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Chapter 1

General Introduction

1.1 Ultraviolet Radiation by Xe Discharge

Glow discharge by Hg vapor was frequently used as a ultraviolet (UV) light source in the
past. Hg discharge provides high UV emission and a high UV radiation generation efficiency,
leading to wide-spreading applications to lighting units by wavelength conversion from UV
to visible light with internal phosphors [1]. However, deleterious effects to human health and
global environment by Hg released from the fluorescent lamps would be an serious problem to
be solved [2].

As a recent international trend for restricting a use of Hg, the United Nations treaty ‘The
Minamata Convention on Mercury’ was adopted on October 10, 2013 in Kumamoto, Japan
and entered into force on August 16, 2017 to prevent anthropogenic emissions and releases of
Hg and its compounds for sustainable global environment and human health. Until now, 128
countries signed the convention and 110 countries ratified it [3]. The aim of this convention
is the complete abolition of manufacturing, importation, and exportation of Hg-used products
until 2020, which currently urges countries all over the world to promptly develop and expand
the use of Hg-free products.

During the past decade, light emitting diodes (LEDs) have commonly been used as a Hg-free

light source. LEDs have a high luminous efficiency (over 100 Im/W) and a long lifespan (over
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100,000 h) [4], but they are still expensive for the complete substitution and difficult to be used
in a large size. Therefore, dielectric barrier discharge (DBD) by noble gas plasma is much
attracted as such applications because plasma discharge devices have significant size expansion
potential and could be fabricated at a reasonable production cost [5]. Among noble gases, Xe
is often employed for the following reasons; (1) a high UV radiation generation efficiency, (2)
UV radiation at long wavelength for low phosphor damages and a high wavelength conversion
efficiency, and (3) low visible radiation for suppression of color mixing with phosphor emission
[6]. Figure 1.1 shows the example of Xe emission spectra in a UV region at various pressures
of discharge gas [7]. Xe discharge can generate vacuum UV (VUV) emission mainly at 147
and 173 nm. The sharp peak at 147 nm results from the transition from the Xe resonance level
Xe,*(P;) to the ground state, while the broad peak at 173 nm arises from the excited molecular
dimers Xe,*('Z, ") and Xe>*(Z, ) [8,9]. The 147 nm to 173 nm emission ratio is modified by
varying a pressure or a Xe density in discharge gas. The mixture of Xe and halogen gas makes
the UV emission peak-narrower and wavelength-longer [7], but halogen gases are harmful in
common with Hg. Thus, it is required to use the discharge only by noble gas plasma for the
realization of a human- and environment-friendly device.

The problem to use Xe discharge compared with Hg discharge is a UV radiation generation
efficiency. Figure 1.2 shows a comparison of luminous efficiencies of Hg or Xe discharge flu-
orescent lamps having the similar electrode configurations [6]. In Xe discharge, a Xe atom at
a ground state absorbs the radiations arising from the relaxation of nearby excited Xe. Fur-
thermore, excited Xe can be deactivated by collisions with free electrons. Due to these self-
absorption and de-excitation phenomena, the luminous efficiency by Xe discharge is less than
that by Hg discharge and saturated at a high discharge current density. Therefore, the enhance-

ment of a UV radiation generation efficiency in Xe discharge devices is highly demanded to
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Figure 1.1: Emission spectra from Xe discharge in a UV region at various pressures of dis-

charge gas [7].

compete with Hg discharge devices as well as with LEDs.

1.2 Plasma Discharge Device with Xe Gas

1.2.1 Principle of Operation

Various practical devices using Xe plasma have already been developed, as examples of not
only cylindrical fluorescent lamps but also flat panel plasma discharge devices such as plasma
displays, planar lighting fixtures, and large-sized sterilization, purification, and medical units.
In this section, the common operational principle is described and then the recent researches
and developments for these flat panel devices are introduced.

Figures 1.3(a)-1.3(c) illustrate the schematics of operational behaviors in flat panel plasma

discharge devices in the 1st, 2nd, and 3rd steps, respectively. Firstly, Xe planar discharge is
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Figure 1.2: Comparison of luminous efficiencies of fluorescent lamps having the similar elec-

trode configurations by Hg or Xe discharge [6].

generated by applying a sufficient voltage to coplanar electrodes and then VUV light is radiated
from the Xe discharge, as illustrated in Fig. 1.3(a). An electron emission from a dielectric
cathode layer plays an important role in firing and sustaining the discharge. Appropriate pres-
sure and buffer gas species in discharge gas are also significant issues to generate the efficient
discharge and VUV radiation. Ne or Ar is often added as buffer gas to reduce a discharge volt-
age by the Penning effect [10]. Secondly, internal phosphors are excited by VUV, and visible,
near UV (NUV), or deep UV (DUV) light is emitted from the phosphors, as illustrated in Fig.
1.3(b). Main issues in this step are a phosphor excitation efficiency by VUV and a quantum lu-
minescence efficiency of phosphors. Lastly, light emission from the phosphors is extracted out
of the device, as illustrated in Fig. 1.3(c). In this step, an aperture ratio of the device structure,
transmittance of the panel at the emission side, and reflectance of the panel at the opposite side

are key considerations.
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Figure 1.3: Schematics of operational behaviors of flat panel plasma discharge devices with
Xe planar discharge. (a) In the 1st step, Xe discharge is generated by applying a voltage to
coplanar electrodes and then VUV light is radiated from the Xe discharge. (b) In the 2nd step,
internal phosphors are excited by VUV, and visible, NUV, or DUV light is emitted from the

phosphors. (c) In the 3rd step, light emission from the phosphors is extracted out of the device.
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1.2.2 Display Applications

A plasma display panel (PDP) is one of the most widespread applications of Xe DBD [11-
13]. Since the PDP invention at the University of Illinois in 1964 [14], the specifications such
as a luminous efficiency, luminance, definition, and size expansion have dramatically been im-
proved. Not only 42-inch full-high definition (FHD) PDPs [15,16] but also 103-inch FHD [17],
150-inch 4K2K [18], and 145-inch 8K4K PDPs (shown in Fig. 1.4(a)) [19] were demonstrated.
Moreover, curved and super-large-sized displays up to 180-inch panels for ambient applica-
tions of digital signages were realized by a plasma tube array (PTA) technology as shown in
Fig. 1.4(b) [20]. PDPs are good at size expansion, image quality, color reproducibility, and
moving picture resolution [12,21], but one of the weak points is a luminous efficiency (up to 5
Im/W) [12]. The lifespans of PDPs are reported to 30,000 ~ 100,000 h [22]. Flexible transpar-
ent plasma displays have also been demonstrated, which will create new display applications
available in any situation in the future [23-25].

One of the recent applications of a PDP technology is a plasma panel sensor (PPS) for ra-
dioactive detection [26]. The detection of radiation is based on modification of the discharge
firing due to partial ionization of discharge gas induced by incident radiation. Merits of a PPS
compared with a conventional radiation sensor are potentials of cost-lowering, portability (no
cooling systems), size expansion, and constant monitoring of a spatial distribution of radioac-
tive contamination. Friedman et al. carried out the pioneering work of a PPS with a direct
current (DC) PDP technology in 2005 [27]. The PPS technology has demonstrated the detec-
tion of not only X-ray [28,29] but also 3-ray, y-ray, muon, proton, and neutron [30-32]. Except
for a DC-type, a PPS with an alternating current (AC) PDP technology was recently devel-
oped [33], which will open affordable PPS applications for simple inspection of hot spots and

distributed foods having radioactive contamination because an AC-type PDP has substantially
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Figure 1.4: Photographs of super large-sized PDPs; (a) 145-inch 8K4K PDP [19] and (b)
curved 180-inch PTA [20].
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been developed and widely been commercialized.

1.2.3 Lighting Applications

A plasma flat lamp (PFL) emitting visible light is an interest of this subsection because of
a great advantage of size expansion potential for flat panel plasma discharge devices against
LEDs. Since the pioneering proposal of a flat fluorescent lamp with Xe DBD by Urakabe et al.
in 1996 [34], many groups have improved the PFLs with high luminance and a high luminous
efficiency even in the 2010s [35-37]. Oh et al. demonstrated the greatly improved luminance
(up to 22100 cd/m?) and luminous efficiency (up to 94 Im/W) by optimizing the electrode
configuration [38]. The lifespan of PFLs reaches ~ 100,000 h [5]. The first application of
PFLs was a backlight for a liquid crystal display [6,39], but in recent years, general lighting
systems using Xe planar discharge, such as interior lights, outdoor billboards and illuminations,
emergency lights of crowd area, architectural lighting installations, and airport lighting systems,
have been industrialized [40]. The flexible PFLs have also been developed [41], which will
lead to upcoming unique lighting applications with a high degree of freedom of design and

installation.

1.2.4 Chemical and Biological Applications

VUV emission from plasma discharge devices is often used for photodissociation of com-
pounds because the light whose wavelength is shorter than approximately 200 nm is required
to break the chemical bonds of strongly bound molecules [5]. O3 generation and the decompo-
sition of organic compounds by VUV irradiation have been applied to the surface cleaning of

a substrate, surface modification for functionalization, disinfection, and odor eliminating for a
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long time [42]. Recently, Zukawa et al. demonstrated the higher decomposition ability of an
organic dye using VUV radiation by a planar Xe DBD device than by a conventional excimer
lamp [43]. By employing phosphors emitting at NUV or DUV, UV PFLs have also been de-
veloped, and the diligent researches and developments on chemical and biological applications
have been performed in recent years. In a sterilization purpose, the frequently-used region in
wavelength is UVC, which effectively destroys the deoxyribonucleic acid (DNA) of harmful
viruses and bacteria [44]. Zukawa et al. developed a plate-type UVC light source with MgO
phosphors and demonstrated the effective virus inactivation comparable to that of a conventional
Hg lamp [45]. Awamoto et al. demonstrated the effective bacteria inactivation using a luminous
array film (LAFi) with broadband UVC phosphors [46]. These sterilization and disinfection ef-
fects without chemical substances by plasma discharge devices can be applied to cleaning water
[47,48], air, foods [49], and facilities [50] in a large area even by single irradiation.

In a medical application, narrow band (NB) UVB light is used for skin phototherapy. The
phototherapy effects have a strong dependence on irradiation wavelength and are most enhanced
at approximately 300 nm, while erythema reactions due to skin damages induced by UV irra-
diation is enhanced as the radiated wavelength is shorter than approximately 310 nm [51,52].
Thus, NB UVB at approximately 300 to 310 nm is often employed for low erythema reaction
and effective phototherapy. Morita et al. proposed the flat-type and portable NB UVB device by
employing YAl3(BO3)4:Gd>* phosphors emitting at 312 nm for psoriasis treatment [53]. Guo
and Awamoto et al. demonstrated the area-selectable NB UVB light source with Gd-doped
UVB phosphors emitting at 311 nm for skin phototherapy by a LAFi technology [54,55]. It is
also demonstrated that the fertility of animals and the growth of plants are enhanced by UVB
irradiation [56]. Besides the above-mentioned developments, numerous applications in various

fields with the photophysical, photochemical, and photobiological effects by plasma discharge
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Figure 1.5: Photograph of a skin phototherapy system with UV LAFi emitting at 311 nm NB
UVB [54].

devices have currently been studied, which are reviewed in Refs. [42,57,58].

1.3 Improvement of Energy Efficiency

As described in Section 1.1, enhancement of an energy efficiency of plasma discharge devices
is strongly required to replace Hg discharge devices with Xe discharge devices. In this section,

the energy efficiency of each operational step in Xe plasma discharge devices is discussed based

10
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Table 1.1: Estimated energy balance in PDP operation with Ne:Xe mixed discharge gas [12].
The percentage of the dissipated energy at each step indicated in the fist column with respect to
the total energy applied to the panel is presented in the second column, while the percentage of
the energy loss between the successive steps described in the fist column is given in the third

column.

Energy % Loss

Electric energy dissipated in discharge 100
60% in ion heating (from models)
Energy dissipated in electron heating p =40

N 50% in xenon ionization, neon excitation and ionization (from models)
Energy dissipated in xenon excitation Nxe = 20

N 25% transition loss (e.g. infrared emission), quenching (from models)
Energy dissipated in UV production nuy = 15

N 50% VUV photons not collected by phosphors (estimation)
UV energy reaching the phosphors 1.5

N 67% UV to visible photon energy conversion loss (estimation)
Visible photons production 2.5

N 40% visible photons not collected on front face (estimation)
Photons reaching the user 1.5

on the example of a PDP as a model Xe DBD device. Table 1.1 shows the approximate energy
balance in the PDP operation with Ne:Xe mixed discharge gas estimated by Boeuf [12]. Al-
though the estimation can be applied only in a limited situation and modified in the case of other
plasma discharge devices due to a different device dimension, the values in Table 1.1 help us
to understand the key factors to improve the energy efficiency. Large energy losses are evident
even at the early stages of the device operation such as ion or electron heating and Ne or Xe
excitation.

If it is assumed that DC glow discharge where ionization takes place by the negative glow

whose field is zero for a simplified discussion, the energy fractions dissipated to ion and elec-

11
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tron heating in the sheath with respect to total heating of electrons and ions can be expressed
approximately as 1/(1 + ) and y/(1 + 7), respectively, where ¥ is an ion-induced secondary
electron emission coefficient of a cathode layer [59]. Thus, increasing 7y leads to decreasing ion
heating and naturally increasing electron heating, resulting in the improvement of the energy
efficiency of plasma discharge devices. Therefore, a dielectric electron emitter with high y must
be a key material to realize plasma discharge devices with a high energy efficiency by increasing
electron heating.

Another approach to enhance the efficiency is increasing a Xe content in Ne:Xe mixed dis-
charge gas. As shown in Fig. 1.6, the luminous efficiency of a plasma discharge device increases
as the Xe content increases due to the enhancement of VUV radiation generation [60-62]. How-
ever, increasing a Xe content also leads to the increase of the discharge firing voltage [60-62],
which depends strongly on Y of a cathode layer [63]. Thus, a dielectric electron emitter with
high 7y also plays an important role in realizing both an increased luminous efficiency and a

decreased discharge voltage.

1.4 Electron Emission from Dielectric Cathode Layer

In order to improve the energy efficiency of plasma discharge devices, development of a
dielectric electron emitter with high ¥ is essential as described in Section 1.3. To protect the
electrode and dielectric layer against sputtering by discharge, an oxide protective layer is formed
at the surface of the dielectric layer in plasma discharge devices. MgO is commonly used as the
protective layer because of its relatively high electron emission property, chemical stability, and
resistance against sputtering by discharge [12]. MgO with (111) preferred orientation shows the
highest ¥ among the possible crystal structures due to the negative electron affinity of the (111)

surface [64]. An electron emission from MgO can be explained by the Auger neutralization

12
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Figure 1.6: Luminous efficiencies and discharge firing voltages of plasma discharge devices
as a function of a Xe content [61]. The data of the luminous efficiencies are normalized with

respect to the value obtained by 3.5% Xe content trial.

process [65,66]. Figure 1.7 shows a schematic energy diagram of the electron emission pro-
cesses from bulk MgO by the Auger neutralization with Net and Xe™. The wide band gap for
bulk MgO indicates that an 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 generate extra states near the band edges and then narrow the band gap at the surface as
shown in Fig. 1.8 [67,68]. Therefore, an electron emission from the surface states of MgO can
be slightly effective, even for Xe™. In addition, F-type centers which act as deep electron traps

are created in MgO due to oxygen vacancies. The F-type centers at the ground state are lo-

13
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Figure 1.7: Schematic energy diagram for electron emission processes from bulk MgO by
the Auger neutralization via Ne' and Xe™. Energy levels of bulk CaO, SrO, and BaO are also

shown.

cated at approximately 5.1 eV below the lower edge of the conduction band [69]. The electrons
trapped at the F-type centers at the surface also contribute to electron emissions via Xe™ by the
Auger neutralization [70]. However, in spite of these effects, MgO does not have high y for Xe™
enough to improve the energy efficiency of plasma discharge devices with a high Xe content.
Therefore, higher-y materials than conventional MgO are necessary to realize a low discharge

voltage and a high energy efficiency for a high Xe content in plasma discharge devices.

14
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Figure 1.8: Schematic of modified band gap at the surface of MgO.

1.5 High-y Material for Dielectric Cathode Layer

As higher-y materials for protective layers in plasma discharge devices, other alkaline-earth
metal oxides, i.e., Ca0O, SrO, and BaO, can be candidates [71,72]. Figure 1.7 shows energy
levels of bulk CaO, SrO, and BaO for the comparison with that of MgO. In an electron emission
process by the Auger neutralization, a wider band gap indicates lower 7 if the electron affinity
is equivalent. CaO, SrO, and BaO have narrower band gaps and lower electron affinities in
this order [72,73], which leads to high y for Xe™ due to the efficient electron emission by the
Auger neutralization process [65,66]. However, related to lowering the Madelung potentials at
the surfaces, the reactivity of the surface O?~ of these materials is strongly enhanced [74,75].
Therefore, these materials are easily react to H,O and CO; in air atmosphere and form hydrox-
ylation and carbonation chemically [76]. This reaction results in widening of the band gaps

and degradation of y for Xe™ [77], which is a major reason of difficulty to realize the practical

15
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applications for plasma discharge devices with protective layers of single alkaline-earth metal
oxide except for MgO.

In order to suppress H,O- and CO,-contamination, a structure with double protective layers
(a CaO [78] or SrO [79] layer covered with a MgO layer as a barrier material) was proposed.
The thickness of several tens to a hundred and several tens of nm is required for the MgO barrier
layer. A demerit of this method is a long pre-aging time; over 200 h are needed to erode out the
MgO layer and then stabilize the discharge voltage low [78]. Another solution to overcome the
problems of the single alkaline-earth metal oxide is introducing a complex based on an alkaline-
earth metal oxide. Although the compounds with a low electron affinity or a narrow band gap
except for an alkaline-earth metal oxide (RbBr, Rbl, Csl, Cs,O [80], LaF3 [81], and LaBg¢ [82])
have also been studied, their applications are rather limited because of its low producibility,
instability, and high cost. Hereafter, the researches and developments on complexes based on

alkaline-earth metal oxides are focused on.

1.6 Complex Oxide Cathode Layer with High y

1.6.1 SrO-based Oxide

A mixed crystal of SrO and CaO ((Sr,Ca)O) is one of the most extensively studied materials
for a high-y protective layer from the 1970s to the 2010s. Shinoda et al. first proposed the
(Sr,Ca)O protective layers for plasma discharge devices and demonstrated the lowest firing
voltages among the conceivable complex oxide protective layers in 1979 [83]. Uchiike et al.
studied the optimal composition of the (Sr,Ca)O to obtain the best performance of the plasma
discharge devices [84]. The (Sr,Ca)O protective layer has been investigated as an alternative

of a conventional MgO layer by Kajiyama et al. even in the 2010s [85,86]. However, they

16
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still suffer from the high chemical reactivity of SrO, which precludes practical applications in
spite of the long-standing researches on (Sr,Ca)O protective layers. In order to realize (Sr,Ca)O
protective layers for large-sized devices, Yano et al. proposed the procedure called as “all-in-
vacuum” [87]. In this procedure, all processes after deposition of a protective layer, such as
annealing, panel alignment, panel sealing, and gas filling, are carried out in vacuum to prevent
the adsorption of impurity gases on the panel. However, this procedure is hard to be applied in
the actual production due to the high cost and the small throughput.

In order to prevent the carbonation and suppress the degradation of electron emission prop-
erties of SrO, addition of a covalent element was attempted. The group IV elements, such as
Ti, Zr, Hf, and Ce, have no d electrons, and exhibit tetravalent covalent nature in common with
carbon. Fukui et al. demonstrated the improved discharge properties and chemical stability for
SrO containing Zr ((Sr,Zr)O) [88]. As shown in Fig. 1.9(a), Yamauchi et al. found that the most
suitable metal in the above-mentioned group IV elements is Ce for doping into SrO ((Sr,Ce)O)
to obtain the reduced discharge voltages; at Ce concentration of approximately 60 at.%, the
adsorption of impurity gas is greatly suppressed (see Fig. 1.9(b)) [89]. They also investigated
the characteristics of 3- to 42-inch panels with (Sr,Ce)O protective layers. However, because
of an inherited chemical reactivity of SrO, the discharge voltages were not well improved in a

larger-sized device, which has more adsorbed impurity species on the panel.

1.6.2 CaO-based Oxide

A 12Ca0-7Al1,03 (C12A7) electride, whose crystal structure is shown in Fig. 1.10(a), can be
a candidate material for a protective layer with high y because it has a low work function (~ 2.4
eV). As illustrated in Fig. 1.10(b), a free oxygen ion can be replaced by two electrons in a unit

cell of C12A7 [90]. The low work function of C12A7 is due to the mid-gap states created by the

17
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Figure 1.9: (a) Discharge sustaining voltages of PDPs with (Sr,Ce)O protective layers com-

pared with the case of a conventional MgO protective layer [89]. (b) C 1s X-ray photoelectron

spectra of (Sr,Ce)O films annealed at 500°C in air compared with the cases of SrO and CeO,

films [89].
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occupied electrons in the cages. Since the C12A7 invention as an excellent electron emitter by
Hosono et al. [91], a C12A7 electride has been studied for the applications to fluorescent lamps
[92,93] and plasma displays [94,95]. In these devices, the potential of reducing a discharge
voltage with a C12A7 cathode layer is clearly demonstrated compared with a conventional
cathode layer. The reduced discharge voltage arises from the efficient electron emission from
the mid-gap level by the Auger neutralization via Xe*, as described in Fig. 1.10(c). However,
a C12A7 electride does not have the thermal stability high enough to be used as a cathode layer
for plasma discharge devices. This means that further researches and developments of alloying

elements are still required for improvement of the thermal stability [94].

1.6.3 MgO-based Oxide

Numerous dopants into a MgO thin film have been studied to enhance an electron emission
property by forming impurity or defect states in the band gap because MgO-based protective
layers have sufficient chemical stability [96]. Doping alkali metals (Li [97], Na [98], and K
[99]) and Al [100] creates the defect states arising from vacancies at anion and cation sites in a
MgO film, respectively. Other representative elements (H [101], Be [102], Si [103], Zn [104],
Ge [105], and Cs [106]), transition metal elements (Sc [107], Ti [108], Cr [109], Fe [110], Ni
[111], Y [100], Zr [112], Mo [113], Ru [105], Ta [114], and Ce [113]), and compounds (LaBg
[115]) have also widely been investigated as the dopants. Although these dopants can enhance
an electron emission property and then reduce a discharge voltage compared with a pure MgO,
the doped-MgO films do not have high y for Xe™ enough to improve the device efficiency due
to insufficient density of states of the impurity or defect levels when used as protective layers in
plasma discharge devices with a high Xe content.

In order to satisfy both chemical stability and appropriate y for Xe*, mixed crystals of MgO
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and other alkaline-earth metal oxides, such as (Mg,Ca)O [116-126], (Mg,Sr)O [83,100,126-
128], (Mg,Ca,Sr)0O [127,129], and (Mg,Ba)O [126,130], have been studied. Modification of the
energy band structure by the complexes were demonstrated by the calculation [118] and exper-
iment [128] as shown in Figs. 1.11(a) and 1.11(b), respectively. The modified band structure
is expected to result in high-y properties. Among these complexes, a (Mg,Ca)O material is the
most extensively studied from the 1990s to the 2010s, and considered to have the highest po-
tential as a feasible high-7y protective layer. However, a trade-off between maintaining chemical
stability by the increase of a MgO concentration and enhancing 7y for Xe™ by the increase of a
Ca0, SrO, or BaO concentration is obvious. Therefore, the optimal composition should be ad-
justed according to the conditions of production, discharge gas, and operation for each plasma

discharge device.

1.7 (Mg,Ca)O Protective Layer

As described in Section 1.6, a (Mg,Ca)O mixed crystal is the most promising material in the
above-mentioned complex oxides for a high-y protective layer as an alternative of a conven-
tional MgO layer. Cho et al. pioneeringly studied the (Mg,Ca)O for plasma discharge devices
in 1999 [116,117] and the ardent researches and developments on a (Mg,Ca)O protective layer
are still carried out in recent years [124-126]. Using (Mg,Ca)O for protective layers, lower
sustaining and firing discharge voltages than conventional MgO have been realized even for
large-sized devices such as a 42-inch FHD panel (Zukawa et al. in Fig. 1.12(a)) [120] and a
50-inch FHD panel (Lee et al. in Fig. 1.12(b)) [123] in production conditions close to those of
conventional plasma discharge devices.

One of the remaining problems for a (Mg,Ca)O protective layer is that a discharge voltage

is also degraded by hydroxylation or carbonation due to the inherited chemical nature of CaO.
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Figure 1.13: Luminous efficiencies of 50-inch FHD panels having (Mg,Ca)O protective layers

compared with the case of a MgO protective layer [123].

By these chemical reactions, the discharge voltages can be modified unstably as shown in Fig.
1.12(b). Yan et al. reported the hydroxylation and carbonation reactions which probably occur
at the surface of a (Mg,Ca)O protective layer [119]. Motoyama et al. indicated that the amount
of carbon at the surface is related to the discharge voltage for a (Mg,Ca)O protective layer with
different CaO concentrations by analyzing the depth profiles of photoelectron signals from car-
bon [122]. However, the quantitative relationship between a discharge voltage and the chemical
state of the (Mg,Ca)O protective layer has yet to be clarified well. Moreover, an applicable
process to realize the optimal performance of the (Mg,Ca)O protective layer for the production
of plasma discharge devices has never been proposed.

In addition to a discharge voltage, a discharge behavior and a luminous efficiency are also key
factors for plasma discharge devices. Lee ef al. demonstrated that enhancement of the luminous
efficiency could be realized even for large-sized devices with (Mg,Ca)O protective layers due

to an improved electron emission property compared with a conventional MgO layer, as shown

24



Chapter 1 1.8 Chapter Overview and Goals of This Thesis

in Fig. 1.13 [123]. Howeyver, these results are limited at the initial state of the operation, and the
degradation of a discharge behavior and a luminous efficiency by prolonged aging for (Mg,Ca)O
protective layers have yet to be investigated well. Moreover, a suitable process and a device
structure to improve the properties of plasma discharge devices with (Mg,Ca)O protective layers

have never been proposed.

1.8 Chapter Overview and Goals of This Thesis

The goal of this thesis is to contribute to the realization of a low discharge voltage, a high
luminous efficiency, and a long lifespan for plasma discharge devices with (Mg,Ca)O protec-
tive layers. In order to accomplish this goal, the mechanisms for the degradation of a discharge
voltage, a discharge property, and a luminous efficiency were aimed to be clarified. More-
over, an appropriate process and a device structure to suppress the degradation were discussed.
Hereafter, the overviews of the following chapters are described.

In Chapter 2, the author investigates the chemical states related to a discharge voltage when
(Mg,Ca)O films are used as protective layers for plasma discharge devices. 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, which is related to a discharge voltage. The effects
of the exposure environment after deposition on the progression of chemical reactions which
affect the discharge voltage are also studied. An annealing process applicable to recovery of the
(Mg,Ca)O protective layer and to reduce the discharge voltage is also investigated.

In Chapter 3, the modification of discharge behaviors by prolonged aging for flat panel plasma
discharge devices with (Mg,Ca)O protective layers is investigated. The author demonstrates the
shrinkage and expansion of the discharge area for the devices with the (Mg,Ca)O protective

layers after prolonged aging. Analyzing the surface of the sputtered protective layers enables
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the modification mechanisms of the discharge behaviors to be identified. Moreover, the effective
pixel structures to suppress the degradation of the device efficiency due to the modification of
discharge behaviors are proposed.

In Chapter 4, the degradation mechanism of a phosphor excitation efficiency in plasma dis-
charge devices with (Mg,Ca)O protective layers by prolonged aging is investigated based on
photoluminescence experiments. The author finds that loss of luminance occurs as a result of
the absorbance of VUV radiation by organic residues. The consequent formation of byproducts
reduces a phosphor excitation efficiency by absorbing the shorter wavelength VUV light. The
results indicate that annealing to remove organic species adsorbed on the protective layer and
degassing the panels are significantly important to suppress the degradation of a luminous ef-
ficiency as well as a discharge voltage in plasma discharge devices with (Mg,Ca)O protective
layers.

In Chapter 5, another degradation mechanism of a phosphor excitation efficiency in plasma
discharge devices with (Mg,Ca)O protective layers is presented. The results demonstrate that
the extent of re-deposition of the sputtered protective layer on the phosphors increases as the
device ages, thus reducing the luminance via the absorption of the shorter wavelength VUV
radiation. To suppress this degradation, it is quantitatively indicated that engineering the dis-
charge gas conditions, such as the composition and the pressure, and improving the sputtering
resistance of a (Mg,Ca)O film are highly required for the decrease of the sputtering rate of the
protective layer.

In Chapter 6, the overall results are summarized and a brief outlook for further improvement
and reliability of the performance of plasma discharge devices with (Mg,Ca)O protective layers

is presented.
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Chapter 2

Annealing process for
recovery of carbonated
(Mg,Ca)O protective layer

for plasma discharge device

The carbonation behavior and decarbonation annealing of a protective (Mg,Ca)O layer for
flat panel plasma discharge devices were investigated in this chapter. Compared with a con-
ventional MgO protective layer, the (Mg, Ca)O protective layer showed both high and low dis-
charge voltages. Quantitative X-ray photoelectron spectroscopy analyses indicated that the
high discharge voltages were caused by Ca carbonation. The progression 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. Annealing in vacuum is proposed 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.



Chapter 2 2.1 Introduction

2.1 Introduction

Improvement of the degraded discharge voltage of plasma discharge devices with (Mg,Ca)O
protective layers is a focal issue of this chapter. As described in Chapter 1, (Mg,Ca)O is the
most perspective material as a protective layer in a plasma discharge device [1-6]. Motoyama et
al. demonstrated the air-stability of a (Mg,Ca)O protective layer for a lower discharge voltage
than a conventional MgO layer in a 2-inch panel [7]. However, in the case of larger-size de-
vices, the discharge voltage is greatly increased by hydroxylation and carbonation owing to the
large amount of residual impurities in the panel than in smaller-size devices. The low gaseous
conductance for degassing during the panel sealing process results in the increase of residual
impurities in larger-sized devices [8].

Yan et al. reported the issues of a manufacturing process for introducing a (Mg,Ca)O pro-
tective layer [9,10]. They pointed out that a special process was required for the production of
plasma discharge devices with (Mg,Ca)O protective layers compared with the case of a con-
ventional MgO protective layer. In order to reduce the discharge voltage, the sealing processes
under N, atmosphere [11] and high sealing temperature [12] were proposed. These sealing
processes are certainly effective for suppressing carbonation, but ineffective for decomposi-
tion of the carbonated species formed prior to the sealing process due to high decarbonation
temperature for CaCOj3 [12]. Therefore, a suitable process to obtain the best performance of
the (Mg,Ca)O protective layer for the production of plasma discharge devices has yet to be
proposed. Moreover, extensive quantitative analyses of the relationship between the discharge
voltage and the chemical state of the (Mg,Ca)O protective layer have never been performed.

In present work, the chemical states of a (Mg,Ca)O protective layer related to the discharge
voltage are investigated. In order to assess the modification of the discharge voltage, PDPs

are used as model Xe DBD devices. The chemical state related to the discharge voltage is
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quantitatively assigned by analyzing the surface of the (Mg,Ca)O protective layer. The exposure
environment after deposition which affects the progression of the chemical reaction is also
investigated. An annealing process applicable to recovering the (Mg,Ca)O protective layer in

the panel with a high discharge voltage is also proposed.

2.2 Experimental Methods

To investigate the effects of a (Mg,Ca)O protective layer on the discharge voltage in plasma
discharge devices, 42-inch AC PDPs with FHD were produced. MgO and (Mg,Ca)O films
were deposited as protective layers on the dielectric layers of the front panels by electron beam
evaporation. During the deposition, the substrate temperature was kept at 350°C, and O, gas
was continuously supplied to the chamber with the flow rate of 20 sccm. The evaporation
targets for (Mg,Ca)O were sintered mixtures of MgO and CaO. Two kinds of the target pellets,
i.e. rectangular and cylindrical shapes, were prepared as shown in Figs. 2.1(a) and 2.1(b),
respectively; the latter was practically employed due to lower splashes of the pellets during
electron beam irradiation with high current density. The thickness of the deposited protective
layers was 800 nm. Figures 2.2(a) and 2.2(b) show a scanning electron microscope (SEM; S-
4600, HITACHI) image (x 100,000) at the surface of the deposited (Mg,Ca)O film and X-ray
diffraction (XRD; X’Pert PRO MPD, Malvern Panalytical) profiles of the (Mg,Ca)O film and
the sintered pellet mixed with MgO and CaO, respectively. The resulting films were tricornered
at the surface and showed (111) preferred orientation. The XRD peak position of (111) plane of
a (Mg,Ca)O film is linearly modified depending on a CaO concentration between the (111) peak
positions of MgO and CaO according to the Vegard’s law [13,14]. Thus, the CaO concentration
of the (Mg,Ca)O protective layer in this study was confirmed as approximately 12 mol% by

their (111) peak positions. MgO powders were dispersed on the protective layers to improve
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Figure 2.1: The evaporation targets for (Mg,Ca)O deposition; (a) rectangular and (b) cylindri-

cal in shape.

the statistical discharge delay [15]. The panels were sealed with N, gas supplied to the space
between the front and back panels. The Xe content used in the discharge 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 2.1.

The panels were kept in dry air after the deposition of the MgO and (Mg,Ca)O films to
suppress H>O adsorption on the samples. In addition, the panels were dismantled only in dry
air and the samples were cut into the pieces at the size of a few cm? to be 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 after unsealing the
packages prior 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 photo-
electron spectroscopy (XPS; PHI Quantera SXM, ULVAC PHI). The samples were excited by a
monochromatic X-ray source with an Al Ko line at 1486.7 eV. The spot size of incident X-rays

was 50 um in diameter. The photoelectron signals from the samples were detected at a take-off
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Figure 2.2: (a) SEM image (x 100,000) at the surface of the deposited (Mg,Ca)O film and (b)

XRD profiles of the (Mg,Ca)O film and the sintered pellet mixed with MgO and CaO.
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Table 2.1: Specifications of the test panels used in this study.

Front Panel
ITO electrode width 110 pm
Bus electrode width 65 pm
Electrode gap 80 pm
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 pm
Barrier rib width 40 pm
Phosphor thickness 12 pm
Pixel size 480 X 160 pm?

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 Art beam to suppress charging
effects during the XPS measurements [16]. Software for XPS analysis (MultiPak, ULVAC PHI)
was used to subtract background signals for all photoelectron spectra according to the Shirley
background [17]. Binding energies for the spectra were corrected by shifting the binding en-
ergy of hydrocarbon-related peaks at the C 1s photoelectron line to 284.8 eV [18]. C-, O-, Mg-,
and Ca-related photoelectron signal intensities were corrected by setting the relative sensitivity
factors over the regions being assessed to 21.479, 50.3, 13.546, and 76.596 provided by the

MultiPak software, respectively.
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2.3 Results and Discussion

A discharge sustaining voltage (V) and a 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 a VUV generation efficiency due to the setting
of the Xe content in the discharge gas to 100%. Vg5 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. There were also panels with
higher Vs, while lower Vg, 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 variation in Vg, the panels with various
Vsus 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 effects of the
adsorption of impurity gas from the air during the dismantling of the panels until 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 but also C- and O-related photoelectron spectra were measured,
and the relationship between Vg, values and the adsorption states obtained from each spectrum
was investigated. The C 1s, O 1s, Mg 2p, and Ca 2s photoelectron spectra results for panel
Nos. 1, 2, and 3 with respective Vs values of 210, 237, and 262 V are shown in Figs. 2.3(a)-
2.3(d), respectively. The production conditions of these panels are summarized in Table 2.2.
The C 1s and O 1s photoelectron spectra were measured to quantify the amounts of C=0, C—H

(or C—C), and O—H bonding states adsorbed on the (Mg,Ca)O protective layer. The chemical
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Table 2.2: Production conditions and Vs values for panel Nos. 1, 2, and 3.

Condition Panel No. 1 Panel No.2 Panel No. 3

CaO conc. (mol%) 12 12 12

Am.leahng atmosph.ere Vacuum Air Air
prior to panel sealing

Annealing atmosphere .
during panel sealing N, N, Alr

Vs (V) 210 237 262

states of Mg and Ca were characterized by analyzing Mg 2p and Ca 2s photoelectron spectra.
Mg 2p photoelectrons provide one of the most intense lines for Mg, whereas Ca 2s photoelec-
trons 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 Ko 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. 2.3(a) and each photoelectron peak in Figs. 2.3(b)-2.3(d).

Figure 2.3(a) shows three peaks obtained in C 1s photoelectron spectra. The peaks with
binding energies of approximately 290 and 285 eV can be assigned to C=0 and C—H (or C—C)
bonding states, respectively [19,20]. Mg-related Auger electron lines appear as a broad peak
at approximately 282 eV in the case of Al Ka X-ray excitation [21]. The O 1s photoelectron
spectra in Fig. 2.3(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 assigned to Mg
or Ca oxidation, O—H, and C=0 bonding states, respectively [20,22]. The Mg 2p photoelectron
spectra shown in Fig. 2.3(c) have a chemical state assigned to Mg oxidation at a binding energy

of 49 eV [20], which remains almost unchanged, despite the change in V5. On the other hand,
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Figure 2.3: (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 Vs values of 210, 237, and 262 V, respec-

tively.
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the Ca 2s photoelectron spectra shift to higher binding energies with increasing Vs, as shown
in Fig. 2.3(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 [22,23] owing to the
relatively high chemisorption nature of CO, toward Ca [24,25]. The lower binding energy of
the Ca 2s photoelectron line at approximately 436 eV is attributed to the oxidation state of Ca
[22].

By fitting the spectra in Figs. 2.3(a) and 2.3(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 1s 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 2.4(a)-
2.4(c) show the relationship between V¢ values 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 varied among the samples due to the charging effects. The relationship
between Vg values and the Ca carbonation ratio G./(G, + G;) is also shown in Fig. 2.4(d),
where the dotted line is a linear fit. The relationship between Vg, values and the amounts
of the C=0, C—H, and O—H bonding states is very poor, while Vs values well correlate
with the Ca carbonation ratio. Figure 2.4(d) shows that, as the Ca carbonation is enhanced,
Vsus increases. The analysis of the depth profiles of photoelectron signals from carbon has
revealed that the amounts of carbon at the surface is related to the discharge voltage for a
(Mg,Ca)O protective layer with different CaO concentrations [26]. The obtained results in this

study directly demonstrate that the (Mg,Ca)O protective layer in the panel does not carbonate at
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Mg sites, but predominantly at Ca sites; the carbonation ratio is clearly related to the discharge
voltage, even at the same CaO concentration.

As shown in Figs. 2.4(a) and 2.4(d), Vg values well correlate with Ca carbonation ratio but
not with the amounts of C=0 bonding state. The reason for this is thought to be as follows. The
spectral shift in Ca 2s photoelectron spectra is caused only by chemical adsorption, because the
Ca bonding state is modified only by chemical reactions. In contrast, C 1s photoelectron signals
arise from both physical and chemical adsorptions, and it is difficult to separate the spectra
from each other. The amount of adsorption of impurity species varies with exposure time in air
from the dismantling of the panels until the measurements are performed, especially in the case
of rapid physical adsorption. Therefore, the amounts of the C=0O bonding state which are not
originally present in the panels may largely be detected in C 1s photoelectron spectra. It can also
be explained similarly why Vs values do not well correlate with the amounts of the C—H and
O—H bonding states as shown in Figs. 2.4(b) and 2.4(c) because the photoelecton signals from
their bonding states are also caused by physical adsorption. Therefore, it is considered that Ca
2s photoelectron spectra are more suitable for the quantification of the amount of the adsorption
in the panels because chemical adsorption proceeds more slowly than physical adsorption.

Considering the results shown in Fig. 2.4(d), the good correlation between Vs values and
the amounts of carbonated (Mg,Ca)O can be explained by an electron emission with the Auger
neutralization [27,28]. Figure 2.5 shows a schematic energy diagram of the electron emission
processes from bulk MgO by the Auger neutralization for Ne™ and Xe™. In these processes, a
wider band gap indicates lower 7 if the electron affinity is equivalent. The wide band gap for
bulk MgO indicates that an electron emission is effective via Ne™, but not via Xet. However,
the band gap at the surface in a thin film is reduced owing to crystal structure imperfections,

which generate extra states in the band gap. Therefore, an electron emission from the surface
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Figure 2.4: Relationship between Vs values and the amounts of the (a) C=0, (b) C—H, and

(c) O—H bonding states normalized with respect to sum of the Mg and Ca amounts, 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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state of MgO can be slightly effective, even for Xe™t. The band gaps of MgO, MgCO3, Ca0, and
CaCOs3 were estimated by computational simulations of the density of states using the WIEN2k
program [29]. 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, Mg0O:MgCO3, and Ca0:CaCO3 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 7 is noticeable owing to the formation of a much
wider band gap by the carbonation of CaO than by that of MgO. These results suggest that the
band gap is narrower for (Mg,Ca)O than for MgO, which leads to higher 7, but the band gap is
significantly increased by carbonation, which results in lower 7y and higher V.

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. 2.6(a) and 2.6(b), respectively. The spectra are
also normalized with respect to the peak values. The G./(G, + G¢) ratios obtained from Fig.
2.6(b) are shown in Table 2.3. The Mg 2p photoelectron peaks show that the carbonation of Mg
proceeds only in the air atmosphere [30]. This carbonation can be reversed by annealing in air
at 350°C. The possible reason why the Vs of a conventional panel with a MgO protective 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, it is suggested
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Figure 2.5: Schematic energy diagram for electron emission processes from bulk MgO by the

Auger neutralization via Ne™ and Xe™.

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 formation
of the Ca(OH), intermediate [31,32]. 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 [33]. 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 [34]. 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. It is suggested that the reversal of Ca carbonation
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Figure 2.6: (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 normal

air atmospheres are also shown.
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Table 2.3: Ca carbonation ratios [G./(G, + G.)] obtained from Fig. 2.6(b).

Condition G./(G,+G)

As-deposited 0.29

Leftin N, 0.3

Left in dry air 0.35

Annealed er the . 037
parel left in dry air

Left in air 0.45

Annealed for the

panel left in air 0.49

by annealing in air is impossible, which is the reason why the Vs of panels with (Mg,Ca)O
protective layers 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 because 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. The decarbonation and carbonation behaviors of air-annealed
(Mg,Ca)O films were investigated using various additional annealing procedures in N, vacuum,
N;,:H;0, N;:CHy, and N;,:CO, atmospheres at S00°C. The pressure for vacuum annealing was
in the range from 107> to 10~* Torr. N, and the mixture gases were continuously supplied dur-
ing annealing with the flow rate of 10 L/min. The N;:H;0O gas flow was realized by bubbling
pure water with N, gas. Figures 2.7(a) and 2.7(b) show the Mg 2p and Ca 2s photoelectron spec-

tra of the (Mg,Ca)O films with the additional annealing after annealing in air, respectively; the
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spectrum for annealing in air indicates the initial chemical state of this trial. The G;/(G, + G.)
ratios obtained from Fig. 2.7(b) are shown in Table 2.4. For both Mg and Ca, the photoelec-
tron spectral shift to higher binding energy was more significant after annealing in the N,:CO,
atmosphere. Annealing in the N:CH4 or Ny:H;O atmosphere leads to larger chemical shift
to high binding energy for Ca than for Mg. The spectral changes induced by annealing in the
N;:CO, atmosphere are due to the carbonation of Mg and Ca [22,23,30]. The chemical state of
Ca is also changed, even in the N,:CH4 or N3:H;O atmosphere. It has been reported that the
ionization potential of CaO is changed by the adsorption of H;O or CO,, as confirmed by MDS
measurements [35]. The degree of increase of the ionization potential by H,O or CO, adsorp-
tion is similar to that of the chemical shift to high binding energy after annealing in N,:CO,
or No:H,O gas. This suggests that the change in the chemical bonding state 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 CH,4 chemisorption [36]. 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.

On the other hand, carbonation can be reversed by annealing both in N, atmosphere and
in 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 CaCQO3 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 vacuum [26,37]. In
Fig. 2.4(d), data from panels with (Mg,Ca)O protective layers annealed in vacuum are also plot-

ted with open symbols. These data are obtained at Vg values from 195 to 215 V in the region
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Figure 2.7: (a) Mg 2p and (b) Ca 2s photoelectron spectra of (Mg,Ca)O films with the ad-

ditional annealing in Ny, vacuum, N;:H,O, N;:CHy, 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.
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Table 2.4: Ca carbonation ratios [G./(G, + G.)] obtained from Fig. 2.7(b).

aAtII]nn(?:[l)ll?ei . G./(G,+G)
Air 0.43
N, 0.35
Vacuum 0.29
N,H,0 0.57
N,:CH, 0.86
N,:CO, 0.97

of low carbonation ratio of the (Mg,Ca)O protective layer. Although V;,s was also changed by
the species adsorbed on the front or back panel and by the process conditions for panel sealing
[11,12], it is demonstrated that annealing of a carbonated (Mg,Ca)O protective layer in vacuum
is effective for reducing Vg5 owing to the decarbonation of Ca.

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 ¥ 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 Oj.
In Fig. 2.8, C 1s photoelectron spectra are shown for the samples annealed in vacuum and
in air and vacuum combination after organic contamination. Photoelectron signals related to
organic contaminants are mainly detected at a binding energy of approximately 285 eV [19,20].
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
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Figure 2.8: C 1s photoelectron spectra of (Mg,Ca)O films annealed in vacuum and in air and
vacuum combination after immersion in a solution of ¢-terpineol. The annealing temperatures

were 350°C in air and 500°C in vacuum.

process to annealing in air. It is proposed 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.

2.4 Conclusions

The quantitative relationships between a discharge sustaining voltage Vs and Ca carbona-
tion ratio, and the decarbonation annealing process of carbonated (Mg,Ca)O protective layers
in plasma discharge devices were investigated. There were panels with high Vs, while low Vg4
was also realized as expected. The results of XPS analyses show that the increase of Vs arises

from carbonation of Ca. To suppress Ca carbonation, dry air is a more suitable atmosphere
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than humid air for exposure. The carbonation of Ca cannot be reversed by annealing in the air
atmosphere at an accessible temperature; therefore, annealing in vacuum is proposed for the de-
carbonation of (Mg,Ca)O protective layers, which results in the lowering of V5. The additional
process of annealing in vacuum after 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 protective layer during production and the decarbonation of (Mg,Ca)O

films.
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Chapter 3
Shrinkage and expansion of
discharge area by (Mg,Ca)O
protective layer for plasma

discharge device

In this chapter, the modification of the discharge area in flat panel plasma discharge devices
having (Mg,Ca)O protective layers on prolonged aging was demonstrated. The discharge area
shrank and the discharge intensity reduced during aging. The CaO concentration increased at
the layer surface by the preferential sputtering of MgO, which is promoted by higher Xe levels in
the discharge gas. These results indicate that a modified distribution of the secondary electron
emission property at the surface due to the compositional change leads to the shrinkage of the
discharge area. This work also demonstrates that reducing the permittivity of the dielectric
layer under the protective layer expands the discharge area, thus suppressing the degradation

of the discharge intensity in the plasma discharge devices.



Chapter 3 3.1 Introduction

3.1 Introduction

The scope of this chapter is temporal changes in a discharge behavior and a luminous effi-
ciency of plasma discharge devices with complex oxide protective layers by prolonged aging.
As described in Chapter 1, mixed crystals of alkaline-earth metal oxides have been studied for
a long time in order to satisfy both chemical stability and high y for Xe* as alternatives of a
conventional MgO material. Enhancement of a luminous efficiency by using the complex oxide
protective layer, such as (Mg,Ca)O [1-3], (Mg,Sr)O [4], and (Sr,Ca)O [5-7], has been reported.
However, these results are limited at the initial state of the operation. Therefore, it is very
meaningful to investigate the degradation of a discharge behavior and a luminous efficiency by
prolonged aging when complex oxide protective layers are used.

In the case of a conventional MgO protective layer, the temporal change in a luminous ef-
ficiency mainly arises from the degradation of phosphors due to surface damages induced by
both VUV irradiation and ion sputtering during panel aging [8-10]. Modifications of a discharge
behavior and a discharge efficiency in the panel with a MgO protective layer by the aging are
relatively limited because it has been reported that little degradation of ¥ occurs by sputtering
the surface of the protective layer [11,12]. However, the effects on a discharge efficiency and
panel characteristics modification by prolonged aging for the complex oxide protective layers
have yet to be investigated. Moreover, a suitable process and a device structure to improve
the properties of plasma discharge devices with the complex oxide protective layers have never
been proposed.

In this work, the modifications of a discharge behavior and a luminous efficiency by pro-
longed aging for flat panel plasma discharge devices with complex oxide protective layers are
investigated. PDPs were employed to evaluate the discharge modification. The shrinkage and

expansion of the discharge area for the devices with the complex oxide protective layers af-
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ter prolonged aging are demonstrated. Analyzing the surface of the sputtered protective layers
enables the modification mechanisms of the discharge behaviors to be identified. Moreover,
the effective pixel structures to suppress the degradation of the device efficiency due to the

modification of discharge behaviors are also proposed.

3.2 Experimental Methods

The discharge behavior of plasma discharge devices with complex oxide protective layers
during aging was investigated using 42-inch FHD AC PDPs. (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
an increased VUV radiation generation efficiency and a low discharge voltage) [1-3,13]. The
improved performance by (Mg,Ca)O is due to higher y 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 on the dielectric layer by electron beam evaporation. The permittivity
and thickness of the dielectric layer (¢; and d;) were 11.3 and 39 um, respectively. The evapo-
ration targets were sintered mixtures of MgO and CaO. The CaO concentrations in the resulting
films were 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 powders were dispersed on the protective layer to
improve the statistical discharge delay [14]. 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 3.1. 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 dismantled and then cut into the pieces at the size of a

few cm? for the following measurement.

73



Chapter 3 3.2 Experimental Methods

Table 3.1: Specifications of the test panels used in this study.

Front Panel
ITO electrode width 110 pm
Bus electrode width 65 um
Electrode gap 80 pm
Dielectric layer thickness 39 um
Protective layer thickness 800 nm

Back Panel
Address electrode width 65 pm
Dielectric layer thickness 10 pm
Barrier rib height 120 pm
Barrier rib width 40 um
Phosphor thickness 12 pm
Pixel size 480 X 160 pm?

The CaO concentrations at the surfaces of the (Mg,Ca)O protective layers were estimated
by XPS (PHI Quantera SXM, ULVAC PHI). The samples were excited by a monochromatic
X-ray source with an Al Ko line at 1486.7 eV. The sample surfaces were neutralized with a
combination of electrons and an Ar™ beam to suppress charging effects during the XPS mea-
surements [15]. 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 Mg-related
photoelectrons and 140 eV for Ca-related photoelectrons. Mg 2p and Ca 2s photoelectron spec-
tra 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 an Al
Ko 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 ym at 20 yum intervals. A
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software package intended for XPS analysis (MultiPak, ULVAC PHI) was used to subtract the
Shirley background signals for all photoelectron spectra [16]. 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.

3.3 Results and Discussion

2500 h aging tests were carried out using panels with (Mg,Ca)O protective layers and the
discharge behaviors before and after the aging were compared. Figures 3.1(a) and 3.1(b) show
discharge images of panel pixels with (Mg,Ca)O protective layers before and after the aging
at the same applied voltage, respectively. These images were obtained by capturing the near
infrared emission primarily at 823 and 828 nm associated with Xe(6p[3/2],) — Xe(6s[3/2];)
and Xe(6p[1/2]p) — Xe(6s[3/2];) transitions [17], 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. Shrink-
age of the discharge area after the prolonged aging is evident.

To assess the change in the discharge area quantitatively, the discharge area is defined as the
number of ICCD camera pixels for which the signal was more than half the maximum infrared
emission intensity within the panel. Figure 3.2 plots the relationship between the normalized
discharge area and the normalized peak and integrated discharge intensities with respect to the
initial area and intensity during aging. The solid and dotted lines correspond to linear fits for
the peak and integrated intensities, respectively. As the discharge 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. A luminous efficiency of a plasma
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Figure 3.1: Images showing the near infrared emission associated with the Xe discharge from

pixels in the panel with a (Mg,Ca)O protective layer (a) before and (b) after aging.

discharge device is also reduced in the case of a conventional MgO protective layer by aging.
However, the shrinkage of the discharge area has never been observed.

The shrinkage of the discharge area associated with the (Mg,Ca)O protective layer was inves-
tigated by dismantling the aged panels and by analyzing the surfaces using optical microscopy
and XPS. The results are shown in Figs. 3.3(a)-3.3(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 ob-
tained by XPS at the same areas are shown in the lower part. In the optical microscope images,
the black dots are the dispersed MgO powders and the broad horizontal shadows are the embed-
ded bus electrodes. The bulk CaO concentration in the (Mg,Ca)O protective layer in Fig. 3.3 is

~ 11 mol%. It is evident that the surface CaO concentration is greater in the sputtered regions
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Figure 3.2: Discharge intensities (normalized with respect to the initial intensities) as a func-
tion 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 indi-

cate linear fits for the peak and integrated intensities, respectively.

and increases during aging.

v of the protective layer is expected to be enhanced in the region of an increased CaO concen-
tration [18]. In the region, high ¥ leads to localized sputtering of the protective layer, resulting
in further local increase of the CaO concentration. This process proceeds until the CaO concen-
tration becomes stable. In order to investigate the cause of the CaO concentration increase, CaO
concentrations after 2500 h aging for (Mg,Ca)O with different initial CaO concentrations were
evaluated. The results are plotted in Fig. 3.4. As expected, higher initial CaO concentration
results in higher final CaO concentration.

If it is assumed that the increases of CaO concentrations are caused by the preferential sput-

tering between MgO and CaO within a (Mg,Ca)O protective layer as schematically illustrated
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Figure 3.3: Optical microscope images and XPS maps of the CaO concentration in the dis-
charge traces of (Mg,Ca)O protective layers following aging times of (a) 100, (b) 800, and (c)
2500 h.
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Figure 3.4: 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. (3.6), setting Yss0/Ycq0 to 4.02.

in Fig. 3.5, the rate equations of temporal changes of MgO and CaO concentrations (Cpgo(?)
and Cc,0(t), respectively) on the surface of the sputtered (Mg,Ca)O protective layer by the

preferential sputtering can be expressed as [19]

dCuo0(t
;t (t) = —Cug0(t)Wmg0 + NmgoCmg0(t)Wrgo + NugoCumeo(t)Weao, 3.1
and
dCcuo(t
%() = —Cca0(t)Wcao + NcaoCcao(t)Wcao + NecaoCcao(t) W0, (3.2)

where Cu,0(t) + Ccao(t) = 1. Nygo and Ne,o are the bulk concentrations of MgO and CaO,
respectively, where Nysg0 + Ncao = 1. wuygo and weyo are the sputtering rates of MgO and

CaO, respectively. In addition, Eqs. (3.1) and (3.2) can be applied under the assumptions
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Figure 3.5: Schematic of the model of the preferential sputtering of a (Mg,Ca)O protective

layer.

below. Firstly, a (Mg,Ca)O film is a mixture of MgO and CaO. Secondly, only the outermost
layer is sputtered by a single sputtering cycle while the material below is not modified. Lastly,
the sputtering yields of MgO and CaO (Yoo and Yc,0, respectively) are independent of the

ratio of MgO to CaO. The solutions of Egs. (3.1) and (3.2) are expressed as

CMgO(t) = NMgO exp(—t/’c) +NMgOWCaOT [1 — exp(—t/’c)] , (3.3)

and
CCaO(t) = Ncuo exp(—t/?:) +NCa0WMgOT [1 — exp(—t/'l:)] , (3.4)
where T = (Nygowcao —|—Nca0wMg0)_1
From Egs. (3.3) and (3.4), the steady-state MgO-to-CaO concentration ratio (Cpg0/Cca0) is

expressed as
Cumgo(t = =)  Numgo weao _ Numgo Ycao

= = ) (3.5)
Ccao(t =)  Ncao Wmgo  Ncao Ymeo
which leads to
1—Ncao Y. -1
Ceao(t = ) = (J ca0 +1) . (3.6)
Ncao  Ymgo
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The dotted curve in Fig. 3.4 is the result of the fitting of the data with Eq. (3.6) by using
Yye0 /Ycao as a free fitting parameter. The best result is obtained when Yye0 /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 [20-22], the average sputtering yield (Y’) for a
given ion is expressed as [23]

\%4
Y = / Y(E)g(E)dE, 3.7)
0

where Y (E) is the sputtering yield as a function of an incident ion energy E, g(E) is the nor-
malized 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 [24]

L1 LE

The mean free path [ is obtained by (No)~! [23], 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 ¢ are reported as 2.0 x 10~'> cm? for Ne-Ne* and 8.0 x 10~!° cm? for
Xe-Xe™ [21], thus the L/ values of Net and Xe™ 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
[23]. Figure 3.6 shows the estimated energy distributions for Ne™ and Xe™ fluxes arriving at
the (Mg,Ca)O layer surface at the applied firing voltage of 360 V using Eq. (3.8). 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* [25]. Although the approximative values in Fig. 3.6 are somewhat

different from the actual values especially at the high-energy region due to frequent charge
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Figure 3.6: 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. (3.8).

exchange collisions, the effects are limited for the following calculations because of much low
amounts of the ions with high energy [26].

The MgO and CaO sputtering yields for low-energy ion bombardment have experimentally
been determined for various noble gas ions [27-29]. In these prior studies, the experimentally

determined dependence of the sputtering yield on the normally incident ion energy (Y (E)) are

Y(E):a(l— ]20)3 [1+b(\/§0—1)]. (3.9)

In the case of Ne™, a, b, and E are 1.88, —0.148, and 66.7 eV for MgO, and 0.0284, 15, and

fitted using the formula

53.5 eV for CaO, respectively. In the case of Xet, 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 CaO, respectively. MgO is sputtered to a greater extent
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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. (3.7) can be calculated from the Y (E) data in Refs. [27,28] and the g(E)
values in Fig. 3.6. Figures 3.7(a) and 3.7(b) show the calculated Y (E)g(E) of MgO and CaO for
Ne™ and Xe™, respectively. It has wider distribution in Xe™ than in Ne™ due to larger amounts
of high-energy Xe™ as can be seen in Fig. 3.6, 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 present study are much
lower than those in Ref. [23] 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(E) values in this work compared
with those in Ref. [23].

The average sputtering yield per panel pixel (Y’ 7#"¢!) can be expressed as

Yy’ panel _ ' Net L _|_Y’ Xet L (3.10)
NNe+ +NXe+ ]VNe+ +NX6+ ’

where Y/ V¢ and Y’ X¢" are the Y’ values for Net and Xe™ sputtering, respectively, and Ny,+
and Ny,+ are the quantities of Ne™ and Xe™ 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) [30]. Figure 3.8 plots
the Xe™ ratios during the discharge [Ny,+/(Ny.+ + Nx.+)] 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™ 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. (3.7) and (3.10) for MgO and CaO are summarized in Table

3.2. The Y0/ Ycao resulting from the data in Table 3.2 is 8.34, which is approximately 2 times
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Figure 3.7: Calculated distribution of Y (E)g(E) for MgO and CaO in conjunction with (a)

Ne™ and (b) Xe™ sputtering.
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Figure 3.8: The Xe™ ratios during the discharge [Ny,+ /(Ny,+ + Nx,.+)] at various Xe concen-

trations as a function of E/p.

larger than the value obtained from Fig. 3.4. This difference is attributed to several effects.
Firstly, the energetic ions in the pixels are predominantly distributed over the range of 10° to 30°
with respect to the surface normal [31], while the ion incidence angle applied 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 [32]. 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 reported in Refs. [33,34]. This effect may
be larger in CaO due to the high surface reactivity, leading to significant change in 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 as described in Chapter 2. However, it is
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Table 3.2: Calculation results obtained using Egs. (3.7) and (3.10) for MgO and CaO.

Y Net Y Xet Y panel
MgO 9.59x10° 3.55x10* 3.33x10™
CaO  3.11x10° 4.08x10° 4.00x10°

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 3.2 is different from the estimated value in Fig. 3.4 because of these reasons, the
good correlation between the experimental and calculated data upon setting Yyo0/Ycq0 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
Ya40/Yca0 as a function of the Xe proportion in the Ne:Xe mixed discharge, based on Eq. (3.9).
The estimated Xe™ ratio during the discharge [Ny, +/(Nye+ + Nx.+)] at E/p = 100 V/cm/Torr
and the normalized Yyso0 /Ycao value with respect to the maximum at an ion bombardment en-
ergy of 100 eV for both Ne™ and Xe™ are shown in Figs. 3.9(a) and 3.9(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 Ne™ because
Xe™ has a much heavier atomic mass (i.e., 20.2 g/mol for Ne and 131.3 g/mol for Xe). There-
fore, Yag0/Ycao increases along with the Xe content but plateaus above 60% Xe.

As noted in Chapter 1, higher Xe levels increase the VUV output in plasma discharge de-
vices, but also increase the discharge voltage [35-37]. Thus, high-y materials such as (Mg,Ca)O

have been studied as protective layers to suppress the increases in the discharge voltage [1-
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Figure 3.9: Estimated Xe™ ratio during the discharge [Nx,+ /(Ny,+ + Nx.+)] as a function of
the Xe content in the Ne:Xe mixed gas at E/p = 100 V/cm/Torr. (b) Normalized Ymqo /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 Net and Xe* with normal incidence, using a

formula and parameters described in Refs. [27,28].
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3,13,38]. However, considering the above results, it is apparent that higher Xe levels modify
the aging characteristics of panels with (Mg,Ca)O protective layers based on preferential sput-
tering. Preferential sputtering also appears for other complex oxide protective layers with high
¥, including (Mg,Sr)O [38-41], (Mg,Ca,Sr)O [4,40], (Mg,Ba)O [38,42], and (Sr,Ca)O [5-7],
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 complex metal oxide protective layers 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, the discharge area modifica-
tion upon prolonged aging was investigated while varying the initial discharge area. The initial
discharge area depends on the geometry of the bus electrodes [43-45], €; or d; [43,46,47], and
so panels with various &;, d;, and pixel sizes were fabricated and aged for 2500 h. Figures
3.10(a) and 3.10(b) show digital optical microscope images of the discharge traces of the pro-
tective layers for panels with dielectric layers having €; and d,; values of 11.3 and 39 um, and
5.9 and 24 um, respectively. The firing discharge voltage evidently increases by decreasing
€4 or increasing d; [46]. When &; was changed from 11.3 to 5.9, d; was adjusted to keep the
equivalent firing voltage. Thus, the results shown in Fig. 3.10 were obtained under almost
the same E/p. In Fig. 3.10, it is evident that wider regions were sputtered and the maximum
sputtered depth decreased with decreasing €; and d;. Simulations of the excited states of Xe
and the dimer Xe3 have shown similar results. The full width at half maximum of the photon

flux region becomes much wider upon decreasing €; while the region becomes narrower upon
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Figure 3.10: Optical microscope images of the discharge traces for panels with different
dielectric layers under the (Mg,Ca)O protective layers after 2500 h aging. The permittivity and

thickness of the dielectric layers are (a) 11.3 and 39 um, and (b) 5.9 and 24 um, respectively.

decreasing d; [43]. The results shown in Fig. 3.10 demonstrate that the discharge area can be
controlled by changing the dielectric layer.

The modification of the discharge area after 2500 h aging was assessed while adjusting the
initial discharge area with various dielectric layers and pixel sizes. The results are shown in Fig.
3.11. 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 3.12 presents a schematic of the initial discharge and 7 distributions in a panel pixel
after aging, for various &; and d; values. In the case of €; = 11.3 and d; = 39 um, the initial
discharge area becomes narrow. This leads to localized sputtering of the protective layer, thus

increasing the CaO concentration and Yy due to preferential sputtering. The edge regions exhibit
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Figure 3.11: Relationship between the initial discharge area and the discharge area after 2500
h aging for panels with (Mg,Ca)O protective layers. The data above the dotted line show that

the discharge area after aging is wider than the initial discharge area.

almost no sputtering, and so the difference in 7y values between the edge and the center region
becomes high, resulting in shrinkage of the discharge area. In contrast, if €; is reduced, the
initial discharge area is widened. Not only the center regions but also the edge regions are sput-
tered by the wider discharge to generate higher ¥, 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, the effects of an initial discharge area on the panel luminous efficiency were inves-
tigated, which is determined by &; and d; values. Figure 3.13 plots the luminous efficiencies
(normalized with respect to the initial efficiencies) as a function of the aging time for &; and
dg values of 11.3 and 39 pum, and 5.9 and 24 pm. The solid and dotted lines correspond to fit-

ting curves generated using exponential decay functions. The efficiency degradation is clearly
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Figure 3.12: Schematic of the discharge and ¥ distributions in a panel pixel in the cases of (a)

g=113,d; =39 umand (b) &, =5.9, d; =24 um.

slowed down in smaller ;. The degradation of the panel luminous efficiency during aging is
caused due to the deterioration of phosphors [8-10] and protective layers [11,12] by VUV or
discharge irradiation, and the decreased phosphor excitation efficiency by prolonged aging (as
described in Chapters 4 and 5 in detail). However, present work indicates that efficiency loss
also arises from a contraction of the discharge area due to preferential sputtering of the protec-
tive layer, and can be suppressed by adjusting the initial discharge area due to the modification

of €; and dj; values of the dielectric layer.
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Figure 3.13: Normalized panel luminous efficiencies for €; and d; values of 11.3 and 39 um
(squares), and 5.9 and 24 pum (triangles). Solid and dotted lines indicate fitting curves generated

using exponential decay functions.

3.4 Conclusions

The discharge modification of panels with (Mg,Ca)O protective layers after prolonged aging
was investigated. After aging, shrinkage of the discharge area was observed, and the CaO con-
centration increased in the sputtered regions on the (Mg,Ca)O protective layer. A comparison
between the 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, it is proposed 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.

The discharge modification during prolonged aging due to variations in the initial discharge
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area was also evaluated, which can be controlled by adjusting the characteristics of the dielec-
tric layer under the protective layer. Reducing €; was found to expand the discharge area, thus

suppressing degradation of the panel luminous efficiency.
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Chapter 4
Degradation of phosphor
excitation efficiency by
adsorption of organic

compounds on phosphors by

VUY irradiation

In this chapter, the mechanism for the degradation of a phosphor excitation efficiency in flat
panel plasma discharge devices was investigated. It is found that remaining organic compounds
contained in the binders of phosphors were transformed to VUV absorbing substances by pro-
longed aging, which reduces the excitation efficiency of a phosphor; especially in the shorter
wavelength VUV range. Organic residues are shown to degrade not only the discharge voltage
but also the phosphor excitation efficiency by prolonged aging. Appropriate annealing of the
panels is required to suppress these degradation phenomena for a (Mg,Ca)O protective layer

because of high reactive property for organic compounds.



Chapter 4 4.1 Introduction

4.1 Introduction

In this chapter, the effects of internal residual impurities on the characteristics of flat panel
plasma discharge devices are investigated. The modification of panel characteristics by residual
gases such as H,O, CO; [1,2], O, [3], H, [4,5], and N, [6,7] have widely been studied. How-
ever, there have been few reports scrutinizing the effects of residual organic compounds in spite
of the fact that many organic compounds can also remain in the panel as a result of insufficient
decomposition or oxidation of organic binder or solvent during the annealing process in pro-
duction [8]. In order to reduce the effects of the residual gas, introducing getters in the panel is
proposed [9,10]. However, this approach is hard to be applied owing to forming unstable dis-
charge due to desorption of gettered gas by thermal effects and ion sputtering during operation.
A sealing process in vacuum is also proposed to decrease the residual impurities [11,12], but
the practical applications are not realized owing to the high process cost and the small through-
put. Therefore, it is very helpful to investigate the quantitative effects of the residual organic
compounds in order to control the characteristics modification of plasma discharge devices be-
cause a (Mg,Ca)O protective layer has a larger potential of adsorption of impurity gas than a
conventional MgO layer [13-15].

As described in Chapter 2, the author first demonstrated the modification of the chemical
state at the surface of a (Mg,Ca)O protective layer by organic gas. The modified chemical state
results in the larger ionization potential and then the degraded discharge voltage. In present
work, the effect on the luminous efficiency is investigated by measuring the photoluminescence
(PL) from the samples with organic contaminants on the phosphors. VUV radiation can be
absorbed by the contaminants to a significant extent. Thus, the absorption of VUV light by
organic contaminants can be a factor in luminous degradation due to a decreased phosphor

excitation efficiency.
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Table 4.1: Specifications of the test back panels used in this study.

Back Panel
Address electrode width 80 pm
Dielectric layer thickness 10 pm
Barrier rib height 120 pm
Barrier rib width 50 pm
Phosphor thickness 10 pm
Pixel size 675 X 300 pm?

The purpose of present work is to demonstrate the modification of luminance by the residual
organic compounds. PDPs are employed to assess the panel characteristics as model flat panel
plasma discharge devices. It is found that loss of luminance due to organic residues occurs
as a result of the absorbance of VUV radiation by prolonged VUV irradiation. The results
suggest that the consequent formation of byproducts reduces a phosphor excitation efficiency

by absorbing the shorter wavelength VUV light.

4.2 Experimental Methods

The luminous degradation of plasma discharge devices by organic compounds was assessed
using the back panels for 42-inch high-definition (HD) AC PDPs. (Y,Gd)BOs:Eu’* (YGB),
a mixture of YBO3:Tb>*+ (YBT) and Zn,SiO4:Mn?* (ZSM), and BaMgAl;O7:Eu** (BAM)
were employed as red, green, and blue phosphors on the back panel, respectively. The specifi-
cations of the test back panels used in this study are shown in Table 4.1. The panels were then
cut into the pieces at the size of a few cm? for the following measurements.

PL measurements in the visible range were carried out by irradiating the back panel samples
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with VUV light in a vacuum chamber. The pressure in the chamber was approximately 1 X
10~2 Torr and the VUV radiation was provided by the 147 nm line of a Xe excimer lamp
(SUSO07, USHIO) and the 173 nm line of a Kr excimer lamp (SUS03, USHIO) attached to the
chamber. The intensity of the excitation light was adjusted by irradiating CaCO3 powder as a
stable reference and monitoring the reflection intensity of the near infrared light emitted from
the lamps. The PL spectra of various samples were acquired using a grating monochromator
together with a photodiode array coupled to the chamber via an optical fiber. The spectral
response of the detection system was calibrated with a standard W lamp reference spectrum.
The amounts of organic residues adsorbed on the samples were determined by thermal des-
orption spectrometry (TDS; TDS1200, ESCO). Residual gases in the measurement chamber
were removed by heating the chamber prior to each measurement. The base pressure prior to
each trial was ~ 1.5 x 10~ Torr and the sample surface temperature was increased at a rate of
10.5 °C/min. The mass of thermally desorbed molecules was identified with a quadrupole mass

spectrometer.

4.3 Results and Discussion

Figure 4.1 shows the PL spectra of the back panel sample in response to 147 and 173 nm
VUV excitation. The red phosphors generate peaks at 593, 612, and 627 nm, due to Dy — "F;
and Dy — 'F, transitions of Eu>* [16]. In the case of the green phosphor, 527 and 543 nm
peaks are observed, corresponding to AT — %A ¢ transition of Mn?t+ and °Dg — 7Fs transition
of Tb>*, respectively [17]. The 450 nm peak produced by the blue phosphor is caused by the
transition from 47%54! excited state to the 4f” ground state of Eu®* [16].

Here, the effect of organic residues on the luminous intensity modification of the phosphors

is now considered. The deposition of organic compounds were simulated by exposing the back
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Figure 4.1: PL spectra acquired from the back panel. The solid and dotted lines correspond to

excitation by 147 and 173 nm VUYV, respectively.

panels to an atmosphere containing ¢-terpineol (TP) vapor for 0.5 or 2 h after annealing in air
at 470°C (see Fig. 4.2). TP is often used as an organic solvent for the phosphor paste binder,
and so can be present as an organic residue in the panels. The structural formula of TP is shown
in Fig. 4.3. These test specimens were irradiated with 147 nm VUV light in a vacuum chamber
after the exposure to the TP vapor.

Figures 4.4(a)-4.4(c) summarize the normalized PL intensities at 593, 543, and 450 nm with
respect to the initial intensities for the TP-contaminated samples over time in response to con-
tinuous irradiation by 147 nm VUYV, respectively. The PL intensities of the non-exposed and 0.5
h-exposed samples initially decrease but then recover during 6 h of VUV irradiation. However,
the luminous intensity of the sample exposed for 2 h continually drops, especially at 593 nm.

These results suggest that the luminous degradation was not caused by phosphor damages but

105



Chapter 4 4.3 Results and Discussion

Sealed package

Samples of 100 cc solution
the back panel of a-terpineol

== e
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Figure 4.3: The molecular structure of o-terpineol.
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by organic residues which were modified due to the 147 nm VUYV radiation. It should be noted
that these experiments were carried out in a vacuum chamber, not in a discharge gas atmosphere
as found in a plasma discharge device. The luminance recovery described above is therefore
attributed to desorption of the organic residues in the vacuum environment, meaning that lumi-
nous degradation could occur in an actual panel even in the case of a small amount of organic
residues.

The effects of the organic residues on luminous intensity were assessed by following vari-
ations in the intensity in response to 147 and 173 nm excitation for the untreated sample and
the sample exposed to the TP vapor for 2 h and to 147 nm VUYV irradiation for 6 h, as in Fig.
4.5. There is obvious degradation of the luminous intensity in the red wavelength region com-
pared with the green and blue regions in the case of 147 nm excitation. In contrast, 173 nm
excitation results in minimal loss of luminance over the entire wavelength range. These results
demonstrate that the drop in red luminous intensity solely by 147 nm excitation is not caused
by phosphor damages but is rather due to reduction of 147 nm excitation. This could occur be-
cause of the formation of materials absorbing at 147 nm during VUV irradiation to the organic
residues.

The VUV irradiation to hydrocarbons tends to generate high molecular weight compounds.
As an example, in the case of CHy, the reaction nCHy + Av — C,Hg,12) + (n—1)H; occurs
[18]. This transformation has been shown to increase the absorption of VUV light at shorter
wavelengths [19]. Thus, similar reactions are believed to have occurred on the TP-contaminated
phosphors used in this study. That is, the TP was transformed to higher molecular weight
byproducts during 147 nm VUV irradiation and so the transmittance in the shorter wavelength
region decreased. This process in turn degraded the luminous intensity of the phosphors due to

a decreased excitation efficiency by the 147 nm VUV light.
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nm VUYV light. The solid line corresponds to data for 147 nm VUV excitation, while the dotted

line indicates data for 173 nm VUV excitation.

Figure 4.6 presents TDS curves acquired from samples of the red, green, and blue phosphors
annealed in air after the exposure to the TP vapor. During TDS, the loss of fragments of the
organic deposits, including '®CH, (m/z = 16), 22C,H,; (m/z = 28), and “*C3Hg (m/z = 44),
could be detected. However, since the peaks for these fragments overlap with those generated
by H;0 and CO, (10, 28CO, and **CO,), it is difficult to use these peaks to make a conclusive
evaluation. Thus, the fragment at m/z =15 (1°CH3) was employed, even though its intensity
was relatively weak. It is evident that there was a greater release of organic residues from
the red phosphors, indicating that more organic compounds were deposited on these sites. To
determine the potential of the physical adsorption on each phosphor, the specific surface area

was analyzed using the Brunauer-Emmett-Teller (BET) method, giving values of 2.2, 1.2, 1.4,
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Figure 4.6: TDS curves at m/z = 15 for air-annealed samples of the red, green, and blue

phosphors.

and 1.7 m?/g for the YGB, YBT, ZSM, and BAM phosphors, respectively. These surface areas
are well correlated with the amounts of organic desorption seen in Fig. 4.6. Consequently,
the red phosphors are considered to have the largest amount of organic residues because of
the widest surface area compared with other phosphors, resulting in reduced 147 nm excitation
due to reaction of the organic residues on the red phosphors in response to continuous VUV
irradiation.

Residual organic compounds are provided from not only phosphor binders at the back panel
but also glass pastes of the dielectric layer at the front panel and glass frits for panel sealing
[8]. An oxide protective layer can act as a getter of these organic residues during degassing
process and the gettering amounts are more enhanced for a (Mg,Ca)O layer than for a conven-

tional MgO layer because the chemical reactivity of CaO is larger than that of MgO even for
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organic compounds [20,21]. The gettered species are desorbed by ion sputtering during dis-
charge, resulting in the more residual impurities in the panel. This means that the degradation
of a phosphor excitation efficiency by prolonged aging proceeds more readily for a (Mg,Ca)O
protective layer than for a MgO protective layer. Therefore, it is necessary to assess the amount
of organic residues in the panel during production and remove all impurities by appropriate

annealing processes in order to introduce a (Mg,Ca)O protective layer.

4.4 Conclusions

The mechanism for the degradation of a phosphor excitation efficiency in plasma discharge
devices by 147 nm VUYV radiation was investigated. It is demonstrated that the luminance of the
devices was degraded by prolonged VUV irradiation because of the presence of organic residues
adsorbed on the phosphors. The obtained results suggest that the organic compounds were
converted to substances which absorb VUV light in the shorter wavelength range. According to
the results in Chapters 2 and 4, it is first demonstrated that not only the discharge voltage but also
the phosphor excitation efficiency are degraded by organic residues in the panel by prolonged
aging. A (Mg,Ca)O protective layer can promote the degradation owing to large adsorption
of organic compounds. Sufficient annealing to remove the organic impurities is required for

realization of high efficient plasma discharge devices with (Mg,Ca)O protective layers.
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Chapter 5
Degradation of phosphor
excitation efficiency by
re-deposition of the sputtered
protective layer on the

phosphors

In this chapter, another mechanism for the degradation of a phosphor excitation efficiency in
flat panel plasma discharge devices was investigated. It is quantitatively demonstrated that a
sputtered (Mg,Ca)O protective layer is re-deposited onto the internal phosphors by prolonged
aging. The results indicates that the re-deposition on the phosphors increases in proportion
to the device aging time, which reduces the luminescence excitation efficiency due to the ab-
sorption of short wavelength VUV radiation by the layer. It is also shown that increasing a
Xe content in discharge gas and CaO concentration of (Mg,Ca)O protective layer suppress the

sputtering of the protective layer, which reduces the re-deposition on the phosphors.



Chapter 5 5.1 Introduction

5.1 Introduction

The device degradation mechanism on a luminous efficiency is also a focal issue of this
chapter. Boeuf reported two degradation mechanisms associated with sputtering of the protec-
tive layer and damages of the phosphors [1]. In one mechanism, the plasma discharge burns out
when the protective layer is eroded out by prolonged sputtering. In the second mechanism, the
luminescence quantum efficiency is deteriorated by surface damages of the phosphors induced
by both VUV irradiation and ion sputtering. Although many groups have studied these degra-
dation mechanisms and proposed processes to improve the protective layer [2-4] and phosphors
[5-7], there have been few reports scrutinizing other degradation mechanisms.

It has already been demonstrated that organic residues in the panel can be a cause of lumi-
nous degradation by consequent formation of byproducts which reduce a phosphor excitation
efficiency by absorbing the shorter wavelength VUV light in Chapter 4. In present chapter,
the mechanism distinct from those described above is investigated, which is luminous degrada-
tion via the re-deposition of a sputtered protective layer on the phosphors by discharge. Ha et
al. reported that luminous degradation was suppressed by MgO deposition on phosphors prior
to panel sealing due to reduced sputtering damages of the phosphors [8]. However, the same
group also reported that the MgO layer on the phosphor affected the luminosity because of the
absorption of VUV radiation used for the excitation. The sputtered protective layer generated
in the panel as a result of discharge aging is re-deposited on the phosphors located at the other
side of the device. Uchidoi also reported that the re-deposition led to a loss of the luminos-
ity of the plasma discharge device because the re-deposition of the sputtered protective layer
increases over time [9]. However, detailed quantitative analyses of the relationship between
this re-deposition process and luminous degradation have yet to be performed. Moreover, the

conditions for suppression of the re-deposition have never been investigated well.
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Chapter 5 5.2 Experimental Methods

The purpose of present work is to extensively study the the potential degradation mechanism
due to the re-deposition of the sputtered protective layer on the phosphors based on experiments
with PDPs as model Xe DBD devices. The results demonstrated that the extent of re-deposition
of the sputtered protective layer on the phosphors increased as the device aged, thus reducing
the luminance via the absorption of the shorter wavelength VUV radiation. The specifications
of the discharge gas and the protective layer to reduce the re-deposition are also proposed by

calculations.

5.2 Experimental Methods

The degradation of plasma discharge devices was assessed using 42-inch AC PDPs with
HD. (Mg,Ca)O films with a thickness of 800 nm were deposited on the dielectric layer of the
front panel of each experimental unit by electron beam evaporation, so as to form a protective
layer. During the deposition process, the substrate was maintained at 350°C and O, gas was
continuously flowed into the chamber at 20 sccm. The evaporation targets used to generate
(Mg,Ca)O were sintered mixtures of MgO and CaO. The CaO concentration in the resulting
films was experimentally determined to be approximately 9 mol% by XPS (PHI Quantera SXM,
ULVAC PHI). After the (Mg,Ca)O deposition, MgO powders were dispersed on the protective
layer to improve the statistical discharge delay [10]. YGB, a mixture of YBT and ZSM, and
BAM were employed as red, green, and blue phosphors on the back panel, respectively. A
Ne:Xe mixture was used as the discharge gas, at a pressure in the panel of 450 Torr and a Xe
concentration of 20%. The specifications of the test panels used in this study are shown in Table
5.1. Panel aging tests were carried out under accelerated conditions, although the aging times
reported herein correspond to the actual operational time spans. After the evaluations of the

panel characteristics, the panels were dismantled and then cut into the pieces at the size of a few
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Table 5.1: Specifications of the test panels used in this study.

Front Panel
Bus electrode width 60 um
Electrode gap 100 pm
Dielectric layer thickness 28 pm
Protective layer thickness 800 nm
Back Panel
Address electrode width 80 um
Dielectric layer thickness 10 um
Barrier rib height 120 pm
Barrier rib width 50 pm
Phosphor thickness 10 pm
Pixel size 675 X 300 pm?

cm? for the following measurement.

The amount of the sputtered protective layer re-deposited on the phosphors was estimated
by XPS. The samples were excited by a monochromatic X-ray source (Al Ko line at 1486.7
eV), with irradiation at the center of each pixel using a spot size of 100 um in diameter while
monitoring an image of scanning X-ray microscope (SXM) attached to the XPS chamber. The
sample surfaces were neutralized with a combination of electrons and an Ar"™ beam to suppress
charging effects during the XPS measurements [11]. The photoelectron signals from the sam-
ples were detected at a take-off angle of 45° using a concentric hemispherical analyzer with
a pass energy of 69 eV. Y- and Mg-related photoelectron spectra were analyzed to calculate
the re-deposition amounts, employing XPS software (MultiPak, ULVAC PHI) to subtract back-
ground signals from narrow scan spectra according to the Shirley background [12]. Y and Mg

signal intensities were corrected by setting the relative sensitivity factors over the regions being
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assessed to 171.155 and 17.43 provided by the MultiPak software, respectively.

5.3 Results and Discussion

The test panel was aged for 2200 h and variations in the luminous intensity of the unit were
evaluated. Figure 5.1 shows the relationship between the aging time span and the normalized
intensities of red, green, blue, and white luminance with respect to the initial intensities. As
expected, the intensities of all colors decrease with aging. In this trial, the effect of the organic
residues described in Chapter 4 is excluded because the front and back panels were annealed
in air enough to remove the residues prior to the panel sealing. Moreover, the degradation of
the discharge intensity by prolonged aging is limited in the case of the pixel size of 42-inch HD
and the dielectric layer of the front panel used in this study, confirmed by the work described
in Chapter 3. The red luminance exhibits the lowest degree of degradation because the red
phosphor used in the panel is relatively stable, even in response to VUV and plasma irradiation
[5]. In addition to the degradation due to phosphor damages, re-deposition of the sputtered
(Mg,Ca)O protective layer onto the phosphors degrades the emission efficiency.

The relationship between the loss of panel luminance and the quantity of the (Mg,Ca)O pro-
tective layer re-deposited on the phosphors during aging was assessed by dismantling panels
and analyzing the surfaces of the phosphors on the back panels. Figure 5.2 shows a SXM image
of the back panel sample. By monitoring the SXM image and irradiating the center regions
locally in three consecutive pixels with a focused X-ray beam, the red, green, and blue pixels
could independently be examined in no particular order. Analyzing the elements in these pixels
with wide scan measurements enabled the corresponding colors of the pixels to be identified.
The results of XPS analyses at red, green, and blue pixels on the back panels before and after

aging are presented in Figs. 5.3(a)-5.3(c), respectively. Each spectrum is normalized by the
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Figure 5.1: Normalized intensities of red, green, blue, and white luminance upon prolonged

aging with respect to the initial intensities.

peak value of the O 1s photoelectron intensity, which is the most intense within the overall pho-
toelectron kinetic energy range. Here, Mg peaks clearly appear in the spectra, which evidences
the re-deposition of the sputtered (Mg,Ca)O protective layer onto the phosphors after aging.
The pixel color most suitable for quantifying the re-deposition amounts was subsequently
determined by XPS analyses. In the case of the blue pixel, it is difficult to quantify the Mg
amount because Mg is already present in the BAM, while in the green pixel spectrum, the
Mg 2p and Mg 2s peaks are close to Y 4s and Zn 3p peaks arising from the YBT and ZSM,
respectively. The red pixel spectrum contains a Mg 2p peak which is also close to the Y 4s
peak generated by the YGB, but the Mg 2s peak is not overlapped. Therefore, the amounts of
Mg in the re-deposition layer were quantified by analyzing the Mg 2s peaks produced by the

red pixels. The signal intensities from the red phosphors were determined using the Y 3d peak,
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Figure 5.2: Scanning X-ray microscope image of the back panel sample.

which is not obscured by any other peaks either.

Determining the peak areas obtained from narrow scans allowed calculation of the ratios
of the Mg 2s intensity from the re-deposition layer to the Y 3d intensity of the red phosphor
itself (Iy,/Iy) during aging. Figure 5.4 plots the normalized red luminance with respect to the
initial luminance (L/Lo) as a function of Iy /Iy for various panel aging times. It is evident
that the luminance decreased as the extent of re-deposition of the (Mg,Ca)O layer onto the red
phosphors increased.

Figure 5.5 presents a schematic diagram showing photoelectron emissions during XPS analy-
ses from the phosphors and the overlapped sputtered (Mg,Ca)O re-deposition layer. The signal
intensity of Y 3d photoelectrons from the phosphors (Iy) is decreased with increasing thickness
of the re-deposition layer on the phosphor (dg) due to attenuation on passing through the re-
deposition layer. In contrast, the number of Mg 2s photoelectrons from the re-deposition layer

(Imy) is increased with increasing dg. In the region for which dg < 8 nm, Iy and Ijs can be
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to experimental data, while the dotted line indicates the results of calculations using Eq. (5.4).
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expressed as [13]

dr
Iy = ok | S 5.1
Y Y eXp< AR(EY)COSQ), ( )
and
I = I [ 1 —exp (—— %R (5.2)
& § Ar(Epmg)cos6 /) |’

where I7/* and I};¥ are the signal intensities of Y 3d photoelectrons from the red phosphors and
Mg 2s photoelectrons from the (Mg,Ca)O layer in the bulk state, respectively, 0 is the detection
angle of the photoelectrons with respect to the surface normal (6 = 45° in this study), Ey and
Eu, are the kinetic energies of the Y 3d and Mg 2s photoelectrons, respectively, and Az (Ey) and
ARr(Ewm;g) are the attenuation lengths of photoelectrons moving through the re-deposition layer
for Ey and Ejyg, respectively. In this study, Ey and Ej, are similar (~ 1325 and 1395 eV based
on Al Ko X-ray excitation with a 1486.7 eV line, respectively). Therefore, if it is assumed that
AR(Ey) =~ Ar(Epg) =~ A, which is the inelastic mean free path (IMFP) of electrons through the
re-deposition layer, dr can be expressed as [14]
bulk

2k g
dg = AgcosO1n ( Y M 1) . (5.3)
Ik Iy

As particularly described in Chapter 4, the PL intensities of the red phosphor samples used in
this study were degraded only minimally, even by VUV irradiation. Therefore, if it is assumed
that the red luminance is proportional to the VUV excitation intensity and is affected only by
modification of the VUV transmission according to changes in dg, then L/Ly will follow the

Lambert-Beer’s law, expressed as [15]

L 127K Iy
L_o = exp (—ardg) = exp [—aRlR cosO1n (I]lf;‘gfk T +1

, 54

where o is the VUV absorption coefficient of the re-deposition layer and I{}""‘ /II{’,}‘glk =1.224

(as obtained by analyzing unaged and aged back panel samples). The values calculated using
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nance, and the estimated thickness of the re-deposition layer.

Eq. (5.4) are shown in Fig. 5.4 by the dotted line. The calculated results are seen to be in good
agreement with the experimental data when the product of the absorption coefficient and IMFP
(0gAR) is set to 0.137.

The IMFP values of Y 3d and Mg 2s photoelectrons passing through a MgO film can be
estimated to be approximately 2.8 nm [16]. Therefore, o in this study is ~ 4.89 x 10’ m~!

based on agAg = 0.137. In plasma discharge devices with Xe discharge gas, the phosphors are
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excited primarily by VUV lines at 147 and 173 nm [17,18]. The sharp peak at 147 nm results
from the transition from the Xe resonance level Xe,*(*P;) to the ground state, while the broad
peak at 173 nm arises from the excited molecular dimers Xeo*(1Z, ™) and Xey*(CE, 1) [19,20].
The adsorption coefficients of bulk MgO at 147 and 173 nm are approximately 4.94 x 10’
m~! and 4.64 x 10> m~!, respectively [21]. Thus, the absorption of 147 nm VUV light by the
re-deposition layer predominantly contributes to the oz value cited above. This result indicates
that degradation of the panel red luminous intensity can largely be attributed to the degradation
of the VUV excitation efficiency of the phosphors due to the absorbance of 147 nm VUV light
by the re-deposition layer. The 147 nm to 173 nm emission ratio is also changed upon varying
the total pressure or the Xe concentration in the discharge gas [22,23]. Thus, the ag value used
above is not constant, but can be modified by changes in the discharge gas conditions.

Using Eq. (5.3), the dg values for panels at various aging times can be calculated, and the
relationships between the aging time and the normalized red luminance, and the estimated dg
are graphed in Figs. 5.6(a) and 5.6(b), respectively. Figure 5.6 demonstrates that dg increases
almost in proportion to the aging duration. Evidently, the degradation of the red luminance
is correlated with increasing dg due to a decreased VUV excitation efficiency in the shorter
wavelength range. In this study, it should be noted that dr, is not increased from zero, but from a
threshold thickness of ~ 0.8 nm, which is explained by previous re-deposition during pre-aging
prior to the actual aging trials for stabilization of the discharge voltage.

In order to suppress the luminous degradation by the re-deposition, the sputtering rate of a
protective layer during discharge must be reduced. The sputtering rate can be modified by the
discharge conditions [24]. Thus, the quantitative changes in the sputtering yield of a (Mg,Ca)O
protective layer by various conditions are estimated by the same procedure described in Chapter

3 [2]. Figures 5.7 and 5.8 show the estimated energy distributions g(E) for Ne™ and Xe*
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fluxes arriving at the (Mg,Ca)O layer surface at various Ne:Xe mixture ratios in discharge gas,
CaO concentrations of (Mg,Ca)O protective layers, and applied voltages to the panel using Eq.
(3.8) [25]. Although the approximative values in Figs. 5.7 and 5.8 are somewhat different
from the actual values especially at the high-energy 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 [26]. Employing the experimental values of sputtering yields
Y (E) of MgO and CaO described in Refs. [27,28], the calculated Y (E)g(E) of MgO and CaO
for Net and Xe™ are shown in Figs. 5.9-5.12 at the same conditions in Figs. 5.7 and 5.8.
Calculated results using Eqs. (3.7) and (3.10) with the various conditions are summarized in
Table 5.2. Yoshino et al. reported that Ne:Xe gas mixture ratio modified the sputtering rate
of a protective layer by the experiments [26]. However, the changes in not only a Xe content
and pressure in discharge gas but also CaO concentration of a (Mg,Ca)O layer actually modify
the discharge firing voltages, and thus it is difficult to change each parameter independently
in the experiments. This makes the contributions of each factor impossible to be identified
experimentally. Therefore, the calculated results in Table 5.2 help us to clarify the effects on
the modification of the sputtering yields by changing each parameter for various conditions.
As can be seen in Table 5.2, the approaches to suppress the luminous degradation by the
re-deposition is similar to those to enhance the energy efficiency. Increasing a Xe content in
discharge gas clearly leads to lowering the sputtering yields due to low Xe™* with high energy.
Higher total pressure also reduces the sputtering yields due to lower Net and Xe™ with high
energy arising from more frequent charge exchange collisions. As shown in Fig. 3.9(b) in
Chapter 3, CaO is less sputtered than MgO, which means that increasing CaO concentration
in a (Mg,Ca)O protective layer results in decreasing the sputtering yields. On the other hand,

absorption coefficients in a VUV region are larger for CaO than for MgO; approximately 1.8
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Figure 5.7: Estimated energy distributions g(E) for Ne™ and Xe* fluxes arriving at a (Mg,Ca)O
layer surface for comparison of the changes in Xe contents in discharge gas using Eq. (3.8).

(The g(E) values for Net and Xe™ in (a) are almost the same.)
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Figure 5.8: Estimated energy distributions g(E) for Ne™ and Xe* fluxes arriving at a (Mg,Ca)O
layer surface for comparison of the changes in pressures of discharge gas and applied voltages
to the panel using Eq. (3.8). (The g(E) values for Net and Xe* in each figure are almost the

same.)
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Figure 5.9: Calculated Y (E)g(E) values of MgO and CaO for Ne™ and Xe™ at the standard

condition of this trial.
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Figure 5.10: Calculated Y (E)g(E) values of MgO and CaO for Ne™ and Xe™ for comparison

of the changes in Xe contents in discharge gas.
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Figure 5.11: Calculated Y (E)g(E) values of MgO and CaO for Ne* and Xe™ for comparison

of the changes in total pressures of discharge gas.
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Figure 5.12: Calculated Y (E)g(E) values of MgO and CaO for Ne* and Xe™ for comparison

of the changes in applied voltages to the panel.
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Table 5.2: Calculated results of total sputtering yields for MgO, CaO, and (Mg,Ca)O using Egs.
(3.7) and (3.10). The data in the top row indicate the standard condition in this trial. Normalized
Y’ Parel yalues for the various conditions with respect to the ¥’ P4"¢! yalue for (Mg,Ca)O at the

standard condition are given in the last column.

Xe conc. Pressure CaO conc. Appl. voltage YN (x10) Y X (x10) y' el (x10°)

(%)  (Torr)  (mol%) ™) Mg0O CaO MgO CaO MgO CaO (MgCa)O Normalized
20 450 9 360 139 442 73.9 53 76.2 6.68 69.9 1
15 450 9 360 95.6 31 358 41.2 341 40.5 314 4.49
25 450 9 360 203 63.6 172 0.783  20.8 1.99 19.1 0.27
20 430 9 360 182 57.2 96.8 7.55 100 9.44 91.9 1.31
20 470 9 360 106 34.3 56.6 3.74 58.2 4.74 53.4 0.76
20 450 6 360 139 442 73.9 53 76.2 6.68 72 1.03
20 450 12 360 139 442 73.9 53 76.2 6.68 67.8 0.97
20 450 9 340 97.7 31.7 52 3.35 534 425 49 0.7
20 450 9 380 191 60 102 8.06 105 10.1 96.7 1.38

times larger in 147 nm and 2.3 times larger in 173 nm estimated by first-principle calculation
[29], which may lead to larger absorption of VUV radiation by the (Mg,Ca)O re-deposition
layer with higher CaO concentration. However, the degree of decreasing the sputtering yields is
almost equivalent to that of increasing the absorption coefficients, i.e., in the case of changing
the CaO concentration from 9 mol% to 12 mol%, approximately 3% decrease of the sputtering
yield, 2% increase of the absorption coefficient of 147 nm, and 4% increase of the absorption
coefficient of 173 nm. Finally, Ne™ and Xe™ with high energy are not excited by lowering
the applied voltage to the panel, which reduces the sputtering yields of a protective layer. This
means that increasing y of a (Mg,Ca)O protective layer with high CaO concentration is also

effective because of a decreased discharge firing voltage.
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In addition to the above-mentioned factors, the physical properties of a protective layer also
modify the sputtering rate [24]. The sputtering rate is decreased by lowering the density of
the protective layer, which also leads to increasing the firing voltage [30]. This means that it
is required to determine the appropriate density by changing the deposition conditions of the
protective layer. Surface contaminations on the protective layer promote the forming of amor-
phous phase by destruction and reconstruction of the layer surface during discharge [31]. The
formed amorphous phase results in increase of the sputtering rate [9]. Therefore, appropriate
annealing processes to remove the impurity species are highly required for decreasing not only

the discharge voltage but also the sputtering rate of the protective layer.

5.4 Conclusions

Another mechanism for the degradation of a phosphor excitation efficiency in plasma dis-
charge devices by 147 nm VUV radiation was investigated. XPS analyses indicated that the
re-deposition of a sputtered (Mg,Ca)O protective layer on the phosphors increased in propor-
tion to the time period over which the panel was aged. Phosphor excitation was suppressed
by this re-deposition layer since the layer absorbed VUV radiation, especially at shorter wave-
lengths. Increasing the Xe content and the CaO concentration is effective for not only improving
the luminous efficiency but also suppressing the degradation of a phosphor excitation efficiency

by the re-deposition.
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Chapter 6

Overall Conclusion

In this thesis, the characteristics of plasma discharge devices with high-y (Mg,Ca)O pro-
tective layers and high Xe contents in discharge gas were investigated. The mechanisms for
the degradation of a discharge voltage, a discharge property, and a luminous efficiency were
quantitatively investigated to realize the performance improvement. In addition, appropriate
annealing processes and device specifications to suppress the degradation were demonstrated
by experiments and calculations.

In Chapter 2, the degradation of a discharge voltage for (Mg,Ca)O protective layers in plasma
discharge devices was investigated. It is shown that the variation in the discharge voltage was
much larger than that of a conventional MgO protective layer. The quantitative relationship
between the Ca carbonation ratio in the protective layer and the discharge voltage indicates
that the increase of the discharge voltage is due to carbonation of Ca. In order to suppress the
progression of the carbonation, dry air is more acceptable for exposure after the deposition than
humid air. The carbonated species in (Mg,Ca)O are not decarbonated only by annealing in air at
an accessible temperature. The additional annealing in vacuum after annealing in air is required
to realize both the decarbonation of (Mg,Ca)O films and the removal of organic residues on the
protective layer during production.

In Chapter 3, the modification of the discharge area in flat panel plasma discharge devices

with (Mg,Ca)O protective layers by prolonged aging was investigated. Shrinkage of the dis-
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charge area was observed after aging, which resulted in the decreased discharge intensity. The
increase of local Ca concentration by preferential sputtering of MgO leads to the shrinkage
due to the locally modified ¥ distribution in the pixel. By adjusting the characteristics of the
dielectric layer under the protective layer, the discharge modification during prolonged aging
due to variations in the initial discharge area are also demonstrated. The reduced permittivity
of the dielectric layer expanded the discharge area, which leads to the long-life operation of the
plasma discharge devices by the suppression of the degradation of the discharge intensity.

In Chapter 4, the mechanism for the degradation of a phosphor excitation efficiency in plasma
discharge devices with (Mg,Ca)O protective layers was investigated. By continuous 147 nm
VUV irradiation, the luminance of organic-contaminated sample is strongly decreased in re-
sponse to 147 nm VUV excitation, but not in response to 173 nm VUV excitation. It is sug-
gested that VU V-irradiated organic resides are converted to substances which absorb VUV light
in the shorter wavelength range. Not only the discharge voltage but also the phosphor excita-
tion efficiency are shown to be degraded by organic compounds in the panel by prolonged aging.
The degradation by the organic residues should be suppressed by appropriate annealing of the
panels especially in the case of (Mg,Ca)O protective layers owing to high reactive property for
organic compounds.

In Chapter 5, another mechanism for the degradation of a phosphor excitation efficiency in
plasma discharge devices with (Mg,Ca)O protective layers was investigated. During aging, the
sputtered (Mg,Ca)O layer is re-deposited onto the internal phosphors in proportion to the aging
time. The re-deposition layer reduces the phosphor excitation efficiency due to the absorption
of short wavelength VUV radiation by the layer. The specifications of the discharge gas and the
protective layer for realization of the long-life devices are also investigated by the calculations.

Increasing a Xe content in discharge gas and a CaO concentration of a (Mg,Ca)O protective
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layer are proposed to reduce the the re-deposition of the protective layer and suppress the degra-
dation of the phosphor excitation efficiency, which are compatible with the enhancement of the
energy efficiency of plasma discharge devices.

Overall, accomplishments of this thesis will lead to further improvement and reliability of
the performance of plasma discharge devices with (Mg,Ca)O protective layers. The proposed
approaches can also be applied for other upcoming candidates of higher-y complex oxide pro-
tective layers such as (Mg,Sr)O, (Mg,Ca,Sr)O, (Mg,Ba)O, and (Sr,Ca)O. The obtained results
should be valuable during the further developments and practical applications of these complex
oxide protective layers having high-7y values for not only plasma displays but also other plasma
discharge devices together with a low discharge voltage, a long lifespan, and an increased lumi-

nous efficiency.
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