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Abstract. A convenient way is given in this paper to calculate the eﬀective secondary electron emission
coeﬃcient (γ eﬀ ) of protective layers in AC-PDP by ﬁtting breakdown voltage curves. Based on the analysis
of chemical kinetics of gas discharging in Plasma Display Panels, we deduced an empirical equation of selfsustaining discharge condition for Penning gas mixture in terms of Townsend breakdown criteria. It was
used to calculate the breakdown voltage curves of Ne-Xe/MgO, Ne-Ar/MgO, Ne/MgO, Ar/MgO and
Xe/MgO in a testing macroscopic discharge cell of AC-PDP. The eﬀective secondary electron emission
coeﬃcients were derived by comparing the breakdown voltage curves obtained from the empirical equation
with the experimental data of breakdown voltages. The γ eﬀ results showed a good conformity with the
secondary electron emission coeﬃcients in literatures. The empirical equation can be used as a convenient
approach to research gas discharge characteristics and the eﬀective secondary electron emission behaviors
in plasma display panels.
PACS. 52.80. Sm Magnetoactive discharges (e.g., Penning discharges) – 51.50.+v Electrical properties
(ionization, breakdown, electron and ion mobility, etc.)

1 Introduction
The secondary electron emission coeﬃcient (γ) is a very
important parameter in determining the discharge characteristics in a Plasma Display Panel (PDP). The ﬁring and
sustaining voltages of PDP are largely dependent on the γ
value of the protective layer. These voltages are closely related to the product cost and the luminous eﬃciency of
PDP [1]. Therefore, it is very important to measure the γ
values of protective layers in order to get better PDP performances and develop new materials with a high γ value.
The secondary electron emission is aﬀected by many factors when gas discharging in PDP, such as ions, excited
atoms, photons, materials and surface microstructure of
protective layer, and incident angle of particles. All eﬀects
inﬂuence the determination of γ. The combined result is
always described as the eﬀective secondary electron emission coeﬃcient (γ eﬀ ) [2].
There have been many experiments and theories that
attempted to determine the value of the γ eﬀ of protective layers in PDP. But the results are controversial because the measured or calculated values of γ eﬀ vary in
a

a rather large dispersion range [1,2]. Focused ion beam
(FIB) techniques are the most common ways to characterize the secondary electron emission of the protective
layer in PDPs. However, the FIB experimental conditions
(ion energy, vacuum level) are very diﬀerent from the PDP
conditions [1–9]. The FIB results are useful only for comparative studies and not suitable for γeﬀ measurements in
real PDP products. Motoyama [10] reported that the total
secondary emission coeﬃcient is in between the coeﬃcients
corresponding to Auger neutralization (γN) and Auger deexcitation (γD) [11,12]. It gives a theoretical range of γ eﬀ
values, but not suitable for the γeﬀ measurements and
corresponding studies of PDP. Another way to get γ eﬀ
values is to estimate γ eﬀ by comparing the breakdown
voltage curves obtained from theoretical calculation with
the experimental data of breakdown voltages [2]. There
are two approaches to calculate the breakdown voltage
theoretically: simulation methods (e.g. Monte Carlo simulation and ﬂuid model) and Paschen law. The convergence
and the accuracy of the simulation results are closely related with the pre-setting values of parameters which are
prerequisites of the computation. That always leads to
great computational complexity and errors. Therefore, the
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simulation methods are not suitable for convenient γ eﬀ
measurement too. Paschen law is a convenient way to
calculate breakdown voltage. It is the self-sustaining discharge condition for single gas in uniform electric ﬁeld.
Though most of ﬁlling gases in actual PDP products were
Penning gas mixtures, many scholars still used Paschen
law or other theoretical equations, which ignored the inﬂuence of Penning ionization on electron ionization coeﬃcient α, as the approximation of self-sustaining discharge
condition of Penning gas mixture in their studies [13–
19]. It was doubtful that whether their voltage results
matched the facts. Further theoretical or modeling clariﬁcation is needed for the self-sustaining discharge condition
of Penning gas mixture in γ eﬀ researches. Even for single ﬁlling gas, because the Paschen law does not give the
clear description of the inﬂuence of metastable atoms on
the secondary electron emission, and the pre-assumptions
of Paschen law have some disagreements with the real discharge physics (e.g. it ignores the deionization and deexcitation processes), it may lead to some errors when calculating breakdown voltage. The Paschen law also needs
theoretical modiﬁcation.
On the basis of Townsend breakdown criteria and the
chemical kinetics analysis of gas discharging in PDP, empirical equation of self-sustaining discharge condition for
Penning gas mixture in PDP was given in this paper. The
ﬁring voltage Vf and the eﬀective secondary electron emission coeﬃcient γ eﬀ of Ne-Xe/MgO and Ne-Ar/MgO in a
testing macroscopic discharge cell of AC-PDP were calculated by this empirical equation. In comparison with
the voltage characteristics calculated by Paschen law and
the theoretical equation which ignored the inﬂuence of
Penning ionization on α, the results calculated by the empirical equation had better conformity with experimental
data. The empirical equation can also be used for single
gas discharging. The calculated γ eﬀ results of Ne/MgO,
Ar/MgO and Xe/MgO matched well with the results in
literatures. It gave a convenient way to research gas discharge characteristics and the eﬀective secondary electron
emission behaviors in Plasma Display Panels.

2 Self-sustaining discharge condition
of Penning gas mixture in PDP
On the basis of Townsend criteria, the self-sustaining discharge condition of Penning gas mixture can be given
as γ eﬀ (eαd − 1) = 1, where α is directly determined by
the processes of chemical kinetics of Penning gas mixture
discharging in PDP. The chemical kinetics processes of
Penning gas mixture discharging in PDP are shown as
follows. The generation of new electrons is described by
corresponding electrochemical equations.
1. Ionization impacted by an electron (direct ionization,
cumulative ionization)
e+X→X+ +2e; e+X∗ →X+ +2e; e+X∗∗ →X+ +2e;
+
e+X∗2 →X+ +2e; e+X∗∗
2 →X +2e,
where X is a gas atom in gas mixture, X* is an excited gas atom and X∗2 is a gas excimer. “**” means
cumulative excitation.

2. Excitation impacted by an electron (direct excitation,
cumulative excitation)
e+X→X∗ +e; e+X→X∗∗ +e; e+X∗ →X∗∗ +e;
e+X∗2 →X∗∗
2 +e.
3. Penning ionization
X∗ +X∗ →X+ +X+e; X∗ +Y (Y∗ or Y∗∗ ) →Y+ +X+e;
X∗ +Y→(XY)+ +e; X∗∗ +X∗∗ →X+ +X+e; X∗∗ +Y
(Y∗ or Y∗∗ ) →Y+ +X+e; X∗∗ +Y→(XY)+ +e,

4.
5.
6.
7.
8.
9.

where Y is a gas atom whose ionization energy is less
than the excitation energy of X.
Deionization impacted by an electron (recombination).
Deexcitation impacted by an electron.
Formation of excimers.
Charge transfer.
Excitation transfer.
Radiative transition.

The secondary electrons escaped from cathode surface
are mainly induced by impacting ions and metastable particles, which are generated only in the ﬁrst 3 processes.
Consequently, coeﬃcient α should be calculated according to the ﬁrst 3 processes. It includes both ionization
and excitation processes. In terms of the fundamental preassumptions of Paschen law [20] and the additional consideration of the eﬀects of deionization, deexcitation and
electron backscattering on α, the self-sustaining discharge
condition of Penning gas mixture can be derived as equation (1) from the gas discharge chemical kinetics shown
above.
(see equation (1) next page)
where P is ﬁlling gas pressure, d is electrodes gap distance,
γ eﬀ is eﬀective secondary electron emission coeﬃcient, C
and ki (i = 1, 2, . . . , 16) are experimental constants, which
relate to gas species, gas composition and the electron eni
ergy distribution, U(X)
is ionization potential of particle X,
∗
∗∗
U(X) is excitation potential of particle X, U(X)
is cumulai
tive excitation potential of particle X, Pr (X) (Y) is ionization probability of particle X impacted by particle Y, and
η i (i = 1, 2, . . . , 10) are parameters which characterize
collision probability of one kind of particles impacted by
an electron. r is a exponential which represents the damage eﬀect on electron ionizing collision caused by deionization, deexcitation and electron backscattering. These
damage eﬀects on ionization become severe with increasing gas pressure P for more particle collisions [20].
There are many parameters to be determined in equation (1). It conduces to great complexity of discharge
calculation directly using equation (1). It is indispensable to simplify it. After the error testing of breakdown
voltages between experimental data and calculation results, the self-sustaining discharge condition of Penning
gas mixture can be simpliﬁed as empirical equation (2)
with satisfying calculated results. The Penning ionizations
caused by metastable atoms are counted in the third item
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3 Experimental details
The voltage characteristics were examined in a testing
macroscopic discharge cell of AC-PDP ﬁlled with gas. Figure 1a shows the schematic diagram of the testing macroscopic discharge cell of AC-PDP. 600 ± 50 nm MgO ﬁlms
were deposited on 1 mm thick soda-lime glass substrates
using e-beam evaporator. (Acceleration voltage was 6 kV,
and e-beam current was 40 mA). The gas gap distance between parallel electrodes is 1 mm. AC pulse voltage was
applied between electrodes X and Y. The applied rectangular voltage waveforms are shown in Figure 1b. Duty ratio is 1/1. In order to make sure that the measured breakdown voltage results were independent of frequency [21],
the applied frequency can not be larger than 15 kHz in
this cell structure. Here we used 12.5 kHz in breakdown
voltage measurements. Sahni and Lanza [22] pointed out
that the maximum sustaining voltage was the closest AC
panel equivalent to the breakdown voltage. The maximum
sustaining voltages were obtained by voltmeter and monitored by oscilloscope when gas igniting. In this paper, we
used the measured maximum sustaining voltages as the
breakdown voltage results.

The main secondary electron emission mechanism on
protective layers in AC-PDP is Auger ejection in which
the electron emission depends mainly on the ions potential energy and not on their kinetic energy [11,12]. Therefore, γ eﬀ in equation (2) can be considered as a constant
versus reduced electric ﬁeld (E/P ) when identical component gas breaking down in the cell structure shown in
Figure 1. Using least squares ﬁtting method, ﬁring voltage
curve (Vf versus Pd ) measured in experiment was ﬁtted by
the self-sustaining discharge condition. As a ﬁtting result,
γ eﬀ could be determined when the lowest mean square
ﬁtting error was obtained.

4 Results and discussion
Figure 2 gives calculated ﬁring voltage curves, which are
of the lowest mean square ﬁtting errors compared with
experimental voltage results, of Penning gas mixtures:
Ne+1%Xe/MgO (Fig. 2a) and Ne+1%Ar/MgO (Fig. 2b).
The data points are measured values of ﬁring voltage in
experiments. The three ﬁring voltage curves are calculated
by three diﬀerent self-sustaining discharge conditions:
– I: Paschen law:Vf =APd /ln[BPd /ln(1+1/γ eﬀ )] [17],
α = ηαNe +(1 – η)αXe/Ar
– II:
γ eﬀ [exp(αd )–1] = 1,
(0 ≤ η ≤ 1), α = C  P exp[–DP /E] [16,23], and
– III: empirical equation (2).
– A, B, C  and D are experimental constants.
The
error S 2 (S 2
=
n lowest mean square
2
(U
f
−U
f
)
)
of
least
squares
ﬁtting
i−cal
i−mea
i=1
between calculated ﬁring voltage values and measured
ﬁring voltage values and other parameters are given
1
n−1
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(a)

(b)

Fig. 1. (a) Schematic diagram of testing macroscopic discharge cell of AC-PDP. (b) The applied rectangular voltage waveforms.

(a)

(b)

Fig. 2. Calculated curves of ﬁring voltage vs. Pd for Penning gas mixture. The data points are measured values of ﬁring voltage
in experiments. (a) Ne+1%Xe/MgO, (b): Ne+1%Ar/MgO.

in Tables 1-I, 1-II and 1-III. Compared with the ﬁring
voltage curves calculated by equation I and equation II,
curve III calculated by empirical equation (2) has better
conformity with experimental data and much lower S 2 .
Table 2 is the comparison of calculated γ eﬀ values
of Ne-Xe/MgO with the γ values in literatures. γ values
in references [17,24] were measured by FIB techniques.
Because the ion energy in Townsend discharging is very
low [1,2,25], we selected γ [17,24] values when the ion energy were less than 100 eV. γ values in reference [2] were
estimated by comparing the breakdown voltage curves obtained from ﬂuid simulations with the experimental data
of breakdown voltages. We can see that there is a good numerical conformity between γ eﬀ and γ, and there are same
decreasing tendencies with increasing Xe% in γ eﬀ , γ [17,
24] and γ [2]. It indicates that the results calculated by
empirical equation (2) characterize the discharging of Penning gas mixtures eﬀectively.

Calculated γ eﬀ values of Ne-Ar/MgO are also given
in Table 2. γ eﬀ of Ne-Ar/MgO increases obviously with
a little Ar addition. There is a maximum value of γ eﬀ
when Ar% is 1%. It indicates that there is an obvious
Penning eﬀect in Ne-Ar/MgO discharging. However, γ eﬀ
of Ne-Xe/MgO decreases with increasing Xe%. It indicates that there is no clear Penning eﬀect in Ne-Xe/MgO
discharging. Calculated index r is always less than 1. It
reveals that there is an apparent damage eﬀect on electron
ionizing collision caused by deionization, deexcitation and
electron backscattering in Penning gas mixture discharging. We can also see that η 1 = 0.9 < 1 of Ne+1%Xe/MgO
and η 1 = 2.2 > 1 of Ne+1%Ar/MgO in Table 1-III. It
can be inferred that Penning ionization could be considered as an increasing of collision probability in empirical
equation (2).
Empirical equation (1) can be simpliﬁed as the
self-sustaining discharge condition for single gas, see
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Table 1. Calculation parametersand mean square error S 2 of diﬀerent ﬁtting methods.
Vf =APd /ln[BPd /ln(1+1/γ eﬀ )]
[17]
A
B
S2

I
Ne+1%Xe
Ne+1%Ar

52.2
39.6

2.2
2.4

323.4774
191.3701

γ eﬀ [exp(αd ) – 1]=1, α=ηαNe +(1 – η)αXe/Ar (0≤η≤1),
α = C  P exp[ – DP /E] [16, 23]

C
DNe DXe(Ar)
η
S2

II
Ne+1%Xe
Ne+1%Ar

1.6
1.7

2.4
1.87

≈1
≈1

0.48
0.17

325.5750
195.5285

Equation (2)
III
Ne+1%Xe
Ne+1% Ar

C

K1

K2

K3

r

η1

S2

131.9
38.7

2.4
4.58

2.4
4.52

2.5
4.54

0.432
0.466

0.9
2.2

0.4327
0.3788

Table 2. Comparison of calculated γ eﬀ values with the γ values in literatures.
Gas/MgO
Ne+x%Xe
Ne+x%Ar

γ [17, 24]
γ [2]
γeﬀ
γeﬀ

2%
0.03–0.04
0.12
0.031
0.100

Fig. 3. Calculated curves of ﬁring voltage vs. Pd for Ne/MgO,
Ar/MgO and Xe/MgO by equation (3) and Paschen law. The
data points are measured values of ﬁring voltage in experiments.

equation (3). It considers both the impacting of A ions
and metastable A atoms and the inﬂuence of deionization,
deexcitation and electron backscattering (exponential r).


−CP r d · KUAi
γeﬀ + 1
1
ln
= exp
CP r d
γeﬀ
Uf



−CP r d · K UA∗
+ exp
· (3)
Uf
Figure 3 gives ﬁring voltage curves of Ne/MgO,
Ar/MgO and Xe/MgO calculated by empirical equation (3) and by Paschen law [17] using least squares ﬁtting method with the lowest mean square ﬁtting errors
S 2 . The data points are measured values of ﬁring voltage
in experiments. Compared with the ﬁring voltage curves
calculated by Paschen law, the curves calculated by empirical equation (3) have better conformity with experimental data and much lower S 2 . Calculated γ eﬀ values

1%
0.035–0.046
0.22
0.034
0.108

0.5%
0.03–0.125
0.48
0.047
0.101

0.1%
0.03–0.125
0.66
0.050
0.098

and corresponding parameters of Ne/MgO, Ar/MgO and
Xe/MgO are given in Table 3. Table 4 shows the secondary electron emission yield for noble gases on MgO
due to Auger neutralization and Auger de-excitation processes calculated by using Hagstrum theory [10]. From the
comparison of the results in Table 3 and in Table 4, we
see that all the γ eﬀ values calculated by equation (3) are
in the span of the theoretical secondary electron emission coeﬃcients due to Auger ejection (γN∼γD). There
are better numerical agreements between the γ eﬀ values
calculated by equation (3) and the theoretical γ results
in reference [10] than that between the γ eﬀ results calculated by Paschen law and the theoretical γ results in
reference [10].
Therefore, the empirical equations (2, 3) can be used
as a convenient approach to research gas discharge characteristics and the eﬀective secondary electron emission
behaviors in Plasma Display Panels.

5 Conclusions
Self-sustaining discharge condition of Penning gas mixture was given as empirical equation (2). The eﬀective
secondary electron emission coeﬃcients can be derived
by comparing the breakdown voltage curves calculated
by empirical equation (2) with the experimental data of
breakdown voltages. In comparison with the voltage characteristics calculated by Paschen law and the equation
which ignored the inﬂuence of Penning ionization on α,
the voltage results calculated by empirical equation (2)
had better conformity with experimental data. There was
also a good conformity between γ eﬀ values derived from
empirical equation (2) and γ values in literatures. It indicated that the results calculated by empirical equation (2)
characterize the discharging of Penning gas mixtures
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Table 3. Calculated γ eﬀ values and corresponding parameters of Ne/MgO, Ar/MgO and Xe/MgO by equation (3) and Paschen
law.
Gas/MgO
Ne
Ar
Xe

equation (3)
C
30.0
84.7
35.0

K
1.8
2.1
2.1

K
27.3
254.4
27.2

r
0.60
0.60
0.74

Vf = AP d/ ln[BP d/ ln(1 + 1/γeﬀ )] [17]
γeﬀ
0.34
0.11
0.01

S2
0.7361
24.7829
12.4651

A
47.2
103.1
112.6

B
1.9
2.9
2.0

γeﬀ
0.17
0.18
0.17

S2
239.9841
455.9511
348.6998

Table 4. Calculated values of the secondary emission coeﬃcient (γN through Auger neutralization, and γD through resonance
neutralization followed by Auger de-excitation) for MgO assuming a ﬂat band and a Parabolic band. After Motoyama et al. [10].
In the case of rare gases on MgO, γi = γN, and γm = γD where γi and γm are the secondary electron emissions due to ion and
metastable impacts respectively [10].
Gas/MgO
Ei, Em (eV)
γ
Flat band
Parabolic band

Ne
21.56
γN
0.291
0.279

Ar
16.61
γD
0.382
0.382

eﬀectively. Simpliﬁed empirical equation (3) was the selfsustaining discharge condition for single gas. The ﬁring
voltage curves calculated by empirical equation (3) had
better conformity with experimental voltage data. The
calculated γ eﬀ values of Ne/MgO, Ar/MgO and Xe/MgO
matched well with the results calculated by Hagstrum theory in literature.
There was an apparent damage eﬀect on electron ionizing collision caused by deionization, deexcitation and electron backscattering in gas discharging for r < 1. Penning
ionization could be considered as an increasing of collision
probability in empirical equation (2).
Thanks the ﬁnancial support of Key Project Foundation of
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