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Abstract

The modification of the discharge area in flat panel plasma discharge de-
vices having a complex metal oxide protective layer on prolonged aging was
demonstrated. In the case of a (Mg,Ca)O protective layer, the discharge area
shrank with the discharge intensity reduced during aging. The CaO concen-
tration was increased at the layer surface by the preferential sputtering of
MgO, which is promoted by higher Xe levels in the discharge gas. These re-
sults indicate that a modified distribution of the secondary electron emission
property at the surface due to the compositional change leads to the shrink-
age of the discharge area. This work also demonstrated that reducing the
permittivity of the dielectric layer under the protective layer expanded the
discharge area, thus suppressing the degradation of the discharge intensity
in the plasma discharge devices.

Keywords: plasma discharge, discharge area, complex oxide, preferential
sputtering, sputtering yield
PACS: 52.25.-b, 68.35.-p, 79.20.-m

1. Introduction

Dielectric barrier discharge (DBD) is a well-known technology that allows
the efficient generation of plasmas to obtain mercury-free ultraviolet sources
1,2, 3]. Asexamples, Xe plasmas have been applied to cylindrical fluorescent
lamps and flat panel plasma discharge devices such as plasma displays [4, 5,
6], planar lighting fixtures [7, 8, 9], and plate-type virus inactivation units [10,
11, 12]. These devices are alternatives to light emitting diodes (LEDs), which
are also effective light sources [13]. Plasma discharge devices have significant
size expansion potential and can be fabricated at reasonable production costs.
However, the luminous efficiency of plasma discharge devices is limited to
several tens of Im/W [7], which is inferior to that of LEDs (which can generate
over 100 lm/W) [13, 14]. Therefore, improving the luminous efficiency of



plasma discharge devices would be highly beneficial in terms of expanding
the potential market.

One key means of enhancing luminous efficiency is increasing the electron
emission efficiency from the dielectric electron emitter, which plays an im-
portant role in generating and sustaining the Xe plasma. In such devices, a
Ne:Xe gas mixture is often used as the discharge gas to reduce the discharge
voltage and generate vacuum ultraviolet (VUV) radiation via the Penning ef-
fect. A higher Xe content in the plasma discharge device improves the VUV
generation efficiency, although the discharge voltage increases [15, 16, 17].
The discharge voltage greatly depends on the ion-induced secondary electron
emission coefficient (vy) for the oxide layer applied to the dielectric layer to
protect the front panel electrodes from discharge sputtering [18]. MgO is
commonly used as the protective layer because of its relatively high chemi-
cal stability and suitable v value for Ne, although its v value is low for Xe.
Therefore, materials having higher ~ values for Xe than MgO are required
to realize low discharge voltages in association with high Xe levels in plasma
discharge devices.

Higher ~ materials that have been assessed for use as protective layers
in plasma discharge devices include other alkaline earth metal oxides, such
as CaO, SrO, and BaO, which have narrower band gaps and lower electron
affinities in this order [19]. These properties in turn increase their v values
with Xe due to efficient electron emission via the Auger neutralization pro-
cess [20, 21]. However, as a result of lowering the Madelung potentials at
the surfaces, the reactivity of surface O?~ ions on these materials is greatly
enhanced [22, 23]. Therefore, these compounds readily react with H,O and
CO; in the ambient atmosphere to form carbonation products [24], which
widens the band gap of the material and reduces the 7 value for Xe [25]. For
this reason, it is difficult to find practical applications for alkaline earth metal
oxides other than MgO as protective layers in plasma discharge devices.

In order to improve the chemical properties of these alkaline earth metal
oxides, more complex metal oxides, such as (Mg,Ca)O [26, 27, 28], (Mg,Sr)O
29, 30, 31], (Mg,Ca,Sr)O [30, 32], (Mg,Ba)O [33], and other materials [34,
35, 36] have been extensively studied. Lower discharge voltages have been re-
alized even for large devices using complex metal oxides for protective layers
rather than the conventional MgO. However, the discharge behavior by com-
plex metal oxide protective layers and the changes in the panel characteristics
upon prolonged aging have yet to be assessed.

In this study, we investigated the discharge behavior of flat panel plasma



discharge devices with a complex metal oxide protective layer under pro-
longed aging. Plasma display panels were employed as model Xe DBD de-
vices. The results demonstrate the shrinkage and expansion of the discharge
area after aging. Analyses of the sputtered protective layer surfaces reveal
the mechanisms of the discharge modifications. Moreover, pixel structures
that effectively suppress the degradation of the device efficiency are proposed.

2. Experimental Methods

The discharge behavior of plasma discharge devices with a complex oxide
protective layer during aging was investigated using 42-inch full-high defi-
nition alternating current plasma display panels. (Mg,Ca)O was employed
as the complex oxide protective layer because this is currently considered to
be the most promising material in devices having high Xe concentrations in
the discharge gas (so as to achieve both increased VUV radiation generation
efficiency and low discharge voltage) [26, 27, 28]. The improved performance
by (Mg,Ca)O is due to the higher ion-induced secondary electron emission
characteristics compared to those of MgO for not only plasma displays but
also other plasma discharge devices. A (Mg,Ca)O film with a thickness of
800 nm was deposited by electron beam evaporation on the dielectric layer.
The permittivity and thickness of the dielectric layer (¢4 and dy) were 11.3
and 39 pm, respectively. The evaporation targets were sintered mixtures
of MgO and CaO. The CaO concentration in the resulting films was in the
range from 3.0 to 17.8 mol % depending on the ratio of the two oxides in
the target. Following (Mg,Ca)O deposition, MgO powder was dispersed on
the protective layer to improve the statistical discharge delay [37]. A Ne:Xe
mixture was used as a discharge gas, with the Xe concentration of 15 % and
at the pressure in the panel of 450 Torr. The specifications of the test panels
used in this study are provided in Table 1. Panel aging tests were carried
out under accelerated conditions, although the aging times reported herein
correspond to the actual operational time spans. The panels were disman-
tled and then cut into the pieces at the size of a few cm? for the following
measurement.

The CaO concentration at the surfaces of the (Mg,Ca)O protective layers
was estimated by X-ray photoelectron spectroscopy (XPS; PHI Quantera
SXM, ULVAC PHI). The samples were excited by a monochromatic X-ray
source with an Al Ka line at 1486.7 eV. The sample surfaces were neutralized
with a combination of electrons and an Ar™ beam to suppress charging effects



Table 1: Specifications of the test panels used in this study.

Front Panel

ITO electrode width 110 pm
Bus electrode width 65 um
Electrode gap 80 pum
Dielectric layer thickness 39 pm
Protective layer thickness 800 nm
Back Panel
Address electrode width 65 pm
Dielectric layer thickness 10 pm
Barrier rib height 120 pum
Barrier rib width 40 pm
Phosphor thickness 12 pm
Pixel size 480 X 160 um?

during the XPS analyses [38]. The photoelectron signals from the samples
were detected at a take-off angle of 45° using a concentric hemispherical
analyzer with a pass energy of 69 eV for Mg photoelectrons and 140 eV for
Ca photoelectrons. Mg 2p and Ca 2s photoelectron spectra were analyzed
to calculate the CaO concentration. Mg 2p photoelectrons provide one of
the most intense lines for Mg. For Ca, Ca 2s line was employed because
the kinetic energy of the most intense Ca 2p lines overlaps with that of
Mg KLL Auger electrons when using the Al Ka line as an X-ray excitation
source. Mapping measurements of the CaO concentration were carried out by
scanning a focused X-ray beam with a spot size of 18 um at 20 pum intervals.
A software package intended for XPS analysis (MultiPak, ULVAC PHI) was
used to subtract the Shirley background signals for all photoelectron spectra
[39]. Mg 2p and Ca 2s photoelectron signal intensities were corrected by
setting the relative sensitivity factors over the regions being assessed to 13.546
and 76.596 provided by the MultiPak software, respectively.
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Figure 1: Images showing the near infrared emission associated with the Xe discharge
from pixels in panels with a (Mg,Ca)O protective layer (a) before and (b) after aging.

3. Results and Discussion

We carried out 2500 h aging tests using panels with (Mg,Ca)O protec-
tive layers and compared the discharge behavior before and after the aging.
Figures 1(a) and (b) show discharge images of panel pixels with (Mg,Ca)O
protective layers before and after aging at the same applied voltage, respec-
tively. These images were obtained by capturing the near infrared emission
primarily at 823 and 828 nm associated with the Xe(6p[3/2]s) — Xe(6s[3/2]2)
and Xe(6p[1/2]p) — Xe(6s[3/2];) transitions [40], respectively, using a gated
ICCD apparatus comprising an image intensifier (M7971-01, Hamamatsu
Photonics) and a digital CCD camera (C8484, Hamamatsu Photonics). In
these images, the white region represents the near infrared emission resulting
from discharge, while the horizontal black lines are bus electrodes. Shrinkage
of the discharge area after the prolonged aging is evident.

To assess the change of the discharge area quantitatively, we defined the
discharge area as the number of ICCD camera pixels for which the signal was
more than half the maximum infrared emission intensity within the panel.
Figure 2 plots the relationship between the normalized discharge area and
normalized peak and integrated discharge intensities with respect to the ini-
tial area and intensity during aging. The solid and dotted lines correspond
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Figure 2: (Color online) Discharge intensities (normalized with respect to the initial in-
tensities) as a function of the discharge area (normalized with respect to the initial area).
Squares and triangles correspond to the peak and integrated intensities, respectively, and
solid and dotted lines indicate linear fits for the peak and integrated intensities, respec-
tively.

to linear fits for the peak and integrated intensities, respectively. As the dis-
charge area shrinks, both the peak and integrated intensities become smaller.
Therefore, the shrinkage of the discharge area is the cause of the reduction of
the panel luminous efficiency. Luminous efficiency is also reduced in the case
of a conventional MgO protective layer by aging. However, the shrinkage of
the discharge area has not been observed.

We investigated the shrinkage of the discharge area associated with the
(Mg,Ca)O protective layer by dismantling the aged panels and by analyzing
the surfaces using optical microscope and XPS. The results are shown in Figs.
3(a), (b), and (c) for panel aging times of 100, 800, and 2500 h, respectively.
Discharge trace images acquired with a digital optical microscope (VHX-
500, Keyence) are shown in the upper part, while maps of the surface CaO
concentration obtained by XPS at the same areas are shown in the lower
part. In the optical microscope images, the black dots are dispersed MgO
and the broad horizontal shadows are the embedded bus electrodes. The
bulk CaO concentration in the (Mg,Ca)O protective layer in Fig. 3 is ~ 11
mol %. It is evident that the surface CaO concentration is greater in the
sputtered regions and increases during aging.

The secondary electron emission coefficient () for the protective layer
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Figure 3: (Color online) Optical microscope images and XPS maps of the CaO concen-
tration in the discharge traces of (Mg,Ca)O protective layers following aging times of (a)
100, (b) 800, and (c) 2500 h.

is expected to be enhanced in the region of increased CaO concentration
[41]. In the region, high v leads to localized sputtering of the protective
layer, resulting in further local increase of the CaO concentration. This
process proceeds until the CaO concentration becomes stable. In order to
investigate the cause of the CaO concentration increase, we evaluated CaO
concentrations after 2500 h aging for (Mg,Ca)O with different initial CaO
concentration. The results are plotted in Fig. 4. As expected, higher initial
CaO concentration results in higher final CaO concentration.

If we assume that the increase in the CaO concentration is caused by
the preferential sputtering of MgO within a (Mg,Ca)O protective layer, the
temporal changes in the MgO and CaO concentrations (Ci40(t) and Ceao(t),
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Figure 4: CaO concentration in (Mg,Ca)O protective layers after 2500 h aging, as a
function of the initial CaO concentration. Square plots correspond to experimental data,
while the dotted line indicates the results obtained by calculations using Eq. (4), setting
YMgO/YCaO to 4.02.

respectively) on the surface of the protective layer can be expressed as [42]

Crgo(t) = Nargo exp(=t/7) + Nygoweao [L —exp(=t/7)], (1)

and
Ceoao(t) = Newo exp(—t/7) + NewowngoT [1 — exp(—t/7)], (2)

where CMgo<t) + Ccao(t) =land 7= (NMgowCao + NcagwMgo)_l. Here,
Nugo and Neggo are the bulk concentrations of MgO and CaO, respectively,
where Nyg0 + Nego = 1, and wirgo and weqo are the MgO and CaO sput-
tering rates, respectively. These equations are based on several assumptions.
Firstly, a (Mg,Ca)O film is a mixture of MgO and CaO. Secondly, only the
outermost layer is sputtered while the material below is not modified. Lastly,
the sputtering yields of MgO and CaO (Y40 and Y0, respectively) are in-
dependent of the ratio of MgO to CaO.

From Egs. (1) and (2), the steady-state MgO-to-CaO concentration ratio
(Crgo/Ceao) can be expressed as

Crgo(t — o0) _ Nugo woao  Nugo Yoao
Coao(t = 00)  Neowo Wyngo  Newo Yugo'

(3)



which leads to

1 — Newo Yeu -1
CaO CO+1> . (4)

Ceaolt = 00) = < Ncao  Ymgo
a g

The dotted curve in Fig. 4 is the result of the fitting of the data with Eq. (4)
by using Y0/ Yeawo as a free fitting parameter. The best result is obtained
when YMgO/YCaO is 4.02.

The MgO and CaO sputtering yields are affected by both the ionic species
(Net and Xe™) and the incident ion energies. Since the ions in the panel
pixels have an energy distribution from several tens to a hundred and several
tens of eV [43, 44, 45|, the average sputtering yield (Y”) for a given ion is
expressed as [46]

Y = /0 Y(E)g(E)dE, (5)

where Y (F) is the sputtering yield as a function of an incident ion energy £,
g(E) is the normalized ion flux energy distribution with respect to the total
ion flux, and V is the cathode fall potential, which is approximately equal
to the voltage applied to the panel. If the mean free path for the symmetric
charge transfer (/) is much shorter than the length of the cathode fall region
(L), g(E) can be expressed as [47]

L1 LFE

g(E) = 5 &P {— <2_ZV)] : (6)

The mean free path [ is obtained by (No)~! [46], where N is the discharge
gas density and o is the cross section of symmetric charge transfer between
ions and their parent neutral atoms. The values of the o are reported as
2.0 x 107" cm? for Ne-Ne™ and 8.0 x 107" cm? for Xe-Xe™ [44], thus the
L/l values of Ne™ and Xe't are 49.2 and 34.8 in the case of a Xe content
in the discharge gas of 15 % and a gas pressure of 450 Torr assuming L =
20 pm, respectively [46]. Figure 5 shows the estimated energy distributions
for Ne™ and Xe™ fluxes arriving at (Mg,Ca)O layer surface at the applied
firing voltage of 360 V using Eq. (6). The energy distribution of the Ne™
flux is less than that of the Xe™ due to the greater probability of charge
transfer collisions for Ne™ [48]. Although the approximative values in Fig. 5
are somewhat different from the actual values especially at the high-energy
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Figure 5: Estimated energy distributions for Ne™ and Xe™ fluxes arriving at the (Mg,Ca)O
layer surface in the case of a Xe content in the discharge gas of 15 % and a gas pressure
of 450 Torr at the applied voltage of 360 V using Eq. (6).

region due to frequent charge exchange collisions, the effects are limited for
the following calculations because of much low amounts of the ions with high
energy [49].

The MgO and CaO sputtering yields for low-energy ion bombardment
have been experimentally determined for various noble gas ions [50, 51, 52].
In these prior studies, the experimentally determined dependence of the sput-
tering yield on the normally incident ion energy (Y (F)) are fitted using the

formula
E, [E

In the case of Net, a, b and Ej are 1.88, —0.148 and 66.7 ¢V for MgO, and
0.0284, 15 and 53.5 eV for CaO, respectively. In the case of Xe't, a, b and
Ey are 0.119, 8.96 and 58.4 eV for MgO, and 0.0781, 13.8 and 84.3 eV for
CaQ, respectively. MgO is sputtered to a greater extent than CaO due to its
lower molecular mass (i.e., 40.3 g/mol for MgO and 56.1 g/mol for CaO).
Y(E)g(E) in Eq. (5) can be calculated from the Y (E) data in Refs.
[50, 51] and the g(F) values in Fig. 5. Figures 6(a) and (b) show the
calculated Y (E)g(E) of MgO and CaO for Ne™ and Xe*, respectively. It

N

. (7)
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Figure 6: Calculated distribution of Y (E)g(E) for MgO and CaO in conjunction with (a)
Net and (b) Xe™ sputtering.

has wider distribution in Xe* than in Ne® due to larger amounts of high
energy Xe™' as can be seen in Fig. 5, which indicates that Xe™ has a greater
effect on the sputtering yield of (Mg,Ca)O. The Y (E)g(E) values for Ne™ in
the present study are much lower than those in Ref. [46] even at the similar
discharge gas conditions, which arises from the different sputtering yields
applied to the calculations. The sputtering yields applied in this study have
higher sputtering threshold energies and lower amounts in the low energy
region, where much more of the ion flux exist, resulting in the lower Y (E)g(FE)
values in this work compared with those in Ref. [46].

The average sputtering yield per panel pixel (Y’ P!} can be expressed

12



g) ----------
a 0.9 o R .
< Trhr—ea
o Tl
2 Seememl
© S
2 o8t ]
] e
° | Tl
il o R
T | e o T .-
S 07k Xe5% e i
) CeeXe 0% e
Xe 15%
----- Xe 20%
0.6 L L L " 1 " I .
80 90 100 110 120

E/p (V/em/Torr)
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where Y/ V¢" and Y’ X¢" are the Y’ values for Net and Xe® sputtering,
respectively, and Ny.+ and Nyx.+ are the quantities of Net and Xe't ions
generated during discharge, respectively. The ion ratio during the discharge
can be estimated by calculating the ionization coefficients for Ne and Xe
using the Boltzmann equation solver (Bolsig+, Gerjan Hagelaar) [53]. Figure
7 plots the Xe™ ratios during the discharge (Ny+/(Nye+ + Nxe+)) at various
Xe concentrations as a function of E/p, where E and p indicate the electric
field intensity in a pixel and the pressure of the discharge gas, respectively.
These plots demonstrate that the Xe™t ratio increases when E/p decreases.
The Xe' ratio can be estimated at 0.915 based on the values of Ne:Xe =
85:15 and E/p ~ 100 V/cm/Torr in this study.

The results obtained using Eqgs. (5) and (8) for MgO and CaO are sum-
marized in Table 2. The Yy,0/Ycq0 resulting from the data in Table 2 is
8.34, which is approximately 2 times larger than the value obtained from
Fig. 4. This difference is attributed to several effects. Firstly, the energetic
ions in the pixels are predominantly distributed over the range of 10° to 30°

13



Table 2: Calculation results obtained using Eqs. (5) and (8) for MgO and CaO.

Yy’ Ne* Yy Xet Y’ panel
MgO 9.59x10° 355x10* 3.33x10™
CaO  3.11x10° 4.08x10° 4.00x10°

with respect to the surface normal [54], while the ion incidence angle ap-
plied for the sputtering yield in this study is 0° with respect to the surface
normal. This difference in the incidence angle may modify the sputtering
yield [55]. Moreover, especially in the case of low-energy ion bombardment
(during which numerous ion fluxes exist in the panel pixel), the sputtering
yield is greatly modified by surface charging effects. Carbonation may also
modify the MgO sputtering yield similar to the case of hydroxylation re-
ported in Refs. [56, 57]. This effect may be larger in CaO due to the high
surface reactivity, leading to significant change of the CaO sputtering yield.
Especially in (Mg,Ca)O, it has been demonstrated that carbonation species
are predominantly adsorbed at Ca site, but not at Mg site [28]. However,
it is difficult to estimate these effects quantitatively because the amounts of
the modification of the sputtering yield by ion bombardment with various
incidence angles, by surface charging, and by carbonation have yet to be
studied for MgO and CaO. Although the sputtering yield ratio from Table 2
is different from the estimated values in Fig. 4 because of these reasons, the
good correlation between the experimental and calculated data upon setting
Yigo/Ycao to 4.02 demonstrates that the increase in the CaO concentration
is due to the preferential sputtering.

The effect of the Xe content on this preferential sputtering was assessed
by determining Yy,0/Yeouo as a function of the Xe proportion in the Ne:Xe
mixed discharge, based on Eq. (7). The estimated Xe™' ratio during the
discharge (Nxe+/(Nye+ + Nxe+)) at E/p = 100 V/cm/Torr and the normal-
ized Yarg0/Ycao value with respect to the maximum at an ion bombardment
energy of 100 eV for both Ne™ and Xe™ are shown in Figs. 8(a) and (b),
respectively. The Xe™ ratio during the discharge reached ~ 1 even at a 60
% Xe content. A Xe™ bombardment results in preferential MgO sputtering
(relative to CaO sputtering) compared with Net because Xe' has a much
heavier atomic mass (i.e., 20.2 g/mol for Ne and 131.3 g/mol for Xe). There-

14
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Figure 8: (a) Estimated Xe™ ratio during the discharge (Nx¢+/(Nye+ +Nxe+)) as a func-
tion of the Xe content in the Ne:Xe mixed gas at E/p = 100 V/cm/Torr. (b) Normalized
Yugo/Ycao values with respect to the maximum as a function of the Xe content in the
Ne:Xe mixed gas at an ion bombardment energy of 100 eV for both Ne™ and Xe™ with
normal incidence, using a formula and parameters described in Refs. [50, 51].

fore, Yarqs0/Ycao increases along with the Xe content but plateaus above 60
% Xe.

As noted above, higher Xe levels increase the VUV output in plasma
discharge devices, but also increase the discharge voltage [16, 17]. Thus,
high ~ materials such as (Mg,Ca)O have been studied as protective layers
to suppress increases in the discharge voltage [26, 27, 28]. However, con-
sidering the above results, it is apparent that higher Xe levels modify the
aging characteristics of panels with a (Mg,Ca)O protective layer based on
preferential sputtering. Preferential sputtering also appears for other com-

15



plex oxide protective layers, including (Mg,Sr)O [29, 30, 31|, (Mg,Ca,Sr)O
(30, 32], (Mg,Ba)O [33], and (Sr,Ca)O [34, 58, 59|, whose sputtering yields
and ~ for each single metal oxide are clearly different. The degradation of
the discharge intensity due to the shrinkage of the discharge area proceeds
primarily as a consequence of the preferential sputtering during prolonged
aging, even if the initial properties of the panels with a complex metal oxide
protective layer are improved by a high Xe content in the discharge gas. This
is considered to be a critical point for the practical applications of complex
oxide protective layers having high ~.

The practical application of complex oxide protective layers will require
improved pixel structures to suppress the shrinkage of the discharge area.
Thus, we investigated the discharge area modification upon prolonged aging
while varying the initial discharge area. The initial discharge area depends
on the geometry of the bus electrodes [60, 61, 62], ¢4 or d4 [60, 63, 64], and so
panels with various €4, d; and pixel sizes were fabricated and aged for 2500
h. Figure 9 shows digital optical microscope images of the discharge traces of
the protective layers for panels with dielectric layers having e¢; and d; values
of 11.3 and 39 um, and 5.9 and 24 pm, respectively. The firing discharge
voltage evidently increases by decreasing €, or increasing dy [63]. When ¢,
was changed from 11.3 to 5.9, d; was adjusted to keep the equivalent firing
voltage. Thus, the results shown in Fig. 9 were obtained under almost the
same E/p. In Fig. 9, it is evident that wider regions were sputtered and the
maximum sputtered depth decreased with decreasing ¢; and dy. Simulations
of the excited states of Xe and the dimer Xe} have shown similar results. The
full width at half maximum of the photon flux region becomes much wider
upon decreasing e; while the region becomes narrower upon decreasing dy
[60]. The results shown in Fig. 9 demonstrate that the discharge area can
be controlled by changing the dielectric layer.

We assessed the modification of the discharge area after 2500 h aging
while adjusting the initial discharge area with various dielectric layers and
pixel sizes. The results are shown in Fig. 10. The data above the dotted
line demonstrate that the discharge area after aging is wider than the initial
discharge area. Below the threshold value of the initial discharge area (~
450 in this study), the discharge area after aging is decreased. In contrast,
the discharge area after aging is increased above the threshold value. The
shrinkage and expansion of the discharge area depending on the size of the
initial discharge area are explained below.

Figure 11 presents a schematic of the initial discharge and v distributions
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Figure 9: (Color online) Optical microscope images of the discharge traces for panels
with different dielectric layers under the (Mg,Ca)O protective layers. The permittivity
and thickness of the dielectric layers are (a) 11.3 and 39 pm, and (b) 5.9 and 24 pm,
respectively.
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Figure 10: Relationship between the initial discharge area and the discharge area after
2500 h aging for panels with a (Mg,Ca)O protective layer. The data above the dotted line
show that the discharge area after aging was wider than the initial discharge area.

in a panel pixel after aging for various €4 and d; values. In the case that
€q = 11.3 and dy = 39 pm, the initial discharge area becomes narrow. This
leads to localized sputtering of the protective layer, thus increasing the CaO
concentration and v due to preferential sputtering. The edge regions exhibit
almost no sputtering, and so the difference in v values between the edge
and the center region becomes high, resulting in shrinkage of the discharge
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Figure 11: (Color online) Schematic of the discharge and ~ distributions in a panel pixel
in the cases of (a) ¢ = 11.3, dg = 39 pm and (b) ¢4 = 5.9, dg = 24 pm.

area. In contrast, if €; is reduced, the initial discharge area is widened.
Not only the center regions but also the edge regions are sputtered by the
wider discharge to generate a higher v, thus expanding the discharge area.
Therefore, the initial discharge area must be sufficiently wide in order to
suppress the shrinkage of the discharge area within the (Mg,Ca)O protective
layer.

Finally, we investigated the effects of an initial discharge area on the panel
luminous efficiency, which is determined by €4 and dy values. Figure 12 plots
the luminous efficiency (normalized with respect to the initial efficiencies) as a
function of the aging time for €¢; and d; values of 11.3 and 39 pum, and 5.9 and
24 pm, respectively. The solid and dotted lines correspond to fitting curves
generated using exponential decay functions. The efficiency degradation is
clearly slowed down in smaller ¢;. The degradation of the panel luminous
efficiency during aging is caused due to the decreased phosphor excitation
efficiency by prolonged aging [65] and the deterioration of phosphors [66, 67,
68] and protective layers [69, 70] by VUV or discharge irradiation. However,
the present work indicates that efficiency loss also arises from a contraction
of the discharge area due to preferential sputtering of the protective layer,
and can be suppressed by adjusting the initial discharge area due to the
modification of the ¢; and d; values.
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Figure 12: (Color online) Normalized panel luminous efficiency for e; and d4 values of 11.3
and 39 pm (squares) and 5.9 and 24 pm (triangles). Solid and dotted lines indicate fitting
curves generated using exponential decay functions.

4. Conclusions

The discharge modification of panels with (Mg,Ca)O protective layers af-
ter prolonged aging was investigated. After aging, shrinkage of the discharge
area was observed, and the CaO concentration increased in the sputtered re-
gions on the (Mg,Ca)O protective layer. A comparison between experimental
and calculated data indicated that the CaO concentration increased due to
the preferential sputtering of MgO in the protective layer in response to low-
energy ion bombardment. Therefore, we propose that the reduced discharge
arises from variations in the ~ distribution in the panel pixels due to the
change in the CaO concentration. This preferential sputtering is enhanced
by a higher Xe content in the discharge gas and by a smaller E/p value.
We also evaluated the discharge modification during prolonged aging due to
variations in the initial discharge area, which can be controlled by adjusting
the characteristics of the dielectric layer under the protective layer. Reduc-
ing €4 was found to expand the discharge area, thus suppressing degradation
of the panel luminous efficiency. These results should be valuable during
the development and practical application of complex oxide protective layers
having high v values for plasma displays and other plasma discharge devices
including a high Xe content together with increased luminous efficiency and
a low discharge voltage.
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