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The carbonation behavior and decarbonation annealing of a protective (Mg,Ca)O layer for flat panel plasma
discharge devices were investigated. Compared with a conventional MgO protective layer, the (Mg,Ca)O
protective layer showed both high and low discharge voltages. Quantitative X-ray photoelectron spec-
troscopy analyses indicated that the high discharge voltages were caused by Ca carbonation. The pro-
gression of Ca carbonation was enhanced by exposure to air containing H,O but not by exposure to dry
air. In addition, once (Mg,Ca)O is carbonated, it is impossible to decarbonate Ca by annealing in air at
the temperature applied during the production process. We propose the use of annealing in vacuum as
an effective method to promote the decarbonation of Ca and maintain a low discharge voltage for plasma
discharge devices with (Mg,Ca)O protective layers.

1. Introduction

It is well known that dielectric barrier discharge is an effective and efficient technology to
generate plasmas.” In particular, Xe plasma has attracted much attention as a mercury-free
ultraviolet source, and it is applied to not only cylindrical fluorescent lamps but also flat panel
plasma discharge devices such as plasma displays,>™ planar lighting,>® and plate-type virus

inactivation devices.”® In these plasma discharge devices, a Ne:Xe mixed gas is often used
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as the discharge gas to reduce the discharge voltage by the Penning effect, and visible or deep
ultraviolet light is emitted from the internal phosphors excited by vacuum ultraviolet (VUV)
that the Xe plasma radiates. Electron emission from a dielectric cathode plays an important
role in generating and sustaining a plasma. In addition, the dielectric barrier discharge voltage
is strongly dependent on the ion-induced secondary electron emission coefficient (y) at the
surface of the dielectric cathode layer.” Therefore, a dielectric electron emitter with an appro-
priate y coeflicient is a key material for enhancing the dielectric barrier discharge properties
in plasma discharge devices.

To protect the electrode and dielectric layer against sputtering by discharges, an oxide pro-
tective layer is formed at the surface of the dielectric layer in such plasma discharge devices.
MgO is often used as the oxide protective layer because of its relatively high y, chemical
stability, and resistance to sputtering. A high Xe content in the Ne:Xe mixed discharge gas in
plasma discharge devices is effective for enhancing the VUV generation efficiency; however,
the discharge voltage also increases simultaneously in the case of a MgO protective layer
because MgO has a low y for Xe.!*"'? Therefore, materials with a higher y than conventional
MgO should have both high VUV generation efficiency and low discharge voltage for plasma
discharge devices with a high Xe content.

As higher-y materials, CaO, SrO, and (Sr,Ca)O were studied previously.'>~'> However,
the practical application of these materials as protective layers has not been realized, because
they largely adsorb H,O and CO; in air owing to the enhanced reactivity at O*~ sites.!®!?
Many other materials have also been reported,'®2" but their practical use has not been re-
alized for similar reasons. To suppress the effects of chemical reactivity and obtain optimal
performance of plasma discharge devices with these materials as protective layers, an all-in-
vacuum process>? or a structure with double protective layers>*»2% has been proposed, but
these are difficult to practically apply in production.

The material with the highest potential as a higher-y protective layer is (Mg,Ca)0.23%
(Mg,Ca)O is relatively stable compared with the other materials described above because it is
MgO-based. Many groups report that low discharge voltages are obtained relative stably with
a (Mg,Ca)O protective layer. However, extensive quantitative analyses of the relationship
between discharge voltage and the chemical state of the (Mg,Ca)O protective layer have yet
to be performed. Moreover, a suitable process to obtain the best performance of the (Mg,Ca)O
protective layer for the production of plasma discharge devices has not yet been proposed.

In this study, we investigate the chemical factors related to discharge voltage when

(Mg,Ca)0O is used as a protective layer for plasma discharge devices. Plasma display pan-
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Table I.  Specifications of the test panels used in this study.
Front Panel
ITO electrode width 110 pm
Bus electrode width 65 um
Electrode gap 80 pm
Dielectric layer thickness 39 pm
Protective layer thickness 800 nm
Back Panel
Address electrode width 65 um
Dielectric layer thickness 10 um
Barrier rib height 120 pm
Barrier rib width 40 pm
Phosphor thickness 12 ym
Pixel size 480 X 160 um?

els are employed to evaluate dielectric barrier discharge voltage. Analysis of the surface of
the (Mg,Ca)O protective layer enables the quantitative assignment of the chemical states of
the (Mg,Ca)O protective layer related to discharge voltage. The effects of the exposure envi-
ronment after deposition on the progression of chemical reactions related to discharge voltage
are also demonstrated. An annealing process applicable to recovering the (Mg,Ca)O protec-

tive layer with degraded discharge voltage is also investigated.

2. Experimental methods

To investigate the effects of a (Mg,Ca)O protective layer on the discharge voltage in plasma
discharge devices, 42 in. alternating current plasma display panels with full high definition
were produced. MgO and (Mg,Ca)O films were deposited as protective layers by electron
beam evaporation on the dielectric layers of the front panels. During the deposition, the sub-
strate temperature was kept at 350 °C, and O, gas was continuously supplied to the chamber
at 20 sccm. The evaporation targets for (Mg,Ca)O were sintered mixtures of MgO and CaO.
The thickness of the protective layers was 800 nm. The CaO concentration in the (Mg,Ca)O
protective layer was approximately 12 mol%. MgO powders were dispersed on the protec-
tive layers to improve the statistical discharge delay.’" The panels were sealed with N, gas
supplied to the space between the front and back panels. The Xe content used in the dis-
charge gas was 100%. The pressure of Xe discharge gas in the panels was set to 225 Torr.
The specifications of the test panels used in this study are shown in Table I.

The panels were kept in dry air after the deposition of the MgO and (Mg,Ca)O films to
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suppress H,O adsorption on the samples. In addition, the panels were only dismantled in dry
air and the samples were kept in sealed packages filled with N, gas until the measurements.
The dew point of the dry air was controlled to approximately —40 °C. The exposure time to
normal air containing H,O from unsealing the packages to introducing the samples into the
vacuum chamber of the measurement system was less than 15 s.

The chemical states of C, O, Mg, and Ca in (Mg,Ca)O were characterized by X-ray pho-
toelectron spectroscopy (XPS; Ulvac Phi, PHI Quantera SXM). The samples were excited
by a monochromatic X-ray source with an Al Ka line at 1486.7 eV. The spot of incident
X-rays was 50 um in diameter. The photoelectron signals from the samples were detected at
a take-off angle of 45° using a concentric hemispherical analyzer with pass energies of 69
eV for C-, O-, and Mg-related photoelectrons and 140 eV for Ca-related photoelectrons. The
surfaces of the samples were neutralized by a combination of electrons and an Ar* beam to
suppress charging effects during XPS.?? Software for XPS analysis (Ulvac Phi, MultiPak)
was used to subtract background signals for all photoelectron spectra according to the Shirley
background.*® Binding energies for the spectra were corrected by shifting the binding energy
of hydrocarbon-related peaks at the C 1s photoelectron line to 284.8 eV.* C-, O-, Mg-, and
Ca-related photoelectron signal intensities were corrected by setting the relative sensitivity

factors in the measured regions to 21.479, 50.3, 13.546, and 76.596, respectively.

3. Results and discussion
Discharge sustaining voltage (Vy,s) and luminous efficiency were measured for panels with
MgO and (Mg,Ca)O protective layers produced under various conditions. A high luminous
efficiency of approximately 1.6 Im/W was obtained for both MgO and (Mg,Ca)O protective
layers. This is attributed to the enhancement of VUV generation efficiency due to the setting
of the Xe content in the discharge gas to 100%. Vs with a conventional MgO protective
layer was stable at approximately 250 V; however, the variation in Vg, was much larger for
the (Mg,Ca)O protective layer than for the conventional MgO layer, despite having the same
Ca concentration. There were also panels with a higher V,,, while a lower V,; was realized as
expected; the difference between the minimum and maximum Vg, values was approximately
85 V.

To investigate the reason for the above-mentioned difference in Vy,, the panels with var-
ious Vs values were dismantled and the surfaces of the (Mg,Ca)O protective layers were
analyzed by XPS. One of the difficulties in the analysis of protective layer surfaces is the ef-

fects of the adsorption of impurity gas from the air during the dismantling of the panels until
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Table Il

Intensity (Normalized)

Intensity (Normalized)

Fig. 1.

Production conditions and Vs for panel Nos. 1, 2, and 3.
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(Color online) (a) C 1s, (b) O 1s, (c) Mg 2p, and (d) Ca 2s photoelectron spectra for (Mg,Ca)O
protective layers from panel Nos. 1, 2, and 3 with V, values of 210, 237, and 262 V, respectively.

the samples are introduced into the measurement chamber. To suppress the adsorption of H,O

in particular, the samples were dismantled in dry air and stored in a N, atmosphere until the

measurements. In addition, to take into account both chemical and physical adsorptions, not

only Mg- and Ca-related photoelectron spectra were measured but also C- and O-related pho-

toelectron spectra, and the relationship between Vs and the adsorption states obtained from
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each spectrum was investigated. The C 1s, O 1s, Mg 2p, and Ca 2s photoelectron spectra re-
sults for panel Nos. 1, 2, and 3 with respective V,, values of 210, 237, and 262 V are shown
in Figs. 1(a)-1(d), respectively. The production conditions of these panels are summarized in
Table II. The C 1Is and O 1s photoelectron spectra were measured to quantify the amounts
of the C=0, C-H (or C—-C), and O—H bonding states adsorbed on the (Mg,Ca)O protective
layer. The chemical states of Mg and Ca were characterized by analyzing the Mg 2p and Ca
2s photoelectron spectra. Mg 2p photoelectrons provide one of the most intense lines for Mg,
whereas Ca 2s photoelectrons do not provide such an intense line for Ca. The kinetic energy
of Ca 2p photoelectrons, which show the most intense line for Ca, overlaps with that of Mg
KLL Auger electrons when using the Al Ka line as an X-ray excitation source; therefore,
the Ca 2s photoelectron line was analyzed instead. The spectra were normalized with respect
to the peak values of Mg-related signals in Fig. 1(a) and each photoelectron peak in Figs.
1(b)-1(d).

Figure 1(a) shows three peaks obtained in C 1Is photoelectron spectra. The peaks with
binding energies of approximately 290 and 285 eV can be assigned to the C=0 and C—H
(or C—C) bonding states, respectively.>>3® Mg-related Auger electron lines appear as a broad
peak at approximately 282 eV in the case of Al Ka X-ray excitation.’” The O 1s photo-
electron spectra in Fig. 1(b) have peaks with shoulders on the high-binding-energy side. The
bonding states of O atoms at binding energies of approximately 529, 531, and 532 eV are as-
signed to Mg or Ca oxidation, and the O—H and C=0 bonding states, respectively.*®*® The
Mg 2p photoelectron spectra shown in Fig. 1(c) have a chemical state assigned to Mg oxida-
tion at a binding energy of 49 eV,* which remains almost unchanged, despite the change in
Vsus- On the other hand, the Ca 2s photoelectron spectra shift to higher binding energies with
increasing Vs, as shown in Fig. 1(d). It is assumed that this shift to a higher binding energy
of approximately 439 eV in the Ca 2s photoelectron spectra is related to the carbonation state
of Ca®3 owing to the relatively higher chemisorption nature of CO, toward Ca.***" The
lower binding energy of the Ca 2s photoelectron line at approximately 436 eV is attributed to
the oxidation state of Ca.’®

By fitting the spectra in Figs. 1(a) and 1(b) with Gaussian functions, the amounts of the
C=0, C-H (or C-C), and O—H bonding states adsorbed on the (Mg,Ca)O protective layers
can be calculated. Although the amount of the C=0 bonding state can be obtained from both
C Is and O 1s photoelectron spectra, it was calculated from the C 1s spectra. The ratio of Ca
carbonation [G./(G, + G.)] can also be estimated by fitting the Ca 2s photoelectron spectra

with two Gaussian functions for the oxidation (G,) and carbonation states (G.). Figures 2(a)-

6/18



Jpn. J. Appl. Phys.

REGULAR PAPER

O /(Mg + Ca)

C=

O-H /(Mg + Ca) C-H/ (Mg + Ca)
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Fig. 2. Relationship between Vy,, and the amounts of the (a) C=0, (b) C—H and (c) O—H bonding states,

and (d) the Ca carbonation ratio G./(G, + G.) on (Mg,Ca)O protective layers. Squares correspond to

experimentally obtained data, while the dotted line shows a linear fit. Open symbols correspond to data from

the panels annealed in vacuum, while closed symbols to data obtained under other annealing conditions.
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2(c) show the relationship between Vs and the amounts of the C=0, C—H, and O—H bonding
states adsorbed on the (Mg,Ca)O protective layer, respectively. These amounts are normalized
according to the sum of the Mg and Ca signals, because the absolute values of the spectra can
be verified among the samples from the charging effects. The relationship between V,, and
the Ca carbonation ratio G./(G, + G.) is also shown in Fig. 2(d), where the dotted line is a
linear fit. The relationship between Vg, and the amounts of the C=0, C—H and O—H bonding
states is very poor, while Vs well correlates with the Ca carbonation ratio. Figure 2(d) shows
that, as the Ca carbonation is enhanced, Vs increases. The analysis of the depth profiles
of photoelectron signals from carbon has revealed that the depth of the presence of carbon
from the surface is related to the discharge voltage for a (Ca,Mg)O protective layer with
different CaO concentrations.*”> We have directly demonstrated that no carbonation of the
(Mg,Ca)O protective layer in the panels occurs at Mg sites, but that it occurs predominantly
at Ca sites; the carbonation ratio is clearly related to discharge voltage, even at the same CaO
concentration.

A contradiction between Figs. 2(a) and 2(d) is evident; the correlations show disagree-
ment even if the vertical axes in both Figs. 2(a) and 2(d) indicate the C=0O bonding state
or carbonation. The reason for this is thought to be as follows. The changes in the Ca 2s
photoelectron spectra are caused only by chemical adsorption, because the Ca bonding state
is modified only by chemical reactions. In contrast, the C 1s photoelectron signals indicate
both physical and chemical adsorptions, and it is difficult to separate the spectra from each
other. The amount of adsorption varies with exposure time in air from the dismantling of the
panels until the measurements are performed, especially in the case of immediate physical
adsorption. Therefore, the amounts of C=0 bonding states that are not originally present in
the panels may be detected largely in C 1s photoelectron spectra. The poor correlation in
Figs. 2(b) and 2(c) can also be explained similarly. Therefore, we consider that Ca 2s pho-
toelectron spectra are more suitable for the quantification of the amount of adsorption in the
panels because chemical adsorption proceeds more slowly than physical adsorption.

Considering the results shown in Fig. 2(d), the good correlation between Vs and the
amount of carbonated (Mg,Ca)O can be explained by electron emission with Auger neutral-
ization.*>*¥ Figure 3 shows a schematic energy diagram of the electron emission processes
from bulk MgO by Auger neutralization for Ne™ and Xe™. In these processes, a wider band
gap indicates a lower v if the electron affinity is equivalent. The wide band gap for bulk MgO
indicates that electron emission is effective via Ne*, but not via Xe*. However, the band gap

at the surface in a thin film is reduced owing to crystal structure imperfections, which gener-
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Fig. 3. (Color online) Schematic energy diagram for electron emission processes from bulk MgO by Auger

neutralization via Net and Xe*.

ate extra states in the band gap. Therefore, electron emission from the surface states of MgO
can be slightly effective, even for Xe*. The band gaps of MgO, MgCOj;, CaO, and CaCO;
were estimated by computational simulations of the density of states using the WIEN2k pro-
gram.*> Although these values are somewhat different from the actual values because of the
limits of the band theory calculations, the relative changes in band gaps from the oxidation
states to the carbonation states for Mg and Ca can be discussed. The relative band gaps of
MgO:Ca0, MgO:MgCOs3, and CaO:CaCO; were determined to be 1:0.77, 1:1.04, and 1:1.38,
respectively. A comparison of MgO with CaO indicates that the higher y for CaO is explained
by its narrower band gap. The degradation of vy is noticeable owing to the formation of a much
wider band gap by the carbonation of CaO than by that of MgO. Consequently, it is suggested
that the band gap is narrower for (Mg,Ca)O than for MgO, which leads to a higher vy, but the
band gap is significantly increased by carbonation, which results in a lower y and a higher
Visus-

To understand the progression of the chemical carbonation of Mg and Ca in various atmo-
spheres, (Mg,Ca)O films were exposed to N,, dry air, and normal air atmospheres for 14 days
immediately after deposition, and the surfaces were then analyzed by XPS. The Mg 2p and
Ca 2s photoelectron spectra are shown in Figs. 4(a) and 4(b), respectively. The spectra are
also normalized with respect to the peak values. The G./(G, + G.) ratios obtained from Fig.

4(b) are shown in Table III. The Mg 2p photoelectron peaks show that the carbonation of Mg
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Fig. 4.
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(Color online) (a) Mg 2p and (b) Ca 2s photoelectron spectra of (Mg,Ca)O films after exposure to

Ny, dry air, and normal air atmospheres for 14 days after deposition. Spectra of the as-deposited sample and

the samples annealed in air at 350 °C after exposure to dry air and air atmospheres are also shown.

Table Il

Ca carbonation ratios [G./(G, + G.)] obtained from Fig. 4(b).

Condition G./(G,+G,)
As-deposited 0.29
Leftin N, 0.3
Left in dry air 0.35
Annealed fqr the ’ 0.37
panel left in dry air
Left in air 0.45
Annealed for the 0.49

panel left in air

proceeds only in the air atmosphere.*® This carbonation can be reversed by annealing in air

at 350 °C. The possible reason why the Vy, of a conventional panel with a MgO protective
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layer is stable is the reversal from the carbonation to oxidation of Mg by annealing in air,
even if the carbonation of Mg proceeds.

On the other hand, the Ca 2s photoelectron peaks indicate that the chemical state of Ca
remains unchanged only in the N, atmosphere. Although Ca carbonation proceeds readily
in normal air, the carbonation is suppressed to some extent in dry air. Therefore, we sug-
gest that H,O in air enhances Ca carbonation because it has been reported that moisture is
often added to the CaO carbonation process to increase the reaction rate owing to the for-
mation of the Ca(OH), intermediate.*” In addition, the carbonation of Ca is not reversed by
oxidation owing to annealing in air at 350 °C, but is enhanced slightly. Extreme ultraviolet
photoelectron spectroscopy (EUPS) measurements of MgO and CaO showed that the amount
of CO, adsorbed was increased by annealing in air for CaO, but not for MgO.*® Metastable
de-excitation spectroscopy (MDS) measurements showed that the ionization potential was
almost unchanged for MgO, but significantly increased for CaO by annealing in air.*” The
results of the annealing of (Mg,Ca)O thin films in air in this study are similar to those of
MgO and CaO films measured by EUPS and MDS. We suggest that the reversal of Ca car-
bonation by annealing in air is impossible, which is the reason why the Vs of panels with
a (Mg,Ca)O protective layer is unstable because there are differences in the degree of Ca
carbonation under various production conditions and exposure time in the atmosphere after
(Mg,Ca)O deposition. This is considered to be critical for (Mg,Ca)O protective layers be-
cause detailed control of exposure time in the atmosphere after deposition, i.e., the degree of
Ca carbonation, is difficult during the production.

It is thus necessary to introduce a process to overcome this problem to the production
of the (Mg,Ca)O protective layer to suppress carbonation. We investigated the decarbonation
and carbonation behaviors of air-annealed (Mg,Ca)O films using various additional anneal-
ing procedures in Nj, vacuum, N,:H,O, N,:CHy4, and N,:CO, atmospheres at 500 °C. The
pressure for vacuum annealing was in the range from 107> to 10~ Torr. N, and the mixture
gases were continuously supplied during annealing at 10 L/min. The N,:H,O gas flow was
realized by bubbling pure water with N, gas. Figures 5(a) and 5(b) show the Mg 2p and Ca
2s photoelectron spectra of the (Mg,Ca)O films with the additional annealing after annealing
in air, respectively; thus, the spectrum for annealing in air indicates the initial chemical state
of this trial. The G./(G, + G.) ratios obtained from Fig. 5(b) are shown in Table I'V. For both
Mg and Ca, the photoelectron spectral shift to higher binding energies was more significant
after annealing in the N,:CO, atmosphere. Relatively large shifts to higher binding energies

resulted from annealing in the N,:CH,4 and N,:H,O atmospheres for Ca than for Mg. The
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Fig. 5. (Color online) (a) Mg 2p and (b) Ca 2s photoelectron spectra of (Mg,Ca)O films with the additional
annealing in N,, vacuum, N;:H,O, N,:CHy4, and N,:CO, atmospheres after annealing in air. The spectrum for
annealing in air indicates the initial chemical state of this trial. The annealing temperatures were 350 °C in air

and 500 °C in the other atmospheres.

spectral changes induced by annealing in the N,:CO, atmosphere are due to the carbonation
of Mg and Ca.?®%%9 The chemical states of Ca can also be changed, even in the N,:CH,
and N,:H,O atmospheres. It has been reported that the ionization potential of CaO can be
changed by the adsorption of H,O or CO,, as confirmed by MDS measurements.>” The de-
gree of change in the ionization potential by H,O or CO, adsorption is similar to that of the
spectral changes after annealing in N,:CO, and N,:H,O gases. This suggests that the change
in the chemical bonding states of Ca by H,O or CO, chemisorption leads to an increase in
ionization potential. Similarly, it is considered that the ionization potential is increased by
the changes in the chemical bonding states of Ca due to CH4 chemisorption. These results
indicate that not only CO, gas but also moisture and organic compound gases remaining in
the annealing atmosphere should be removed as much as possible to suppress an increase in

ionization potential and the degradation of y of the (Mg,Ca)O protective layer.
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Table IV. Ca carbonation ratios [G./(G, + G.)] obtained from Fig. 5(b).

Intensity (Normalized)

mosphere -/ (oG
Air 0.43
N, 0.35
Vacuum 0.29
N,:H,0 0.57
N,:CH, 0.86
N,:CO, 0.97

T T T T
For organic-contaminated
Cis N samples
PV s annealed in vacuum
annealed in vacuum
after annealed in air

285 280 275 270
Binding Energy (eV)

Fig. 6. (Color online) C 1s photoelectron spectra of (Mg,Ca)O films annealed in vacuum and air and

vacuum combination after immersion in a solution of a-terpineol. The annealing temperatures were 350 °C in

air and 500 °C in vacuum.

On the other hand, carbonation can be reversed by annealing in both N, atmosphere and

vacuum. Annealing in vacuum was the most effective process for the decarbonation of the

(Mg,Ca)O films, because the activation energy for the decarbonation of CaCO; is modified

and the actual pressure of the thermally desorbed CO, is greatly reduced to less than the

equilibrium pressure between the carbonation and decarbonation reactions especially in vac-

uum.’? In Fig. 2(d), data from panels with a (Mg,Ca)O protective layer that were annealed in

vacuum are also plotted with open symbols. These data are obtained at Vs values from 195

to 215 V with a low carbonation ratio of the (Mg,Ca)O protective layer. Although Vg, was

also changed by the species adsorbed on the front or back panel and by the process conditions

for panel sealing,’” it is demonstrated that annealing of a carbonated (Mg,Ca)O protective

layer in vacuum is effective for reducing Vs owing to the decarbonation of Ca.
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In the conventional production processes for plasma discharge devices, organic residues
can be removed by annealing the panel in air. As described above, organic residues should
be removed because the chemical states and y at the (Mg,Ca)O surface are modified by the
organic compounds desorbed during the panel sealing process at high temperatures. However,
annealing in vacuum is considered to be ineffective for removing organic residues owing to
a lack of O,. In Fig. 6, C 1s photoelectron spectra are shown for the samples annealed in
vacuum and air and vacuum combination after organic contamination. Photoelectron signals
related to organic contaminants are mainly detected at a binding energy of approximately
285 eV.*>3) Thus, significant organic contamination remains on the surface in the case of
annealing only in vacuum. However, the amounts of organic contaminants are reduced for
the sample annealed in air and vacuum combination. Therefore, annealing only in vacuum
cannot be an alternate process to annealing in air. We propose that the best performance of
plasma discharge devices with (Mg,Ca)O protective layers can be realized by the addition of

annealing in vacuum before the panel sealing process.

4. Conclusions

The quantitative relationships between Vs and carbonation ratio, and the decarbonation an-
nealing of carbonated (Mg,Ca)O protective layers in plasma discharge devices were investi-
gated. A high V,, was obtained and a low Vs was also realized, as expected. This degrada-
tion of Vg, was quantitatively assigned to the carbonation of Ca. To suppress Ca carbonation,
dry air is a more suitable atmosphere than humid air for exposure. The carbonation of Ca
cannot be reversed by annealing in the air atmosphere at an accessible temperature; there-
fore, annealing in vacuum is proposed for the decarbonation of (Mg,Ca)O protective layers,
which resulted in the lowering of V. The additional process of annealing in vacuum af-
ter annealing in air should be performed immediately before panel sealing for the production
with (Mg,Ca)O protective layers to satisfy both the removal of organic residues on the protec-
tive layer during production and the decarbonation of (Mg,Ca)O films. The proposed process
will lead to practical applications of high-y materials as a protective layer used for not only
plasma displays but also other plasma discharge devices containing high Xe contents with

high luminous efficiencies and low discharge voltages.
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