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ABSTRACT: We propose a modified MgO protective layer
for alternating current plasma display panels. The modified
MgO protective layer of the panel tested here has a structure
that incorporates silica-coated Au nanorods (NRs), leading to
localized surface plasmon resonance (LSPR) in the near-
infrared (IR) region. The silica-coated Au NRs were
synthesized by a simple chemical method and inserted into
an MgO protective layer using an air-spray method. The
operating voltage of the proposed structure was decreased by
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10 V. The luminance and luminous efficacy of the test panel part with the silica-coated Au NRs both increased by about 15%.
According to the measured results of the IR response time, the sustain discharge time lag was reduced. In addition, by inserting
the silica-coated Au NRs into the MgO protective layer, a decrease of the IR emission proceeding from the plasma discharge was
acquired. Finally, we investigated the LSPR effect of the silica-coated Au NRs in a simulation with a finite-difference time domain

method.
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1. INTRODUCTION

Alternating current plasma display panels (AC PDPs) have
recently become distinguished in the 3D display market. There
have been diverse attempts to enhance the luminous efficacy of
AC PDPs because these PDPs have relatively low luminous
efficacy compared to other flat panel displays." In particular,
there have been several reports to enhance the luminous
efficacy of AC PDPs by changing the material of the protective
layer*™® and modifying the surface morphology of the
protective layer.”® When using these methods, a lower
operating voltage and a shorter discharge time are obtained.
Also, several applications of localized surface plasmon
resonance (LSPR) due to nanolparticles and nanorods (NRs)
have recently been reported.””"" In our previous report, we
improved the luminous efficacy of a test panel through the
application of silica-coated Au NRs into an MgO protective
layer. However, the effects of silica-coated Au NRs in the MgO
protective layer have not been completely identified.'> This
paper identifies an enhancement of the discharge characteristics
after inserting silica-coated Au NRs into the MgO protective
layer and investigates the reasons behind these phenomena. By
inserting the silica-coated Au NRs into the MgO protective
layer, a highly enhanced local electric field induced by the LSPR
of the silica-coated Au NRs in the near-IR region and a
nanoscale rough surface was obtained on the MgO protective
layer without transmittance loss through the visible wavelength.
The highly enhanced local electric field and the nanoscale
rough surface of the MgO protective layer have positive effects
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on the discharge characteristics of the test panel. In addition,
the silica-coated Au NRs absorb infrared (IR) rays because they
generate LSPR at the near-IR region.'>'* The IR emission from
the AC PDPs as caused by plasma discharge can interfere with
other electronic devices, such as near-IR remote-control
devices."> Therefore, the decrease of the IR emission from
AC PDPs by means of the silica-coated Au NRs is another
advantage. To produce LSPR at the IR region, it is necessary to
use Au NRs, as Au NRs can easily control the LSPR wavelength
from the red light range to IR region due to the plasmon
oscillation of electrons along the long axis of the Au NRs."> As
the length of the long axis increases, the LSPR wavelength
moves to a longer wavelength. This is the first trial of the
application of LSPR on a protective layer of AC PDPs through
the insertion of silica-coated Au NRs into the MgO protective
layer.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Au NRs. According to the literature, there is a
linear dependence of the LSPR wavelength on the aspect ratio of
NRs.'® LSPR occurs at the near-IR region when the aspect ratio is 4.
Therefore, we chose to synthesize the Au NRs with an aspect ratio of
4.
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Figure 1. (a) Schematic diagram of the synthesis process of the Au NRs. Scanning transmission electron microscope images of (b) the Au NRs and

(c) the silica-coated Au NRs.

Figure 1(a) shows a schematic diagram of the synthesis process of
the Au NRs. To synthesize the Au NRs, a simple wet chemistry
method (seed-mediated growth method) was used.'”'® The seed-
mediated growth method is made up two stages, and deionized water
was used for the solution experiments. The first stage is the synthesis
of the Au seed particles and the second stage is the growth of the Au
NRs in a growth solution.

2.1.1. Synthesis of the Au Seed Particles. Five milliliters of a 0.2 M
solution of hexadecyltrimethylammonium bromide (CTAB, 99%,
Sigma- Aldrich) was mixed with S mL of an aqueous 0.0005 M
solution of hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0,
99.9%, Sigma- Aldrich). Then, 0.60 mL of an ice-cold aqueous 0.010
M NaBH, (99%, Sigma- Aldrich) solution was added. Vigorous stirring
of the seed solution was then done for 2 min. The color of the seed
solution was brownish yellow and the size of the seed particles was less
than 4 nm. The size of the seed particles was determined by scanning
transmission electron microscope (STEM) measurements. This seed
solution was kept at room temperature for later use.

2.1.2. Growth of the Au NRs. Ten milliliters of a 0.2 M solution of
CTAB was mixed with 0.5 mL of a 0.0040 M solution of AgNO3 at 25
°C. Then, 10 mL of a 0.0010 M solution of HAuCl,-3H,0 was added.
After mixing the solution, 140 yL of a 0.08 M solution of ascorbic acid
(99%, Sigma-Aldrich) was added. Ascorbic acid changes the growth
solution so that it becomes colorless and transparent. Finally, 30 yL of
the seed solution was added to the growth solution at room
temperature.

Figure 1(b) shows a STEM image of the synthesized Au NRs. The
major axes of the Au NRs range from 50 to 70 nm, the minor axes of
the Au NRs range from 15 to 20 nm. The aspect ratios of the Au NRs
range from 3 to 4.

2.2. Coating of Silica on CTAB-Capped Au NRs. To deposit the
Au NRs on the MgO protective layer, we use an air-spray method. For
this spray method, a volatile solvent, such as ethanol, is required to
avoid leaving a residue. However, the solvent of the synthesized Au
NRs solution is deionized water, meaning that it was necessary to
change the solvent of the Au NRs to ethanol. To change the solvent to
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ethanol, the Au NRs should be coated with silica. Without a silica
coating, the Au NRs become aggregated, and their optical properties
disappear. In addition, silica is a good generalized platform coating
candidate. To coat silica onto the surfaces of Au NRs, a sol gel
chemistry method was used.'” After the elimination of surplus CTAB
by centrifuging three times, an amount of 50 mL of the Au NRs
solution (for an Au NR concentration about 10"*—10'° particles/L)
was mixed with 90 yL of tetraethyl orthosilicate (TEOS, 99.9%, Sigma-
Aldrich). After stirring for a couple of days, mesoporous silica was
homogeneously coated onto the Au NRs. We confirmed that the Au
NRs were well coated with silica through EDS measurements. Figure
1(c) shows STEM images. As shown in Figure 1(c), the coating
thicknesses were approximately 10—15 nm.

Table 1. EDS Measurements Data of the Silica-Coated Au

NRs
elements weight % atomic %

C 16.70 52.08
(o] 6.17 14.44
Al 2.30 3.19
Si 6.49 8.65
Cu 21.64 12.76
Au 46.70 8.88
total 100 100

2.3. Fabrication of an MgO Protective Layer with Inserting
Silica-Coated Au NRs. To fabricate the MgO protective layer
incorporating the silica-coated Au NRs, 480 nm of the first MgO layer
was deposited by electron-beam (E-beam) evaporation at 150 °C.
Then, the silica-coated Au NRs were deposited on 480 nm of the first
MgO layer using an air-spray method. The silica-coated Au NRs were
dispersed in ethanol. This solution was sprayed by the air-spray
method at room temperature at atmospheric pressure. Ethanol is
highly volatile; therefore, soon after the particle solution reached the
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MgO layer, the ethanol evaporated, leaving only the silica-coated Au
NRs. Twenty nanometers of a second MgO layer was deposited via
atomic layer deposition (ALD) at 100 °C. After this process, the
proposed MgO protective layer was completed.

Figure 2 presents a scanning electron microscopy (SEM) image of a
front plate of the test panel with the MgO protective layer with

Figure 2. Scanning electron microscopy image of the proposed MgO
Protective layer incorporating the silica-coated Au NRs. Inset: Cross
sectional scanning electron microscopy image of the proposed MgO
Protective layer incorporating the silica-coated Au NRs.

inserted silica-coated Au NRs. From the SEM image, the silica-coated
Au NRs are distributed homogeneously without particle aggregation.
The inset in Figure 2 shows a cross-sectional SEM image of the front
plate of the test panel with the MgO protective layer with the inserted
silica-coated Au NRs. From this image, a nanoscale rough surface of
the MgO protective layer is observed without critical damage caused
by heat or plasma discharge.

2.4. Test Panel Fabrication and Device Specifications. A 4-in
test panel was fabricated to measure the test panel characteristics. The
size of each individual cell was 1080 X 360 ym? which corresponded
to a 42-in VGA resolution panel. The coplanar gap between the
common electrodes and the scan electrodes was 80 um; the width of
the ITO sustain electrode was 200 pm, and the width of the Ag bus
electrode was 60 um. A stripe type of barrier rib was used, and the
height of the barrier rib was 180 gm. A mixed gas consisting of 96% of
Ne and 4% of Xe was used as the discharge gas under 450 Torr.

Figure 3 indicates a schematic diagram of the front plate with the
conventional MgO protective layer part and with the proposed MgO
protective layer incorporating the silica-coated Au NRs. In particular,
the silica-coated Au NRs were sprayed on only half of the test panel. In
other words, the test panel consists of the conventional MgO
protective layer part and the proposed MgO protective layer part with
silica-coated Au NRs inserted into it. This allowed us to compare the
discharge characteristics in an identical environment (Figure S1 in the
Supporting Information, SI). Lastly, the test panel was sealed at room
temperature using an UV-curable sealant (Figure S2 in the SI).

3. RESULTS AND DISCUSSION

Figure 4(a) presents the absorbance spectra of the Au NRs and
the silica-coated Au NRs in DI water. Also, Figure 4(b)
presents the relative transmittance, which is the ratio of the
transmittance of the MgO protective layer with the inserted
silica-coated Au NRs (glass substrate/first MgO, 480 nm/silica-
coated Au NRs/second MgO, 20 nm) and the transmittance of
the conventional MgO protective layer (glass substrate/first
MgO, 480 nm/second MgO, 20 nm). The relative trans-
mittance was also measured using a UV—vis spectrometer. As
shown in Figure 4(a), the Au NRs have two plasmonic peaks at
530 and 820 nm which originate from the excitation of surface
plasmons in directions perpendicular and parallel, respectively,
to the major axes of the Au NRs. Also, Figure 4(a) shows that
the silica-coated Au NRs absorb the near-IR region by
excitation of the LSPR and red-shifted plasmon peaks because
the Au NRs were coated with silica, which has a higher
refractive index than DI water. The 600 nm absorption peak of
the silica-coated Au NRs occurred during the silica-coating
process. However, we confirmed that the 600 nm peak of the
silica-coated Au NRs is of little importance (Figure S3 in the
SI). As shown in Figure 4(b), the relative transmittance at 828
nm of the MgO protective layer incorporating the silica-coated
Au NRs is approximately 85%. The MgO protective layer with
the silica-coated Au NRs has relatively low relative trans-
mittance at 828 nm because the silica-coated Au NRs absorbed
the 828 nm wavelength, which originated from the excitation of
the LSPR.

Figure S shows the firing voltage, minimum sustain voltage,
luminance, the power density, and the luminous efficacy of the
test panel part with the conventional MgO protective layer and
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Figure 3. Schematic diagram of a front plate with the conventional MgO layer part and with the proposed MgO layer part with the silica-coated Au

NRs.
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Figure 4. (a) UV—visible absorption spectrum of the Au NRs and the silica-coated Au NRs in DI water and (b) relative transmittance of the MgO

protective layer with the inserted silica-coated Au NRs.
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Figure 5. (a) Firing voltage and minimum sustain voltage, (b) luminance, (c) power density, and (d) luminous efficacy of the test panel part with the
conventional MgO protective layer and of the test panel part with the proposed MgO protective layer incorporating silica-coated Au NRs.

the test panel part with the proposed MgO protective layer
incorporating the silica-coated Au NRs. To measure these data,
a sustained square voltage pulse with a frequency of 50 kHz and
a width of 4 ys was used. As shown in Figure 5(a), the firing
voltage and the minimum sustain voltage of the test panel part
with the silica-coated Au NRs decreased by approximately 11
and 12 V, respectively, compared to the test panel part without
the silica-coated Au NRs. The firing voltage was measured by
gradually increasing the square sustain voltage pulse until the
discharge was initiated. Also, the minimum sustain voltage was
measured by decreasing the square sustain voltage pulse until
the first cell began to turn off 2° According to the literature, the
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minimum sustain voltage is related to the wall voltage.n’22

Therefore, the magnitude of the wall voltage of the test panel
part with the silica-coated Au NRs most likely increased. In
addition, the static sustain margins of the conventional MgO
protective layer part and of the proposed MgO protective layer
part with the silica-coated Au NRs were similar. Figure S(b)
shows that the luminance of the test panel part with the
proposed MgO protective layer incorporating the silica-coated
Au NRs was higher than that of the test panel part with the
conventional MgO layer. A green phosphor with an emission
peak at 550 nm and an emission spectrum in the wavelength
range of 450 to 650 nm was used for the test panel. In addition,
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the luminance values were measured with a spectroradiometer
(Konica Minolta, CS-1000). We measured the conventional
MgO protective layer part and the proposed MgO protective
layer part with silica-coated Au NRs at three different points in
each case (the left part, the middle part, and the right part).
Next, we calculated the average luminance values. The
luminance data in Figure S(b) is an averaged value. The
silica-coated Au NRs rarely absorb visible light emissions from
phosphor, as shown in Figure 4(b). Therefore, the silica-coated
Au NRs did not have a detrimental effect on the luminance.
The power density of the test panel part with the proposed
MgO layer incorporating the silica-coated Au NRs was slightly
higher than that of the test panel part with the conventional
MgO layer, as shown in Figure 5(c). The power consumption
of the test panel was measured by deducting the power
consumed by an off-state test panel from the power consumed
of an on-state test panel. The luminous efficacy was obtained by
the ratio of the luminance and the power consumption data of
the test panel. From Figure 5(d), the luminous efficacy of the
test panel part with the proposed MgO layer incorporating the
silica-coated Au NRs was higher than that of the test panel part
with the conventional MgO protective layer. The luminous
efficacy of the test panel part with the silica-coated Au NRs was
enhanced by about 15% compared to the test panel part with
the conventional MgO protective layer. There are several
reasons for the enhanced performance of the test panel part
with silica-coated Au NRs inserted into it. The nonflattened
surface morphology of the MgO protective layer and the LSPR
in the IR region induce a highly enhanced local electric field. In
particular, the nonflattened surface morphology of the MgO
protective layer is expected to enhance the secondary electron
emission (SEE).”® In addition, according to previous work by
our group, the work function of an MgO protective layer
incorporating gold nanoparticles is lower than that of a
conventional MgO protective layer.” We therefore believe that
the work function of the MgO protective layer incorporating
Au NRs is also lower than that of the conventional MgO
protective layer. Moreover, when the Au NRs are inserted, the
SEE is enhanced accordingly.6 Also, the ion bombardment
incident angle was changed, and the surface area of the MgO
protecting layer was increased after the insertion of the silica-
coated Au NRs. These changes have the potential to enhance
the discharge characteristics of the test panel part with silica-
coated Au NRs inserted into it.

Figure 6 indicates the IR response time of the test panel part
with the conventional MgO protective layer and of the test
panel part with the proposed MgO protective layer
incorporating the silica-coated Au NRs. The IR emission
from the test panel has a wavelength of 828 nm, and it
originates from the relaxation of Xe from a higher excited state
to a lower excited state. The IR response time is defined as the
time difference between the 10% level of the peak voltage and
the 10% level of the peak IR value®® The IR value was
measured with a photodetector (Hamamatsu, C6386). The
response time of the MgO protective layer after inserting the
silica-coated Au NRs decreased compared to that of the
conventional MgO protective layer. The IR response time is
affected by the intensity of the electric field on the discharged
cell.”*® Accordingly, we believe that the total intensity of the
electric field on the discharged cell of the MgO protective layer
with the silica-coated Au NRs was greater than that of the MgO
protective layer without the silica-coated Au NRs because an
enhanced local electric field induced by the LSPR of the silica-
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Figure 6. IR response time of the test panel part with the conventional
MgO protective layer and of the test panel with the MgO protective
layer incorporating the silica-coated Au NRs.

coated Au NRs in the near-IR region and the nanoscale rough
surface of the MgO protective layer was added. This enhanced
local electric field can lead to enhanced discharge characteristics
compared to the conventional MgO protective layer.

Figure 7 presents the IR intensity of the test panel part with
the conventional MgO protective layer and the test panel part
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Figure 7. Integration values of the IR emission of the test panel part
with the conventional MgO protective layer and of the test panel part
with the proposed MgO protective layer incorporating silica-coated Au
NRs.

with the MgO protective layer with the inserted silica-coated
Au NRs. The IR intensity was determined by integrating the
value of the temporal IR emission, while the IR emission was
measured with the photodetector. In the test panel part with
the silica-coated Au NRs, the IR intensity was decreased by
approximately 7% at the same sustain voltage. However,
arithmetically, the rate of the decrease of the IR intensity
should have been 15%, as the transmittance at 828 nm of the
front plate with the silica-coated Au NRs was approximately
85%, as shown in Figure 4(b). The reason why the rate of the
decrease of the IR intensity of the test panel part with the silica-
coated Au NRs was only 7% stems from the improvement of
the discharge characteristics after inserting the silica-coated Au
NRs into the MgO protective layer. The IR emission
proceeding from the plasma discharge of AC PDPs can
interfere with other electronic devices, such as near-IR remote-
control devices. Consequently, an optical filter that blocks the
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Figure 8. Simulated electric field profile for (a) the conventional MgO protective layer, (b) the proposed MgO protective layer with the inserted

silica-coated Au NRs exposed to IR at a wavelength of 828 nm.

near-IR region is used to avoid interference with other
electronic products.'® However, the optical filter has a side
effect in that it slightly decreases the transmittance in the visible
region. Therefore, the decrease of the IR intensity after the
insertion of the silica-coated Au NRs into the MgO protective
layer can relieve this side effect of the optical filter.

We finally investigated the LSPR effect of the silica-coated
Au NRs in a simulation with a finite-difference time domain
(FDTD) method to explain the enhanced local electric field
(Figure S4 in the SI). From our STEM images in Figure 1, the
major axis of the Au NR was estimated to be 60 nm, the minor
axis of the Au NR was approximately 16 nm, and the silica
thickness of the silica-coated Au NRs was 10 nm. The light
source is a plane wave that comes through the semi-infinite
substrate with propagation vector k vertical to the surface, and
the electric field of the light source E is polarized parallel to the
surface. The intensity of the incident light source is 1. The
optical constants (n, k) of the MgO protective layer were
measured by an ellipsometric measurement method and were
used as the input parameters in the FDTD simulator. Figure 8,
parts (a) and (b), show the simulated electric field profile in the
conventional MgO protective layer and the proposed MgO
protective layer at a wavelength of 828 nm. From Figure 8(b),
we confirmed the excitation of the LSPR and the enhanced
local electric field in the vicinity of the silica-coated Au NRs.
The strong localized electric field induced by the LSPR of the
Au NRs contributed to the decrease of the IR response time,
thus explaining the enhancement of the discharge character-
istics. In contrast, there was no significant enhancement of the
electric field in the conventional MgO protective layer, as
shown in Figure 8(a).

4. CONCLUSIONS

Here, Au NRs were synthesized using a seed-mediated growth
method and were coated with silica using a sol gel chemistry
method. Subsequently, the silica-coated Au NRs were deposited
onto the MgO protective layer using an air-spray method. A
highly enhanced local electric field induced by the LSPR of the
silica-coated Au NRs in the near-IR region and a nanoscale
rough surface of the MgO protective layer were obtained by
inserting the silica-coated Au NRs into the MgO protective
layer. These changes improve the discharge characteristics of
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AC PDPs. Consequently, a test panel part with the silica-coated
Au NRs achieved a lower operating voltage, higher luminous
efficacy, and a shorter IR response time than a conventional test
panel part. In addition, the silica-coated Au NRs absorb IR rays
because they create LSPR in the near-IR region, after which a
decrease of the IR emission is acquired. The effects of the LSPR
of the silica-coated Au NRs, including an enhanced local
electric field in the near-IR region, were confirmed in a
simulation using the FDTD method.

The present work shows that the luminous efficacy of AC
PDPs can be enhanced by inserting silica-coated Au NRs into
the MgO protective layer without additional complex
fabrication processing or expensive fabrication processes.
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Image of the fabricated test panel, FDTD simulated electric
field profiles of the MgO protective layer with the silica-coated
Au NRs, and the extinction spectrum of the MgO protective
layer with the silica-coated Au NRs. This material is available
free of charge via the Internet at http://pubs.acs.org.
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AC PDPs, alternating current plasma display panels
LSPR, localized surface plasmon resonance

NRs, nanorods
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STEM, scanning transmission electron microscope
E-beam, electron-beam

ALD, atomic layer deposition
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SEE, secondary electron emission

FDTD, finite difference time domain
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