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Electron Emission Characteristics of MgO Thin Films Used for ac-PDPs:
Part I. 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 relation 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 major parameters that may affect the yield of the secondary electron emission and discussed pos-
sibilities for improving the yield of the emission.
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1. INTRODUCTION

The recent success of plasma display panels (PDPs) origi-
nates from the work of Bitzer, Slottow, and Wilson[1] in
1964. The PDP developed in their research was essentially
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 original patent.[2] The fundamental concept of
their invention was to have 20~40-µm-thick glass dielectric
layers on an electrode surface and thereby generate a self-
regulating and precisely repeatable dielectric barrier dis-
charge (DBD), as in an ozone generator.[3] A glow discharge
without the dielectric layer would become intensified with
the progress of discharge time and eventually 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-called wall voltage caused by
the wall charge would increase with time to counterbalance
the applied electric field. If the wall charge stored reaches a
critical value, the effective voltage (i.e. the applied voltage
minus the wall voltage) would become smaller than the volt-
age required to sustain the glow discharge. Thus, the glow
discharge would ultimately be extinguished. The wall charge
at the dielectric layer of each pixel, on the other hand, allows
a memory effect, one of the key features of ac-PDPs. This
process of discharge ignition followed by extinction occurs
less than one µs, resulting in a short glow discharge pulse.

This pulsed discharge can be repeated by applying alternat-
ing voltage between the electrodes and the ac-PDP was born
from their work. Almost all  PDP companies have now
adopted these operation principles of ac-PDPs. 

The use of a glass dielectric 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
similar 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 altered with time. This would change the
yield of secondary electron emission from the layer and the
firing voltage with time. The secondary electrons are defined
as electrons emitted by incident charged species and their
emission is very sensitive 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 materials with
superior resistance against sputtering, including oxide
ceramics such as MgO, Al2O3, TiO2, etc, on the surface of
the dielectric layer. 

Among the various oxides that were evaluated, a 500-nm-
thick MgO coating by an electron-beam evaporation process
was found to be effective against the sputtering of a dielec-*Corresponding author: hyang@hongik.ac.kr
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tric layer and in maintaining the firing voltage at a stable
level for the lifetime of device. In addition, the MgO film has
a much higher yield of secondary electron emission com-
pared with glass dielectric materials.[4] This high 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 electrons, are the major current carriers and a
high electric field is required to maintain the continuity of
current throughout the plasma body. If electron density is
increased in this region, the voltage drop will become
smaller. The density is determined by the yield of secondary
electron emission, and its effect on the firing voltage (Vf) is
well described by Paschen’s law[5]:

  eqn. 1)

where g and h are the constants dependant on the dis-
charge gas composition and γ is the yield of secondary elec-
tron emission. As given by eqn. 1), the firing voltage
decreases as the yield of the secondary electron emission
increases. Another beneficial influence of increased yield is

enhanced luminous efficiency of ac-PDPs, since the energy
spent on heating ions near the cathode drop zone is
reduced.[6] The use of a MgO thin film on the dielectric layer
has contributed enormously to the enhancement of device
performance. Thus, all of the plasma TVs sold today use a
MgO layer on the dielectric layer as a protective layer
against sputtering as well as an emission layer for the sec-
ondary electrons. 

In order for an ac-PDP to be used as a display device, the
device must be able to reproduce the grey levels of natural
images precisely. The pixels of ac-PDPs developed by Bitzer
et al.[1] 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.[7] In this scheme, the grey scale is achieved
by modulating the number of pulsed discharges in a given
TV field (16.7 ms for 60 Hz display). First, a TV field is
divided into the number of sub-fields and the number of dis-
charges are assigned as 1, 2, 4, . . . or 128 times (8 sub-fields
in this case) for each sub-fields. By combining these sub-
fields, various grey levels are achieved (256 levels for 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, wall charges (wall
voltage) are deposited on the surface of MgO by inducing an
address discharge in the cell (addressing). The standard con-
figuration of commercial ac-PDPs is the coplanar electrode
geometry, as shown in Fig. 4. In this configuration, arrays of
parallel sustaining electrodes lie on the front glass plate and
address electrodes lie on the rear glass plate orthogonal to
the sustaining electrode. The gap, d, between the electrodes
is on the order of 100 µm and the gas pressure of a rare gas
mixture (generally 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. 1. Drawing from the original plasma display patent.[2]

Fig. 2. Schematics of DBD plasma structure.

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.
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charge considerably. The addressing discharge is initiated at
the intersection of the sustaining and address electrodes by
applying appropriate voltages to these electrodes. When a
sustaining voltage is applied to all the sustaining electrodes
simultaneously (sustaining), only the cells with wall charges
will be turned “ON” due to the memory effect noted previ-
ously. For this effect, the sustaining voltage applied should
be smaller than the firing voltage of the cell, but the sum of
the wall voltage and sustaining voltage should be larger than
the firing voltage. Under these conditions, only the cells with
wall charges (memory of previous discharge event) will be
turned ON, while the cells without wall charges remain OFF
when the sustaining voltage is applied.

In the ADS driving method, the addressing period con-
sumes a large fraction of the TV frame time, since all the
cells must be addressed line by line at each sub-field. For
example, if a device has 10 sub-fields (1024 grey levels), the
pixel must be addressed 10 times per TV field. The total time
necessary to address a display for TV applications is
Tad = NSF(τreset + Nlines × τad), where τad is the duration of each
address pulse, τreset the reset time, NSF the number of sub-

fields, and Nlines the number of lines of the panel. For a Full
High Density (FHD) ac-PDP (1920 rows × 1080 lines) with
10 sub-fields, approximately 5 ms is needed for the sustain-
ing period (assuming the sustaining pulse period is 5 µs (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 µs. The shorter the addressing
time, the longer the time that is assigned to the sustaining
period for higher grey scales.

When the address voltage is applied between the elec-
trodes, statistical variation in the initiation time of address
discharge has been noted to distribute over several µs, as
shown in Fig. 5.[8] The scale of abscissa of the figure is
0.5 µs. The data was 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, the time
of discharge initiation spreads over a time interval, a so-
called a statistical delay. This distribution of the discharge
delay has been attributed to variations in the concentration of
priming species, especially electrons, within the discharge
spaces. All the gas discharges need priming species to ini-
tiate the discharge, since the electric field applied between
the electrodes is not large enough to ionize the gas atoms in
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, especially the priming
electrons, are accelerated by the applied electric field and
cause impact ionization of inert discharge gas atoms. The
avalanche of electrons by impact ionization leads to ignition
of the glow discharge. Thus, the initial concentration of
priming species is critical to the statistical variation of the
glow discharge initiation.

Several different types of priming species have been

Fig. 4. A schematic illustration of commercial ac-PDP configuration.

Fig. 5. Statistical variation of address discharge of ac-PDPs.



116Y.-S. Kim et al. : Electron Emission Characteristics of MgO Thin Films used for ac-PDPs: Part I. Secondary Electron Emission

Electron. Mater. Lett. Vol. 4, No. 3 (2008)

reported to be responsible for the ignition of glow discharge,
including space charges and metastables from preceding dis-
charge cycles,[9,10] and exo-electron emissions from MgO.[10-

14] The decay time for the space charges of preceding dis-
charge such as electrons and ions reactions has been esti-
mated to be less than a few µs[15] and that for the metastable

 dimer through a conversion reaction to Xe* to be less
than 100 µs.[12] However, the conventional 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-electron emission from dielectric materials, on the
other hand, are known to have much longer decay time. For
example, when an aluminum oxide is irradiated with high
energy electrons, delayed emission of electrons from the
oxide can be detected even after days of irradiation.[16] This
phenomenon is called the Malter effect and is one form of
exo-electron emission. In the 1950s, Kramer[17] noted the
emission of delayed electrons of low energies from metal
oxides after application of mechanical energies (grinding,
twisting, 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
energies were 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 potential energies of electrons, 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 electron emission from MgO thin
film, whether secondary electron emission or exo-electron
emission, is crucial to the performance of ac-PDPs. In this
paper, we describe the basic physical mechanisms involved
with the electron emissions from MgO film. In part I of this
paper, we describe the mechanisms of secondary electron
emission and in part II, the mechanisms of exo-electron
emission. In addition, trends in recent research toward better
electron emission properties are described in each section.

2. MECHANISMS 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, electron emission phenomena
from solid materials have attracted much attention. In his
famous light bulb experiment, he detected electric currents
between a positively biased electrode and the filament of the

bulb. Since the electrodes 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 electrode. Later, in 1899, J. J. Thomson
demonstrated that the Edison effect is caused by thermal
electrons.[18] The electrons in the red-hot filaments are heated
such that a fraction of the electrons acquires enough energy
to overcome the potential 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.[19] 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, electrons
may be excited above the potential barrier of a solid by
accelerated charged species such as ions and electrons 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 potential
energy help the electrons overcome the potential energy bar-
rier of the solid. The secondary electrons induced 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
the yield of secondary electron emission.

There are various types of energies available for electron
emission from a MgO layer exposed to glow discharges of
ac-PDPs. The energies include potential and kinetic energies
of charged species such as Ne+, Xe+, and He+ ions as well 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 
and  among others. If sufficient energy is imparted to an
electron to overcome the potential barrier of MgO, the elec-
trons will be excited to escape from the material. In order to
explicate the excitation and escape processes of electrons,
basic materials properties of MgO must be introduced. 

1) Crystal and band structures of MgO
MgO is a model ionic compound formed between Mg2+

cations and O2- anions. Those ions form an interpenetrating
face-centered cubic lattice, as shown in Fig. 6. The lattice
structure is very symmetric and rigid. Thus, it would be very
difficult to form polarons within the lattice when electrons or
holes are injected or created within the material. Self-trapped
electrons or holes are unstable within MgO.[20] Most of the
electrons and/or holes injected to or created within MgO,
therefore, must be trapped at donor or acceptor levels, or
ejected to outside of the material. 

The very strong electro-static attraction between the ions
lends the material a very high bond strength, as manifested

Xe2
*

Xe*

Xe2
*
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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.[21] The ionic bonding of the
matrix should be strong enough to prevent the formation of
defects from irradiation such as γ-rays from nuclear power
plants. For that purpose, Chen and his coworkers[21-25] 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 also cause damage, and
the strong atomic bonding of MgO makes it an ideal material
for protection against such damage.

One of the intrinsic 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 crystal is 0.38,[26] indicating the
scattering of electrons within MgO is very minimal, proba-
bly likely due to the its regular and symmetric crystal struc-

ture. In addition, MgO has a relatively small dielectric
constant (~9.8 at 1 MHz).[27] With such a characteristics, the
escape distance of excited electrons within MgO is excep-
tionally large compared with other oxides (~25 nm)[28] and
that this increases its the possibility of electron emission. 

The band structure of MgO is also very important for the
emission of secondary electrons. The band structure can be
understood by assuming energy levels of neutral 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 (3s)
filled states. There will also be a lower band derived from O
(2p) states that are partially occupied. If the electrons from
the Mg (3s) orbital are released to find their equilibrium
state, all the electrons will drop down to the empty O (2p)
states. The conduction band, derived from the Mg (3s) states,
will become nominally empty, while the valence band,
derived from the O (2p) states, will become nominally filled.
This process is illustrated 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 electron
from the 2p states of an O2 anion to the 3s states of a Mg2+

cation. The excitation will neutralize the ions involved and
therefore break up the ionic bond. Thus, the band gap energy
should be proportional to the bonding energy of the material.
Figure 8 illustrates the relationship between the band gap
energy and bonding energy of various materials.[29] 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 eV as the band gap energy.[30] However,
it has been measured or predicted to vary in a range from 6.8
~ 8.5 eV.[31-32] The insulating characteristic of MgO prohibits
precise measurement of the exact value. 

Theoretical studies on the energy band structure of MgO
have been conducted by numerous researchers. Using the
density functional theory (DFT), Avdeev et al.[33] calculated

Fig. 6. Crystal structure of MgO. Mg2+ and O2 ions form interpene-
trating facecentered cubic lattices.

Fig. 7. Development of valence and conduction band of MgO: (a) energy levels of facecentered cubic lattice by neutral Mg and O atoms and (b)
band structure after shift of valence electrons from Mg to O. 
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the electronic structure of Mg9O9 clusters (Fig. 9). As shown
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) states in an energy range of 0-20 eV. For the valence
band O (2p), the band width was 5.4 eV and the energy gap
O (2s – 2p) was 13.5 eV. 

Another electronic structure that is important 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 unequivocally established.
While many studies cite a value of 0.85 eV as the affinity,[34]

values in a range of 0.85~1.0 eV have been reported by
many researchers.[35,36] With small electronic affinity, most of

the electrons will be excited over the vacuum level (top of
the conduction band) and there will be a relatively small
population of electrons excited to the states of the conduc-
tion band. This should provide better condition for electron
emission from MgO over other materials. 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,[38] a negative electron affinity for MgO has
been cited, as in the case of hydrogen terminated diamonds .[39]

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

2) Intrinsic defects of MgO and its energy levels 
Intrinsic 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
Mg2+ cations and O2- anions from inside to its surface. The
resulting vacancies at cation and anion sites constitute the
Schottky disorders. The defect formation reaction can be
represented as follows:

     eqn. 2)

 where  is the vacancy at the Mg2+ cation site and has
two negative effective charges.  is the vacancy at the O2-

anion site and has two positive effective charges. The forma-
tion energy (∆hf) of such disorder is 7.7 eV.[40] 

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 excita-
tion reaction is the band gap energy of MgO. The reaction
can be described as follows:

     eqn. 3)

where  is the free electron concentration at the conduction
band and  is the hole concentration in the valence band.

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

  eqn. 4)

where n is the number of defects and N is the number of
lattice sites per unit volume. By putting numbers into eqn.
4), the mole fraction of the electronic defects was calculated
(Fig. 9). It should be noted that the mole fraction of such
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Fig. 8. The band gaps of various materials as a function of the bond-
ing energy of crystals.

Fig. 9. Density of states of MgO calculated using the density func-
tional theory.[33]
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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 × 10-7 (0.4 ppm). This low concentration
of intrinsic electronic free carriers makes MgO highly insu-
lating: this may explain the material’s capability of excellent
wall charge holding characteristics during the period of
addressing steps of ac-PDPs. As the formation energy for the
Schottky disorders and electronic defects are very similar,
the concentration of such Schottky ionic disorders should
also be similar, as shown in Fig. 9.  

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

eqn. 5)

eqn. 6)

where n and p are the free electron 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[41] and therefore remains highly sto-
ichiometric. Using experimentally determined values,[26]

eqn. 6) is rewritten as eqn. 7). 

eqn. 7)

Assuming atmospheric oxygen partial pressure (oxidizing
atmosphere), the concentration of magnesium vacancies was
calculated using eqn. 7) (Fig. 10). The actual vacancy con-
centration at ambient temperature is extremely low, but
increases dramatically as the temperature increases. Near the
melting point, the magnesium vacancy concentration is
1 × 1017 cm-3 (which corresponds to ~1.8 ppm). With further
increase in the oxygen partial 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 concentrations in the films.

 
3) Extrinsic defects of MgO and its energy 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 universal technique of purification for the oxides is arc
fusion. Commercially available MgO materials, therefore,
contain a significant amounts of impurities. Table 1 shows
typical chemical compositions of commercially available
MgO materials with 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). Total impurity content in MgO is
several 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 extrinsic impurities rather than by its intrinsic charac-
teristics.
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Fig. 9. Mole fraction of electronic defects as a function of tempera-
ture.

Fig. 10. Equilibrium Mg vacancy concentration in MgO formed
under an air atmosphere. 
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Aliovalent impurities dissolved substitutionally in MgO
create point defects according to the following reactions: 

  eqn. 8)

  eqn. 9)

  eqn. 10)

  eqn. 11)

The aliovalent impurities substituting Mg2+ cations are
generally compensated with ionic defects such as  and

. For example, as shown in eqn. 10), Al2O3 impurity in

MgO creates  and  defects. With such defects, the
electrical neutrality of the host lattice is satisfied, since effec-
tive charges associated with each defect cancel (compensate)
each other precisely. 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 aluminum impurity creates a donor level by an electron
trapping reaction  roughly
0.5 eV below the conduction band.[43] If Si is the impurity, the
excess charge is two ( . Therefore, the trap energy level
would be located deeper into the band gap, since the electro-
static attractive force with electrons would be larger. On the
other hand, the magnesium vacancy forms an acceptor level
by a hole trapping reaction 
approximately 0.5 eV above the valence band. Thus, the
extrinsic 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 is that it can trap
protons (H+). Since the magnesium vacancy has negative
effective charges, it attracts positively charged species such
as proton and holes. If a proton becomes trapped in a magne-
sium 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 eV below the
conduction band, the so-called  center.[44] The hole trap-
ping site is transformed to an electron donor site by hydro-
gen doping. 

Using the pseudo-hydrogen model,[45] the donor level
( ) can be estimated theoretically by the following rela-
tionship: 

Li2O 2LiMg
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BeO BeMg OO+→
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° VMg
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″
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AlMg
° e′ AlMg
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Table 1. Chemical compositions of commercially available MgO
materials (unit: ppm). The letters S, K, and N denote the source of
MgO.[42]

Impurity Powder(S) Powder(K)
Single

Crystal (N)
Single

Crystal (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

V <10 <10 30 <2

Mo <5 <2

Cr <10 1 15 <1

As,K <20 <5 <5

Bi <1

Ti <50 <20 <20 <20

Rb <50

Be <1

Co 7 <1 <2

Sb <1 <5

Ba <1 <10 <0.5

Na 20 <20 1

Zr <1 <20 3

Fig. 11. Energy levels within the band gap of MgO created by Al2O3

impurity.
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  eqn. 12)

where  denotes the electron effective mass in MgO
( ,   the electron mass in under vacuum, and
εr the relative dielectric constant of MgO (εr = 9.8). Using
these values, the trap level was estimated to be approxi-
mately 0.05 eV below the conduction band. The estimated
level is very shallow and is significantly different from val-
ues reported in the literature.[43] These shallow levels are
very difficult to determine experimentally, and therefore,
more works are needed to determine the exact locations of
such donor or acceptor levels within the band gap.

The oxygen vacancy ( ) in MgO is of significant
research interest since it affects the physical appearance of
MgO. The oxygen vacancy has two positive effective
charges and can serve as a trap site for electrons through
electronic compensation reactions as follows:

  eqn. 13)

  eqn. 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 electrons ( )
and the F+-center is filled with one electron ( ). 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 usually
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 release electromagnetic radiations of
390 nm (3.2 eV) or 540 nm (2.3 eV), as shown in Fig. 12[23]

and result in coloration of MgO.  

F-type centers could be formed via several pathways,
including the addition of alkaline elements, processing under
a reducing atmosphere, and ionizing radiation. As shown in
eqn. 8), each alkaline element produces one oxygen vacancy.
The alkaline elements in 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 at elevated tem-
peratures), a few hundred ppms of magnesium vacancies are
created in MgO single crystals.[44]

Finally, other extrinsic defects that may affect the emission
of secondary electrons include dislocations, grain bound-
aries, and surface defects. Dislocations formed during the
production of a material can serve as preferential segregation
sites for aliovalent impurities as well as sites for precipita-
tions.[46] 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 a relatively open structure. Grain boundaries
are among the major defects that can be observed with MgO
thin films formed by an electron-beam evaporation process.
The grain size of the film is on the order of 40 nm and a sig-
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. This is especially critical in the case of MgO, since its
grain boundaries are charged by segregation. 

With pure MgO, Mg2+ ions are segregated more to the
grain boundaries than O2- ions, as schematically illustrated in
Fig. 13(a), since the formation energy of magnesium vacan-
cies is much smaller than that of oxygen vacancies.[47] There-
fore, the grain boundary is charged positively and the excess
Mg2+ cations can become electron trap sites. However, when
Al2O3 is added to MgO, it changes the segregation behavior,
as shown in Fig. 13(b). In this case, O2- is the element 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.[23]
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tively charged grain boundaries can become hole trap sites. It
is apparent that the grain boundaries of MgO may be either
electron or hole trap sites depending on the type of major
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 chemical and physical prop-
erties of the surface. For example, a nearly defect-free
MgO(1 0 0) single crystal surface is chemically inert
towards molecular adsorbates that physisorb only at very
low temperature; on the contrary, a polycrystalline surface
rich in color centers is 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. Theoretical estimation
showed that the F-type centers can form with much smaller

energy at these defects, as shown in the table of Fig. 14.[48]

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.[49] estimated that the band gap could be
decreased by more than 1eV compared with that of bulk.
Thus, the band gap energy could be less than 6.8 eV near the
MgO surface.

2.2. Secondary electron emission via Auger neutraliza-
tion reaction

1) Energy sources for secondary electron emission 
As noted in the previous section, various types of energy

Fig. 13. Grain boundary charging: (a) pure MgO and (b) Al2O3 doped MgO.

Fig. 14. Surface defects and surface vacancy formation energies at such defects. 
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are available for electron emissions from MgO exposed to
glow discharges of ac-PDPs: potential 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-electric effect, as shown in
Fig. 15.[38] Photons abundant in the glow discharges of ac-
PDP are VUVs of 147 nm (resonance radiation) and of
173 nm (molecular radiation) wavelength. The photon
energy of the radiation corresponds to 8.4 eV and 7.2 eV,
respectively. Among the types of radiation, resonance radia-
tion is readily absorbed by other Xe atoms (self-absorption)
and the collision cross section with the valence electrons is
rather small (1/1000 of ion). Thus, the emission of electrons
by this energy source is expected to be rather insignificant.
With respect to molecular radiation, its energy is slightly
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 slightly smaller. This excita-
tion reaction, therefore, has a small interaction volume, mak-
ing the contribution of this reaction to the yield of secondary
electron emission negligible.  

Unlike the photon and metastables energy sources, the
positive ions in a glow discharge, such as Ne+, He+, and Xe+,
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 ejecting electrons or in generating elec-
tromagnetic radiation. This former process of electron emis-
sion is called the “Auger Neutralization” mechanism of
secondary electron emission. For MgO, which consists of
elements of low atomic numbers, there is a much larger pos-
sibility of ejecting electrons with the neutralization energy
than with electromagnetic photon radiation, as schematically
shown in Fig. 16.[50] With elements of low atomic numbers,
the Auger electron emission is favored considerably over the
photon radiation. 

This electron 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 at the MgO
surface. Thus, most of the ions are used for the Auger neu-
tralization reaction. In addition, the collision cross section
for the Auger mechanism is much larger than the photo-elec-
tric reaction. Therefore, the Auger neutralization reaction of
ions is not wasted as long as the reaction is allowed thermo-
dynamically. This point will be further discussed later in this
section. Therefore, it seems that most of the secondary elec-

Fig. 15. Photoelectron current from MgO as a function of photon
energy. 

Fig. 16. Emission probability of an Auger electron (A) or photon (X)
from the neutralization reaction of ions.

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 ejection of

electrons from diamond-type semiconductor surfaces is well
documented in the classical paper by Hagstrum.[51] In his
model, the electron emission by the potential energy of low
kinetic energy ions is 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, as illustrated in Fig. 17. With the Auger

neutralization mechanism, the energy released from the neu-
tralization reaction (route ‘1’ in the figure) is spent to eject
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 electrons 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 along 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 surface is smaller than 7.8 eV. Howerver,
such resonance neutralization reactions of Xe ions may not
result in extensive emission of electrons, 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 electrons 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

Fig. 18. Energy bands of MgO and levels of discharge gas ions and
excited state of atoms.

Fig. 19. Reaction steps of secondary electron emission via Auger neutralization process: (a) diamond type semi-conductor and (b) MgO with flat
valence band. 
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electrons in the valence band. With those ions, only the
direct neutralization reaction (downward arrow in the figure
for Ne+ ions) can excite the electrons within the valence
band to the vacuum level (upward arrow above the top of the
conduction band), i.e., the Auger neutralization mechanism. 

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

Hagstrum[51] theorized the reaction steps of the secondary
electron emission process via the Auger neutralization reac-
tion, as illustrated 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 electron may have
different reaction probability with the ion depending on its
orbital configuration, the density of state available for the
reaction  is obtained by multiplying the transition
probability. However, in the case of MgO, the electrons in
the valence band have the same orbital configuration and
this adjustment may not be necessary. The energy from the
neutralization reaction pumps the electrons from the valence
band to the energy levels available above the conduction
band. The number of electrons excited to an energy level of k
can be calculated by using a matrix element of the Auger
process, which is defined by the following equation:

  eqn. 15)

Using eqn. 15), the density of electrons excited is calcu-
lated as the curve Ni(εk) 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 elastic
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 (N0(εk)). 

Typically, the escape probability is modeled using a para-
bolic type function of electron energy (Pe(εk)), as shown in
the figure. After obtaining those functions, the yield of sec-
ondary electron emission is obtained from the ratio between
the electrons emitted (integrated area of curve N0(εk)) vs.
electrons excited (integrated area of curve Ni(εk)) :

  eqn. 16)

From this Auger neutralization model of secondary elec-

tron emission from MgO, the parameters that may affect the
yield of secondary electron emission can be extracted. The
parameters include the band gap energy and electron 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 due to Auger Effect

Using a modified version of Hagstrum’s model for MgO
(Fig. 19(b)), the yield of secondary electron emission has been
predicted by various researchers and measured experimen-
tally. In this section, the effects of parameters selected above
on the yield of secondary electron emission are reviewed.

1) Effects of discharge 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:

  eqn. 17)

where  is the ionization energy of gas atoms,  is the
band gap energy, and χ is the electron affinity of MgO. The
energy  in eqn. 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
( ). If we assume the band gap energy and electron affinity
as 7.8 eV and 0.85 eV, the maximum excess energy is nega-
tive for Ar, Kr, and Xe. Thus, for these ions, it is not possible
to emit secondary electrons via the Auger neutralization pro-
cess, as shown in Fig. 20.[52] 

The experimentally measured yield of secondary electron
emission is shown in Fig. 21. As expected, the yield from
Xe+ and Kr+ ions is almost 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.
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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), experimental data showed a
significant yield of secondary electrons (Fig. 21). This differ-
ence could be caused either by the emission of secondary
electrons by resonance neutralization followed by the de-
excitation reaction or by the smaller bandgap of MgO. As
shown in Fig. 18, secondary electrons 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.[53] assumed, instead of
7.8 eV, the Auger neutralization model predicts the yield to
be around 0.1, which is similar to the experimentally mea-
sured value.

2) Effects of band gap energy and electron affinity
If the band gap energy , and the electron affinity, χ, of

MgO in eqn. 17) are decreased for a given ion, the maximum
excess energy available for the emission of secondary elec-
trons should increase. Using the same theoretical model as
given in Fig. 19(b), the effect of the band gap energy on the
yield of secondary electrons from the Auger neutralization
reaction with Xe ions was predicted.[52] In this case, the elec-
tron affinity was assumed to be 0.85 eV. 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 value, a slight reduction in band gap energy
resulted in a significant increase in the yield. Thus, it would

be desirable to reduce the band gap of MgO in order to yield
secondary electrons from the Auger neutralization reaction
of Xe+ ions. Recently, the emission of secondary electrons
from Xe+ ions has become critical as the Xe content in dis-
charge gas is increased in order to enhance the luminance
efficiency of ac-PDPs.[54] The secondary electrons emitted
from the Auger neutralization reaction of Xe+ ions are essen-
tial for maintaining low firing voltages with discharge gases
having high Xe contents. 

One of the easiest ways to reduce the band gap energy is to
create alloys with other oxides of low band gap energies. For
example, CaO, which has a similar band gap structure to
MgO, is alloyed with SrO, which has a band gap of 5.4 eV.
The electron emission layer with this alloy results in much
lower firing voltages compared with pure MgO (Fig. 23).
Unfortunately, modification of the band gap energy without
affecting the crystal structure and chemical compositions of
MgO appears to be impossible. However, we cannot exclude
the possibility that other parameters are causing the reduced
firing voltage in the case of (SrCa)O compound. 

EG

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

Fig. 22. Effect of band gap energy on the yield of secondary electrons
from the Auger neutralization reaction with Xe ions.

Fig. 23. The firing voltages of test panels with MgO or (SrCa)O.
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The effect of electron affinity on the yield of secondary
electron emission for the Auger neutralization of Xe ions
with MgO is shown in Fig. 24.[52]  As noted from the figure,
the yield increases significantly as the affinity decreases.
This is mainly due to the fact that the fraction of electrons
excited to the conduction band energy levels is decreased as
the electron affinity decreases. Thus, it would be beneficial
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 have a sig-

nificant influence on the yield of secondary electron emis-
sion by affecting the escape probability function and the
energy band structure of MgO. Since MgO is a material
dominantly having an ionic bonding characteristic, the impu-
rities, dopants, or defects have effective charges. Therefore,
these disorders can trap or scatter free current carriers such
as electrons excited by the Auger neutralization 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-
static attractive force, thereby decreasing the population den-
sity of excited electrons. 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 several escape probability curves proposed by Hag-
strum,[51] and shown in Fig. 25, the effect of the escape prob-
ability on the yield of secondary electron emission was
examined.[52] Curve 3 represents MgO with high purity and

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 electron 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 electrons.

Finally, 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 valence band and contain one or two electrons.
The electrons trapped in those energy levels may be excited
above the vacuum level with less energy than the electrons in
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 reactions that may occur with Ne+ ions when MgO has a
F-type center, as shown in Fig. 27. According to the time-

Fig. 24. The effect of electron 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.

Fig. 25. Several escape probability curves proposed by Hagstrum [ ].

Fig. 26. Effect of escape probability on the yield of secondary elec-
tron emission.
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dependant perturbation theory, the probability of transition
of electrons from MgO to approaching ions is proportional
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:

  eqn. 18)

where Nv and NF is the mole fraction of electrons at the
valence band and at a F-type center, respectively. In a typical
case, NF is far less than 1,000 ppm (NF = 0.001), and it can be
seen from eqn. 18) that the contribution from the electrons
trapped at defect levels to the emission of secondary elec-
trons would be negligible. Therefore, it would be desirable to
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 process is the 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 material for a protection and electron emis-
sion material under a glow discharge atmosphere. Based on
the Hagstrum model, major parameters that may affect the

yield of secondary electron emission 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 crystallinity 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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