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Abstract

In order to improve the stability of red phosphor with efficient and high color-purity characteristics
under ultraviolet excitation, we encapsulated Eu(TTA)sphen by sol-gel derived silica glasses and
studied their photoluminescence (PL) characteristics. The dependence of pH values in the starting
solution revealed that the process condition should be within the modest region with the optimum
pH value around 6 to 7. The PL intensity increased with increasing the concentration of
Eu(TTA)sphen initially, then it showed saturating tendency above 0.6 mol%. An improvement of
reliability by the glass encapsulation was exemplified by monitoring the long-term PL intensity
under constant UV irradiation. We consider that the glass network carefully prepared by sol-gel
process is effective for preventing free oxygen and water from attacking Eu(TTA)sphen molecule
without loss of PL output.
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1. Introduction

Efficient emissive materials at red, green and blue wavelengths with high reliability have been
studied extensively for display and lighting applications up to now. After technological
developments of GaN-based light-emitting diodes (LEDs) [1, 2], which cover green, blue and
ultraviolet (UV) regions, yellow phosphor excited by the blue LED and red-, green- and blue-
phosphors excited by UV-LED became indispensable to assemble white LEDs. As for the latter
case for high quality lighting, the improvement of color purity as well as the efficiency and
reliability in red phosphors are especially important for practicsl applications. In comparison
with conventional inorganic phosphor materials, light emissive complexes are shown to improve
the efficiency due to the increase in the absorption of organic ligands [3]. Among these, the
tris(2-thenoyltrifluoroacetonato)(1,10-phenanthroline)europium(I11) complex [4-8], Eu(TTA)sphen
in short, have superior efficiency as well as color purity.

The robustness of organic molecules, however, is lower than that of inorganic materials due to the
bond strength of molecules fundamentally, which requires us an urgent way of improving
reliability at actual condition. Sol-gel encapsulation [9-12] of organic molecules against ambient
oxygen and water by inorganic materials are one of crucial technological issues on an inorganic-
organic hybridization [13-16] for improving reliability and widening applications of light emissive
materials. Sol-gel process with tetraethoxysilane, Eu(TTA)sphen and polyvinyl butyral has been
reported from the viewpoints of ternary optimization and crack reduction [17]. A covalent
linking of the Eu-complex to the glass matrix has been accomplished by using 5-(N,N-bis-3-
(triethoxysilyl)propyl)ureyl-1,10-phenanthroline and diethoxydimethylsilane [18]. Though the
dependence of organic ligands and process conditions on the fluorescent spectra and their relative
intensities were discussed, little has been known on the absolute value of radiative efficiency and
the actual effect of glass encapsulation against an intense UV light irradiation up to now.

In continuation to a successful encapsulation of various ions and polysilanes [19-23], we
introduced Eu(TTA)sphen into silica glass by sol-gel process, and investigated the effects of pH
values in the starting solution and the concentration on the optical characteristics of the glass-
encapsulated Eu(TTA)sphen.  The internal quantum efficiency was determined as the most direct
measure of radiative efficiency, and the improvement of long-term stability was exemplified by
monitoring the long-term decrease in photoluminescence (PL) intensity under a constant UV light
excitation at 400 nm. Combining superior efficiency and functionality of rare-earth complexes
with transparent and protective glass matrix opens a wider field of effective inorganic-organic
hybridized materials.

2. Experimental

2.1 Eu-Complex for UV-LED Excitation

We selected Eu(TTA)sphen, shown in the insert of Fig. 1, as the efficient red-phosphor with
high color purity for the 400 nm excitation. The PL excitation (PLE) spectrum, however,
depends on the local configuration of the complex. The original Eu(TTA)sphen powder was
dissolved in N,N-Dimethylformamide (DMF) with a concentration of 1 mg/ml, and was spin-
coated at 1500 rpm for 1 min. Figure 1 shows PL and PLE spectra of the original Eu(TTA)sphen
powder and the spin-coated film. The PL spectrum was measured by the excitation at 400 nm,
and the PLE spectrum was monitored at 612 nm. Though the original powder showed distinct
PLE intensity at 400 nm, the absorption edge of the spin-coated film was shifted to the shorter
wavelength side, making it difficult to excite by the same wavelength.

This spectral change was observed also in solutions and was attributed to the difference in
molecular conformation of the Eu(TTA)sphen. In the original powder, the Eu(TTA)sphen
molecule stacks each other within a size of a microcrystalline, forming a stacked molecular
conformation. In a spin-coated film, on the other hand, such stacked order or symmetry
disappears and Eu(TTA)sphen molecules are randomly oriented with a variety of pores among
them. The situation is considered to be similar to a relaxed conformation in a good solvent.

2.2 pH Dependence

In order to observe the pH dependence, we dissolved Eu(TTA)sphen into the mixture of DMF
and deionized water so that the concentration of the Eu-complex became 1.0x107 mol/ml. The
volume ratio of DMF:water was 1:1. Then a small amount of nitric acid or ammonia water was
added to control the pH value of the solution. Figure 2(a) shows two examples of both PL and
PLE spectra of the solution at pH values of 5 and 6. Here wavelengths of excitation in PL and of
emission in PLE were 380 nm and 612 nm, respectively. The shift of the absorption edge toward



shorter wavelength side was common to that of a spin-coated film shown in Fig. 1. The PL
intensity increased with increasing the pH value from 3 to 6, but it decreased down to one tenth at
the pH value of 7. In case the Eu(TTA)sphen concentration was set at 5.0x10”" mol/ml, the shape
of the PLE was similar to that at lower concentration as examples shown in Fig. 2(b). The PL
intensity, however, reached its maximum value at pH=7, and it decreased down at pH=8 drastically.
There existed a distinct concentration dependence.

In order to consider these data, absorption spectra of these solutions for both cases of 1.0x10”
and 5.0x107 mol/ml were measured at the same time.  The absorbance at 330nm wavelength and
the normalized PL intensity were plotted as a function of pH values, as shown in Figs. 3(a) and (b),
respectively. The absorption was weak at acidic side around pH=3 especially in the thinner
solution, corresponding to the weak PL intensity. Both the PL intensity and the absorbance
increased with increasing pH value from 5 to 6 in the thinner solution, however, there were no
correlation between them above pH value of 7. The absorbance of the thicker solution showed
no distinct change at the pH value between 4 and 9 unlike the steep change of the PL intensity
peaked at pH=7. The nearly constant absorbance between 4 and 9 was not due to saturation of
experimental apparatus. It should be noticed that the decomposition of the ligand takes place at
strongly acidic condition rather than that at basic condition. The concentration of Eu(TTA)sphen
itself affects the decomposition. It is clear that the absorbed energy above the pH value of 8 was
bypassed through non-radiative recombination processes. These results indicate that the
optimum pH condition in the starting solution is moderate one as previously reported [18], around
the pH values of 6 to 7, depending on the concentration of Eu(TTA)sphen.

2.3 Preparation of sol-gel silica glass

The conventional sol-gel method [24, 25] is based on hydrolysis and condensation of
organoalkoxides as starting materials with the aid of catalyst, water and alcohol. Since the solution
is homogeneous and the condition of such chemical synthesis is mild without the need for high
temperature process [26, 27], it provides a versatile way of introducing organic molecules, thus
fabricating inorganic-organic hybridized functional materials.

Since many alkyl- or phenyl-silsesquioxane gels derived from alkoxysilane have flexible
structures with the low-softening temperature (from tens to 200°C at most), numerous silica-
and/or siloxane-based hybrid materials have been investigated in the past few years [14]. Easy
casting and patterning of the fabrication process is utilized for industrial coatings on various
substrates, exploiting combinations for good adhesion, corrosion protection, transparency, tunable
refractive-index, improvement of mechanical properties etc.

Starting solution of tetramethoxysilane (TMOS), ethanol, deionized w

Eu(TTA)sphen at each concentration was collected into a quartz glass cell. PL and PLE spectra
were measured at RT by a spectrofluorometer (HORIBA Jovin Yvon, FluoroMax-3), of which
excitation source was the combination of a 150W Xenon arc-lamp and a monochromator. The
absorbance was also measured at RT by a double-beam UV-Vis spectrophotometer (JASCO,
V550). In order to estimate the long-term stability, we recorded the normalized PL intensity as a
function of time under UV irradiation by a spectrofluorometer (HORIBA Jovin Yvon, FluoroMax-
3). The center wavelength and the optical intensity were 400 nm and 2.33 mW/cm?, respectively.

3. Results and Discussion

3.1 Concentration Dependence

The luminous transition of Eu(TTA)sphen originates from *Do—'F; (J=1, 2, 3, 4) in Eu** [18,
28-29]. All the glass encapsulated Eu(TTA)sphen samples showed a distinct peak of °Dg-'F,
transition of 612 nm in the PL spectrum, as shown in Fig. 4, resulting in the high color-purity as a
red component. Absorption tails of the PLE spectra were similar to those of the original powder
shown by the solid curve in Fig. 1, having a sufficient intensity for the 400nm excitation. Note
that this result was due to the stacked conformation of Eu(TTA)sphen by selecting the poor
solution of ethanol and water.

Glass-encapsulated samples were packed into standard glass cells, and their PL spectra were
measured under the excitation of 400 nm at the fixed incident angle. In order to evaluate the
absolute efficiency of PL at the same time, the internal quantum efficiency was measured by a
luminance quantum yield measurement system (Systems Engineering Inc., QEMS-2000) with the
following scheme: First, a standard diffuser was set at the sample position of an integrating sphere
and was irradiated by an LED with the peak wavelength of 400nm. The intensity of the
excitation light from an observation window of the integrating sphere was transferred through an
optical fiber, fed to a monochromator with a CCD array, and was recorded in a computer.  Next,



the glass-encapsulated Eu(TTA)zphen was placed on a glass plate at the sample position, and was
irradiated by the same excitation light. The PL of the sample and the residual intensity of the
excitation light as a result of sample absorption from the same observation window were fed to
and resolved spectroscopically by the same detection system.  After fitting each observed spectral
curve in the computer, the value of internal quantum efficiency was determined as the photon
number ratio of the PL to the absorption in the calibrated integrating sphere system.

Figure 5 shows the concentration dependence of the PL intensity normalized by that of the
original Eu(TTA)sphen powder packed in the same cell and the internal quantum efficiency of
glass-encapsulated Eu(TTA)zphen. The normalized PL intensity increased with increasing
concentration up to 0.6 mol%, then tended to saturate. It should be noticed that even the glass-
encapsulated sample of 0.6 mol% showed a comparable PL intensity relative to Eu(TTA)sphen
powder itself. Values of the internal quantum efficiency were higher than 55 % in the
experimental range, as shown in Fig. 5. Thus the concentration dependence of the normalized PL
intensity was attributed to the amount of absorption in the standard cell used in the experiment.
This result leads us an optimistic forecast on the application of glass-encapsulated Eu(TTA)zphen
as a possible inorganic-organic hybridized phosphor materials.

3.2 Stabilization of Eu(TTA)sphen by Sol-Gel Glass

We compared a long-term stability of relevant materials by monitoring the temporal variation of
PL intensities under constant UV excitation. The excitation light of 400nm wavelength with the
density of 2.33 mW/cm? irradiated each sample in various ambient, and the PL intensity at the
peak wavelength of 612 nm, normalized by its initial one, was plotted in Fig. 6.

The spin-coated Eu(TTA)sphen film showed no PL degradation in vacuum, however 23 %
decrease in air after the UV irradiation of 90 min. The difference is attributed to the
decomposition or oxidation of ligand bonding due to oxygen and/or water in air. The glass-
encapsulated Eu(TTA)zphen, on the other hand, showed no distinct decrease even in air. The
superiority of the stability over original Eu(TTA)sphen powder is also clear as shown in Fig. 6.

During sol-gel process, primary particles are formed in the starting solution and then they
agglomerate each other to form secondary particles. Many pores in a variety of scales ranging
from nm to pm, therefore, might be formed in sol-gel derived glass networks without heat
treatment over 800°C. Nevertheless, these results exemplified the effect of encapsulation against
free oxygen and water by glass network treated at most 100°C, due to the careful consideration for
preventing molecular degradation during sol-gel process.

4. Conclusions

We encapsulated an efficient and high color-purity red phosphor material, Eu(TTA)sphen, into
sol-gel silica glass, and investigated its optical properties based on PL and PLE spectroscopy and
the internal quantum efficiency. A successful encapsulation and stabilization, capable of using
excitation light of 400 nm wavelength, was confirmed by controlling process conditions including
pH value and Eu(TTA)sphen concentration in the starting solution. The PL intensities of the glass-
encapsulated Eu(TTA)sphen showed a superior long-term stability against UV light excitation
without lowering the absolute value of light output. The method opens a field of effective
inorganic-organic hybridized materials, combining superior functionality of organic molecules
with transparent and protective nature of glass matrix.
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Figure captions

Fig. 1. PL and PLE spectra of original Eu(TTA)sphen powder (solid curve) and spin-coated
Eu(TTA)sphen film (dashed curve). Monitored wavelength of the PLE and excitation wavelength
of the PL were 612 and 400 nm, respectively.  The molecular structure of Eu(TTA)sphen is
shown in the insertion.

Fig. 2 Dependence of the pH value on PL and PLE spectra in the DMF and H,O (1:1)
solution of Eu(TTA)sphen at (a) 1.0>10”" mol/ml and (b) 5.0><107 mol/ml.

Fig. 3 (a) The absorbance at 330nm and (b) the normalized PL intensity in the DMF and
H,O (1:1) solution of Eu(TTA)sphen as a function of the pH value.

Fig. 4 PL and PLE spectra of the glass-encapsulated Eu(TTA)sphen with its concentration
as a parameter.

Fig. 5 The normalized PL intensity (solid curve) and the internal quantum efficiency (dash
ed curve) of glass-encapsulated Eu(TTA)sphen as a function of its concentration.

Fig. 6 The temporal variation of the normalized PL intensity under 400 nm excitation. The e
xcitation density was 2.33 mW/cm?
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Fig. 1. PL and PLE spectra of original Eu(TTA)sphen powder (solid curve) and spin-coated
Eu(TTA)sphen film (dashed curve). Monitored wavelength of the PLE and excitation wavelength
of the PL were 612 and 400 nm, respectively. ~ The molecular structure of Eu(TTA)sphen is
shown in the insertion.



~~
e b)
—

I I T T
L.%=m 612 nm Ex 380 nm-
. \r/,\
: H5
S Nt
>
=15 -
c
g
S | ]
| 1 -pH 6I . A oy
~ 300 400 500 600
Wavelength (nm)
(b) T T T T T T T
>-Em 612 nm Ex 380 nm ]

Intensity (a. u.)

400
Wavelength (nm)

Fig. 2 Dependence of the pH value on PL and PLE spectra in the DMF and H,O (1:1)
solution of Eu(TTA)sphen at (a) 1.0>10”" mol/ml and (b) 5.0><107 mol/ml.
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Fig. 3 (a) The absorbance at 330nm and (b) the normalized PL intensity in the DMF and
H,O (1:1) solution of Eu(TTA)zphen as a function of the pH value.
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Fig. 4 PL and PLE spectra of the glass-encapsulated Eu(TTA)sphen with its concentration
as a parameter.
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Fig. 5 The normalized PL intensity (solid curve) and the internal quantum efficiency (dash
ed curve) of glass-encapsulated Eu(TTA)sphen as a function of its concentration.
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Fig. 6 The temporal variation of normalized PL intensity under 400 nm excitation.
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