x = 0.3019
and y = 0.3291. The Dy**-doped Caln,0,, LaGaOs; and Ga,O; are
also considered as excellent single-phase white emitting FEDs
phosphors with tunable chromaticity coordinates in white light
shown in Table 4. Moreover,
cathodoluminescent  performance is observed by host
sensitization effect in the above mentioned Dy**-doped
phosphors.

region, as an enhanced
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(2) Co-doping different RE** ions such as Tm**/Dy’*, Tb**/Sm™,
Tb**/Eu’**, Tm**/Tb**/Eu’" etc., into single matrix.

Due to the abundant energy levels in 4f orbits of RE* ions

3 . .
such as Tm**, Dy**, Tb*, Sm*", Eu** ions, they produce various
s luminescence colors covering the whole visible light region.’!

Table 4 Summary of luminescent properties for single-phase white-emitting phosphors via co-emission and energy transfer systems under low

voltage electron beam excitation.

Phosphor

Emission peaks (nm)/Transitions/Colors

CIE (x,y) Refs.

Monodoping Eu** or Dy** systems
Caln,Oy: 0.5%Eu™

Caln,O4: 1%Eu®*

Caln,Oy: 1.5%Eu™

LaInOs: 0.5%Eu™*

LaOF: 0.2%Eu’*

Caln,Oy: 1.5%Dy**

SrIn,04: 1.5%Dy**

LaGaOs: 1.5%Dy’*

Ga,05: 3%Dy**

Co-doping Tm™/Dy**, Tb*/Sm™, Tb**/Eu™*, Tm*"/Tb**/Eu** systems
LaOCl: Tm™, Dy** 458/'D,-’F4 (Tm>"), blue;

(J=0,1,2,3;1'=0,1,2,3,4)

all the emissions from Eu**: SDJ— 7Fy1
5D() _F 'y, orange-red; 5D1—7F 7, green
5D2—7F v, green-blue; 5D3—7F 'y, blue

493, 582/*Fo/2 to *Hysp, blue; *Hyspn,yellow
491, 580/*Foy2 to ®Hysp, blue; *Hyspn,yellow
480, 572/*Foyato *Hysp, blue; *Hysp,yellow
492, 580/*Foy2 to *Hysp, blue; *Hyspn,yellow

(0.290, 0.310) 54
(0.324, 0.323)

(0.358, 0.345)

(0.369,0.404) 167
(0.291,0.340) 123
(0.226, 0.250) 71
(0.302, 0.329) 72
(0.343,0.392) 113
(0.299, 0.333) 66

(0318, 0.329) 36

480, 571/4F9/2 to 6H15/2, 6H13/2 (Dy3+), yellow

LaOCI: Tb**, Sm™

384, 417, 438, 486, 543/°Ds 4- Fo., (Tb*"), bluish green;

(0341,0321) o

565, 607, 650/*Gsp-*Hs, 7. o2 (S, orange

LaGaOs: Tb™, Sm**

414, 437/°Ds-"Fs 4; 414, 437/°Dy4-"Fs (Tb™*), bluish green

(0341,0334) 14

561, 597, 642/*Gsp-*Hspa, °Hapo, *Hop (Sm™), yellow

LaOCI: Tb**, Eu**

416, 438, 543, 486/°Ds 4- Fo4 (Tb™"), bluish green;

(0354,0344) 5

577, 594, 615/°Dy-"Fo.1.2 (Eu™), red;

LaOCI: Tb*, Eu**, Tm**

416, 438, 543, 486/°Ds 4-'Fe4 (Tb*"), bluish green;

(0.291,0.312) I5

577, 594, 615/°Dy-"Fy,1 2 (Eu"), red;

458/'Dy-’Fy (Tm™), blue
Ce**—>Mn*, EBu**-Mn*"and Ce**—Tb*, Mn®" energy transfer systems
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425, 455/5d'-4f' (Ce™) blue; 613/°T;-°A; (Mn*") red; 544/°D,-"Fs (Tb*"), green

2

25

Mg, Yg(Si04)60,:Ce™ Mn** Tb* (0332, 0.337) 229
CayY(Si04)s0:Ce*, Mn**, Tb>* 423/5d'-4f' (Ce™) blue; 614/°T|-°A, (Mn**) red; 543/°D,-"Fs (Tb>), green (0328, 0.331) 230
Cas(PO4);Si04:Ce™, Mn™, Tb™, 416/5d"-4f' (Ce™) blue; 618/°T;-°A; (Mn*") red; 544/°D,-"Fs (Tb™), green (0.331,0343) 259
CayMgNa(PO,)7:Ce™, Mn™, Tb™, 376/5d"-4f' (Ce™) blue; 625/°T;-°A; (Mn”*) red; 547/°Dy4-"Fs (Tb™), green (0.319,0.327) 260
Ca,Cag(Si04)60,:Ce**, Mn** 403, 428/5d'-4f' (Ce™) blue; 590/°T;-°A; (Mn**) yellow (0.342,0.318) 231
Ca;Gdy(PO4)(Si09)s02:Ce™ Mn** 400/5d'-4f' (Ce**) blue; 575/'T1-°A; (Mn**) red (0.322,0.326) 261
St3In(PO4):Ce™, Mn** 375/5d"-4f (Ce*) blue; 568/*T1-°A; (Mn>*) yellow (0.331,0.319) 262
CasSe;Sis0p:Ce™, Mn™* 450, 505/5d"-4f' (Ce™) blue to green: 574, 680/ A, (Mn>) red 263
CaySi,OsFy:Eu™, Mn* 463/5d'-4f (Eu**) blue to green; 576/*T1-°A; (Mn>*) orange-red (0.351,0.332) 264
CagY (POy)7:Eu’, Mn* 486/5d"-4f (Eu**) blue to green; 638/°T;-°A; (Mn>") red (0.310,0330) 265
CayGd(PO4);:Eu**, Mn** 494/5d"-4f (Eu**) blue to green; 652/°T;-°A; (Mn?") red (0.326,0.328) 266
Nao 34Cao6Al166Si23405:Eu”,Mn** 440/5d"-4f (Eu**) blue to green; 570/°T;-°A; (Mn?") yellow 0.333,0317) 267
BaMg,A6SigOz0:Eu’*, Mn®, Tb*™ 376, 450/5d'-4f" (Eu”*) blue to green; 610/'T;-°A; (Mn**) red; 545/°D,-"F5(Tb*") green  (0.310, 0.330) 268

Tm™ ion mainly emits blue light around 458 nm due to 'D,-°F,
transition. Dy>* ion usually exhibits two main emissions in the
visible region: one in the blue region (470-500 nm) and one in
the yellow region (570-600 nm), which originate from
4Fg/2—>6H13/2 and 4Fg/2—>6H15/2 transitions of Dy3+ ions,
respectively. The emission of Eu®* ion mainly appears in red
region with the maximum between 610 nm and 625 nm due to
Dy-"F, emission. The emission of Sm>* is situated in the orange
spectral region and consists of transitions from the excited *Gs,
level to the ground state ®Hs, and higher levels °H; (J > 5/2). Tb*
ion has a low-energy ground state ’F; (J=6, ...0) and excited states
°D; and °D,. Generally, with a low doping concentration of Tb>*
in host matrix, the transitions of *Dj to 7Fj dominate and produce
the blue emissions. As Tb>* concentration increases, the cross
relaxation from °D; to D, occurs owing to the interaction

between Tb** ions, which enhances the transitions of *D, to 7Fj
with a green emission. Although these RE** ions generally are
used as single activator in single host, they also generate highly

30
efficient luminescence when coexisting in single matrix.
Accordingly, many RE™ ions co-doped single-phase phosphor
systems were designed to realize white light emission, for
examples, Tm™*/Dy™, Tb**/Sm*, Tb*/Eu*, Tm*"/Tb**/Eu**

35 systems, as shown in Table 4. Fig. 20 exhibits the CL spectra and
corresponding luminescent photographs of codoping phosphor
systems. Under electron beam excitation, LaOCL:Tm®" and
LaOCL:Dy*" emit blue light (458 nm, 'D,-’F,) and yellow light
(571 nm, *Fgp-Hysn), respectively. When codoping Tm®** and

w0 Dy** ions into LaOCI host, it simultaneously gives blue and
yellow emission with comparable, which results in a white light
emission (CIE coordinates, x = 0.318, y = 0.329) by the complex
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of blue and yellow lights (Fig. 20a and Table 4). For Tb*>*/Sm™*-
codoped LaGaO;, the white emission is realized by the complex
of red, green and blue components. The red component comes
from the characteristic transitions of Sm® (561, 597, 642
s nm/*Gsp-Hs)o, *Hyp, ®Heypo), while the green and blue components
result from the mixing emissions of 414, 437 nm/5D3—7F5’4; 414,
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Fig. 20 The CL spectra and corresponding luminescence photographs

of RE* co-doped phosphor systems. (a) LaOCl: Tm**, Dy, (b)
o LaGaOs: Tb™, Sm*, (¢) LaOCI: Tb**, Eu** and LaOCI: Tb**, Eu**,
Tm™. (d) The cathodoluminescent colors of LaOCl: Tb™, Eu**, Tm**
phosphor systems. Arrow A, B, C and D represent the co-doping of
EwTb (high Tb* EwTb (moderate Tb**
concentration), Eu/Tm and Tm/Sm in the LaOCI host, respectively.
(reproduced with the permission from refs. 14, 15 and 86, copyright
2008, 2009, 2010, Wiley and Royal Society of Chemistry)

concentration),

S

437 nm/°D,-"Fs at a moderate Tb>* doping concentration (Fig.
20b and Table 4). Based on the same complex method,
LaOCLTb™/Eu™, LaOCLTb**/Sm™, LaOCLTb*/Eu’/Tm™
phosphor system also obtained excellent white light emission
(Fig. 20c and Table 4). Fig. 20d intuitively shows the adjustment
of emission colors in LaOCLTb™/Eu*/Tm® systems via
precisely controlling the doping contents of RE®* ions.
Consequently, the CIE chromaticity coordinates and luminescent
efficiencies of white light emission in co-doped systems can be
optimized through appropriate selection of various RE**-doping
contents. These advantages make RE**-codoped single-phase
white light emission have potential application as backlights in
FEDs devices.

&

S

(3) Designing energy transfers from host or RE ions to RE ions or
Mn?** ions to in single host.

It is well-known that energy transfer plays an important role in
the optical properties of luminescent materials both from
theoretical and practical points of view, because it can not only
enhance the luminescent efficiency but also tune the luminescent
color in the single-phase host.”*' The Ce** with the 4f'

)

90

95

100

S

10:

>

110

115

120

configuration in solids shows efficient broad band luminescence
due to the 4f-5d parity allowed electric dipole transition.”** The
Ce** ion has a larger stokes shift than those of the other rare earth
ions, because of the extended radial wave functions of the 5d
state. Furthermore, the Ce* ion can also act as an efficient
sensitizer by transferring a better part of its excitation energy to
coactivators.”*® The transition metal ion Mn?* can give a broad
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Fig. 21 The CL spectra and corresponding luminescence photographs
of energy transfer phosphor systems: (a) CazCag(SiO4)602:Ce3+, Mn**
(b) Mg, Ys(Si04)s02:Ce® Mn>, Tb™. (¢c) The cathodoluminescent
photographs of Mg, Yg(Si04)502:Ce™ Mn**, Tb* with different Ce*,
Mn”, Tb**-doping concentrations. (d) The emission spectra of
CaMoOy: x mol% Eu** with the x values. Arrow A, B, C and D
represent the co-doping of Eu/Tb (high Tb™ concentration), Eu/Tb
(moderate Tb** concentration), Eu/Tm and Tm/Sm in the LaOCl host,
respectively. (reproduced with the permission from refs. 144, 229 and
231, copyright 2009, 2011, American Chemical Society and Royal
Society of Chemistry)

band emission in the visible range owing to the d—d transition,
and the emission color of Mn** can vary from green to red
depending on the crystal field.*> Because the d—d transition of
Mn?* is forbidden and difficult to pump, the emission of Mn>*
ions is generally excited by energy transfer from the host or the
sensitizer. Caldifio et al. reported the spectral overlap between
5d'—4f' Ce** emission and °A,—*T, Mn** absorption.*** So far,
the Ce™—Mn?>* energy transfers have been reported in many
inorganic hosts, such as ﬂuoﬂdes,245’ 246 phosphates,247 and
borates,>*® and the correspongding mechanisms have been
extensively investigated. In these systems, there is a common
feature that Ce™ and Mn”* ions simultaneously substitute one or
two lattice sites and the Ce** ions serve as effective sensitizer
ions for Mn**, transferring the energy from the 5D level of the
Ce** to the 4G level of the Mn®* by a process of resonance
transfer via a spin exchange mechanism, which not only help
Mn?* ions to emit efficiently but also tune their emission colors
from blue to yellow or orange/red, acrossing the whole white
light region, as shown Scheme 5b and Table 4. Generally, there
are main two aspects responsible for the resonant energy-transfer
mechanism: one is exchange interaction and the other is
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multipolar interaction.”® Tt is known that if energy transfer results

from the exchange interaction, the critical distance between the

sensitizer and activator should be shorter than 4 A.*** The critical

distance Rc for energy transfer from the Ce™ to Mn”* ions can

firstly be calculated using the concentration quenching method.

According to Blasse,”' the critical distance R¢ can be expressed
£1%

by
1/3
R.=2|——| @
¢ {47[XCN} @

where N is the number of available sites for the dopant in the unit
cell, X is the total concentration of Ce** and Mn”*, and V is the
volume of the unit cell. The radiative emission from Ce** prevails
when Rc,am > Rc and energy transfer from Ce* to Mn?*
dominates when Ry, < Re. If the R value is much longer than
4 A, it indicates little possibility of energy transfer via the
exchange interaction mechanism. Thus, the energy transfer
between the Ce®* and Mn®* ions mainly takes place via electric
multipolar interactions. On the basis of Dexter’s energy-transfer
expressions of multipolar interaction and Reisfeld’s

. . . . . 5
approximation, the following relation can be given:**" 24252

Nso o c?3)

UN
where 775y and 7, are the luminescence quantum efficiency of Ce**
in the absence and presence of Mn”*; C is the sum of the content
of Ce** and Mn?*. The 7y/5 can be approximately calculated by
the ratio of related luminescence intensities as>> **

1
ﬂ(ﬁ Cn/3 (4)

IS

The n value can be obtained by observing the linear relationship
of Is/Is - C" plots and n = 6, 8, and 10 corresponds to dipole-
dipole, dipole-quadrupole, and  quadrupole-quadrupole
interactions, respectively. Under normal conditions, energy
transfer from Ce** to Mn** is through the dipole—quadrupole
interaction in most of the host materials.”*® The energy transfer
probability Pg, (in s™) from Ce®* to Mn** for dipole-quadrupole
interaction is given by the following formula:*>

£, (FE)E, (EME
8 E*

s

where fy is the oscillator strength of the involved absorption
transition of the acceptor (Mn?"), Js (in A) is the wavelength
position of the sensitizer’s (Ce**) emission, 75 is the radiative
decay time of the sensitizer (in seconds), R is the sensitizer—
acceptor average distance (in A), E is the energy involved in the
transfer (in eV), and IF. (E)FA(EYE'dE represents the spectral
overlap between the normalized shapes of the Ce®* emission
F(E) and the Mn** excitation FA(E). The critical distance (Rc) of
energy transfer from the Ce® to Mn** is further defined as the
distance for which the probability of transfer equals the
probability of radiative emission of donor, the distance for which

P2, =3.024x10" 3)

T

PDQTS = 1. Hence, R can be obtained from eqn 1 as?
F,(E)F, (E)dE
R =3.024x10" A5 f, j % ©)

The oscillator strength of the Mn>* electric quadrupole transition
(fy) is about 107'°. So the critical distance Rc of energy transfer
can be calculated by the spectra overlap method. If this result is
in good agreement with that obtained using the concentration
quenching method, which further reveals that the mechanism of

-
S
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105

110

energy transfer from the Ce®™ to Mn** ions is mainly due to a
dipole-quadrupole interaction. On the other hand, the trivalent
Tb* are generally used as an green emitting activator, whose
emission is mainly due to transitions of *D;—'F; in the blue
region and 5D4*7FJ in the green region (J = 6, 5, 4, 3, 2)
depending on its doping concentration.'” ** Ce** ion can also
efficiently transfer energy to Tb>* ions in single host, and the
Ce**—Tb* energy transfer has been extensively reported.>” >
Furthermore, a single-phase white-light-emitting phosphor
utilizing energy transfer can avoid the reabsorption for blue or
UV light by the red-/green emitting phosphors and the mixing of
RGB phosphors. Consequently, it can enhance the luminescence
efficiency and color reproducibility of the white light source and
reduce manufacturing costs. Some research groups
demonstrated the above situation in many Ce**-Mn** (blue-
yellow) or Ce**-Mn**-Tb* (blue-red-green) codoped systems
such as Mg, Y(Si04)0,,%% Ca,Y4(Si04)60,2°
Ca,Cag(Si04)60,,7"  Cas(PO,),Si0,,>°  CagMgNa(PO,);, >
Ca3Gds(PO4)(Si04)50,,"  Sr3In(P0O,)3,*”  Ca3ScySiz0;:Ce™,
Mn**?®* and so on (Table 4). For example, there is an efficient
energy transfer from Ce™ to Mn®* in Ca,Cag(Si0,)0,:Ce*,
Mn?* phosphor, and the energy transfer mechanism of Ce**—

have

s Mn** pair is dominated by an electric dipole-dipole interaction.

This phosphor simultaneously emits blue light of Ce* ions (428
nm) and yellow light of Mn* ions (490 nm) (Fig. 21a),
respectively. By changing the relative doping concentration of
Ce®* and Mn?*, the ratio of blue to yellow is controllable and thus
obtains an excellent white light emission (Fig. 21a) with CIE
coordinates (0.342, 0.318). For Ce>*-Mn**-Tb**-codoped systems,
there simultaneously exist two energy transfer processes of Ce**
—Mn** and Ce**—Tb**, which emit red light and green light,
respectively (Fig. 21b). Because these energy transfer processes

s can be controlled via tuning the relative doping concentrations of

Ce**, Tb** and Mn?* ions. Therefore, the relative emission
intensities of blue, green and red light can be adjusted in single-
phase phosphor, resulting in the controllable white light emission
(Fig. 21c). In summary, by designing efficient energy transfer
process Ce**—Mn** or Ce**—Mn**, Tb** in single host lattices,
white light tunable chromaticity
coordinates and high efficiency can be obtained, which is
promising in field emission display backlights. Except for the
above energy transfer processes, other energy transfer routes like

excellent emission with

s from Eu®* to Mn*/Tb** such as Ca,Si,O;F,:Eu®* Mn2* 2%

CayY(PO,);:Eu** Mn***® CayGd(PO,);:Eu’*,Mn**,*%
Na0A34CaO_66All_66Si2A3403:Eu2+,Mn2+267 and BaMg2A16SigO30:Eu2+,
Mn*, Tb>*?® from host or self-activated luminescent center to
RE™ ions such as Ga,05:Dy*** and CaMoO4:Eu**'** (Fig. 21d)
also can gain excellent white light emission, as shown in Table 4.

5. Improvement of
degradation behavior

electron-stimulated

It is known that most phosphors will degrade upon exposure to
large doses of electrons (>50 C/em?). The luminescent
degradation property of phosphors under electron beam
bombardment is very important for their FED application. The
origin of this degradation is now becoming clear, which is
generally considered to be related to the stability of crystal
structures and electron stimulated surface chemical reaction of
phosphor grains.”” % 2 Because prolonged electron beam
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irradiation commonly can decompose phosphors into volatile
atomic species through the surface chemical reaction and then a
possible formation of new layers on the surface. While the
decomposition and hence the formation of the new layers has
s negative effects on both the chemical stability and luminescent
intensity of the FED phosphors. To prevent the phosphors from
decomposition, two strategies can be employed: first, selecting
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Fig.22 (a) Normalized luminance decay of LU3Ga5012:Tb3+ phosphor
mixed with and without In,O; nanoparticles as a function of
bombardment time. (b) TEM cross-sectional micrographs of 1.0 wt %
45 SiO,-coated ZnS:Cu phosphors. (c) Normalized CL intensity at 2 kV
of 1.0 wt % SiO,-coated and uncoated ZnS:Cu phosphors as a
function of time. (reproduced with the permission from refs. 67 and
276, copyright 2010, American Vacuum Society and The
Electrochemical Society)
50
hosts with excellent chemical stability under electron beam
irradiation; second, coating Al,Os, In,O3, Y,05, ZnO, SiO,, MgO,
and organic polymers on phosphor surface.?’' The formers require
stable crystal phases and crystal structures for phosphors, which
ss can endure continuous electron beam irradiation. For example,
the rare earth ions activated semiconductor materials and
(oxo)nitridosilicates are possible selections.> '* %> 2”2 The use of
coatings can also yield excellent stability to the phosphors when
exposed to moisture and other atmospheric components, and to
60 protect phosphors from irradiation damage. For example, Xu et
al.”” investigated the degradation properties after mixing the
representative Lu;GasO,: Tb>* phosphor  with In,04
nanoparticles. Fig. 22a shows that the degradation of the
phosphor film becomes slow after being mixed with In,Os.
6s Moreover, is become slower with increasing In,O; contents. The

decay is partially due to the charge-up of the phosphor. The
improvement of the conductivity of Lu;GasO;,:Tb** phosphor
film by mixing with In,Oj; eases the charge-up effect and thus the
slower decay can be observed. After stopping bombardment for a

70 while, however, the luminance could not restore to the initial
value, indicating besides the charge-up effect, permanent damage
to the phosphor occurs. According to the X-ray photoelectron
spectroscopy analyses, they found that
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Fig. 23 (Color online) Auger peak to peak heights (APPH) and
CL intensity (right scale) as a function of electron beam exposure

125 for the LiAlsOg:Tb phosphor at (a) 1x107° Torr, (b) 1x10~" Torr,
and (¢) 1x107® Torr O? pressure. (reproduced with the permission
from ref. 269, copyright 2011, American Institute of Physics)

no obvious change was observed for Lu 3d, Ga 2p, and Tb 3d
130 peaks. However the intensity of carbon 1s peak increased
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significantly after bombardment. Therefore, the degradation of
luminance may be due to the accumulation of carbon at the
surface during electron bombardment. Accretion of graphitic
carbon during electron-beam exposure at high current densities is
a well-known effect.”’* *™* This carbon contamination will
prevent low-energy electrons from reaching the phosphor grains
and also exacerbate surface charging, and thus lower the
luminance.?” Although the short time experiment indicates that
the stability of the phosphor is good, further experiments are
needed to verify the long term stability of In,Os-coated
Lu;Gas0,,: Tb** phosphor. Other In,03-coated FEDs phosphors
also confront the same problem and need to be overcome. In
addition to the mixing with semiconductive materials, Do et al.
confirmed that coating SiO, on phosphor surface can also
efficiently improve their electron-stimulated stability.’® Fig. 22b
shown the formation of thin and uniform coatings on ZnS:Cu
powders with a thickness of 5 nm. They founded that the SiO,-
coated phosphors were far more resistant to the loss of S species
and to the formation of oxide dead layer. The CL aging study
(Fig. 22¢) showed much improved CL efficiency curves for the
coated phosphors, confirming that the encapsulation of thin and
uniform SiO, coatings on ZnS:Cu served as protective layers
retarding the surface-related degradation, which is critically
important for the development of commercial FEDs. On the other
hand, the surface protective species need not necessarily be
always externally applied, they can also originate from electron
stimulated surface chemical reaction.® This is attributed to
surface disassociates partially of a phosphor compound. Pitale et
al. found that a thermodynamically stable Al,O; layer could be

s formed on the surface of lithium aluminate family like

LiAl5O4:Tb as a result of the electron stimulated surface chemical
reactions.”®® 2”7 Moreover, it generates a positive contribution to
the CL stability of the LiAlsOg:Tb phosphor, as shown in Fig.
23.%° The time stability of the LiAlsOg:Tb phosphor under
prolonged electron beam exposure suggests that it can be used in
information displays.”® Therefore, it is necessary to develop
phosphors from this family whose partial decomposition can form
a protective layer such as Al,O5 during electron beam exposure to
enhance the chemical stability without affecting the original
properties of the phosphor itself. In general, the stable crystal
structures and the surface protective species indeed can enhance
the time stability of phosphors under electron beam irradiation to
some extent. It is noticed that although the improvement can
simply attributed to electron stimulated surface chemical reaction,
the more exact degradation mechanism is not clear and need to be
further studied.

6. Summary and Outlook

Field emission displays (FEDs) is a promising newcomer to the
world of panel technologies due to their advantages in high-
quality display performances and low energy consumption with
respect to other display devices. Phosphors are irreplaceable
components in FEDs devices and thus the development of FEDs
inevitably requires the appearance of highly efficient low voltage
cathodoluminescent materials. In the past decade, the exploring
of highly efficient FEDs phosphors has been becoming the focus
of realizing high-quality field emission display. In this review, we
have discussed the importance of FEDs phosphors and the recent
progress in chemical synthesis and improvement of existing and
new phosphors including rare-earth and transition metal ions
activated  inorganic  solid-state = luminescent  materials,
semiconductor-based luminescence materials, self-activated
luminescent materials etc. We have also outlined the common
strategies for the modifications and optimizations in morphology,
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size, composition, conductivity of phosphors and corresponding
effects on their cathodoluminescent properties. Special emphases
are mainly focused on the studies of selection of hosts and
luminescent centers, enhancement of efficiency through energy
transfer, adjustment and design of emission colors, improvement
of color index and color gamut as well as color stability and
degradation behavior of phosphors. Based on the above
modifications and optimizations, the cathodoluminescent
performances like emission intensity, brightness, color purity and
saturation behavior can be obviously improved. Simultaneously,
conductivity and degradation behaviors of phosphors are also
Therefore, the improved low-voltage
cathodoluminescent materials have potential application in full-
color FEDs. In addition, single-phase white light emitting FEDs
phosphors with excellent emission properties and tunable CIE
chromaticity coordinates have also been developed through
designing co-emission and energy transfer between hosts or RE
ions and RE ions or Mn?* ions, which are promising backlights in
FEDs devices.

Although substantial and rapid progress has been made in the
synthesis, properties, and applications of FEDs phosphors in the

s recent years, developing better synthetic routes to further improve

their luminescent performances and more detailed fundamental
studies of luminescent properties and mechanisms have a level of
urgency, thus there still remains much room for improvement in
the future. First, despite the fact that the cathodoluminescent
performances of FEDs phosphors can be improved by optimizing
their morphology, size, surface state and crystallization, further
and detailed investigations are still required to exactly explore
how the effect happen, and to develop better synthesis routes for
highly efficient cathodoluminescent material. Secondly, as the
cathodoluminescent properties of phosphors are strongly related
to the electrical conductivity of their matrix, how to make the
matrix maintain a proper electrical conductivity is also a difficult
issue to be addressed. Thirdly, although some possible
degradation processes under electron beam bombardment have
been depicted by many researchers, exact degradation mechanism
should be further investigated in order to develop highly efficient
FEDs phosphors with better stability. Fourthly, to move forward,
researchers with various backgrounds like electronic technology
and process optimization may be needed to develop multicolor-
system display units and color-gamut enlarged phosphors to
improve the color saturation of FEDs devices. Finally, the
methods through solely doping or multi- doping to obtain white
light in a single-phase host material have a good controllability of
emission colors, while the luminous efficiency and intensity are
lower. Therefore, numerous efforts need be made to further
develop the single-phase white-emitting luminescence materials
based on the energy transfer from sensitizer to activator to
contain the advantages of a controllability of emission colors and
high luminous efficiency. In addition, processes and methods for
preparing phosphor thin films and screen should be optimized to
further enhance their cathodoluminescent performances in FEDs
device. From a long-term point of view, some emerging
phosphors like defect-related environment-friendly phosphors
that have high luminous efficiency should be actively explored to
open the door to novel display applications. From the point of
view of devices, the development of highly efficient low voltage
cathodoluminescent materials might not only promote their
application in daily display fields but also offer possibilities for
FEDs devices incorporation in exploration, expedition, aviation,
marine and military fields due to the perfect adaptation of some
extremely harsh environment such as very cold or hot conditions.
In summary, a large amount of newer improvement methods and
novel low voltage cathodoluminescent materials are still in the
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research stage. There is a long way in achieving the high-quality
field emission display, and thus need more efforts to pay attention
to it.
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