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Abstract

The mechanism for the degradation of phosphor excitation efficiency in flat
panel plasma discharge devices was investigated. We found that remain-
ing organic compounds contained in the binders of phosphors were trans-
formed to vacuum ultraviolet (VUV) absorbing substances over prolonged
aging, which reduce the excitation efficiency of a phosphor, especially in the
shorter wavelength VUV range. We also demonstrated that re-deposition of
a sputtered protective layer on a phosphor further reduced the luminescence
excitation efficiency due to the absorption of VUV radiation by the layer.

Keywords: plasma discharge, luminous degradation, organic residue,
protective layer, re-deposition

PACS: 52.75.-d, 79.20.-m, 82.50.-m

1. Introduction

A Xe plasma generated by a dielectric barrier discharge has attracted
much attention as a potential mercury-free source of ultraviolet radiation
[1, 2, 3]. Numerous Xe plasma light sources have been developed, including
cylindrical fluorescent lamps, and flat panel plasma discharge devices such
as plasma displays [4, 5, 6], planar lighting fixtures [7, 8, 9] and plate-type
virus inactivation units [10, 11, 12]. These devices are alternatives to light
emitting diodes (LEDs), which are also effective light sources [13]. Plasma
discharge devices have significant size expansion potential and could be fab-
ricated at a reasonable production cost. However, the lifespans of these units
are limited to 40,000 to 100,000 hours [1, 5], which are shorter than those
of LEDs being usable for over 100,000 hours [14]. Moreover, the luminous
efficiency of plasma discharge devices is limited to several tens of lm/W [7],
which is inferior to that of LEDs which can generate over 100 lm/W [13, 14].
Therefore, expanding the market for plasma discharge devices requires the
increase of the lifespans and luminous efficiency to exceed those of LEDs,
which in turn necessitates elucidation of the device degradation mechanisms
on luminous efficiency.

In such devices, a protective oxide layer is often formed on the surface
of the dielectric layer to protect the electrode and dielectric layer against
sputtering during discharge. Electron emission from the surface of this pro-



tective layer actually plays an important role in generating and sustaining
the Xe plasma. The vacuum ultraviolet (VUV) light of the Xe plasma excites
internal phosphors, and visible or deep ultraviolet light is emitted. Boeuf re-
ported two degradation mechanisms associated with sputtering of the protec-
tive layer and damages of the phosphors [5]. In one mechanism, the plasma
discharge burns out when the protective layer is eroded out by prolonged
sputtering. In the second mechanism, the luminescence quantum efficiency
is deteriorated by surface damage of the phosphors induced by both VUV
irradiation and ion sputtering. Although many groups have studied these
degradation mechanisms and proposed processes to improve the protective
layer [15, 16, 17] and phosphors [18, 19, 20], there have been few reports
scrutinizing other degradation mechanisms.

In present work, we investigated two mechanisms distinct from those de-
scribed above. The first one involves loss of luminosity via the adsorption
of organic contaminants on the phosphors. VUV radiation can be absorbed
by the contaminants to a significant extent. Thus, the absorption of VUV
light by organic contaminants can be a factor in luminous degradation. The
second mechanism is luminous degradation via the re-deposition of a sput-
tered protective layer on the phosphors by discharge. Ha et al. reported that
luminous degradation was suppressed by MgO deposition on phosphors prior
to panel sealing due to reduced sputtering damage of the phosphors [21].
However, the same group also reported that the MgO layer on the phosphor
affected the luminosity because of the absorption of VUV radiation used for
the excitation. The sputtered protective layer generated in the panel as a
result of discharge aging is re-deposited on the phosphors located at the other
side of the device. Uchidoi also reported that the re-deposition led to a loss
of the luminosity of the plasma discharge device because the re-deposition
of the sputtered protective layer increases over time [22]. However, detailed
quantitative analyses of the relationship between this re-deposition process
and luminous degradation have yet to be performed.

The purpose of the present work is to extensively study the two potential
degradation mechanisms based on experiments with plasma display panels as
model plasma discharge devices. We found that loss of luminance occurred
as a result of the absorbance of VUV radiation by organic residues. The
consequent formation of byproducts reduces phosphor excitation efficiency
by absorbing the shorter wavelength VUV light. Our results also demon-
strated that the extent of re-deposition of the sputtered protective layer on
the phosphors increased as the device aged, thus reducing the luminance via



the absorption of the shorter wavelength VUV radiation.

2. Experimental Methods

The degradation of plasma discharge devices was assessed using 42 inch
high-definition alternating current plasma display panels. A (Mg,Ca)O film
with a thickness of 800 nm was deposited on the dielectric layer of the front
panel of each experimental unit by electron beam evaporation, so as to form
a protective layer. (Mg,Ca)O is the most promising material for protective
layers in devices having high Xe concentrations in the discharge gas (so as to
achieve both increased VUV radiation generation efficiency and low discharge
voltages) because the ion-induced secondary electron emission of this material
is greater than that of the more conventional MgO [23, 24, 25, 26]. During the
deposition process, the substrate was maintained at 350 °C and O, gas was
continuously flowed into the chamber at 20 sccm. The evaporation targets
used to generate (Mg,Ca)O were sintered mixtures of MgO and CaO. The
CaO concentration in the resulting films was experimentally determined to
be approximately 9 mol % by X-ray photoelectron spectroscopy (XPS, PHI
Quantera SXM, ULVAC PHI). After the (Mg,Ca)O deposition, MgO powder
was dispersed on the protective layer to improve the statistical discharge
delay [27]. (Y, Gd)BO3:Eu*" (YGB), a mixture of YBO3:Th*" (YBT) and
Zm,Si04:Mn? (ZSM), and BaMgAl;(O;7:Eu®t (BAM) were employed as red,
green and blue phosphors on the back panel, respectively. A Ne:Xe mixture
was used as the discharge gas, at a pressure in the panel of 450 Torr and
a Xe concentration of 20 %. The specifications of the test panels used in
this study are shown in Table 1. Panel aging tests were carried out under
accelerated conditions, although the aging times reported herein correspond
to the actual operational time span. The panels were dismantled and then
cut into the pieces at the size of a few cm? for the following measurements.

Photoluminescence (PL) measurements in the visible range were carried
out by irradiating the back panel samples with VUV light in a vacuum cham-
ber. The pressure in the chamber was approximately 1 x 10~2 Torr and the
VUV radiation was provided by the 147 nm line of a Xe excimer lamp (SUS07,
USHIO) and the 173 nm line of a Kr excimer lamp (SUS03, USHIO) attached
to the chamber. The intensity of the excitation light was adjusted by irra-
diating CaCOg3 powder as a stable reference and monitoring the reflection
intensity of the near infrared emission. The PL spectra of various samples
were acquired using a grating monochromator together with a photodiode



Table 1: Specifications of the test panels used in this study.

Front Panel

Bus electrode width 60 um
Electrode gap 100 pm
Dielectric layer thickness 28 um
Protective layer thickness 800 nm
Back Panel
Address electrode width 80 pm
Dielectric layer thickness 10 pm
Barrier rib height 120 pm
Barrier rib width 50 um
Phosphor thickness 10 um
Pixel size 675 % 300 pm?

array coupled to the chamber via an optical fiber. The spectral response
of the detection system was calibrated with a standard W lamp reference
spectrum.

The amounts of organic residues adsorbed on the samples were deter-
mined by thermal desorption spectrometry (TDS, TDS1200, ESCO). Resid-
ual gases in the measurement chamber were removed by heating the chamber
prior to each measurement. The base pressure prior to each trial was ~ 1.5
x 107 Torr and the sample surface temperature was increased at a rate of
10.5 °C/min. The mass of thermally desorbed molecules was identified with
a quadrupole mass spectrometer.

The amount of the sputtered protective layer redeposited on the phos-
phors was estimated by XPS. The samples were excited by a monochromatic
X-ray source (Al Ka line at 1486.7 eV), with irradiation at the center of
each pixel using a spot size of 100 ym in diameter while monitoring an image
of scanning X-ray microscopy (SXM) attached to the XPS chamber. The
sample surfaces were neutralized with a combination of electrons and an Ar™
beam to suppress charging effects during these XPS analyses [28]. The photo-
electron signals from the samples were detected at a take-off angle of 45° using
a concentric hemispherical analyzer with a pass energy of 69 eV. Y and Mg



T T T T
Excited by 147 nm VUV
50000 _ _ _ Eycited by 173 nm VUV 1
0
£ 40000 |
3
g
S 30000 |
b
‘@
c -
© 20000 s N NN
£ ’ \ / \
1 / \ /
& 40000} /r MV
’ <7/
i/
0 1 1
400 450 500 550 600 650

Wavelength (nm)

Figure 1: PL spectra acquired from the back panel. The solid and dotted lines correspond
to excitation by 147 and 173 nm VUV, respectively.

photoelectron spectra were analyzed to calculate the re-deposition amounts,
employing XPS software (MultiPak, ULVAC PHI) to subtract background
signals from narrow scan spectra according to the Shirley background [29].
Y and Mg signal intensities were corrected by setting the relative sensitivity
factors over the regions being assessed to 171.155 and 17.43 provided by the
MultiPak software, respectively.

3. Results and Discussion

3.1. Adsorption of organic compounds on phosphors by VUV irradiation

Figure 1 shows the PL spectra of the back panel sample in response to
147 and 173 nm VUV excitation. The red phosphors generate peaks at 593,
612 and 627 nm, due to the °Dy — “F; and °Dy, — “F, transitions of Eu?t
[30]. In the case of the green phosphor, 527 and 543 nm peaks are observed,
corresponding to the *Ty, — ®A;, transition of Mn?* and the °Dy — "F5
transition of Th3*", respectively [31]. The 450 nm peak produced by the blue
phosphor is caused by the transition from the 4f¢5d"' excited state to the 4f7
ground state of Eu** [30].

Here, we consider the effect of organic residues on the luminous intensity
modification of the phosphors. The deposition of organic compounds were
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Figure 2: (Color online) Schematic of the apparatus used to expose back panel samples to
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simulated by annealing the back panels in air at 470 °C and exposing the
panels in an atmosphere containing a-terpineol (TP) vapor for 2 or 0.5 h
(see Figure 2). TP is often used as an organic solvent for the phosphor
paste binder, and so can be present as an organic residue in the panels. The
structural formula of TP is shown in Figure 3. These test specimens were
irradiated with 147 nm VUV light in a vacuum chamber after the exposure
to the TP.

Figures 4(a), (b) and (c) summarize the normalized PL intensities at 593,
543 and 450 nm with respect to the initial intensities for the TP-contaminated
samples over time in response to continuous irradiation by 147 nm VUV, re-
spectively. The PL intensities of the non-exposed and 0.5 h-exposed samples
initially decrease but then recover during 6 h of VUV irradiation. However,



the luminous intensity of the sample exposed for 2 h continually drops, espe-
cially at 593 nm. These results suggest that the luminous degradation was
not caused by phosphor damage but by organic residues that were modified
due to the 147 nm VUV radiation. It should be noted that these experiments
were carried out in a vacuum chamber not in a discharge gas atmosphere as
found in a plasma discharge device. The luminance recovery described above
is therefore attributed to desorption of the organic residues in the vacuum
environment, meaning that luminous degradation could occur in an actual
panel even in the case of a small amount of organic residue.

The effects of the organic residues on luminous intensity were assessed
by following variations in intensity in response to 147 and 173 nm excitation
for an untreated sample and samples exposed to TP for 2 h and to 147 nm
VUYV irradiation for 6 h, as in Figure 5. There is obvious degradation of the
luminous intensity in the red wavelength region compared with the green and
blue regions in the case of 147 nm excitation. In contrast, 173 nm excitation
results in minimal loss of luminance over the entire wavelength range. These
results demonstrate that the drop in red luminous intensity solely by 147 nm
excitation is not caused by phosphor damage but is rather due to a reduction
of 147 nm excitation. This could occur because of the formation of materials
absorbing at 147 nm during irradiation of the organic residues.

The VUV irradiation of hydrocarbons tends to generate high molecular
weight compounds. As an example, in the case of CHy, the reaction nCHy +
hv — C,Han42) + (n—1)Hy occurs [32]. This transformation has been shown
to increase the absorption of VUV light at shorter wavelengths [33]. Thus,
similar reactions are believed to have occurred on the TP-contaminated phos-
phors used in this study. That is, the TP was transformed to higher molecular
weight byproducts during 147 nm VUYV irradiation and so the transmittance
in the shorter wavelength region decreased. This process in turn degraded
the luminous intensity of the phosphors due to decreased excitation efficiency
by the 147 nm VUV light.

Figure 6 presents TDS curves acquired from samples of the red, green and
blue phosphors annealed in air after the exposure to the TP. During TDS,
the loss of fragments of the organic deposits, including '*CH, (m/z = 16),
8CyH, (m/z = 28) and “*C3Hg (m/z = 44), could be detected. However,
since the peaks for these fragments overlap with those generated by H,O and
CO, (150, 2CO and *CO,), it is difficult to use these peaks to make a con-
clusive evaluation. Thus, the fragment at m/z =15 (**CH3) was employed,
even though its intensity was relatively weak. It is evident that there was
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Figure 5: Variations in PL intensities after 2 h exposure to TP and 6 h irradiation with
147 nm VUV light. The solid line corresponds to data for 147 nm VUV excitation, while
the dotted line indicates data for 173 nm VUV excitation.

a greater release of organic residues from the red phosphors, indicating that
more organic compounds were deposited on these sites. To determine the
potential of the physical adsorption on each phosphor, the specific surface
area was analyzed using the Brunauer-Emmett-Teller (BET) method, giving
values of 2.2, 1.2, 1.4 and 1.7 m?/g for the YGB, YBT, ZSM and BAM phos-
phors, respectively. These surface areas are well correlated with the amounts
of organic desorption seen in Figure 6. Consequently, the red phosphors are
considered to have the largest amount of organic residues because of the
widest surface area compared with other phosphors, resulting in reduced 147
nm excitation due to reaction of the organic residues on the red phosphors
in response to continuous VUV irradiation.

3.2. Re-deposition of the sputtered protective layer on the phosphors

The test panel was aged for 2200 h and variations in the luminous inten-
sity of the unit were evaluated. Figure 7 shows the relationship between the
aging time span and the normalized intensities of red, green blue and white
luminance with respect to the initial intensities. As expected, the intensi-
ties of all colors decrease with aging. In this trial, the effect of the organic
residues described above is excluded because the front and back panels were

10
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Figure 6: (Color online) TDS curves at m/z = 15 for air-annealed samples of the red,
green and blue phosphors.

annealed in air enough to remove them prior to the panel sealing. The red lu-
minance exhibits the lowest degree of degradation because the red phosphor
used in the panel is relatively stable, even in response to VUV and plasma
irradiation [18]. In addition to the degradation due to phosphor damage,
re-deposition of the sputtered (Mg,Ca)O protective layer onto the phosphors
degrades the emission efficiency.

The relationship between the loss of panel luminance and the quantity
of the (Mg,Ca)O protective layer redeposited on the phosphors during aging
was assessed by dismantling panels and analyzing the surfaces of the phos-
phors on the back panels. Figure 8 shows a SXM image of the back panel
sample. By monitoring the SXM image and irradiating the center regions
locally in three consecutive pixels with a focused X-ray beam, the red, green
and blue pixels could be examined independently in no particular order. An-
alyzing the elements in these pixels with wide scan measurements enabled
the corresponding colors of the pixels to be identified. The results of XPS
analyses at red, green and blue pixels on the back panels before and after
aging are presented in Figures 9(a), (b) and (c), respectively. Each spectrum
is normalized by the peak value of the O 1s photoelectron intensity, which is
the most intense within the overall photoelectron kinetic energy range. Here,
Mg peaks clearly appear in the spectra, which evidences the re-deposition of

11
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upon prolonged aging with respect to the initial intensities.

Figure 8: (Color online) Scanning X-ray microscopy image of the back panel sample.

the sputtered (Mg,Ca)O protective layer onto the phosphors after aging.
We subsequently determined the pixel color most suitable for quantifying

the re-deposition amounts by XPS analysis. In the case of the blue pixels, it

is difficult to quantify the Mg amount because Mg is already present in the

12
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points correspond to experimental data, while the dotted line indicates the results of
calculations using Equation 4.

BAM, while in the green pixel spectrum, the Mg 2p and Mg 2s peaks are close
to Y 4s and Zn 3p peaks arising from the YBT and ZSM, respectively. The
red pixel spectrum contains a Mg 2p peak that is also close to the Y 4s peak
generated by the YGB, but the Mg 2s peak is not overlapped. Therefore,
we quantified the amounts of Mg in the re-deposition layer by analyzing the
Mg 2s peaks produced by the red pixels. The signal intensities from the red
phosphors were determined using the Y 3d peak, which is also not obscured
by any other peaks.

Determining the peak areas obtained from narrow scans allowed calcu-
lation of the ratios of the Mg 2s intensity from the re-deposition layer to
the Y 3d intensity of the red phosphor itself (I;,/1y) during aging. Figure
10 plots the normalized red luminance with respect to the initial luminance
(L/Lo) as a function of Iy;,/Iy for various panel aging times. It is evident
that the luminance decreased as the extent of re-deposition of the (Mg,Ca)O
layer onto the red phosphors increased.

Figure 11 presents a schematic diagram showing photoelectron emis-
sions during XPS analyses from the phosphors and the overlapped sputtered
(Mg,Ca)O re-deposition layer, where dp is the thickness of the re-deposition

14
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Figure 11: (Color online) Schematic of photoelectron emissions from phosphors and the
overlapped re-deposition layer generated by sputtered (Mg,Ca)O during XPS.

layer on the phosphor. In this study, the kinetic energies of the Y 3d and
Mg 2s photoelectrons are similar (~ 1325 and 1395 eV based on Al Ka X-
ray excitation with a 1486.7 eV line, respectively). Therefore, if we assume
that the attenuation lengths for both Y 3d and Mg 2s photoelectrons moving
through the re-deposition layer are equivalent to Ag, which is the inelastic
mean free path (IMFP) of electrons through the re-deposition layer, dr (<
8 nm) can be expressed as [34, 35

bulk

dr = Agcosfln <?gm%+1> (1)
Mg Y

where I and I ﬁ}‘é’“ are the signal intensities of Y 3d photoelectrons from

the phosphors and Mg 2s photoelectrons from the (Mg,Ca)O layer in the

bulk state, respectively, and 6 is the detection angle of the photoelectrons

with respect to the surface normal (# = 45° in this study).

As described above in detail, the PL intensities of our red phosphor sam-
ples were degraded only minimally, even by VUV irradiation. Therefore, if we
assume that the red luminance is proportional to the VUV excitation inten-
sity and is affected only by modification of the VUV transmission according

to changes in dg, then L/Lg will follow the Lambert-Beer’s law, expressed
as [36]

L 0 Iy,
T = exp (—agrdg) = exp | —agAgcosflIn Tk T, +1]], (2)
0 Mg Y

where ap is the VUV absorption coefficient of the re-deposition layer and
Ik [ T3 = 1.224 (as obtained by analyzing unaged and aged back panel

15



samples). The values calculated using Equation 2 are shown in Figure 10
by the dotted line. The calculation results are seen to be in good agreement
with the experimental data when the product of the absorption coefficient
and IMFP (agAg) is set to 0.137.

The IMFP values of Y 3d and Mg 2s photoelectrons passing through a
MgO film can be estimated to be approximately 2.8 nm [37]. Therefore, ag in
this study is ~ 4.89 x 10" m~! based on agAg = 0.137. In plasma discharge
devices with Xe discharge gas, the phosphors are excited primarily by VUV
lines at 147 and 173 nm [38, 39]. The sharp peak at 147 nm results from the
transition from the Xe resonance level Xe*(1s4) to the ground state, while the
broad peak at 173 nm arises from the excited molecular dimers Xey* (13, ")
and Xep*(*%, ™) [40]. The adsorption coefficients of bulk MgO at 147 and
173 nm are approximately 4.94 x 107 m~! and 4.64 x 10® m~!, respectively
[41]. Thus, the absorption of 147 nm VUV light by the re-deposition layer
predominantly contributes to the ag value cited above. This result indicates
that degradation of the panel red luminous intensity can be attributed largely
to the degradation of the VUV excitation efficiency of the phosphors due to
the absorbance of 147 nm VUV light by the re-deposition layer. The 147 nm
to 173 nm emission ratio is also changed upon varying the total pressure or
the Xe concentration in the discharge gas [42, 43]. Thus, the ag value used
above is not constant, but can be modified by changes in the discharge gas
conditions.

Using Equation 1, the dg values for panels at various aging times can be
calculated, and the relationships between the aging time and the normalized
red luminance, and the estimated dg are graphed in Figures 12(a) and (b),
respectively. Figure 12 demonstrates that di increases almost in proportion
to the aging duration. Evidently, the degradation of the red luminance is
correlated with increasing dgr due to decreased VUV excitation efficiency in
the shorter wavelength range. In this study, dg is not increased from zero,
but from a threshold thickness of ~ 0.8 nm, which is explained by previous
re-deposition during pre-aging prior to the actual aging trials.

4. Conclusions

Mechanisms of the degradation of phosphor excitation efficiency in plasma
discharge devices by 147 nm VUV radiation were investigated. We demon-
strated that the luminance of the devices was degraded by prolonged VUV
irradiation because of the presence of organic residues adsorbed on the phos-

16



2500 T T T T

2000

1500

1000

Panel aging time (hours)

500 - 4

Red luminance (Normalized)
o
[o]
o
T
1

0 1 2 3 4 5

Estimated thickness of re-deposition layer (nm)
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phors. These results suggest that the organic compounds were converted to
substances that absorb VUV light in the shorter wavelength range. XPS
analyses indicated that the re-deposition of a sputtered (Mg,Ca)O protective
layer on the phosphors increased in proportion to the time period over which
the panel was aged. Phosphor excitation was also suppressed by this re-
deposition layer since the layer absorbed VUV radiation, especially at shorter
wavelengths. Our proposed mechanisms could lead to new approaches to in-
crease the lifespans and luminous efficiency of not only plasma displays but
also other plasma discharge devices. This will become evident after apply-
ing all possible improvements, such as introducing an annealing process to
remove all impurity residues in the panel and controlling the discharge gas
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