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Influence of Gold Nanoparticles on the
Characteristics of Plasma Display Panels
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Abstract—This paper proposes a modified alternating current
plasma display panel (PDP) in which gold nanoparticles are in-
corporated into a bare MgO layer to enhance the performance
of the protective layer. The proposed structure’s ion-induced
secondary electron yield, which is expressed in a gamma value
(v value) is greater than that of a bare MgO layer; as a result,
the operating voltage decreases by 10 V to 20 V. The integration of
emitted infrared (IR) light and the power density consumed by the
discharge current are both increased, but the ratio of increment
is greater for the case of the IR light. Consequently, IR efficacy
is increased. The IR response time of the sustain discharge and
the address discharge time lag are reduced by the enhanced wall
charge accumulation characteristic and the exoelectron emission
property. The results of ultraviolet photoelectron spectroscopy
show that a MgO layer with Au nanoparticles has a lower work
function than a conventional bare MgO layer. Furthermore, the
structure that is not flattened by nanoparticles seems to enhance
the secondary electron emission property of the MgO protective
layer. Consequently, the ~ value is enhanced by the two reasons
previously mentioned.

Index Terms—Gold nanoparticles, MgO protective layer,
nanometer-scale bump, plasma display panels (PDPs).

I. INTRODUCTION

LTERNATING-CURRENT plasma display panels (ac

PDPs) have great marketability in the large flat-panel
display market, owing to their fast operating speed and simple
manufacturing process. Furthermore, ac PDPs, with a diagonal
larger than 50 in, make a conspicuous figure in the 3-D display
market.

An ac PDP has a lower luminous efficacy than other flat-
panel displays such as a liquid-crystal display or an organic
lighting-emitting diode. In spite of numerous efforts to over-
come this weakness, researchers are still looking for an in-
novative way of improving the luminous efficacy of ac PDPs
[1]. In the past years, researchers have tried methods such
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as modifying the electrode structure, changing the mixture of
gases, and reforming the driving scheme [2], [3]. On a recent
study, in the spotlight is the modification of a protective layer
for a higher rate of secondary electron emission (SEE). Many
studies on a protective layer have focused on the important role
of SEE in terms of discharge characteristics. There are several
examples: the RF plasma treatment of a MgO layer, the addition
of some ions to a MgO layer, the hybrid plasma display with
ZnO, and a double protective layer [4]-[7].

There have also been several studies on the formation of a
bumpy structure on the front plate of ac PDPs. Changing the
surface morphology to a microscale capillary or bowl struc-
ture was proposed for the purpose of low operating voltage,
fast discharge time lag, and high vacuum ultraviolet efficacy
(81, [9].

In line with previous works [4]-[9], this paper proposes that
a modified protective layer be incorporated with Au nanoparti-
cles. Chemically synthesized Au nanoparticles, with a diameter
in the range of 50-100 nm, are inserted in a MgO protective
layer by means of an air-spray method. These conductive metal
nanoparticles form nanoscale bumps on the protective layer,
producing positive effects on the discharge characteristics. In
addition, metal particles themselves are helpful to improve
discharge characteristics by affecting the amount of wall charge
on the protective layer. This study is the first attempt to
insert metal nanoparticles and form nanoscale bumps on a
MgO protective layer. This paper investigates the improved
discharge characteristics and examines the reasons for these
phenomena.

II. EXPERIMENTAL SETUP
A. Chemical Synthesis of Au Nanoparticles

Au nanoparticles with a diameter in the range of 50-100 nm
are synthesized by a chemical method. In a typical method,
3.5 ml of N,N-Dimethylformamide (DMF) and 1.4 ml of wa-
ter are added to a DMF solution with 0.1 ml of 94.2-mmol
hydrogen tetrachloroaurate trihydrate (HAuCly) and 7 ml of
1.46-mmol polyvinylpyrrolidone (PVP). This solution is then
capped and heated in an oil bath at 120 °C for 2 h with
stirring. The final solution is subsequently cooled and purified
by centrifugation for washing of the PVP and collection of the
Au nanoparticles. The key reaction mechanism in the formation
of the Au nanoparticles is given as follows:

2HAuCl, + 3HCON(CH3)s + 3H,0

« 2Au + 3(CH3)o,NCOOH + 8H™" + 8Cl.
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Fig. 1. Process flow diagram of the formation of Au nanoparticles on a MgO
protective layer.

The size and shape of the Au nanoparticles are determined
by the reaction time. In this experiment, with a reaction time
of approximately 8 min, the Au nanoparticles are in the range
of 50—100 nm; some of the particles are octahedrons, and some
are dodecahedrons.

Finally, the collected Au nanoparticles are dispersed in a
volatile solvent, i.e., ethanol, so that they can be sprayed on
a protective layer of MgO [10].

B. Fabrication of a Bumpy MgO Protective Layer

Fig. 1 shows a process flow diagram of the formation of Au
nanoparticles on a MgO protective layer. First, the MgO layer is
deposited by electron-beam (E-beam) evaporation. Au nanopar-
ticles with a diameter in the range of dozens of nanometers are
then dispersed in ethanol and deposited on the MgO layer by
air-spray method. The solution is sprayed by an air-blowing
process at room temperature under ambient pressure. Thus, the
fabrication process is simple. As soon as the solvent reaches the
MgO layer, it disappears into the air immediately because of its
volatile characteristic. The Au metal nanoparticles are the only
substance that remains on the target substrate. The proposed
structure is completed when a second MgO layer is deposited
by E-beam evaporation.

Fig. 2 shows a tilted cross-sectional image of the proposed
protective layer structure after 6 h of aging. With a size range
of 50-100 nm, the Au nanoparticles are distributed uniformly
on the MgO surface. The bumpy structure is observed without
any prominent damage after the annealing and aging processes.
Hence, the morphology change and Au nanoparticles them-
selves are not greatly affected by the heating and plasma
treatments.

C. Test Panel Fabrication and Measurement Setup

A 4-in diagonal panel is fabricated for the purpose of mea-
suring the discharge characteristics. The size of the individual
cells is 1080 pum x 360 pm, which corresponds to a 42-in
video graphics array resolution; the coplanar gap between the
common electrode and the scan electrode is 80 pum; the width
of the ITO electrode is 200 pm; and the width of the Ag bus
electrode is 60 pm. The barrier rib is of the stripe type and has
a height of 180 pm. The discharge gas consists of Ne + 4%Xe
at 450 Torr. The MgO layer deposited before the insertion of Au
nanoparticles is 490 nm thick, whereas the MgO layer deposited
after the insertion of Au nanoparticles is 5 nm.
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Fig. 2. Tilted cross-sectional scanning electron microscopy images of Au
nanoparticles inserted in the MgO protective layer after 6 h of aging. (a) Tilted
at an angle of 5°. (b) Tilted at an angle of 10°.
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Fig. 3. Schematic diagram of a front plate. (a) Conventional structure.
(b) Structure incorporated with Au nanoparticles.

Fig. 3 shows a cross-sectional schematic diagram of the front
plate of both a conventional MgO protective layer and a MgO
protective layer incorporated with Au nanoparticles. The Au
nanoparticles are sprayed on half the test panel for comparison
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Fig. 4. Firing voltage, self-erasing voltage, and minimum sustain voltage for
a conventional MgO protective layer and a MgO protective layer incorporated
with Au nanoparticles.

of the discharge characteristics with a reference material in the
same environment.

A photosensor (Hamamatsu, C6386) was used to measure
the infrared (IR) integration data. The numerically calculated
power density and IR efficacy are based on measurements of the
sustain pulse voltage, the driving current, and the IR integration
values. The aforementioned photosensor and an oscilloscope
(Tektronix DPO4034) were used to measure the IR response
time and the address time lag.

III. RESULTS AND DISCUSSION

Fig. 4 shows the firing voltages, minimum sustain voltages,
and self-erasing voltages of the conventional MgO layer and the
MgO layer incorporated with Au nanoparticles. The firing and
self-erasing voltages are about 17-18 V less in the structure
incorporated with Au nanoparticles than in the conventional
structure. In addition, a 13-V decrement of the minimum sus-
tain voltage is observed in the structure incorporated with Au
nanoparticles than in the conventional structure. The reason for
the decreased operating voltage is investigated here in relation
to the SEE property.

Fig. 5 shows the gamma value (y value) of the conventional
MgO protective layer and the MgO protective layer incorpo-
rated with Au nanoparticles. The  value, which represents
the ion-induced secondary electron yield, is measured with a
~v-focused ion beam system [11]. The results show that the
~ values of the proposed structure are higher than those of the
conventional structure for all values of the acceleration voltage.
The reduction in the firing voltage and the minimum sustain
voltage is explained by increased ~ values, which indicate that
the SEE is enhanced. An explanation of the increment in the
SEE is given at the end of this paper. One weakness of PDPs is
the high operating voltage, which is attributed to the additional
electronic circuits used to drive the high voltage. However, the
problem can be alleviated by the insertion of Au nanoparticles
in the MgO protective layer.

In particular, the fact that the difference in the voltage reduc-
tion between the firing voltage and the minimum sustain voltage
is 5 V means that the static sustain margin is not significantly
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Fig. 5. Results of y-focused ion beam measurements of the ~ values for a
conventional MgO protective layer and a MgO protective layer incorporated
with Au nanoparticles.

reduced. Although the MgO was mixed with an alkaline earth
oxide CaO or SrO for the purpose of producing a protective
layer with a high v value, the decrement in the static sustain
margin was a significant problem [12]. The method of mixing
MgO with an alkaline earth oxide to induce a lower work
function or electron affinity leads to a higher conductivity of
the protective layer. As a result, the amount of wall charge
accumulated on the protective layer is reduced, and the static
sustain margin consequently becomes smaller [5]. In general, a
strong correlation exists between the surface conductivity and
the amount of wall charge on the protective layer. However, in
the proposed structure, the inserted metal particles affect the
amount of wall charge on the protective layer, although the
resultant effect on surface conductivity is not expected to be
significant. As shown in Fig. 2, the effect is not significant,
because the particles are isolated by oxide material and sep-
arated from each other by a distance in the range of dozens
of nanometers. The decrement of the static sustain margin is
consequently small.

Fig. 6 shows the integration of the emitted IR, the power
density consumed by the discharge current, the IR efficacy,
and the increment ratio of these parameters for a conventional
MgO protective layer and a MgO protective layer incorporated
with Au nanoparticles. Fig. 6(a) and (b) confirms that the
IR integration and the power density are greater in the MgO
protective layer incorporated with Au nanoparticles than in the
conventional MgO protective layer. As shown in Fig. 6(c), the
numerical calculation of the data on the IR integration and
power consumption confirms that the proposed structure yields
a higher level of IR efficacy. The increment in the IR integration
value increases the IR efficacy; inversely, the increment in the
power density reduces the IR efficacy. In conclusion, the IR
integration has a higher increment ratio than that of the power
density, which means that, as shown in Fig. 6(d), there is a
higher level of IR efficacy. Because of the lack of efficacy data
for the conventional MgO layer under a sustain pulse voltage of
150 V, the increment ratio data of the IR efficacy are obtained
through comparisons with the maximum IR efficacy of the
conventional structure. In general, a higher level of IR efficacy
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protective layer for (a), (b), and (c).

is obtained for a lower sustain pulse voltage; furthermore, as
shown in Fig. 6(c) and (d), a higher level of IR efficacy is
observed when the voltage is less than 150 V. A lower operating
voltage means that simple driving circuits can be used in a
device and that a higher level of IR efficacy can be achieved
in a low-voltage region.

The visible light emitted by phosphor is important in display
devices. In this case, the Au nanoparticles must reach an opti-
mal density level to produce a higher level of luminous efficacy,
because they can screen visible light emissions; moreover,
similar results are obtained for the luminous efficacy of red
phosphor [13].

Fig. 7 shows the IR response time of the sustain discharge
of a conventional MgO protective layer and a MgO protective
layer incorporated with Au nanoparticles. The time interval
between 10% of the peak voltage and 10% of the peak IR
value is measured as the response time or the time lag [14].
The data are measured 500 times and averaged for each sustain
pulse voltage. The IR response time of a MgO protective layer
incorporated with Au nanoparticles is smaller than that of a
conventional MgO protective layer. This outcome means that
the discharge is faster in the sustain period. The IR response
time of the sustain discharge is affected by the applied voltage,
which refers to the strength of the electric field on the discharge
cell. The applied voltage on a cell seems to increase, because
the wall charge is increased by the metal particles, and a
higher electric field can be locally induced around the nanoscale
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Fig. 7. 1R response time of the sustain discharge for a conventional MgO
protective layer and a MgO protective layer incorporated with Au nanoparticles.

bumps; as a result, this process can induce a faster discharge
than a bare MgO protective layer [7], [14].

Fig. 8(a) shows the driving voltage waveform of the measure-
ments of the address time lag, and Fig. 8(b) shows a Laue plot
of the address time lag. Owing to a difference in the operating
voltage, the voltage levels of the reset waveform and the sustain
pulse are optimized for each structure. The designed voltage
levels, which are enumerated alphabetically in Fig. 8(a), are
listed in Table I. A thousand items of data were collected at
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Fig. 8. (a) Driving waveform. (b) Laue plot of the address discharge time
lag for a conventional MgO protective layer and a MgO protective layer
incorporated with Au nanoparticles.

TABLE 1
VOLTAGE LEVELS, AS MARKED IN FIG. 8(a)
Panels @ (m () @ (e & (g
Conventional 185 18 18 165 100 185 75

Au-inserted 160 175 160 140 100 175 75

different positions on four occasions, resulting in a total of 4000
items of data for each structure. These data are demonstrated
in Fig. 8(b). In Fig. 8(b), the address time lag is observed
to be lower in a MgO protective layer incorporated with Au
nanoparticles than in a conventional MgO protective layer. The
proposed structure appears to show an earlier starting point in
the decrement because of the reduced formative time lag; there
is also a drastic decrement in the graph because of the reduced
statistical time lag. In general, a formative delay is related to the
strength of the electric field, and a statistical delay is strongly
related to the amount of initial electrons or seed electrons [15].
In view of the previously discussed reasons for the reduced
IR response time of the sustain discharge, the formative time
lag is expected to be reduced by the increased wall charge
and the locally induced electric field. As shown in Fig. 9, the
enhanced exoelectron emission (EEE) property of the structure
incorporated with Au nanoparticles increases the number of
seed electrons in account of the reduced work function and
consequently reduces the statistical time lag [16]. As a result,
the address time lag, which is the sum of the formative time lag
and the statistical time lag, is reduced by 130 ns in the proposed
structure.
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Fig. 9. UPS data for a conventional MgO protective layer and a MgO
protective layer incorporated with Au nanoparticles.

The reasons for the SEE enhancement are now investigated.
Fig. 9 shows the data of ultraviolet photoelectron spectroscopy
(UPS); the data indicate the work function of the surface
material in a conventional MgO protective layer and a MgO
protective layer incorporated with Au nanoparticles. The test
sample is fabricated on a silicon substrate to prevent any
charging effect. In addition, the MgO layer that is deposited
before the Au nanoparticles are added is 7 nm thick, whereas
the MgO layer deposited after the Au nanoparticles are added
is 5 nm. Furthermore, the sample is bonded to a metal chuck
with conductive carbon tape to produce a pathway of positive
charges. The work function is derived from the value of the z-
axis at the peak point, which is 3.61 eV for the conventional
MgO protective layer and 3.22 eV for the proposed MgO
protective layer. As a result, when the Au nanoparticles are
inserted, the work function of the proposed structure falls by
about 0.4 eV, and the SEE property is consequently enhanced
[11], [17]. In addition, the nonflat-surface morphology, which is
induced by the nanometer-scale bumps, is expected to enhance
the SEE property [18]. Thus, as shown in Fig. 5, the ~ value
is increased because of the two reasons previously mentioned.
The reason of the decrease in the work function is not proven,
so further investigation is needed.

X-ray diffraction (XRD) and cathodoluminescence (CL)
were used to confirm the change in the crystal orientation and
the density of the oxygen vacancy. Fig. 10(a) shows the XRD
data of a conventional MgO protective layer and a MgO protec-
tive layer incorporated with Au nanoparticles. The position and
intensity of the peaks are similar for both the conventional and
proposed structures, except for the existence of the Au (111)
peak. There is consequently no change in the crystal orientation
when the Au nanoparticles are added. Fig. 10(b) shows the CL
data of the bare MgO layer and the two MgO layers sprayed
with Au nanoparticles for 15 and 30 s, respectively. The density
of the oxygen vacancy is qualitatively estimated in terms of the
intensity of the CL data. The differences in the intensity of the
bare MgO sample and the Au incorporated samples are in an
error range of measurement, and there is no apparent trend with
regard to the density of the Au nanoparticles. Thus, when Au
nanoparticles are added, there is no significant change in the
density of the oxygen vacancy.
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IV. CONCLUSION

This paper proposes a modified PDP with a MgO protective
layer incorporated with Au nanoparticles. Compared with a
conventional bare MgO protective layer, the proposed structure
achieves a lower operating voltage, a higher IR efficacy, a faster
IR response time of the sustain discharge, and a shorter address
time lag. The Au nanoparticles reduce the work function of the
MgO and form the nanometer-scale bumps on the MgO surface.
Consequently, an increase in the SEE and EEE properties
enhances the discharge characteristics. In addition, although the
discharge characteristics are enhanced by the incorporation of
Au nanoparticles, more in-depth consideration should be given
between the enhancement of the discharge characteristics and
the loss of the fabrication cost.
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