Thin SiO, coating on ZnS phosphors for improved
low-voltage cathodoluminescence properties
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A significant improvement (40-60%) was reported in the low voltage (100-1000V)
cathodoluminescence efficiency of ZnS phosphors coated with I9jQhe sol-gel
technique. The properties of the coatings were found to be critically dependent upon
the precursor concentration, pH value and the temperature of the solution with
optimum performance being obtained for a Si€dncentration of 1.0 wt%, pH values
between 7-9, and a solution temperature of 83 °C. The efficiency curves exhibited a
characteristic voltage dependence which was analyzed by a one-dimensional numerical
model. Enhanced low voltage efficiency was attributed to a reduction of surface
recombination and the actual shape of the efficiency curve was determined by the
interplay between the reduction of surface recombination and energy losses in the SiO
coating.

The physical mechanism of phosphor excitation in thealso reduce phosphor surface degradation (such as oxi-
field emission display (FED) and conventional cathodedation) associated with display fabrication processes thus
ray tube (CRT) displays is the same. However, FEDseducing the surface dead-layer thickness and passivating
operate at much lower voltages, which makes it necessurface recombination centers. Recently, Becbteal.
sary to use higher current densities in order to maintaimeported a significant improvement in maintenance of
the same output luminancdeAt low acceleration volt- ZnS:Ag by applying a thin calcium polyphosphate coat-
ages, the electron penetration depth is small compared fng.2 However, this work focused on the midvoltage re-
the phosphor particle size, and therefore, phosphors exjion (approximately 4 kV) in which the surface effect is
hibit low efficiency due to the loss processes associatetéss critical. Also, no improvement in efficiency was re-
with the surface. However, there are many advantagegsorted. It is the aim of this paper to present a coating
that can be achieved by very low voltage (<500 V) op-technique that can improve the CL efficiency at voltages
eration; more simple FED structures can be utilized beless than 2 kV by reducing surface-related losses and at
cause the need for focusing electrodes is eliminatedhe same time protect the phosphors by completely en-
arcing is reduced, and switched anode operation becomeapsulating the phosphor particles. $Sias used as the
feasible. Low-voltage operation can also reduce electronoating material because of its favorable band alignment
beam stimulated chemical reactions which have beewhen forming a heterojunction with ZrfSFurthermore,
associated with phosphor and cathode degradatio8iO,, which consists of light elements and has low den-
in FEDs? sity, exhibits minimal losses in electron penetration and

Because of the small penetration depth at low voltagedias a penetration depth nearly twice as large as ZnS. In
the loss processes are believed to be associated with sihe CRT manufacturing process, Si©oating of ZnS
face recombination, and thus, the surface coating anghosphors is routinely performed to improve dispersion
encapsulation of phosphors is an important technique tand adhesion properti@sHowever, this procedure re-
improve low-voltage cathodoluminescence (CL) andsults in noncontinuous particle-like coatings of $iO
chemical stability and to reduce outgassing. Coatings camicrocluster8 and any improvement in phosphor perfor-

mance due to surface passivation is not expected. There-
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coatings such as J®; have mainly been investigated, The coating thickness was estimated to be 5nm. The
which resulted in improved CL performance only at veryencapsulation of ZnS particles by Si@Qas also con-
low voltages (<400 VY.In this paper, we present a tech- firmed by etching the phosphors in a 50% HCI solution.
nique for thin SiQ coatings of ZnS which yielded a The uncoated phosphors were etched rapidly, and the
significant improvement in low-voltage CL efficiency. average particle size decreased from 7.0 towhBin
The experimental results were interpreted in terms of 40 min. However, the Si©(5.0 wt%) coated phosphors
1-dimensional numerical model, which qualitatively re-showed a much smaller decrease in particle size to
produced the experimental CL efficiency curves, indicat-6.2 um, showing that the coated phosphors were more
ing that the observed enhancement was due to a reductioasistant to the acid.
in surface recombination. The intrinsic CL efficiency and spectral properties of
The SiQ, coatings on ZnS:Cu,Al were synthesized bythe SiO-coated and uncoated phosphors were investi-
the sol-gel method using tetraethyl orthosilicate (TEOS)gated between 100 V and 10 kV for a current density of
as the precursor material. TEOS was first dissolved in ai pA/cm?. Figure 2 shows the relative CL efficiency of
ethanol/water solution and refluxed at the boiling tem-the SiO-coated phosphors as a function of voltage, in
perature (77 °C) to ensure the completion of the hydrolywhich the efficiency of the uncoated phosphor at a given
sis reaction. At the completion of refluxing, ZnS voltage was set to be 100%. For all coated phosphors
phosphors were added to the solution and then dried iexcept for the 5.0 wt% coating, the CL efficiency was the
air. During this process, ZnS phosphors were immersedame as the uncoated phosphors at high voltages but
in the solution for 2—3 h. Then, the coated phosphorstarted to increase at voltages lower than 4 kV with the
were fired at 400 °C in air. The phosphors remained welpeak efficiency occurring between 500 V and 1 kV. Be-
powderized after firing, and no grinding was necessarylow 500 V, the efficiency decreased rapidly with de-
The sol-gel process has many variables, such as precuwreasing voltage. The largest improvement of about 10%
sor concentration, solution pH, and temperature, that cawas observed at 1 kV for 1.0 wt% coating. The effect of
affect the morphology of the coatings. Among these, thedjusting solution pH values was then investigated by
precursor concentration and the solution pH are the mostdding dilute acetic acid or ammonium hydroxide.
important parameters controlling the hydrolysis reactiorFigure 3 shows the relative CL efficiency for various pH
rate. First, the precursor concentration dependence waslues while the Si@content was fixed at 1.0 wt%. The
investigated for the SiQconcentrations ranging from 0.5 results clearly indicate that the best coating was formed
to 5.0 wt%. The concentration represents the weight perfor pH values between 7 and 9, which resulted in a very
centage of SiQ compared to the ZnS phosphor. Thethin coating and consequently a 40% improvement at
scanning electron microscopy (SEM) micrographsbetween 500V and 1 kV. It should be noted that the
showed smooth surfaces for all concentrations, except f@apectral measurements showed the CIE chromaticity co-
the 5.0 wt% coating for which some agglomeration wasordinates remained unchanged after coating, indicating
observed. As shown in Figs. 1(a) and 1(b), the surfaces dhat the observed enhancement was not due to the intro-
uncoated and coated phosphors looked nearly the sandeiction of new luminescent centers. Finally, the effect of
although the coated phosphor had slightly smoother cothe reflux temperature was investigated. The coatings
ners and edges. Figure 1(c) shows the transmission eleprepared with reflux temperatures lower than the boiling
tron microscopy (TEM) image of the Siroated temperature of the solvent exhibited poorer performance
ZnS:Cu,Al phosphor. It is clearly seen that a thin andshowing a sharp decrease in efficiency at low voltages.
uniform SiO, coating was formed on the ZnS patrticle. Thus, the solvent was changed to 2-propanol, which boils

(a) (b) (c)

FIG. 1. SEM micrographs of (a) uncoated, (b) $i@.0 wt%) coated ZnS:Cu,Al phosphors and (c) TEM micrograph of, $i wt%) coated
ZnS:Cu,Al phosphor.

J. Mater. Res., Vol. 15, No. 11, Nov 2000 2289



Rapid Communications

at 83 °C. Because the change of solvent is known tdace recombination is more pronounced than the effect of
affect mainly the gelation procésand our system al- penetration loss. The largest improvement of 60% over
ways remains as a clear solution due to the low concerthe uncoated phosphor was obtained at 100 V. The reflux
tration of TEOS, we believe that the biggest influence oftemperature was further increased to 100 °C by using
changing solvents comes from the temperature in ouisobutanol as the solvent. At this temperature, however,
case. Figure 4 shows the relative CL efficiency curves fothe CL efficiency was either decreased or exhibited
the coatings prepared with.q,x = 83 °C. In contrastto only a small improvement compared to the uncoated
the coatings prepared with ethanol, the relative efficiencyphosphor.
continued to increase with decreasing voltages. As dis- The results of these CL efficiency measurements were
cussed later, this indicates that the effect of reduced suinterpreted by considering two competing mechanisms.
First, the observed improvement in CL efficiency at low
voltages was attributed to the reduction in the surface
recombination due to the Siroating. Dielectric coat-

: ings such as SiQtypically have energy band gaps larger
100 14 e than the semiconductor-like ZnS. Bahal. showed that
] SiO, forms a heterojunction with ZnS with nearly equal
conduction band and valence band offsets of 2.4 and
2.8 eV, respectivel§f. The wide band gap SiQayer with
a positive conduction band offset relative to ZnS is then
expected to reflect the electrons generated by the incident
electron beam from the defective high surface recombi-
| —e-05wi% nation velocity region back into the phosphor. It is also
possible that the SiQcould passivate surface recombi-
nation centers. In both cases, the surface recombination
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age for SiQ-coated ZnS:Cu,Al prepared for solution pH values rang- age for SiQ-coated ZnS:Cu,Al prepared at a reflux temperature of
ing from 5.3 to 9.8 at a constant reflux temperature of 77 °C. 83 °C.
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reducing the surface recombination is completely offset 180
and the CL efficiency exhibited a large decrease for the
5.0 wt% coating. The opposite extreme is shown in Fig. 4
for very thin coatings where the relative CL efficiency 44,
exhibited a monotonic increase with decreasing voltageg
This is an indication that the coating thickness is so thinx 120
that the effect of reducing the surface recombination§  ;
dominates over the penetration losses. On the other han'g 100 o
the 0.5 wt% coating showed less of an improvement thaHJ
the 1.0 wt% coating. This was attributed to |ncomplete>
surface coverage. From these results, it was concludeﬁ
that the relative magnitude of the two competing mecha™ ]
nisms determines the shape of the actual CL efficiency 4o ]
curve and that a 1.0 wt% coating processed at pH values ]
between 7 and 9 fofl,.q,x = 83 °C vyielded a large 20 o ——20nm
improvement in the low-voltage CL efficiency. ]
To evaluate the effect of these heterojunction coatings
upon CL efficiency, a 1-dimensional computer model
based upon semiconductor diffusion equations and elec-
tron beam generation function was employed to solve fo IG. 5. Calculated CL efficiency relative to uncoated phosphor
. . ... for a reduced surface recombination velocity and several coating
the generated steady-state electron—hole density distribys . hesses.
tions as a function of coating thickne$3! To under-
stand the interplay between surface recombinationith a thin layer of SiQ. The best result was a 60%
velocity and coating thickness, the CL efficiency wasenhancement in CL efficiency at voltages below 500 V.
calculated for various coating layer thicknesses (curA model was presented which attributed the improve-
rently, the model assumes a coating of nonluminescerment in CL efficiency to a reduction in surface recom-
phosphor) from 1 to 20 nm while the surface recombi-bination while the decrease in CL efficiency for thicker
nation velocity was kept constant. Figure 5 shows thecoatings was ascribed to electron beam penetration losses
effect of coatings on the CL efficiency, compared to thein the coating. The improved low-voltage CL efficiency
uncoated phosphor whose surface recombination velogeported in this work has a significant impact on FED
ity was assumed to be approximately three times greatgrerformance because it gives higher luminance but also
than the coated samples. As seen, the effect of coating lscause it will enable operation at lower current densities
most prominent at voltages below 2 kV. When the coatwhich will improve the phosphor maintenance and thus
ing layer is thin enough, the positive effect caused bythe reliability of the display.
reducing surface recombination is dominant. Therefore
the relative CL efficiency shows a monotonic increase
W|th.decreasmg voltages, which was observe;d for the C.3. Summer. P.N. Yocom. and D. Zarempe. 1997 It
coatings formed'at a reflux temperature of 83 °C. 'H.ow- Display Research Con(SID, Santa Ana, CA, 1997). p. 330,
ever, as the coating thickness increases, the CL efficiency,. p.H. Holloway, T.A. Trottier, B. Abrams, C. Kondoleon,
at low voltages decreases progressively and finally the S.L. Jones, J.S. Sebastian, W.J. Thomas, and H. Swart, J. Vac.
losses in the coating become dominant. The intermediate Sci. Technol. B17, 758 (1999). _
regime was observed for coatings formed with a reflux - gh_ﬁecgteg V\gociggnoiggé""- Haase, W. Mayr, and H. Nikol,
temperature of 77 °C, and the extreme case in which, D.'B'gf]‘ 3 )fje‘ R Fa%g‘ S)..XU, E.Lu, and P.Xu, J. Vac. Sci.
penetration losses dominate was observed for the thlcker Technol. B16, 989 (1998).
5.0 wt% coating. Though a more quantitative analysis iS5. S.Inaho and T. Hase, Rhosphor Handbooledited by S. Shio-
necessary to accurately determine the interplay between noyaand W.M. Yen (CRC Press, Boca Raton, FL, 1999), p. 331.
the two competing mechanisms, it is clear that this model 8- L- ©zawa, Application of Cathodoluminescence to Display
Devices(Kodansha, Tokyo, Japan, 1994).
qualltatl\(ely_ reproduced the experimental CL efficiency , |, Kominami, T. Nakamura, K. Sowa, Y. Nakanishi,
curves, indicating that the observed enhancement was v, Hatanaka, and G. Shimaoka, Appl. Surf. 34i3/114519 (1997).
due to a reduction in surface recombination. Also, this 8. A. McCormick, inSol-Gel Processing and Applicatioreslited by
modeling study suggests the need for a thin and uniform  Y.A. Attia (Plenum Press, New York, 1994), p. 3.
coating to achieve the best low-voltage CL performance. 9 C-J- Summers and B.K. Wagneksia Display '98 Workshop
Digest of Technical Paperd@he Korean Physical Society, Seoul,
In summary, we have presented a study on the effect of Korea, 1998), p. 261.
coatings on the low-voltage CL properties of ZnS phos-o. G. Gergely, J. Phys. Chem. Solitg, 112 (1960).
phors. The sol-gel method was used to coat ZnS phosphots. T.E. Everhart and P.H. Hoff, J. Appl. Phyt2, 5837 (1971).

80
] —=—1nm —e-2nm

60 1
] —=—3nm -@-4nm

~&-5nm ~——10nm

4] . T T T T
0 2000 4000 6000 8000 10000

Voltage (V)

REFERENCES
1. B.K. Wagner, J. Penczek, S. Yang, F-L. Zhang, C. Stoffers,

J. Mater. Res., Vol. 15, No. 11, Nov 2000 2291



