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Electron Emission Characteristicsof MgO Thin Films Used for ac-PDPs:
Part |. Secondary Electron Emission
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In this paper, the electron emission characteristics of MgO, being used as a protection and electron emission
layer for ac-PDPs, were examined in relaion to glow discharge, crystal structure and defects, and the physics
of Auger neutralization reaction. Emphasis has been placed on basic physics associated with secondary electron
emission mechanisms from MgO subjected to glow discharge environments. Based on these analyses, we
extracted mgjor parameters that may affect the yield of the secondary electron emission and discussed pos-

sibilities for improving the yidd of the emission.
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1. INTRODUCTION

The recent success of plasmadisplay panels (PDPs) origi-
nates from the work of Bitzer, Slottow, and Wilson™ in
1964. The PDP developed in their research was essentidly
an array of sub-millimeter-scale cylindrical Neon lamps con-
trolled by a matrix of a driving electronic system. Figure 1
shows a schematic illustration of the plasma display appear-
ing in their origina patent!? The fundamental concept of
their invention was to have 20~40-um-thick glass dielectric
layers on an eectrode surface and thereby generate a self-
regulating and precisdly repeatable didectric barrier dis-
charge (DBD), asin an ozone generator. A glow discharge
without the dielectric layer would become intensified with
the progress of discharge time and eventualy develop arcs.
When the electrodes are coated with an insulating glass
dielectric layer, the charged species of the glow discharge
will be drawn to and stored on the surface, leading to the for-
mation of wall charges. The so-caled wall voltage caused by
the wall charge would increase with time to counterbalance
the applied eectric fidld. If the wall charge stored reaches a
critical value, the effective voltage (i.e. the applied voltage
minus thewall voltage) would become smaller than the volt-
age required to sustain the glow discharge. Thus, the glow
discharge would ultimately be extinguished. Thewall charge
at the didectric layer of each pixel, on the other hand, alows
a memory effect, one of the key features of ac-PDPs. This
process of discharge ignition followed by extinction occurs
less than one us, resulting in a short glow discharge pulse.
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This pulsed discharge can be repested by applying aternat-
ing voltage between the electrodes and the ac-PDP was born
from their work. Almost al PDP companies have now
adopted these operation principles of ac-PDPs.

The use of aglass didectric layer on the electrode surface
was a practical way of achieving uniform glow discharges
over millions of discharge cells. In this configuration, the
discharge current or intensity is determined by the thickness
of the dielectric layer and the discharge at each cell can have
smilar discharge characteristics as long as the layer thick-
nesses are similar. However, it was discovered that this type
of layer is not suitable for display devices that are operated
for an extended period of time. The glass layer was sputtered
by energetic ions and its surface structure and chemical com-
positions were dtered with time. This would change the
yield of secondary eectron emission from the layer and the
firing voltage with time. The secondary el ectrons are defined
as electrons emitted by incident charged species and their
emission is very sendtive to the surface structure and its
chemical compositions. Such a change in firing voltage is
insupportable in a display where one sustain voltage is used
for millions of pixels. If the cells have different sputtering
history, they will have a range of firing voltages, making it
impossible to operate the device with one sustaining voltage.
In order to prevent such sputtering of the glass dielectric
layer, attempts were made to employ thin film materialswith
superior resistance against sputtering, including oxide
ceramics such as MgO, AlLOs, TiO,, etc, on the surface of
the didectric layer.

Among the various oxides that were eval uated, a 500-nm-
thick MgO coating by an electron-beam evaporation process
was found to be effective againgt the sputtering of a dielec-
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Fig. 1. Drawing from the original plasma display patent.””
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Fig. 2. Schematics of DBD plasma structure.

tric layer and in maintaining the firing voltage at a stable
leve for thelifetime of device. In addition, theMgO film has
a much higher yield of secondary electron emission com-
pared with glass dielectric materias¥ Thishigh yield is crit-
ical in reducing the firing voltage of the glow discharge,
since there is a large voltage drop near the cathode surface,
as schematically shown in Fig. 2. In the cathode drop region,
the positive ions, the mobility of which is approximately 1/
1000 that of eectrons, are the mgjor current carriers and a
high dectric fidld is required to maintain the continuity of
current throughout the plasma body. If eectron density is
increased in this region, the voltage drop will become
smaller. The dengity is determined by the yield of secondary
electron emission, and its effect on the firing voltage (V5) is
well described by Paschen's law™:

-orflar}
Vf—2.72hln 1+Y egn. 1)

where g and h are the congtants dependant on the dis-
charge gas composition and y is the yield of secondary elec-
tron emission. As given by egn. 1), the firing voltage
decreases as the yidd of the secondary electron emission
increases. Another beneficia influence of increased yield is
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Fig. 3. Address display separation (ADS) driving method for 256
grey levels. One TV-field is divided into 8 sub-fields, and each sub-
field is comprised of reset, address, and sustain periods.

enhanced luminous efficiency of ac-PDPs, since the energy
spent on heating ions near the cathode drop zone is
reduced® The use of aMgO thin film on the dielectric layer
has contributed enormoudy to the enhancement of device
performance. Thus, al of the plasma TVs sold today use a
MgO layer on the dielectric layer as a protective layer
againgt sputtering as well as an emission layer for the sec-
ondary dectrons.

In order for an ac-PDP to be used as a display device, the
device musgt be able to reproduce the grey levels of natura
images precisaly. The pixes of ac-PDPs developed by Bitzer
et al.!" operates either in “ON” or “OFF" states. The pulsed
discharge of a pixel emits the same amount of visible lights
each time and the brightness level cannot be controlled by
modulating the voltage or current of the discharge. To
address this problem, a technique referred to as the address
display separation (ADS) driving method was introduced by
T. Shinoda et al.!” In this scheme, the grey scale is achieved
by modulating the number of pulsed discharges in a given
TV fied (16.7 ms for 60 Hz display). First, a TV field is
divided into the number of sub-fields and the number of dis-
chargesare assigned as 1, 2, 4, . . . or 128times (8 sub-fidlds
in this case) for each sub-fields. By combining these sub-
fidlds, various grey levels are achieved (256 levelsfor the 8
sub-field scheme).

Each sub-field consists of reset, address, and sustain peri-
ods. To turn “ON” a pixel in a sub-field, wal charges (wall
voltage) are deposited on the surface of MgO by inducing an
address discharge in the cell (addressing). The standard con-
figuration of commercia ac-PDPs is the coplanar electrode
geometry, as shown in Fig. 4. In this configuration, arrays of
paralel sustaining electrodes lie on the front glass plate and
address electrodes lie on the rear glass plate orthogond to
the sustaining electrode. The gap, d, between the electrodes
is on the order of 100 um and the gas pressure of arare gas
mixture (generdly Ne-Xe or Ne-He-Xe€) within the pixels, p
is about 500 torr. This structure simplifies the address dis-
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Fig. 4. A schematic illustration of commercia ac-PDP configuration.
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Fig. 5. Statistical variation of address discharge of ac-PDPs.

charge considerably. The addressing discharge is initiated at
the intersection of the sustaining and address electrodes by
applying appropriate voltages to these eectrodes. When a
sustaining voltage is applied to al the sustaining el ectrodes
simultaneoudly (sustaining), only the cells with wall charges
will be turned “ON" due to the memory effect noted previ-
oudy. For this effect, the sustaining voltage applied should
be smaller than the firing voltage of the cell, but the sum of
thewall voltage and sustaining voltage should be larger than
thefiring voltage. Under these conditions, only the cellswith
wall charges (memory of previous discharge event) will be
turned ON, while the cellswithout wall charges remain OFF
when the sustaining voltageis applied.

In the ADS driving method, the addressing period con-
sumes a large fraction of the TV frame time, since dl the
cells must be addressed line by line a each sub-field. For
example, if adevice has 10 sub-fields (1024 grey levels), the
pixel must be addressed 10 timesper TV field. Thetota time
necessary to address a display for TV applications is
Tad = Nse(Zrest + Niines X %), Where 74 is the duration of each
address pulse, e the reset time, N the number of sub-

Rear plate

fields, and Nines the number of lines of the pandl. For a Full
High Density (FHD) ac-PDP (1920 rows x 1080 lines) with
10 sub-fields, approximately 5 msis needed for the sustain-
ing period (assuming the sustaining pulse period is5 us (i.e.,
200 kHz sustaining)). This leaves only 11.7 ms for the reset
and addressing operations. In order to have 10 sub-fields, the
reset and addressing discharge for each line should be com-
pleted in less in than 1.17 us. The shorter the addressing
time, the longer the time that is assighed to the sustaining
period for higher grey scdes.

When the address voltage is applied between the elec-
trodes, dtatistical variation in the initiation time of address
discharge has been noted to distribute over severd us, as
shown in Fig. 5/ The scae of abscissa of the figure is
0.5 us. The datawas obtained by detecting the optical output
of the address discharge after address voltage pulse applica-
tion using an infrared sensor. The data of 1000 sweeps were
overlapped on an oscilloscope screen. As shown in the fig-
ure, the address discharge does not occur immediately after
the application of the address voltage pulse. Instead, thetime
of discharge initiation spreads over a time interval, a so-
cdled a statitical delay. This distribution of the discharge
delay has been attributed to variationsin the concentration of
priming species, epecialy dectrons, within the discharge
spaces. All the gas discharges need priming species to ini-
tiate the discharge, since the eectric field applied between
the electrodes is not large enough to ionize the gas atomsin
the discharge space. The address discharge will not be initi-
ated until the concentration of the priming species reaches a
required value. The priming species, especialy the priming
electrons, are accelerated by the applied dectric field and
cause impact ionization of inert discharge gas atoms. The
avalanche of eectrons by impact ionization leads to ignition
of the glow discharge. Thus, the initia concentration of
priming species is critical to the statistical variation of the
glow discharge initiation.

Severd different types of priming species have been
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reported to be responsible for the ignition of glow discharge,
including space charges and metastables from preceding dis-
charge cycles®” and exo-electron emissions from MgO.**
" The decay time for the space charges of preceding dis-
charge such as eectrons and ions reactions has been esti-
mated to be less than a few ps™ and that for the metastable
Xe, dimer through a conversion reaction to Xe to be less
than 100 ps'™@ However, the conventiona ADS driving
method of ac-PDPs uses sub-fields of which the time frame
is longer than 1 msec. As a result of this short decay time,
such priming sources are unreliable for discharge cells that
are kept OFF at the preceding subfields.

Exo-dectron emission from diglectric materias, on the
other hand, are known to have much longer decay time. For
example, when an aluminum oxide is irradiated with high
energy eectrons, delayed emission of dectrons from the
oxide can be detected even after days of irradiation.™® This
phenomenon is caled the Malter effect and is one form of
exo-electron emission. In the 1950s, Kramer"™” noted the
emission of delayed dectrons of low energies from meta
oxides after application of mechanica energies (grinding,
twigting, stretching, etc.) as well as after exposure to photon
and electron radiations. Although different types of energies
were delivered onto dielectric materials, electrons of similar
energieswere emitted from the materials. Assuming that this
emission results from exothermic processes, Kramer termed
it “exo-electron emission”. In an ac-PDP, various forms of
discharge energies including UV and visible photon ener-
gies, kinetic and potentia energies of eectrons, and ions
irradiating the MgO surface could be the source of exo-elec-
tron emission. The emission process is a combination of
complex reaction steps and to date there is no commonly
accepted theory to explain the kinetics of exo-electron emis-
sion.

As discussed above, the dectron emission from MgO thin
film, whether secondary electron emission or exo-electron
emission, is crucid to the performance of ac-PDPs. In this
paper, we describe the basic physica mechanisms involved
with the électron emissions from MgO film. In part | of this
paper, we describe the mechanisms of secondary electron
emission and in part |, the mechanisms of exo-electron
emission. In addition, trends in recent research toward better
electron emission properties are described in each section.

2. MECHANISM S OF SECONDARY ELEC-
TRON EMISSION

2.1. Fundamentals of secondary electron emission

Since T. A. Edison discovered what is now known as as
the Edison effect in 1883, eectron emisson phenomena
from solid materials have attracted much attention. In his
famous light bulb experiment, he detected eectric currents
between a positively biased eectrode and the filament of the

bulb. Since the e ectrodes were separated by the vacuum of
the bulb, the detection was attributed to the emission of elec-
trons from the filament followed by attraction to the posi-
tively biased eectrode. Later, in 1899, J. J Thomson
demonstrated that the Edison effect is caused by therma
dectrons™ The electronsin the red-hot filaments are heated
such that a fraction of the electrons acquires enough energy
to overcome the potentia energy barrier (work function) and
escapes from the solid. The thermal energy is used to over-
come the potential energy barrier of the solid for the elec-
trons. In 1905, Einstein published a report on the photo-
electric effect™ In this phenomenon, electrons are excited
by photon energy to overcome the potential energy barrier
and escape from the solid.

Similar to these electron emission phenomena, eectrons
may be excited above the potentia barrier of a solid by
accelerated charged species such as ions and e ectrons inci-
dent on the solid, and then escape from the solid. The elec-
trons emitted by this process are termed secondary electrons.
The energies imparted to the electrons by the incident
charged species in the form of either kinetic or potentia
energy help the eectrons overcome the potential energy bar-
rier of the solid. The secondary electronsinduced by acceler-
ated electrons are the main means of viewing images with a
scanning electron microscope (SEM). The number of sec-
ondary electrons emitted per each incident particle is called
theyield of secondary electron emission.

There are various types of energies available for eectron
emission from a MgO layer exposed to glow discharges of
ac-PDPs. The energiesinclude potentia and kinetic energies
of charged species such asNe', X€', and He ions aswell as
electrons, the photon energies of vacuum ultraviolet (VUV)
of 147 nm and 173 nm wavelengths and visible lights from
phosphors, and energy of metastable species such as Xe
and Xe, among others. If sufficient energy isimparted to an
€lectron to overcome the potentia barrier of MgO, the elec-
tronswill be excited to escape from the material. In order to
explicate the excitation and escape processes of dectrons,
basic materials properties of MgO must be introduced.

1) Crygtal and band structures of MgO

MgO is a model ionic compound formed between Mg
cations and O anions. Those ions form an interpenetrating
face-centered cubic lattice, as shown in Fig. 6. The lattice
structureisvery symmetric and rigid. Thus, it would be very
difficult to form polarons within the | attice when electrons or
holes areinjected or created within the materia. Self-trapped
electrons or holes are unstable within MgO.”® Most of the
electrons and/or holes injected to or created within MgO,
therefore, must be trapped at donor or acceptor levels, or
g ected to outside of the material.

The very strong electro-dtatic attraction between the ions
lends the material a very high bond strength, as manifested
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in its high melting point (close to 2600°C). This high bond
strength makes MgO a potential candidate for the matrix
material of radiation detectors™ The ionic bonding of the
matrix should be strong enough to prevent the formation of
defects from irradiation such as y-rays from nuclear power
plants. For that purpose, Chen and his coworkers®* have
conducted extensive studies directed toward understanding
the basic physical properties of MgO. Recent understanding
on MgO defect structures and color centers has benefited
from their pioneering research. Similarly, irradiation from
the glow discharge of ac-PDPs may aso cause damage, and
the strong atomic bonding of MgO makesit an ideal materid
for protection against such damage.

One of theintrinsic characteristics of MgO related with its
electron emission properties is the effective mass of elec-
trons within a MgO single crystal. The effective mass of
electrons in a MgO single crystd is 0.38,” indicating the
scattering of electrons within MgO is very minimal, proba
bly likely due to the its regular and symmetric crystal struc-

Fig. 6. Crystal structure of MgO. Mg® and O ions form interpene-
trating facecentered cubic lattices.

unstable

(2)

ture. In addition, MgO has a reatively small dielectric
constant (~9.8 at 1 MHz).* With such a characteristics, the
escape distance of excited electrons within MgO is excep-
tionally large compared with other oxides (~25 nm)® and
that thisincreasesits the possibility of electron emission.

The band structure of MgO is dso very important for the
emission of secondary eectrons. The band structure can be
understood by assuming energy levels of neutra Mg atoms
and O atoms arranged in the facecentered cubic lattice as
shown in Fig. 6. With this lattice structure, there will be an
upper band of electrons states that are derived from Mg (39)
filled states. There will aso be alower band derived from O
(2p) dtates that are partidly occupied. If the electrons from
the Mg (3s) orhital are released to find their equilibrium
state, dl the dectrons will drop down to the empty O (2p)
states. The conduction band, derived from the Mg (3s) States,
will become nominaly empty, while the valence band,
derived from the O (2p) states, will become nominally filled.
This processisillustrated in Fig. 7.

The energy required to excite electrons across the band
gap from the valence to conduction band (band gap energy)
is related to the energy necessary to transfer the eectron
from the 2p states of an O anion to the 3s states of a Mg™
cation. The excitation will neutralize the ions involved and
therefore break up theionic bond. Thus, the band gap energy
should be proportional to the bonding energy of the material.
Figure 8 illugtrates the relationship between the band gap
energy and bonding energy of various materials™ As noted
from the figure, there is a good correlation between the band
gap and the bonding energies of the crystals. For bulk MgO,
most studies use 7.8 €V as the band gap energy.*” However,
it has been measured or predicted to vary in arange from 6.8
~ 85 eV.*"# The insulating characteristic of MgO prohibits
precise measurement of the exact value.

Theoretica studies on the energy band structure of MgO
have been conducted by numerous researchers. Using the
density functional theory (DFT), Avdeev et al.® calculated

(b)

Fig. 7. Development of valence and conduction band of MgO: (8) energy levels of facecentered cubic lattice by neutrad Mg and O atomsand (b)

band structure after shift of valence electrons from Mg to O.
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Fig. 8. The band gaps of various materias as a function of the bond-
ing energy of crystals.
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Fig. 9. Densig of states of MgO calculated using the density func-
tional theory.™

the electronic structure of MgeQOs clusters (Fig. 9). Asshown
in the figure, the density of state (DOS) comprises relatively
narrow bands for Mg (2s) and Mg (2p) states in an energy
range of 40-80 eV, and the valence bands of O (2s) and O
(2p) dtates in an energy range of 0-20 eV. For the vaence
band O (2p), the band width was 5.4 eV and the energy gap
O (2s—2p) was 135 ¢€V.

Another eectronic structure that isimportant for the emis-
sion of electrons is the electron affinity, which corresponds
to the width of the conduction band, i.e., the Mg(3s) states.
Similar to the band gap energy measurement, the electron
affinity of MgO has yet to be unequivocaly established.
While many studies cite avaue of 0.85 eV asthe affinity,™
values in a range of 0.85~1.0eV have been reported by
many researchers®* With small electronic affinity, most of

the eectrons will be excited over the vacuum level (top of
the conduction band) and there will be a relaively smal
population of eectrons excited to the states of the conduc-
tion band. This should provide better condition for eectron
emisson from MgO over other materids. If the electron
affinity of MgO is zero or negative, most of the electrons
excited across the band gap will be emitted into the vacuum.
In some cases™ a negative electron affinity for MgO has
been cited, asin the case of hydrogen terminated diamonds ./*

As noted above, MgO has various features that make it an
ided materia for protection againgt sputtering of glass
dielectric and for electron emission for glow discharge. This
discussion is only vdid, however, for high purity MgO crys-
tals without any defects. The properties described in the pre-
ceding can be dtered dramaticaly by various types of
intrinsic and extrinsic defects, as discussed in the following
sections.

2) Intrinsic defects of MgO and itsenergy levels

Intrinsc defects of MgO include the Schottky disorder,
electronic defects, and non-stoichiometry. The Schottky dis-
order could be visualized by displacing the same number of
Mg’ cations and O” anions from inside to its surface. The
resulting vacancies a cation and anion sites constitute the
Schottky disorders. The defect formation reaction can be
represented as follows:

null = Vy,+Vo Ah=7.7eV egn.2)

where Vh};g isthe vacancy a the Mg™ cation site and has
two negative effective charges. Vo isthe vacancy at the O”
anion site and has two positive effective charges. The forma-
tion energy (Ahy) of such disorder is 7.7 ev.

Intrinsic electronic defects are formed by exciting elec-
trons from the valence band to conduction band. The reac-
tion creates free electrons in the conduction band and holes
in the valence band. The energy required for such an excitar
tion reaction is the band gap energy of MgO. The reaction
can be described as follows:

null =e€+h” Ah=78¢eV egn. 3)

where € isthefree dectron concentration at the conduction
band and h” isthe hole concentration in the vaence band.

The defect concentration from the Schottky disorder and
€lectronic defects can be estimated by the following equation.

n_ A_hf)
N eXp(‘sz ean. 4)

where n is the number of defects and N is the number of
lattice sites per unit volume. By putting numbers into egn.

4), the mole fraction of the electronic defects was ca culated
(Fig. 9). It should be noted that the mole fraction of such
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Fig. 9. Mole fraction of eectronic defects as a function of tempera-
ture.

defects is extremely low at ambient temperatures and it
would be impossible to measure this defect concentration
experimentally. Even at its melting point, MgO has a defect
concentration of ~4 x 10" (0.4 ppm). Thislow concentration
of intringc eectronic free carriers makes MgO highly insu-
lating: this may explain the materia’s capability of excellent
wall charge holding characteristics during the period of
addressing steps of ac-PDPs. Asthe formation energy for the
Schottky disorders and electronic defects are very similar,
the concentration of such Schottky ionic disorders should
also be similar, asshownin Fig. 9.

Ceramics exposed to reducing or oxidizing atmospheres
are reduced or oxidized according to the following equations
of reactions and equilibrium congtants:

1
« oo w. 3 o A
Oo:%Oz(g)+Vo+Ze’ : KR:nZ[Vo]P%Z:KRexp{—ﬁ.B}

eqgn. 5)
. Valp?
1049)=05+Vyghah : K= el :szexp{—%?—ﬂ
P2
02
egn. 6)

where n and p are the free e ectron and hole concentrations
and K is the equilibrium constant. The extent of the reaction
depends on the free energy of oxidation or reduction, tem-
perature, and partial pressure of oxygen. MgO has a large
free energy of oxidation™” and therefore remains highly sto-
ichiometric. Using experimentaly determined values™™
egn. 6) isrewritten aseqn. 7).

VilP’ 1
Kox:—'—"'—'—[ Mf]p :7.2><1063exp[—6—————-————:LO I;J_{_mol e}(cm‘gM Pa 2)
Pa

eqn. 7)
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Fig. 10. Equilibrium Mg vacancy concentration in MgO formed
under an air amosphere.

Assuming atmospheric oxygen partial pressure (oxidizing
atmosphere), the concentration of magnesium vacancieswas
calculated using egn. 7) (Fig. 10). The actua vacancy con-
centration at ambient temperature is extremey low, but
increases dramaticaly as the temperature increases. Near the
melting point, the magnesum vacancy concentration is
1 x 10" em’® (which corresponds to ~1.8 ppm). With further
increase in the oxygen partia pressure, the magnesium
vacancy concentration will be increased accordingly. These
simple calculations show that MgO has very low concentra-
tions of intrinsic defects such as Schottky, electronic, and
non-stoichiometric disorders. However, it should be noted
that those estimations for defect concentrations are valid
only for highly pure MgO formed under thermodynamic
equilibrium conditions. The MgO thin films used for ac-
PDPs are not formed under equilibrium conditions and such
an analysis may only provide a guide line for the estimation
of defect concentrationsin the films.

3) Extrinsic defects of MgO and itsenergy levels

The high melting temperature of MgO precludes the use of
single crystal growth and purification techniques that are
commonly used by scientists working with semiconductors.
The universa technique of purification for the oxidesis arc
fuson. Commercidly available MgO materials, therefore,
contain a significant amounts of impurities. Table 1 shows
typica chemical compositions of commercidly available
MgO materiaswith from different sources. It is notable that
MgO contains various amounts of metallic impurities, up to
thousands of ppm, depending on the source and its form
(powder or single crystal). Tota impurity content in MgO is
severa orders of magnitude higher than the intrinsic defect
concentration estimated in the preceding section. Therefore,
most of the defects observed in MgO may be originated
from extringic impurities rather than by its intrinsic charac-
terigtics.
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Table 1. Chemica compositions of commerciadly available MgO
materias (unit: ppm). The letters S K, and N denote the source of
MgO.

Impurity  Powder(S) Powder(K) Cr?s?gl ?N) Cr?srt]gll ?S)
Al 20-50 50 100-200 35
Ca 20 15 300-500 20
Si 15-20 40 10-50 15
Fe 5-20 40 10-50 15
Ni 5 1 2
Mn 1 3 5 1-1

P 7 2
Pb 2-3 <1 <2 <1
S 50 5

Sn <1

Cu <5 <2 <5 <1

Sr <1 <1

Ge 1-5

Mo <2

Zn <20 20 <50 5
Cd, Tl, Pd <2 <1

\ <10 <10 30 <2

Mo <5 <2

Cr <10 1 15 <1

AsK <20 <5 <5

Bi <1

Ti <50 <20 <20 <20

Rb <50

Be <1

Co 7 <1 <2

Sb <1 <5

Ba <1 <10 <05

Na 20 <20 1

Zr <1 <20 3

Aliovalent impurities dissolved subgtitutionally in MgO
create point defects according to the following reactions:

Li,0—2Liy,+Vo +O0o €gn. 8)

BeO— Beyy+0Oo egn. 9)

Al,O;— 2Al,+V y,+30, egn. 10)

Si0;— Siyg+Vig+200 egn. 11)

The diovaent impurities substituting Mg™ cations are

generally compensated with ionic defects such as Vo and
Vg - For example, as shown in egn. 10), Al;Os impurity in

ConductionBand (Mg (3s))

3
7 0.5¢V ,;x
_Te_ AlMg
Eg ~7.8eV
V’\:lg l
E, ~15eV v,
4% ¢ 0el M
T
ValenceBand (O (2p))

Fig. 11. Energy levels within the band gap of MgO created by Al,Os
impurity.

MgO creates Al and V,,, defects. With such defects, the
electrical neutrdity of the hogt lattice is satisfied, since effec-
tive charges associated with each defect cancel (compensate)
each other precisdly. The defects, however, create donor and
acceptor levels within the band gap of MgO. Figure 11
shows estimates of the energy levels of such defects.

The duminum impurity creates adonor level by an eectron
trapping reaction [Aly,+€—(Aly +€) or Alygl roughly
0.5 eV below the conduction band. If S isthe impurity, the
excess charge is two (Siy, . Therefore, the trap energy level
would be located deeper into the band gap, since the eectro-
datic attractive force with eectrons would be larger. On the
other hand, the magnesium vacancy forms an acceptor level
by a hole trapping reaction [Vyg+h —(Vyg+h) or Vil
gpproximately 0.5eV above the vaence band. Thus, the
extrinsc defects created by impurities could act as trap sites
for free electrons or holes, and may influence the electron
emission characteristics of MgO. We discuss this aspect in
the following section of this paper. One interesting phenom-
ena associated with a magnesium vacancy isthat it can trap
protons (H"). Since the magnesium vacancy has negative
effective charges, it atracts positively charged species such
asproton and holes. If aproton becomes trapped in amagne-
sum vacancy (some manufacturers form MgO thin film
under a hydrogen atmosphere in order to incorporate hydro-
gen into the film), it creates a donor level ~0.2 €V below the
conduction band, the so-called V¢, center.™ The holetrap-
ping site is transformed to an electron donor site by hydro-
gen doping.

Using the pseudo-hydrogen modd,*? the donor level
(Alyg) can be estimated theoretically by the following rela-
tionship:
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E, = 13.6(:—%) (i)(eV) eqn. 12)

where m; denotes the eectron effective mass in MgO
(m; = 0.38mg, mg the electron massin under vacuum, and
& the relative dielectric constant of MgO (g, = 9.8). Using
these values, the trap level was estimated to be approxi-
mately 0.05eV below the conduction band. The estimated
levd is very shallow and is significantly different from val-
ues reported in the literature™ These shallow levels are
very difficult to determine experimentdly, and therefore,
more works are needed to determine the exact locations of
such donor or acceptor levels within the band gap.

The oxygen vacancy (Vo ) in MgO is of significant
research interest since it affects the physical appearance of
MgO. The oxygen vacancy has two postive effective
charges and can serve as a trgp site for eectrons through
€lectronic compensation reactions as follows:

Vo+e =Vg egn. 13)
Vo+te =V egn. 14)

These traps are known as F'- and F-center, which originate
from the German word Farbzentrum or color center. The F-
center is an oxygen vacancy filled with two dectrons (V45)
and the F+-center is filled with one eectron (Vo). These
centers are often paramagnetic and are studied by electron
paramagnetic resonance techniques. These traps tend to emit
light in the visible spectrum and MgO, which is usudly
transparent, becomes colored with the centers. For example,
electrons in the F-type centers can be excited to conduction
band or electron trap levels. These electrons can recombine
with F-types centers to rel ease electromagnetic radiations of
390 nm (3.2 V) or 540 nm (2.3 eV), as shown in Fig. 121
and result in coloration of MgO.

F-type centers could be formed via severd pathways,
including the addition of alkaline e ements, processing under
a reducing atmosphere, and ionizing radiation. As shown in
egn. 8), each akaline dement produces one oxygen vacancy.
The akaline e ementsin commercial MgO are not rich (refer
to Table 1), and therefore, most F-type centers are not caused
by these impurities. If MgO is prepared under a reducing
atmosphere (for example, under Mg vapor a elevated tem-
peratures), afew hundred ppms of magnesium vacancies are
created in MgO single crystals*

Findly, other extrinsic defectsthat may affect the emission
of secondary electrons include didocations, grain bound-
aries, and surface defects. Didocations formed during the
production of amateriad can serve as preferential segregation
sites for diovaent impurities as well as sites for precipita-
tions*? On the other hand, grain boundaries of crystalline
solids are the source and sink of vacancies. In addition, they
provide a site for preferential segregation for solute atoms
since they have ardatively open structure. Grain boundaries
are among the mgjor defects that can be observed with MgO
thin films formed by an electron-beam evaporation process.
The grain size of the filmis on the order of 40 nm and asig-
nificant fraction of atoms are located at the boundaries.
Merely a small amount of impurities segregated to the
boundaries can have a profound effect on the properties of
MgO. Thisisespecidly critica in the case of MgO, sinceits
grain boundaries are charged by segregation.

With pure MgO, Mg™ ions are segregated more to the
grain boundaries than O” ions, as schematically illustrated in
Fig. 13(a), since the formation energy of magnesium vacan-
ciesis much smaller than that of oxygen vacancies!*? There-
fore, the grain boundary is charged positively and the excess
Mg’ cations can become electron trap sites. However, when
Al,Os isadded to MgO, it changes the segregation behavior,
as shown in Fig. 13(b). In this case, O” is the dement that
segregates more to the grain boundaries, and thus the nega
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Fig. 12. Energy levels of F-type centers and cathodoluminance emission.”®
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Fig. 14. Surface defects and surface vacancy formation energies at such defects.

tively charged grain boundaries can become holetrap sites. It
is apparent that the grain boundaries of MgO may be either
electron or hole trap sites depending on the type of maor
impurities incorporated, but its energy levels may be differ-
ent from that of the matrix.

The MgO surface may have various types of defects,
including steps, kinks, and surface vacancies, as shown in
Fig. 14. These defects affect the chemicd and physical prop-
erties of the surface. For example, a nearly defect-free
MgO(1 0 0) single crystal surface is chemicaly inert
towards molecular adsorbates that physisorb only at very
low temperature; on the contrary, a polycrystaline surface
richin color centersis highly reactive and promotes the for-
mation of complex radical anions. There is very little direct
experimental information on the structure and energetics of
these surface defects for MgO. Theoretica estimation
showed that the F-type centers can form with much smaller

energy at these defects, as shown in the table of Fig. 14
Thus, the surface of MgO should have a much higher con-
centration of F-type centers and other defects associated with
dangling bonds.

In addition, the bonding energy between ions near the sur-
face is lower than the bulk of MgO due to the dangling
bonds. This should reduce the band gap energy near the sur-
face. Kramer et al.*? estimated that the band gap could be
decreased by more than 1€V compared with that of bulk.
Thus, the band gap energy could be lessthan 6.8 eV near the
MgO surface.

2.2. Secondary electron emission via Auger neutraliza-
tion reaction

1) Energy sourcesfor secondary electron emission
As noted in the previous section, various types of energy
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are available for dectron emissions from MgO exposed to
glow discharges of ac-PDPs: potentia and kinetic energies
of ions, VUV photon energies, and energy of metastables
species. MgO irradiated with photons of sufficient energy
may emit electrons by a photo-eectric effect, as shown in
Fig. 15.¥ Photons abundant in the glow discharges of ac-
PDP are VUVs of 147 nm (resonance radiation) and of
173nm (molecular radiation) wavelength. The photon
energy of the radiation corresponds to 8.4 eV and 7.2¢€V,
respectively. Among the types of radiation, resonance radia-
tion is readily absorbed by other Xe atoms (sdlf-absorption)
and the collision cross section with the valence dectrons is
rather small (/2000 of ion). Thus, the emission of eectrons
by this energy source is expected to be rather insignificant.
With respect to molecular radiation, its energy is dightly
smaller than the band gap energy. Excitation reaction with
this photon energy will only be feasible near the surface,
where the band gap energy is dightly smaller. This excita
tion reaction, therefore, has asmall interaction volume, mak-
ing the contribution of this reaction to the yield of secondary
electron emission negligible.

Photoelectron Threshold of MgO(111)
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Fig. 15. Photoelectron current from MgO as a function of photon
energy.
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Fig. 16. Emission probability of an Auger electron (A) or photon (X)
from the neutralization reaction of ions.

Unlike the photon and metastables energy sources, the
positiveionsin aglow discharge, such asNe', He', and X€',
are driven towards the MgO surface by applied voltage. As
the ions approach the surface, electrons from MgO tunnel
through its surface and react with incident ions to release
neutralization energy. The released energy from the reaction
can be spent in either gecting eectrons or in generating elec-
tromagnetic radiation. This former process of eectron emis-
sion is caled the “Auger Neutraization” mechanism of
secondary €lectron emission. For MgO, which consists of
elements of low atomic numbers, there is amuch larger pos-
shility of gecting electrons with the neutralization energy
than with electromagnetic photon radiation, as schematically
shown in Fig. 16 With elements of low atomic numbers,
the Auger electron emission isfavored considerably over the
photon radiation.

This eectron emission process by positive ions (Auger
mechanism) is very efficient compared with photon energies
(photo-€electric effect). In the Auger mechanism, the energy
source (ions) is driven towards the MgO surface by the
applied field. The photons and metastables move randomly
and could be wasted before the reaction occurs a the MgO
surface. Thus, most of the ions are used for the Auger neu-
tralization reaction. In addition, the collison cross section
for the Auger mechanism is much larger than the photo-elec-
tric reaction. Therefore, the Auger neutrdization reaction of
ionsis not wasted as long as the reaction is alowed thermo-
dynamicaly. This point will be further discussed later in this
section. Therefore, it seems that most of the secondary elec-

Energy of — e — o — o — e — -
Auger electron

Vacuum energy level
Conduction band

Band gap

Valence band

R |

lon

Energy level
of ionized gas atom —

Fig. 17. Secondary electron emission mechanism of Auger neutral-
ization (1 & 2) and resonance neutralization followed by Auger-de-
excitation step (3).
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trons of glow discharges of ac-PDPs originated through the
Auger mechanism.

2) Secondary electrons emission via Auger reactions

The theory of electron emission due to Auger gection of
electrons from diamond-type semiconductor surfacesis well
documented in the classical paper by Hagstrum.™ In his
modél, the electron emission by the potential energy of low
kinetic energy ionsis considered. The theory shows that the
secondary electron emission is a combination of (a) Auger
neutralization and (b) resonance neutralization followed by
Auger de-excitation, asillustrated in Fig. 17. With the Auger
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Fig. 18. Energy bands of MgO and levels of discharge gas ions and
excited state of atoms.
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neutralization mechanism, the energy released from the neu-
traization reaction (route ‘1’ in the figure) is spent to gect
an electron (route ‘2 in figure). With the resonance neutral-
ization process, the reaction between an incident ion and a
tunneled electron forms an excited atom (route ‘3’ in the fig-
ure). The energy released upon de-excitation may be used in
exciting electrons from its valence band. For this reaction to
occur, however, the excited energy level of the gas atom
must resonate with eectrons in the valence band of MgO.
Thus, this resonance neutralization reaction will occur only
with the atoms that can satisfy such requirements.

The energy band structure of MgO aong with ionic and
excited states of the discharge gas are shown in Fig. 18.
Among the gas atoms, the resonance neutralization reaction
may occur only with Ar ions, since the energy level of the
excited state lies within the valence band. In the case of Xe,
there might be some possibility of reaction if the band gap
energy of the MgO surfaceis smaller than 7.8 eV. Howerver,
such resonance neutralization reactions of Xe ions may not
result in extensive emission of eectrons, since the number of
electrons available for the reaction would be limited to those
at the surface. Therefore, the electron emission through the
resonance neutralization of Xe" ions followed by Auger de-
excitation may not play a significant role in the emission of
secondary eectrons from MgO in ac-PDPs. For the Ne" and
He" ions, the resonance neutralization reaction does not
occur, since the excited state levels do not resonate with the

Escape probability
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Poley)
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Excited electron density Ni(E,)
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Fig. 19. Reaction steps of secondary €l ectron emission via Auger neutralization process. (a) diamond type semi-conductor and (b) MgO with flat

valence band.
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electrons in the vaence band. With those ions, only the
direct neutralization reaction (downward arrow in the figure
for Ne" ions) can excite the dectrons within the valence
band to the vacuum level (upward arrow abovethe top of the
conduction band), i.e., the Auger neutralization mechanism.

3) Reaction steps of secondary electron emission via
Auger neutralization reaction

Hagstrum™ theorized the reaction steps of the secondary
electron emission process via the Auger neutralization reac-
tion, as illugtrated in Fig. 19(a). An approaching ion reacts
with an electron that has tunneled through the MgO surface
(path 1). For the reaction, the density of state in the valence
band is given as the N(curve. Since the dectron may have
different reaction probability with the ion depending on its
orbital configuration, the density of state available for the
reaction N’(e) is obtained by multiplying the transition
probability. However, in the case of MgO, the eectrons in
the valence band have the same orhital configuration and
this adjustment may not be necessary. The energy from the
neutralization reaction pumps the el ectrons from the valence
band to the energy levels available above the conduction
band. The number of electrons excited to an energy level of «
can be caculated by using a matrix element of the Auger
process, which is defined by the following equation:

T(e) = N, (e—A)N,(e+A)dA  egn. 15)

Using egn. 15), the density of electrons excited is calcu-
lated as the curve Ni(ex) of the figure. The excited electrons
are free to move within the MgO. During the process, they
can be scattered and lose parts of their energy by easgtic
interaction with phonons, or be trapped by defects, such as
those discussed in the previous section. The electrons that
reach the surface with energies higher than the vacuum level
can escape from the MgO surface. The probability of such
excited electrons escapeing from MgO, therefore, is a func-
tion of energy as well as the electron trap concentration of
MgO. Thus, the probability of escape from MgO must be
multiplied to the density of electrons excited in order to
obtain the density of electrons emitted (No(ex)).

Typicaly, the escape probability is modeled using a para
bolic type function of electron energy (Ps(&x)), as shown in
the figure. After obtaining those functions, the yield of sec-
ondary eectron emission is obtained from the ratio between
the eectrons emitted (integrated area of curve No(gx)) Vs.
electrons excited (integrated area of curve Ni(gx)) :

,[: No(&)dey

== egn. 16)
| Ni(eode
eC

From this Auger neutralization model of secondary elec-

tron emission from MO, the parameters that may affect the
yield of secondary electron emission can be extracted. The
parameters include the band gap energy and eectron affinity
of MgO, the ionization energy of discharge gas, and the
escape probability (defect concentration in MgO).

2.3. Factors Affecting Secondary Electron Emission
from MgO dueto Auger Effect

Using a modified verson of Hagstrum's mode for MgO
(Fig. 19(b)), theyield of secondary dectron emission hasbeen
predicted by various researchers and measured experimen-
taly. In this section, the effects of parameters selected above
on theyield of secondary electron emission are reviewed.

1) Effects of dischar ge gases

According to the energy diagram presented in Fig. 18,
electrons in the MgO valence band can be excited above the
vacuum level by the energy released from the Auger neutral-
ization reaction if the following condition is satisfied:

E=E’-2(Eg+x)>0 egn. 17)

where E? isthe ionization energy of gas atoms, E; isthe
band gap energy, and y is the electron affinity of MgO. The
energy ‘E” in egn. 17) represents the maximum excess
energy of electrons available for escape from MgO. There-
fore, for a given MgO energy band structure, the yield of
secondary electrons will increase with the ionization energy
(EY). If we assume the band gap energy and electron affinity
as 7.8 eV and 0.85 eV, the maximum excess energy is nega-
tivefor Ar, Kr, and Xe. Thus, for theseions, it isnot possible
to emit secondary e ectrons viathe Auger neutralization pro-
cess, as shown in Fig. 202

The experimentally measured yield of secondary eectron
emission is shown in Fig. 21. As expected, the yield from
Xe+ and Kr+ ions is amost negligible in the region of low
kinetic energy. This indicates that the Auger neutralization
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Fig. 20. Effect of discharge gas type on the yield of secondary elec-
tron emission.

Electron. Mater. Lett. \VVol. 4, No. 3 (2008)



126Y.-S Kimet al. : Electron Emission Characterigtics of MgO Thin Films used for ac-PDPs: Part |. Secondary Electron Emission

MgO{1000AY/SiO2(100AYS

200 25
Kinetic energy of incident ions (eV)

Secondary electron emission coefficient
[=]
[}

[=1
L]
PR |

50 ™ 100 125 150 175

Fig. 21. Effect of discharge gas type on the yield of secondary elec-
tron emission measured experimentally.

reaction is the main mechanism of secondary electron emis-
sion, and resonance neutralization followed by a de-excita-
tion reaction may not occur, as discussed in the preceding
section. For Ar” ions, contrary to the zero yield by the Auger
neutralization reaction (Fig. 20), experimenta datashowed a
significant yield of secondary electrons (Fig. 21). Thisdiffer-
ence could be caused either by the emission of secondary
electrons by resonance neutrdization followed by the de-
excitation reaction or by the smaller bandgap of MgO. As
shown in Fig. 18, secondary eectrons can be emitted by the
resonance neutralization process for Ar ions. Therefore, the
experimentally measured yield with Ar* ions may originate
from the resonance neutralization reaction. If the band gap
energy is 6.8 eV, as Motoyama et al.* assumed, instead of
7.8 eV, the Auger neutrdization mode predicts the yield to
be around 0.1, which is similar to the experimentally mea-
sured vaue.

2) Effects of band gap energy and electron affinity

If the band gap energy E¢, and the electron &ffinity, y, of
MgO inegn. 17) are decreased for agivenion, the maximum
excess energy available for the emission of secondary elec-
trons should increase. Using the same theoretical model as
givenin Fig. 19(b), the effect of the band gap energy on the
yield of secondary electrons from the Auger neutralization
reaction with Xeionswas predicted In this case, the elec-
tron affinity was assumed to be 0.85 €V. The secondary elec-
tron yield remained zero until the band gap energy was
decreased to less than 5.2 eV. At a band gap energy smaller
than that vadue, a dight reduction in band gap energy
resulted in a significant increase in the yield. Thus, it would

0.40
|

o 0357
c
)
‘E 0.30
b n
i 025+
e
g 0.20
g | |
o 0.15
®

0.10 A
Y |
o
B 005
2
>

0.00 H—E—n | | | |

T T T T T T T T T T T — 1 T T — T
3.5 4.0 4.5 5.0 55 6.0 6.5 7.0 7.5 8.0
Band Gap Energy (eV)

Fig. 22. Effect of band gap energy on theyield of secondary electrons
from the Auger neutralization reaction with Xeions.
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be desirable to reduce the band gap of MgO in order to yield
secondary electrons from the Auger neutralization reaction
of X€e" ions. Recently, the emission of secondary eectrons
from X€" ions has become critical as the Xe content in dis-
charge gas is increased in order to enhance the luminance
efficiency of ac-PDPs™™ The secondary electrons emitted
from the Auger neutraization reaction of Xe" ions are essen-
tial for maintaining low firing voltages with discharge gases
having high Xe contents.

One of the easiest waysto reduce the band gap energy isto
create alloyswith other oxides of low band gap energies. For
example, Ca0O, which has a similar band gap structure to
MgO, is dloyed with SrO, which has a band gap of 5.4 eV.
The electron emission layer with this aloy results in much
lower firing voltages compared with pure MgO (Fig. 23).
Unfortunately, modification of the band gap energy without
affecting the crysta structure and chemical compositions of
MgO appearsto beimpossible. However, we cannot exclude
the possibility that other parameters are causing the reduced
firing voltage in the case of (SrCa)O compound.
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Fig. 24. The effect of eectron affinity on the yield of secondary elec-
trons via Auger neutralization reaction of Xe" ion with MgO. For this
calculation, the band gap was assumed to be 4.8eV.

The effect of dectron affinity on the yield of secondary
electron emission for the Auger neutraization of Xe ions
with MgO is shown in Fig. 24.*? As noted from the figure,
the yield increases dsignificantly as the affinity decreases.
This is mainly due to the fact that the fraction of eectrons
excited to the conduction band energy levels is decreased as
the eectron affinity decreases. Thus, it would be beneficid
to have smaller electron affinity or negative affinity to obtain
a higher yield. No experimental results related to this have
been reported to date.

3) Effects of defect type and concentration in MgO

Impurities, dopants, or defects within MgO can haveasig-
nificant influence on the yidd of secondary electron emis-
sion by affecting the escape probability function and the
energy band structure of MgO. Since MgO is a materid
dominantly having an ionic bonding characterigtic, theimpu-
rities, dopants, or defects have effective charges. Therefore,
these disorders can trap or scatter free current carriers such
as electrons excited by the Auger neutraization reaction.
The higher the density of such disorders, the higher the prob-
ability of trapping or scattering the excited electrons. For
example, F'-type centers can trap an electron by electro-
satic attractive force, thereby decreasing the population den-
sty of excited dectrons. This in turn that will reduce the
yield of secondary electron emission. In addition, the scatter-
ing reaction may reduce the energy of some excited elec-
trons below the vacuum level. This should decrease the
density of electrons excited above the vacuum energy level
and will also reduce the yield.

Using severa escape probability curves proposed by Hag-
strum,®" and shown in Fig. 25, the effect of the escape prob-
ability on the yield of secondary electron emisson was
examined™ Curve 3 represents MgO with high purity and
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low defect concentration and curve 1 is MgO with low purity
and high defect concentration. As expected, the material with
high escape probability (curve 3) shows a higher yield of
secondary dectron emission (Fig. 26). With increased impu-
rities and defects, the yield can be decreased dramatically,
indicating the MgO film produced by the e-beam evapora-
tion process must have better crystallinity and high purity in
order to lend an enhanced yield of secondary el ectrons.

Findly, disorders such as impurities, dopants, and defects
in MgO create energy levels within the band gap. For exam-
ple, the F-type centers are located roughly ~3 eV above the
top of the vaence band and contain one or two eectrons.
The eectrons trapped in those energy levels may be excited
abovethe vacuum level with lessenergy than the electronsin
the valence band. The electrons trapped at those defect lev-
els, therefore, may be able to contribute to secondary emis-
sion.

With the defects, there are four possible Auger neutraliza-
tion reactionsthat may occur with Ne” ionswhen MgO hasa
F-type center, as shown in Fig. 27. According to the time-
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Fig. 27. Reaction types of Ne" ions approaching MgO with a defect
level within band gap.

dependant perturbation theory, the probability of transition
of eectrons from MgO to approaching ions is proportiona
to the density of state. The probability of such electrons at
trapped levels should be proportional to their mole fraction,
as shown in following equation:

¥i = Ny + NoNE(yoe +ve,) + NEyee egn. 18)

where N, and Ng is the mole fraction of eectrons & the
valence band and at a F-type center, respectively. In atypica
case, Nrisfar lessthan 1,000 ppm (N== 0.001), and it can be
seen from egn. 18) that the contribution from the electrons
trapped at defect levels to the emission of secondary elec-
tronswould be negligible. Therefore, it would be desirableto
have high quality MgO with a low defect concentration in
order to achieve improved secondary electron emission
yield.

3. SUMMARY

We have reviewed the basic physics involved in the emis-
sion of secondary electrons from MgO during glow dis
charge of ac-PDPs. Emphasis was placed on the basic
physics of the process, as better understanding of the elec-
tron emission processisthe critical for enhancing the perfor-
mance of ac-PDPs in terms of luminance efficacy, firing
voltages, and addressing speed.

This paper reviewed intrinsic properties of MgO and
extrinsic defects pertinent to the emission of electrons. The
present review shows that MgO has physical properties that
make it an ideal materia for a protection and electron emis-
sion material under a glow discharge atmosphere. Based on
the Hagstrum model, mgjor parameters that may affect the

yield of secondary electron emisson were extracted. The
parameters are type of discharge gas, band gap energy and
electron affinity of MgO, and escape probability. The theo-
retical models show that secondary electron emission from
the Auger neutralization reaction of Xe&" with MgO is not
feasible. One possible way to increase the yield from Xe"
ions is to reduce the band gap energy of MgO. The escape
probability of excited electrons was discussed in terms of
scattering and trapping by defects formed in MgO. The
results indicate that a high crystalinity and low impurity
MgO thin film is needed for enhanced emission of second-
ary electron. Although in recent years progress has been
made in the understanding of the electron emission mecha
nisms from MgO used for ac-PDPs, further systematic stud-
ies must be conducted to reduce the firing voltage and
statistical delay of the addressing discharge, and to enhance
the luminance efficiency of ac-PDPs.
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