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Abstract

Rare-earth activated oxide phosphors have application in high energy photoluminescent (plasma panels) and cathodoluminescent (field
emission devices) flat panel displays. These phosphors are composed of a highly insulating host lattice with fluorescence arising from the
3d— 3d, 5d— 4f or 4f — 4f transitions in transition metal or rare earth ions. Fabrication of complex host compositiBit,YY 3Al 5015,

Y ,0,, and BaMgAl 4O, along with controlled amounts of the activators {GMn?", Ce**, EL?", Eu**, Tb®", Tm*®") represent a challenge

to the materials synthesis community. High purity, compositionally uniform, single phase, small and uniform particle size powders are
required for high resolution and high luminous efficiency in the new flat panel display developments. This paper will review the synthesis
techniques and present physical and luminescent data on the resulting matdi@B9 Published by Elsevier Science B.V. All rights
reserved.

1. Introduction reduction in luminous efficiency of the display over time
because of radiation damage induced in the material [2].

The visible-light-generating components of emissive, full  Another requirement is on the particle size distribution:
color, flat panel displays are called phosphors. Phosphorsthere is a maximum and minimum particle size limitation to
are composed of an inert host lattice and an optically excitedthe powders. For FED applications, about five particle
activator, typically a 3d or 4f electron metal. For application layers are required to achieve optimal light output [3].
in the emerging full color, flat panel display industry, ther- Large particles ¢ 8 um) require thicker layers, increasing
mally stable, high luminous efficiency, radiation resistant, the phosphor cost and also producing more light scattering.
fine particle size powders are required. The demands of Additionally the pixel pitch (¢ 250 um) places a maximum
these newer technologies have produced a search for newon particle size [4]. Alternatively, it was found that small
materials and synthesis techniques to improve the perfor-particles (< 0.2 wm) do not have high luminous efficiency
mance of phosphors. arising from grain boundary effects [5]. The activator ion in

Oxide phosphors were found to be optimal for field emis- the crystal is most efficient when located in the bulk material
sion display (FED) and plasma panel display (PDP) devices. in a regular crystal field. Activators located on the surface or
Compared with a cathode ray tube, an FED operates withon the grain boundaries are thought to be non-luminescent
lower energy (3—10 keV) but higher current density (1 mA/ or even luminescence quenching regions.
cm?) beams impinging on the phosphors. This requires more  For full color displays, three phosphor compositions
luminous efficient and thermally stable materials. Luminous are necessary to emit in the red (611-650 nm), green
efficiency is defined as the ratio of the energy out (lumens) (530-580 nm) and blue (420-450 nm) regions of the
to the input energy. Outgassing from the highly efficient visible spectrum. Some oxide based phosphors used in
sulfide based phosphors has been shown to degrade th&EDs are the red-emitting (Y,Eu,),Os, the green-emitting
cathode tips of the field emitter array and cause irreversible (Y 1_,Th,);Als0;, and the blue-emitting (Y ,Ceg),SIiOs [6].
damage [1]. For PDPs, high energy photons (147 nm, For some PDPs the red-emitting component is (¥u,),0s3,
8.5 eV) impinge on the phosphor powders and cause athe green-emitting is Zn,Mn,Si,Os and the blue-emitting

is (Ba,_xEu)MgAl 4017 [7]. Sulfide phosphors are also used
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Table 1 The combustion reaction is initiated in a muffle furnace or
Phosphor compositions obtained by combustion synthesis on a hot plate at temperatures of 800r less; much lower
Color Composition Peak wavelength (nm) than the phase transition of the target material. In a typical
reaction, the precursor mixture of water, metal nitrates, and
Red-emitting (¥-xEU)20s 611 fuel decomposes, dehydrates, and ruptures into a flame after
(Y1EU)AIO2 590 about 3—-5min. The resultant product is a voluminous,
Green emitting (Y-«Tb)3Als01, 545 foamy powder which occupies the entire volume of the
Blue emitting (Ba EUIMGAl 107 450 reaction vessel. The chemical energy released from the
(Bay_,EU)MgAI;Os6 450 exothermic reaction between the metal nitrates and
ZnGa0, 400 fuel can rapidly heat the system to high temperatures
(Y1-xTM)sAls012 460-470 (> 1600C) without an external heat source. Combustion

(Y1-,C€);SiI0s 395, 423 synthesized powders are generally more homogeneous,

have fewer impurities, and have higher surface areas than
2. Phosphor synthesis techniques powders prepared by conventional solid-state methods [28].
The mechanism of the combustion reaction is quite
Synthesis of oxide phosphors has been achieved by a varietycomplex. The parameters that influence the reaction
of routes: solid-state reactions [8,9], sol-gel techniques include: type of fuel, fuel to oxidizer ratio, use of excess
[10], hydroxide precipitation [11], hydrothermal synthesis oOxidizer, ignition temperature, and water content of the
[12,13] and combustion synthesis [14—17]. Solid-state reac- precursor mixture. In general, a good fuel should react
tions are performed at high temperatures, typically around non-violently, produce non-toxic gases, and act as a
1600°C, because of the refractory nature of the oxide precur- complexant for metal cations [28]. Complexes increase
sors. For multielement compositions, an incomplete reac- the solubility of metal cations, thereby preventing preferen-
tion is often obtained with undesirable precursor products tial crystallization as the water in the precursor solution
present in the final product. This technique requires severalevaporates [29]. The adiabatic flame temperatTse of
heating and grinding steps in order to achieve well-reacted, the reaction is influenced by the type of fuel, fuel to oxidizer
small particle size phosphors. For sol—gel and hydroxide ratio, and the amount of water remaining in the precursor
precipitation methods, dilute solutions of metallorganics solution at the ignition temperature [27]. The flame
or metal salts are reacted and condensed into an amorphoutemperature can be increased with the addition of excess
or weakly crystalline mass. The advantage of these methodsoxidizer such as ammonium nitrate [28], or by increasing
is that atomically mixed powders are obtained in the as- the fuel/oxidizer molar ratio. The following equation can be
synthesized condition and problems associated with incom-used to approximate the adiabatic flame temperature for a
plete reactions are avoided. However, these as-synthesizeg¢ombustion reaction:
materials must also be heat treated to high temperatures to AH, — AH
crystallize the desired phase and to achieve particle sizesT; = Tp + ——F (€]
greater than 0.2m. Hydrothermal synthesis is a low &
temperature and high pressure decomposition techniquewhere AH, and AH, are the enthalpies of formation of the
that produces fine, well-crystallized powders [13]. These reactants and products, respectivelyis the heat capacity
powders must also be heat treated to high temperature toof products at constant pressure, ads 298 K. Measured
extract the maximum luminous efficiency. Combustion flame temperatures are typically lower than calculated
synthesis is a novel technique that has been applied tovalues of flame temperature as a result of heat loss. Table 1
phosphor synthesis in the past few years. This techniquelists the various phosphor compositions that were synthe-
produces highly crystalline powders in the as-synthesized sized by combustion synthesis.
state and will be described in more detail in Section 3. An example of a stochiometric combustion reaction of
yttrium, aluminum and terbium nitrate with carbohydrazide
to form (Y1_,Thy)3Als0y5 is:

(1 — X)Y(NOs)3 + 5AI(NO3)s + 3XTh(NO3)s

3. Combustion synthesis of oxide phosphors

Combustion synthesis involves the exothermic reaction
between metal nitrates and a fuel. Combustion synthesis is
an important powder processing technique generally usedto 15CO, + 45H,0. 2)
produce complex oxide ceramics such as aluminates [18—

21], ferrites [22—25], and chromites [26,27]. The process When complete combustion occurs, the only gaseous
involves the exothermic reaction of an oxidizer such as products obtained are ,NCO,, and HO, making this an

metal nitrates, ammonium nitrate, and ammonium perchlo- environmentally clean processing technique. The generation
rate [28], and an organic fuel, typically urea (§HO), of gaseous products increases the surface area of the
carbohydrazide (CKN4O), or glycine (GHsNO,). powders by creating micro- and nanoporous regions. For

+ 15CHN,O — (Y1 Th)3Als055 + 42N,
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Table 2 4000 . — ——
Number of moles of gas produced for different fuels per mole of metal S?ergohydramde 1
sesquioxide formed 3500 ': Glycine 1825°C —j
>
Fuel Reaction No of moles of "o;; 3000 - . *
gas produced c - 1780° 1
S 2500 | E
Glycine 2M(NQ); + 10/3GHsNO, — M,0; 19.7 R : ]
+ 20/3CQ + 25/3H,0 + 14/3N, ) r 1210°C
Urea 2M(NQ); + 5CHN,O — M,0; + 23.0 2 1500 |
5CO, + 10H,O + 8N, < .
Carbohydrazide 2M(N§s; + 15/4CHN,O— M;0; 25.5 2 1000 |
+ 15/4CQ + 45/4H0 + 212N, 500 o
o b | | |

600 640 680 720 760 800

the earlier reaction, for every mole of solid produced, Wavelength (nm)

102 mol of gas are produced.

The difference in particle size with the use of different Fig. 2. Photoluminescence emission spectra and measured flame tempera-
fuels depends upon the number of moles of gaseoustures of Y(Al;,Cr)sO1, phosphors made with urea, carbohydrazide and
products released during combustion. As more gases aredlycine. 435 nm excitation.
liberated, the agglomerates are disintegrated and more
heat is carried from the system thereby hindering particle YAG produced in this work has low-voltage cathodolumi-
growth. A greater number of moles of gas are produced in nescence efficiencies that are comparable to powders
combustion reactions with carbohydrazide. If complete produced by other techniques. The efficiencies for all
combustion is assumed, the gaseous product amountghree phosphors were essentially the same at voltages
liberated in combustion reactions with glycine, urea and below 600 V. At these voltages, the penetration depth of
carbohydrazide, are shown in Table 2. The reactions the incident electron beam is low,~ 0.004 nm at 600 V)
shown are for 2 mol of nitrate producing 1 mol of metal exciting the surface layer of the phosphor particles. In the
sesquioxide. If ¥AlsO;, (YAG) is produced, the reactions higher voltage regime, ¥ 600 V), the penetration depth of
must be multiplied by four, as 8 mol of nitrate are used in the electron beam is greater~ 0.03 nm at 1 kV). The
the reaction. efficiencies of solid-state and hydrothermal synthesized

The BET surface area for the as-synthesized YAG phos- (Y,_,Tb)AI;O;, at these voltages were approximately
phors made with glycine, urea and carbohydrazide was1.0Im/W  greater than combustion synthesized
measured to be 19, 22 and 2%/g) respectively [16], (Y1-xTb)AlsO,,. This is because of the smaller crystallite
which is consistent with the increase in number of moles size of these powders< 60 nm) compared with hydrother-
of gas produced. mal and solid-state synthesized powders (00 nm).

Fig. 1 shows the efficiency in lumens per watt (Im/W) asa  Fig. 2 shows the photoluminescent (PL) emission spectra
function of electron accelerating voltage for of Y3(Al;-,Cr)s01, phosphors produced with carbohydra-
(Y1-xTb)AlsO;, made by solid-state, hydrothermal synth- zide, glycine, and urea. The emission intensity increased
esis and combustion synthesis. The combustion synthesizedvith the measured flame temperature of the reaction. Carbo-
hydrazide produced the highest flame temperature and also
the highest PL emission intensity. This is an indication that

FRNE TN [N N NN SN T TN ST W (NN ST T N TN TN S N SO S
114 certain properties of the resulting powders in the as-synthe-
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'S combustion [ Fabrication of multielement oxide phosphor composi-

E - tions has created a need for new synthesis techniques.
5 J+—— - Combustion synthesis is an ideal technique used to produce

0 200 400 600 800 1000 1200 fine, chemically homogeneous and pure, single phase

powders in the as-synthesized condition. Smaller particle
sizes were produced from reactions that liberated the great-
Fig. 1. Effect of synthetic route on the low-voltage cathodoluminescence €St amount of gas. The highest luminescence emission
efficiency of (Y,_4Tb)3AlsO. intensity was correlated with the highest measured flame

Electron accelerating voltage (V)
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temperature, indicating that thermal effects are important of fine particlea-alumina and related oxide materials, Mater. Lett. 6

for producing optimally performing phosphor powders. (1988) 427. _ _ _ _
[15] Y. Zhang, G.C. Stangle, Preparation of fine multicomponent oxide

ceramic powder by a combustion synthesis process, J. Mater. Res. 9
(8) (1994) 1997-2004.

References [16] L.E. Shea, J. McKittrick, O.A. Lopez, Synthesis of red-emitting,
small particle size luminescent oxides using an optimized combustion
[1] P.H. Holloway, J. Sebastian, T. Trottier, S. Jones, H. Swart, R.O. process, J. Am. Ceram. Soc. 79 (12) (1996) 3257-3265.
Petersen, in: M.K. Hatalis, J. Kanicki, C.J. Summers, F. Funada [17] O.A. Lopez, J. McKittrick, L.E. Shea, Fluorescence properties of
(Eds.), Flat Panel Displays Materials Il, Mat. Res. Soc. Proc., vol. polycrystalline Tni*-activated ¥AlsO,,and Tnt*-Li®" co-activated
424, Pittsburgh, PA, 1996, pp. 425—431. Y3AlsOy; in the visible and near IR ranges, J. Lumin. 71 (1997) 1-11.
[2] L.F. Weber, in: L.E. Tannas Jr. (Ed.), Flat-Panel Displays and CRTs, [18] J.J.Kingsley, K.C. Patil, A novel combustion process for the synthesis
Van Nostrand Reinhold, New York, 1985, pp. 396. of fine particlea-alumina and related oxide materials, Mater. Lett. 6
[3] L. Ozawa, Cathodoluminescence: Theory and Applications, VCH, (11,12) (1988) 427-432.
Basel, Switzerland (1990). [19] J.J. Kingsley, K. Suresh, K.C. Patil, Combustion synthesis of fine-
[4] J.A. Castellano, Handbook of Display Technology, Academic Press, particle metal aluminates, J. Mater. Sci. 25 (1990) 1305-1312.
San Diego, 1992, pp. 19. [20] J.J. Kinglsey, K. Suresh, K.C. Patil, Combustion synthesis of fine
[5] J.S. Yoo, J.D. Lee, The effects of particle size and surface recombina- particle rare earth orthoaluminates and yttrium aluminum garnet, J.
tion rate on the brightness of low-voltage phosphor, J. Appl. Phys. 81 Sol. Stat. Chem. 87 (1990) 435-442.
(6) (1997) 2810-2813. [21] P.Ravindranathan, S. Komarneni, R. Roy, Synthesis of lithium alumi-
[6] B.S.Jeon, S.W.Kang, J.S. Yoo, J.D. Lee, in: M.K. Hatalis, J. Kanicki, nate, mullite and coloured zirconia by a combustion process, J. Mater.
C.J. Summers, F. Funada (Eds.), Flat Panel Displays Materials II, Sci. Lett. 12 (1993) 369.
Mat. Res. Soc. Proc., vol. 424, Pittsburgh, PA, 1996, pp. 421-424. [22] J.J., Kingsley, S. Sundar Manoharan, K. Suresh, K.C. Patil, Synthesis
[7] T. Yamamoto, Y. Takano, K. Ishii, T. Koura, H. Kokubun, K. of fine particle oxide materials using self-propagating, gas producing,
Majima, T. Kurita, K. Yamaguchi, K. Kobayashi, H. Murakami, in: low temperature exothermic reactions, in: Proceedings of the 2nd
J. Morreale (Ed.), Society for Information Display International International Conference on Ceramic Powder Processing Science,
Symposium Digest of Technical Papers, vol. XXVIII, Society for October 12—-14 Berchtesgaden, Bavaria, FRG., 1988, pp. 343—349.
Information Display, Santa Ana, 1997, pp. 217-220. [23] J.J. Kingsley, L.A. Chick, G.W. Coffey, D.E. McCready, L.R. Peder-
[8] R.S. Roth, Classification of perovskite and other ABO3-type son, Combustion synthesis of Sr-substituted La@& @, (O; powders,
compounds, J. Res. NBS 58 (2) (1957) 75-88. Mat. Res. Soc. Symp. 271 (1992) 113-120.
[9] S.J. Schneider, R.S. Roth, J.L. Waring, Solid state reactions involving [24] K. Suresh, K.C. Patil, Preparation and properties of fine particle
oxides of trivalent cations, J. Res. NBS-A 65A (4) (1961) 345-353. nickel-zinc ferrites: a comparative study of combustion and precursor
[10] C.N.R. Rao, Chemical synthesis of solid inorganic materials, Mater. methods, J. Sol. Stat. Chem. 99 (1992) 12-17.
Sci. and Eng. B18 (1993) 1-21. [25] Y. Zhang, G.C. Stangle, Preparation of fine multicomponent oxide
[11] K.M. Kinsman, J. McKittrick, E. Sluzky, K. Hesse, Phase develop- ceramic powder by a combustion synthesis process, J. Mater. Res. 9
ment and luminescence in chromium-doped yttrium aluminum garnet (8) (1994) 1997-2004.
(YAG : Cr) phosphors, J. Am. Ceram. Soc. 77 (11) (1994) 2866— [26] L.A. Chick, L.R. Pederson, G.D. Maupin, J.L. Bates, L.E. Thomas,
2872. G.J. Exarhos, Glycine-nitrate combustion synthesis of oxide ceramic
[12] C.D. Veitch, Synthesis of polycrystalline yttrium iron garnet and powders, Mater. Lett. 10 (1,2) (1990) 6-12.
yttrium aluminum garnet from organic precursors, J. Mat. Sci. 26 [27] J.J. Kingsley, L.R. Pederson, Combustion synthesis of perovskite
(1991) 6527-6532. LnCrO; powders using ammonium dichromate, Mater. Lett. 18
[13] M.L.F. Phillips, L.E. Shea, Effects of processing on the low-voltage (1993) 89-96.
performance of cathodoluminescent garnet phosphors, in: Proceed-[28] J.J. Kingsley, L.R. Pederson, Energetic materials in ceramics synth-
ings of the 27th International SAMPE Conference, Society for the esis, Mat. Res. Soc. Symp. Proc. 296 (1993) 361—-366.
Advancement of Materials and Process Engineering: Covina, CA, vol. [29] L.R. Pederson, G.D. Maupin, W.J. Weber, D.J. McCready, R.W.
27, 1995, pp. 501-506. Stephens, Combustion synthesis of ¥8&O;_,: glycine/metal

[14] J.J3.Kingsley, K.C. Patil, A novel combustion process for the synthesis nitrate method, Mater. Lett. 10 (9) (1991) 437—443.



