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Uniform Nanoscale SiO2 Encapsulation of ZnS Phosphors for
Improved Aging Properties under Low Voltage Electron
Beam Excitation
Y. R. Do,a,z D. H. Park,a H. G. Yang,a W. Park,b B. K. Wagner,b K. Yasuda,b,c

and C. J. Summersb
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A significant improvement~220%! is reported in the low voltage~2000 V! aging characteristics under cathodoluminescence~CL!
excitation for ZnS phosphors coated with 1.0 wt % SiO2 by the sol-gel technique. The formation of nanoscale uniform coating was
confirmed by structural analysis. An improvement in chemical and thermal stability was also confirmed by chemical etching and
heat-treatment of the SiO2-coated phosphors. Also, the CL aging study showed a much improved CL efficiency curve for the SiO2-
coated ZnS phosphors. The Auger electron spectroscopy study showed that the SiO2-coated phosphors were far more resistant to
the loss of S species and to the formation of oxide dead layer. The structural, chemical, and CL characterizations demonstrated that
the thin and uniform SiO2 layers on ZnS phosphors served as protective layers retarding the surface-related degradation, which is
critically important for the development of commercial field emission displays.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1397775# All rights reserved.
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For the successful development of commercially viable fi
emission display~FED! devices, the critical problems of efficienc
and maintenance characteristics of the phosphors should be
come. Under low voltage E-beam excitation conditions used
FED, the electron penetration depth is very small compared to
phosphor particle size, and thus, the surface plays a crucial ro
determining phosphor/display luminance, efficiency, and main
nance properties. A previous report indicated that Auger studies
gested the loss of sulfur from sulfur containing materials and
loss of oxygen from oxides and silicates.1 The aging rate of both
sulfide and oxide phosphors could be altered by coating. We h
already reported a 60% enhancement in efficiency achieved by
SiO2 coating on ZnS phosphors.2,3 The results were also found to b
consistent with a theoretical modeling for coated phosphors. In
paper, we focused on how to improve the aging properties of ph
phors under low voltage excitation. While the improved low volta
efficiency is expected to help relieve aging of phosphors, the sur
coating, and encapsulation of phosphors will also improve ther
and chemical stability and reduce outgassing. Coatings can als
duce phosphor surface degradation~such as oxidation! associated
with display fabrication processes, thus reducing the surface d
layer thickness and passivating surface recombination centers
cently, Bechtelet al. reported a significant improvement in maint
nance of ZnS:Ag by applying a thin calcium polyphospha
coating.4 However, this work focused on the midvoltage region~;4
kV! in which the surface effect is less critical. Also, no improveme
in efficiency was reported. In this paper, we present physical
chemical analysis of nanoscale continuous coating of SiO2 that in-
creased the longevity of the phosphors by completely encapsula
the phosphor particles, in addition to the improved optical proper
as shown in previous publications.2,3

Experimental

The SiO2 coatings on ZnS:Cu were synthesized by the sol-
method using tetraethyl orthosilicate~TEOS! ~Arkos 99.9%! as the
precursor material. The detailed coating process was reported
previous paper.2 As was reported in our previous publication, th
optimum performance was obtained for a SiO2 concentration of 1.0
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wt %, pH values between 7 and 9, and a solution temperatur
83°C. Then, the coated phosphors were heated at 400°C in air.
sample exhibited a significant improvement~40-60%! in the low
voltage ~100-1000 V! cathodoluminescence efficiency. The sam
sample was used for the investigation of the aging properties
ported in this paper.

The coated phosphors were characterized by scanning ele
microscopy~SEM!, transmission electron microscopy~TEM!, X-ray
photoelectron spectroscopy~XPS!, Auger electron spectroscop
~AES!, particle size analyzer, cathodoluminescence~CL! efficiency,
and aging measurements. The intrinsic cathodoluminescence
ciency measurements were described in the previous paper.2 For the
aging study, the cathodoluminescence efficiency was measured
function of time at 2 kV using 400ms current pulses with a repeti
tion rate of 200 Hz and a peak current density of 30 mA/cm2. Both
coated and uncoated phosphors were tested at the same tim
under the same conditions by deflecting the electron beam~at 400
Hz! from one sample to the other after each pulse. The luminanc
each sample was measured using two photometers. For these c
tions and duty cycle, charge was deposited at a rate of;8.5 C/cm2

per h.
Powder morphology of resultant phosphors was characterized

ing a JEOL model JSM-5300 scanning electron microscope.
SEM micrographs were used for the qualitative assessment of
ticle shapes of SiO2 coating material. The size distribution of pho
phor powder was analyzed by using a Leed and Northrup mo
microtra X100 particle size analyzer. In order to look at the prese
of Si atom on the surface of ZnS:Cu, XPS measurements on S2-
coated ZnS phosphors were performed by using a Surface Sci
Instruments model SSX-100. It was operated with monochrom
using Al-Ka line as an X-ray source. The beam spot size was
mm. The cross-sectional morphology of coated and uncoated p
phors were characterized using a JEOL model 2000-FX trans
sion electron microscope. The CL degradation of ZnS:Cu pow
also was studied using AES. AES measurements on SiO2-coated
ZnS phosphors were performed by a Charles Evans & Associ
model AESLAB 310-F.

Results and Discussion

The properties of the coatings were found to be critically dep
dent upon the precursor concentration, pH value, and the temp
ture of the solution. As reported in the previous paper,2 with opti-
mum coating conditions, the surfaces of uncoated and SiO2-coated
ZnS:Cu phosphors looked nearly the same although the coated p
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phor had slightly smoother corners and edges. It clearly indica
that uniform and continuous SiO2 coating was formed on the surfac
of ZnS particle.

XPS measurements were performed to confirm the existenc
the 5.0 wt % SiO2 coating on the phosphor surface. As shown in F
1, the XPS spectrum of the coated phosphor clearly shows the Z
O, and Si peaks at their normal binding energies, indicating that
coating was in the form of SiO2. In clear contrast, the Si peak of th
coating was missing in the spectrum of the uncoated phosphor

To further characterize the nature of the coatings, TEM anal
was performed on several coated and uncoated samples. Fig
shows TEM cross-sectional micrographs of 1.0 wt % SiO2 coated
ZnS:Cu phosphors. It can be seen clearly that thin and unif
coatings of SiO2 have been obtained on ZnS phosphors. The coa
thickness was estimated to be 5 nm. Therefore, based on the re
of SEM, XPS, and TEM, we confirmed the complete encapsula
of ZnS particles by uniform nanoscale SiO2 layers.

Figure 1. XPS spectra comparing uncoated and 5.0 wt % SiO2-coated
ZnS:Cu phosphors.

Figure 2. TEM cross-sectional micrographs of 1.0 wt % SiO2-coated
ZnS:Cu phosphors.
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Previous papers reported the origin of aging process could
attributed to the electron beam stimulated chemical reacti
~ESCR! occurring at phosphor surfaces.5,6 Therefore, a surface coat
ing that could prohibit such surface chemical reaction would i
prove the phosphor longevity and chemical stability.7,8

We first investigated the chemical stability of the coated ph
phor. Since a well-densified continuous and uniform coating
expected to encapsulate and hermetically seal the phosphor, 5
% SiO2 coated and uncoated phosphors were immersed in a st
HCl solution to determine whether any protection is provided by
coating. Figure 3 shows the particle size distribution of uncoa
and coated ZnS:Cu phosphors before and after etching in HCl s
tion. The uncoated ZnS phosphors were dissolved in the acid
rapidly with the average particle size being reduced to half of
original value. In contrast, the 5.0 wt % SiO2-coated phosphors
largely maintained their sizes under the same etching condition
shown in Fig. 4, SEM micrographs of uncoated and 5.0 wt % S2
coated ZnS:Cu phosphors after etching in HCl solution looked
ferent in shape and size. This morphological analysis after etch
coated and uncoated sample clearly indicated that the SiO2 layer
serves as a protective layer making the coated phosphor more r
tant to acid. Therefore, we could conclude that SiO2-coated ZnS
phosphors are more chemically stable than the uncoated samp

Another important factor of low voltage phosphor for the app
cation in the FEDs is the thermal degradation because a serie
heating processes were performed to fabricate the FED panels9 As
mentioned previously, SiO2 coatings is expected to reduce phosph
surface degradation~such as oxidation! associated with display fab
rication processes. In order to investigate the thermal stability a
SiO2 coating, 1.0 wt % SiO2 coated and uncoated phosphors we
heated simultaneously to 500, 550, 600, 650, and 700°C for 1 h in
air. Then, CL measurements were performed to evaluate the de
of thermal degradation of SiO2 coated and uncoated phosphors. F
ure 5 shows the normalized CL intensity as a function of firi
temperature under 1 kV electron excitation. As shown, the 1.0 w
SiO2-coated samples maintained the original efficiency up to 650
before suffering a moderate decrease at 700°C. The unco
sample, on the other hand, showed a continuous gradual decr
After heat-treatment at 700°C for 1 h in air, the CLintensities were
82% of their original values for the 1.0 wt % SiO2-coated sample
and 11% for the uncoated sample, respectively. Therefore, it ca
concluded that the SiO2 coatings protect the phosphor surface
prohibiting further oxidation during the firing process, enhancing
thermal stability of phosphors, which is critically important for FE
panel manufacturing.

The most direct evidence of the protective nature of SiO2 coat-
ings could be found by the CL aging measurements. Accelera
aging tests were carried out at 2 kV on phosphor screens depo

Figure 3. Particle size distribution of uncoated and 5.0 wt % SiO2-coated
ZnS:Cu phosphors before and after etching in HCl solution.
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on indium tin oxide/glass substrates at a density of 3 mg/cm2. These
samples were aged simultaneously with uncoated phosphors
reference. Figure 6 shows the normalized CL intensity as a func
of time under 2 kV electron excitation with an average current d
sity of at 3.88 mA/cm2 for uncoated and 1.0 wt % SiO2 coated
ZnS:Cu ~optimum coating sample for the enhancement of brig

Figure 4. SEM micrographs of~a, top! uncoated and~b, bottom! 5.0 wt %
SiO2-coated ZnS:Cu phosphors after etching in HCl solution.

Figure 5. Normalized CL intensity at 1000 V of 1.0 wt % SiO2-coated and
uncoated ZnS:Cu phosphors as a function of firing temperature.
a
n
-

ness! screens. The time for these curves correspond to an elec
dose of approximately 207 C/cm2. It is apparent that the SiO2 coat-
ing reduces the aging rate, resulting in the final CL intensity of
coated phosphor more than twice as that of the uncoated sampl
the completion of the accelerated aging experiments, the final r
tive CL intensities for the 1.0 wt % SiO2 coated and uncoated phos
phors were 22 and 10% of their original values, respectively.

The CL degradation process of ZnS:Cu powder was further s
ied using AES. The surfaces were exposed up to a;100 C/cm2 of
electrons at 2 kV, normally at dc current density below 1 mA/cm2.
As has been reported previously, ESCR results in the removal
and growth of a nonluminescenct ZnO on the surface of Z
powders.5 We used AES to investigate the growth of the surfa
dead layer. Figure 7 shows the normalized Auger peak-to-p
height of S and O of 1.0 wt % SiO2-coated and uncoated ZnS:C
during electron bombardment. When exposed to electron beam
S signal of the uncoated sample immediately started to decre
indicating the loss of S species from the phosphor surface. At
same time, the O signal showed a gradual increase with expo
time, which was attributed to the formation of the oxide phase d
layer. In contrast, the SiO2-coated sample exhibited an exactly o

Figure 6. Normalized CL intensity at 2 kV of 1.0 wt % SiO2-coated and
uncoated ZnS:Cu phosphors as a function of time. The total aging
corresponds to;207 C/cm2.

Figure 7. Normalized AES peak-to-peak height of S and O of 1.0 wt
SiO2-coated and uncoated ZnS:Cu phosphors as a function of electron
at 2 kV.
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posite behavior. The O signal of the SiO2-coated sample decrease
and S signal increased with increasing coulombic dose. This be
ior was attributed to the partial removal of O from the SiO2 coatings
and the subsequent exposure of ZnS surface. Note that with inc
ing coulombic loading, the S signal decreased very slowly a
reaching the maximum, indicating that the SiO2-coated samples ar
much more resistant to the loss of S from the phosphor surface.
results of the AES study clearly indicate that the thin and unifo
encapsulation of SiO2 provides much more stable phosphor surfa
and retards the formation of dead layer on the surface of ZnS.

Conclusion

A significant improvement~220%! is reported in the low voltage
~2000 V! aging characteristics under CL excitation~;207 C/cm2 of
total electron dose! for ZnS phosphors coated with 1.0 wt % SiO2 by
the sol-gel technique. SEM, XPS, and TEM confirmed the format
of thin and uniform coatings on ZnS powders with a thickness of;5
nm. Much improved chemical and thermal stability of th
SiO2-coated ZnS:Cu was confirmed by etching and firing test. A
the CL aging study showed much improved CL efficiency curves
the coated phosphors, confirming that the encapsulation of thin
uniform SiO2 coatings on ZnS helped protect the phosphor surf
under electron beam irradiation. The AES study showed that
SiO2-coated phosphors were far more resistant to the loss of S
cies and the formation of oxide dead layer. The structural, chem
and CL characterizations presented in this paper clearly dem
strated that the uniform nanoscale SiO2 layers on ZnS phosphor
served as protective layers retarding the surface-related degrad
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which is critically important for the development of commerci
FEDs.

Acknowledgments

This project has been supported by the CRD center of Sams
SDI Company, Limited. The authors would like to thank the me
bers of the luminescent material group for their great help.

Samsung SDI Co., Ltd., assisted in meeting the publication costs of
article.

References

1. R. O. Petersen, p. 11, The First International Conference on the Science and
nology of Display Phosphors Extended Abstracts, Vol. 1, Phosphor Techno
Center of Excellence~PTCOE!, Nov 14, 1995.

2. W. Park, B. K. Wagner, G. Russell, K. Yasuda, C. J. Summers, Y. R. Do, and H
Yang,J. Mater Res.,15, 2288~2000!.

3. W. Park, B. K. Wagner, G. Russell, K. Yasuda, C. J. Summers, Y. R. Do, and H
Yang, p. 369, The Fifth International Conference on the Science and Technolog
Display Phosphors Extended Abstracts, Vol. 5, Phosphor Technology Cente
Excellence~PTCOE!, Nov 8, 1999.

4. H. Bechtel, W. Czarnojan, M. Haase, W. Mayr, and H. Nikol,Philips J. Res.,50,
433 ~1996!.

5. P. H. Holloway, T. A. Trottier, B. Abrams, C. Kondoleon, S. L. Jones, J. S. Seb
tian, W. J. Thomas, and H. Swart,J. Vac. Sci. Technol. B,17, 758 ~1999!.

6. H. C. Swart, J. S. Sebastian, and T. A. Trottier,J. Vac. Sci. Technol.,34, 2620
~1996!.

7. C. J. Summers and B. K. Wagner, inProceeding of Asia Display ’98 Workshop
Digest of Technical Papers, The Korean Physical Society, p. 261~1998!.

8. F. Takahashi, K. Yoneshima, and K. Kojima,Tech. Dig. Soc. Inf. Disp.,23, 166
~May 1992!.

9. C. A. Spindt, C. E. Holland, and A. Rosengreen,IEEE Trans. Electron Devices,
E-38, 2355~1991!.


