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Effects of Xe and He Contents in Ternary Gas
Mixture on Luminous Efficiency in AC Plasma
Display Panel With Full-HD Cell Size
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Abstract—The effects of high Xe (15%) and He (70%) contents
in the ternary gas mixture (Xe–He–Ne) on luminous efficiency
were examined experimentally in 50-in PDPs with a full-highdefinition cell size. The related discharge phenomena, including the electron-heating efficiency, Xe-excitation efficiency, and
electric-field distribution, were also investigated by using a 2-D
fluid simulation. The experimental results showed that almost
the same improvement in luminous efficiency was obtained when
increasing either the Xe content by 4% from 11% to 15% or
the He content by 20% from 50% to 70% in the Xe–He–Ne
gas mixture. In comparison with the reference gas mixture
(Xe11%–He50%–Ne), by increasing only the He content from
50% to 70%, the luminous efficiency was improved by about 15%,
mainly due to a low power consumption, whereas by increasing
only the Xe content from 11% to 15%, the luminous efficiency
was improved by about 17%, mainly due to a high luminance. In
the simulation results, the improvement of discharge efficiency for
the high-Xe case was partly due to the electron-heating efficiency
improved by the formation of the large cathode-sheath potential
difference. Furthermore, the increase in Xe-excitation efficiency
partly contributed to the improvement of discharge efficiency for
the high-Xe case. On the other hand, the improvement of discharge
efficiency for the high-He case was mainly due to the Xe-excitation
efficiency by electrons improved by the high energy gain per unit
electron.
Index Terms—Discharge efficiency, electron-heating efficiency,
energy gain per unit electron, high helium, high xenon, luminous
efficiency, Xe-excitation efficiency.

I. I NTRODUCTION

I

MPROVING the luminous efficiency of current PDPs is
a critical issue, particularly for full-high-definition (HD)
PDPs with a very small cell size [1]–[4]. As PDPs use the discharge phenomenon, the luminous efficiency can be improved
by either increasing the luminance or decreasing the power
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consumption, where the experimental results have shown that
both depend strongly on the gas composition used in the PDP.
Thus, varying the xenon (Xe) or helium (He) content in the
Xe–He–Ne gas mixture changes the discharge efficiencies, such
as the electron-heating efficiency, energy gain per unit electron,
and Xe-excitation efficiency by electrons, which are eventually
related to the luminous efficiency. However, the high-Xe gas
mixture can cause an increase in the address discharge delay
and the breakdown voltage, unlike the high-He case, although
increasing both Xe and He contents in the ternary gas mixture
can help improve the luminous efficiency [5]. Thus, the use of
high Xe contents would deteriorate the image quality, specifically for full-HD PDPs with 1080 scan lines. In this sense, the
high-He gas mixture would be a good candidate for the highspeed addressing of high-resolution PDPs on condition that it
can contribute to the improvement of the luminous efficiency
of high-resolution PDPs [5]. Nonetheless, since the increase
in Xe content can contribute to the improvement of luminance
and luminous efficiency, the influence of both high Xe and He
contents on improving the luminance and luminous efficiency
needs to be thoroughly investigated.
Accordingly, to investigate the effects of a high Xe (15%)
or a high He (70%) content on luminous efficiency, this paper
employed three different gas compositions in a 50-in fullHD PDP. While the reference gas composition (case A) used
Xe11%–He50%–Ne, the high-He gas composition (case B)
used Xe11%–He70%–Ne, and the high-Xe gas composition
(case C) used Xe15%–He50%–Ne. The discharge characteristics, including the luminance, power consumption, and luminous efficiency, were measured for 50-in full-HD test panels
using the three gas conditions (cases A, B, and C). Furthermore,
to analyze and compare the discharge efficiencies produced
with the three gas conditions, the VUV (147 and 173 nm)
efficiency, energy consumed by the charged particles (electrons,
+
+
Xe+ , Xe+
2 , He , and Ne ), electron-heating efficiency, Xeexcitation efficiency by electrons, energy gain per unit electron,
and electric-field distribution near the sustain electrodes were
investigated using a 2-D fluid simulation [6]–[9].
II. E XPERIMENTAL S ETUP
Fig. 1(a) shows a schematic diagram of a single pixel from
the 50-in full-HD PDP employed in the experiments, while
Fig. 1(b) shows a cross-sectional view of a single cell based
on the 50-in full-HD PDP cell size employed in the 2-D fluid
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Fig. 1. Schematic diagram of (a) a single pixel from the 50-in full-HD PDP
employed in the experiments and (b) cross-sectional view of a single cell based
on the 50-in full-HD PDP cell size used in the simulation.
TABLE I
S PECIFICATIONS OF THE 50- IN F ULL -HD AC PDP U SED IN T HIS PAPER

Fig. 2. Driving waveforms employed for the (a) experiments and
(b) simulation.

first two pairs of sustain pulses were 340 V in order to ignite
a sustain discharge, and then, the voltage of the subsequent
sustain pulses was varied from 210 to 270 V. The results of the
2-D numerical simulation were obtained for 40–50 μs under the
steady state of the sustain discharge. The VUV efficiency ηdis
was defined as
ηdis = Wvuv /Win

simulation. The PDP cell structures used in both the experiments and the simulation were exactly the same. The detailed
specifications of the 50-in full-HD ac PDP are listed in Table I.
The driving waveform shown in Fig. 2(a) was adopted for
the 50-in full-HD-grade test panel to enable an investigation of
the discharge characteristics with the three gas compositions.
The numbers of subfields and sustain pulses were fixed at 9
and 400, respectively, while the sustain frequency was 250 kHz.
The luminance and power consumption were measured using
a color analyzer (CA-100Plus) and a power meter (WT210),
respectively.
In the 2-D numerical simulation, the simple driving waveforms in Fig. 2(b) were used to investigate the VUV efficiency
(or discharge efficiency), consumed energies and average densities for each charged particle, electron-heating efficiency,
variation of electric field, energy gain per unit electron, and Xeexcitation efficiency by electrons. The frequency and duty ratio
of the sustain pulses were 250 kHz and 40%, respectively. The

with Wvuv being the VUV emission energy and Win being the
electric power input.

Wp
Win =
 
Wp =
qp ϕp EdV dt
T /2 V

ϕp = sgn(qp )μp Enp − Dp ∇np
where Wp is the particle energy, qp is the particle charge, ϕp is
the particle flux, E is the electric field, μp is the mobility, np
is the particle density, and Dp is the diffusion coefficient. The
sum of energy transferred to each particle is Win [6]–[8].
  
Wvuv =
nk vv εk,hv dV dt
T /2 V

k

where Wvuv is the sum of the energies emittedfrom the
+
∗ 3
∗ 1
different
u ), and
+excited species, i.e., Xe ( P1 ), Xe2 (
∗ 3
Xe2 (
);
n
is
the
density
of
one
of
these
species;
vk is
k
u
the emission frequency; and εk,hv is the energy of the emitted
photons [9].
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Fig. 3. Experimental results. (a) Changes in luminance and power consumption and (b) corresponding luminous efficiency measured from 50-in
test panels with three different gas conditions: Xe11%–He50%–Ne (case A),
Xe11%–He70%–Ne (case B), and Xe15%–He50%–Ne (case C).

III. R ESULTS AND D ISCUSSION
A. Luminous and Discharge Efficiencies for High He
and Xe Contents
Fig. 3(a) and (b) shows the changes in luminance according
to the power consumption and corresponding luminous efficiency for the three gas compositions (cases A, B, and C) when
varying the sustain voltage (Vs ) from 195 to 215 V. In Fig. 3, the
luminance and consumed power were experimentally measured
for 50-in full-HD test panels under a white image pattern with
a display load of 30%. When comparing cases B and C with
the reference case A under the same sustain voltage, case C
(i.e., a high-Xe gas composition: Xe15%–He50%–Ne) showed
the highest luminance, whereas case B (i.e., a high-He gas
composition: Xe11%–He70%–Ne) showed the lowest power
consumption, as shown in Fig. 3(a). As a result, the luminous
efficiencies for cases B and C were much higher than that for
case A. With the high-He gas composition (case B), the luminous efficiency was mainly improved due to the low power consumption, whereas with the high-Xe gas composition (case C),
the luminous efficiency was mainly improved due to the high
luminance. For cases B and C, the luminous efficiencies were
both improved by about 13%–17% in comparison with the

Fig. 4. Simulation results. (a) Changes in VUV energy (173 and 147 nm),
(b) total VUV emission and input energies, and (c) corresponding VUV
efficiency with three gas conditions (cases A, B, and C).

reference case A, meaning that increasing the Xe content by
4% from 11% to 15% in the Xe–He–Ne gas mixture had the
same effect as increasing the He content by 20% from 50% to
70% as regards improving the luminous efficiency. For cases B
and C, the maximal improved luminous efficiencies were about
15% for the high-He case and 17% for the high-Xe case at a
sustain voltage of 205 V, as shown in Fig. 3(b).
Fig. 4 shows (a) the VUV emission with wavelengths of 173
and 147 nm, (b) the total VUV emission and input energies,
and (c) the corresponding VUV efficiencies for the three gas
compositions (cases A, B, and C) when varying the sustain
voltage (Vs ) from 210 to 270 V. Fig. 4(a)–(c) shows the
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simulation results. In all cases, the VUV emission with 173 nm
was higher than that with 147 nm. When compared with the
reference case A, for case B, the VUV emission with 173 nm
increased remarkably, whereas the VUV emission with 147 nm
decreased slightly. Meanwhile, for case C, the VUV emission
increased with both 173 and 147 nm. As shown in Fig. 4(b),
the total VUV emission increased in both cases B and C, even
though the variations in the input energy among the three cases
were small, implying that a high VUV efficiency was obtained
in cases B and C. At a sustain voltage that is below 250 V,
the highest VUV efficiency was obtained with the high-He gas
composition, whereas at a sustain voltage that is over 250 V,
the highest VUV efficiency was obtained with the high-Xe gas
composition, as shown in Fig. 4(c).
B. Electron-Heating and Xe-Excitation Efficiencies for High
He and Xe Contents
To analyze the effects of high He and Xe contents in PDP
cells on discharge efficiency, the electron-heating efficiency,
energy gain per unit electron, and Xe-excitation efficiency
by electrons were investigated using a 2-D fluid simulation.
The discharge efficiency (i.e., VUV efficiency) in this paper is mainly determined by the electron-heating efficiency
and Xe-excitation efficiency by electrons. Thus, the variations
of electron-heating efficiency and Xe-excitation efficiency by
electrons according to the high-He and high-Xe gas compositions were examined carefully.
Fig. 5 shows the energy consumed by the five majorities of charged particle, including the electrons, Xe+ , He+ ,
Ne+ , and Xe+
2 , relative to the sustain voltage under the
three gas conditions: (a) Xe11%–He50%–Ne (case A), (b)
Xe11%–He70%–Ne (case B), and (c) Xe15%–He50%–Ne
(case C). As shown in Fig. 5(a)–(c), most of the energy was
consumed by the electrons and Xe ions (= Xe+ ). However,
the energy consumed by the electrons, i.e., the electron-heating
energy, was used for ionization and excitation, which play a
very important role in keeping the discharge and generating the
VUV, whereas the energy consumed by the Xe ions (= Xe+ ),
i.e., the ion-heating energy, was the main energy loss, as the
Xe ions (= Xe+ ) play no role in ionization and excitation [10].
Accordingly, the increase in the energy consumed for electron
heating represented an improvement in discharge efficiency.
When compared with the reference case A, the energy consumed by both electrons and Xe ions (= Xe+ ) was reduced in
case B, thereby reducing the total energy consumption. Meanwhile, in case C, the energy consumed by the electrons was
increased, whereas the energy consumed by the Xe ions was
decreased. Consequently, with the high-Xe gas composition
(case C), the electron-heating efficiency, defined as the energy
ratio of electrons to the electrical input, was improved, as
shown in Fig. 6. Conversely, with the high-He gas composition
(case B), the electron-heating efficiency was almost the same as
that for the reference case A.
Fig. 7 shows the temporal variations of the electric-field
intensity in the vicinity of the two sustain electrodes at a sustain
voltage of 250 V for the three gas conditions (cases A, B,
and C). A strong electric field in the vicinity of the two sustain

Fig. 5. Simulation results. Energy consumed by the charged particles, such as
electrons, Xe+ , He+ , Ne+ , and Xe+
2 , relative to the sustain voltage with three
gas conditions (cases A, B, and C).

electrodes induced by the large cathode-sheath potential difference can help increase the electron-heating efficiency since
the electrons are accelerated by the electric field built up in the
cathode-sheath region [3]. When compared with the reference
case A, a relatively weak electric field was distributed in case B,
whereas a very strong electric field was distributed in case C.
Accordingly, with the high-Xe gas composition (case C), the
strong electric field enhanced the electron-heating efficiency,
as shown in Figs. 6 and 7(c). Therefore, increasing the Xe
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Fig. 6. Simulation results. Changes in electron-heating efficiency relative to
the sustain voltage for three gas conditions (cases A, B, and C).

content in the Xe–He–Ne gas mixture was found to enhance the
electron-heating efficiency and thereby improve the discharge
efficiency.
Fig. 8 shows the average densities of the charged particles,
such as the electrons, Xe ions (Xe+ ), He ions (He+ ), and Ne
ions (Ne+ ), at a sustain voltage of 250 V for the three gas
conditions (cases A, B, and C). With the high-He case (case B),
because the excitation energy of He atom was higher than that
of Xe or Ne atom, the less metastable species to induce the penning effect were produced under the high-He gas-composition
condition [11]. Consequently, due to the weakened penning
effect, the average densities of all the charged particles, except
for the He ions, were reduced, indicating a small discharge
current and a low power consumption in case B. In contrast,
with the high-Xe case (case C), the average densities of the
electrons and Xe ions considerably increased due to an increase
in Xe atoms with low ionization energy. Plus, the increased Xeion density contributed to the formation of the large cathodesheath potential difference that induced the strong electric field
shown in Fig. 7(c).
Fig. 9(a) shows the changes in electron energy and average
electron density relative to the sustain voltage for the three gas
conditions (cases A, B, and C). Fig. 9(b) shows the changes
in energy gain per unit electron relative to the sustain voltage
for the three gas conditions (cases A, B, and C). The energy
gain per unit electron in Fig. 9(b) is obtained from the data in
Fig. 9(a), which means the energy transferred to an electron
during the discharge. Fig. 9(c) shows the changes in Xeexcitation efficiency by electrons relative to the sustain voltage
for the three gas conditions (cases A, B, and C). In Fig. 9(c),
the Xe-excitation efficiency means the proportion of the energy
transferred from the total electron into the Xe-excited species.
As shown in Fig. 9(a), the electron densities were highest for
the high-Xe gas composition (case C) and lowest for the highHe gas composition (case B). The electron energy also showed
a similar tendency to the electron density for all three cases.
In Fig. 9(b), since the electron density was reduced more than
the electron energy in case B, the energy gain per unit electron
for case B was highest, implying that each electron could gain
more energy for the high-He gas composition. The high energy
gain per unit electron with the high-He gas composition was

Fig. 7. Simulation results. Temporal behavior of electric-field intensity in the
vicinity of two sustain electrodes at a sustain voltage of 250 V for three gas
conditions (cases A, B, and C).

presumably due to an increase in the mean free path induced by
the small atomic radius of He atoms. Accordingly, the increased
number of electrons with higher energy levels also enhanced
the probability of Xe excitation, despite a lower generation
of ion–electron pairs with the high-He case. Consequently,
increasing the He content in the Xe–He–Ne gas composition
enhanced the energy gain per unit electron, thereby improving
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Fig. 9. Simulation results. (a) Changes in electron energy versus average
electron density, (b) energy gain unit electron, and (c) Xe-excitation efficiency
by electrons relative to the sustain voltage for three gas conditions (cases A, B,
and C).

Fig. 8. Simulation results. Average density of electrons, Xe+ , He+ , and Ne+
at a sustain voltage of 250 V for three gas conditions (cases A, B, and C).

the Xe-excitation efficiency by electrons, as shown in Fig. 9(b)
and (c). The increase in Xe-excitation efficiency by electrons improved the discharge efficiency under the high-He gas
composition.
On the other hand, with the high-Xe gas composition, the
energy gain per unit electron was decreased because the mean

free path was reduced by the increase in Xe atoms with large
atomic radius. Nonetheless, the result of Fig. 9(c) showed that
the Xe-excitation efficiency was increased due to the increase
in both electron density and Xe atom for the high-Xe gas
composition.
In conclusion, the improvement of discharge efficiency for
the high-Xe case was partly due to the electron-heating efficiency improved by the formation of the large cathode-sheath
potential difference. Furthermore, the increase in Xe-excitation
efficiency partly contributed to the improvement of discharge
efficiency for the high-Xe case. Unlike the high-Xe case, the
improvement of discharge efficiency for the high-He case was
mainly due to the Xe-excitation efficiency by electrons improved by the high energy gain per unit electron.
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IV. C ONCLUSION
When increasing the Xe content by 4% from 11% to 15%
with the same He (50%) content in an ac PDP with a fullHD cell size, the luminous efficiency was improved by about
17%, mainly due to an increase in luminance. Meanwhile, when
increasing the He content by 20% from 50% to 70% with the
same Xe (11%) content in an ac PDP with a full-HD cell size,
the luminous efficiency was improved by about 15%, mainly
due to a reduction in power consumption. The effects of high Xe
(15%) and He (70%) contents on improving the luminous (or
discharge) efficiency were investigated using a 2-D fluid simulation. With the high-Xe gas composition, the electron-heating
efficiency was increased due to the large cathode-sheath potential difference, resulting in the high discharge efficiency with
a high luminance. The increase in Xe-excitation efficiency by
electrons also contributed to the high discharge efficiency for
the high-Xe case. In contrast, with the high-He gas composition, the Xe-excitation efficiency by electrons was improved by
the increased energy gain per unit electron, resulting in the high
discharge efficiency with a low power consumption.
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