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Abstract

A high-stability organic-inorganic composite emitting film has been realized
via a sol-gel process using an optimized silane alkoxide and Eu-complex. We
found that the long-term and thermal stabilities were improved by using a
combined starting solution of phenyltrimethoxysilane and tetrametoxysilane
as encapsulating agent. The resulting emitting film exhibited sharp red-
luminescence under ultraviolet (UV) excitation and a high transparency in
the visible wavelength region. In addition, no decrease in photoluminescence
(PL) quantum yield was observed after thermal treatment up to 180 ℃,
and the reduction in PL intensity during UV irradiation was suppressed by
encapsulating the Eu-complex within the sol-gel derived silica glass.
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1. Introduction

Phosphors have been widely investigated as white light-emitting diodes
(LEDs) [1, 2], biosensors [3] and wavelength conversion films for silicon pho-
tovoltaic cells [4, 5]. Especially, europium (Eu) complexes have unique spec-
troscopic characteristics, such as a near-ultraviolet excitation, sharp emission
peaks, high photoluminescence (PL) quantum yield, and long luminescence
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lifetimes [6, 7]. Combining with an appropriate ligand to form Eu-complexes
improves the absorption coefficient of each Eu ion, and solves the problem of
concentration quenching due to the long inter-molecular distance.

One of the most serious problems with Eu-complexes is their long-term
stability in the presence of ultraviolet (UV) light irradiation. This is be-
cause the strength of the bond between the Eu ion and the organic ligand is
lower than that of a conventional inorganic material. Therefore, the chem-
ical structure of the Eu-complex changes under UV-irradiation, resulting in
a decrease in the emission intensity [8, 9, 10, 11]. Since in the case of white
LEDs, Eu-complexes are necessarily irradiated by an excited UV light source,
it is necessary to find a solution to this problem.

Recently, Peng et al. reported a method of encapsulating Eu-complexes
as solutions in organic solvent, and demonstrated an improvement in the
lifetime by encapsulating by base catalyzed hydrolysis of octyltrimetholysi-
lane [12]. In addition, several researchers have demonstrated that nano-size
Eu-complex particles can be realized by encapsulating with sol-gel derived
materials [13, 14, 15, 16], and that this leads to an increase in the sta-
bility of the photoluminescence (PL) intensity against UV light irradiation
[17]. Since sol-gel synthesis, including the final annealing process, can be
performed at temperatures below 150 ℃, thermal decomposition of the Eu-
complex does not occur during the fabrication process. In addition, a hybrid
organic-inorganic emitting film combining organically modified silicate and
Eu-complexes has been reported [18].

In this paper, we investigated the influence of the encapsulating agent
on the stability of an encapsulated emitting organic-inorganic composite film
composed of bis(triphenylphosphine)tris(hexafluoroacetyl acetonato)europium(III)
(Eu(HFA)3(TPPO)2) against UV light irradiation. We used two encapsulat-
ing agents, phenyltrimethoxysilane (PTMS) and tetrametoxysilane (TMOS)
by adding another silane alkoxide, dimethyldimethoxysilane (DEDMS). We
measured the long-term stability while irradiating with UV light with an
intensity and a center wavelength of 6.95 mW/cm2 and 350 nm, respec-
tively. In addition, the relationship between the annealing temperature and
the PL quantum yield was also investigated to estimate the improvement in
the thermal stability of Eu(HFA)3(TPPO)2 due to the sol-gel encapsulation
technique.
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2. Experimental

Figure 1 shows the flowchart of the encapsulation process for Eu(HFA)3(TPPO)2

via a sol-gel derived silica glass. The synthesis process for Eu(HFA)3(TPPO)2

was described in a previous paper [19]. At first, Eu(HFA)3(TPPO)2 pow-
der was added to the encapsulating agents, PTMS:DEDMS for sample A
and TMOS:DEDMS for sample B. The resulting solution was then injected
into a mixture of distilled water, and ethanol. The concentrations of start-
ing solutions are summarized in Table 1. Prior to injection, the solution
was mixed at 25 ℃ for 72 hours (sample A) and 5 hours (sample B) until
Eu(HFA)3(TPPO)2 was completely dissolved. In the case of sample A, the
solution was further mixed at 100℃ for 3 hours. The hydrolysis rate of silane
alkoxide is different for PTMS and TMOS, and therefore an optimal mixing
time was selected to achieve a suitable viscosity for the spin-coating process.
The rotation speed was maintained at 400 rpm by a magnetic stirrer for all
the mixing processes. Finally, the solution was spin-coated at a rotation
speed of 2000 rpm for 60 seconds. To investigate the thermal stability of the
sol-gel glass encapsulated Eu(HFA)3(TPPO)2, the fabricated samples were
annealed for 2 hours in the temperature range 120 to 220℃ using a hotplate.
For comparison, Eu(HFA)3(TPPO)2 powder was dissolved in tetrahydrofu-
ran (THF), and the solution was also spin-coated and annealed under the
same conditions as the encapsulated samples. THF is easily removed during
annealing above 120 ℃ owing to its low boiling point.

The PL quantum yield was measured by a luminance quantum yield mea-
surement system (QEMS-2000, Systems Engineering Inc.), which consists of
an integrated sphere and a UV LED with a center wavelength of 375 nm as
an excitation source. The PL quantum yield was determined using a method
based upon that originally developed by de Mello et al. [20]. In this approach,
the quantum yield was given by the integrated PL intensity of the sample
excited by the UV-LED divided by the decrease in the excitation intensity
caused by inserting the sample into the integrated sphere. The long-term sta-
bility was estimated as the PL intensity change at 613 nm while irradiating
with UV light with a center wavelength of 350 nm and an optical intensity of
6.95 mW/cm2. The optical intensity of the UV light used was the maximum
value available in our experimental setup. The PL intensity change and
photoluminescence/ photoluminescence excitation (PL/PLE) spectra were
measured by a luminance spectrometer (FluoroMax-3, Horiba Jovin Yvon).
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3. Results and discussion

Figure 2 shows optical microscopic images of samples A and B. The an-
nealing temperature was fixed at 120 ℃. A mixture of DEDMS was cho-
sen rather than PTMS and TMOS alone, because hydrolysis is more easily
achieved with DEDMS [21, 22]. The function of DEDMS is to form a more
flexible linear network than the one obtained by hydrolysis of PTMS and
TMOS alone. The Eu-complex is incorporated in the sol-gel derived glass
matrix at the same time as the hydrolysis and condensation reactions of
silane start, and not after the sol-gel glass formation has finished. There-
fore, for both samples, we could obtain a transparent and almost crack-free
film by using DEDMS during the formation of the silica network around
Eu(HFA)3(TPPO)2. As clearly shown in Fig. 2, a transparent film with a
smooth surface was obtained in the case of sample A. The dark regions seen
in sample B corresponded to the aggregation of Eu(HFA)3(TPPO)2. How-
ever, such aggregation did not occur in sample A, which was fabricated using
PTMS as a silane alkoxide. This is because Eu(HFA)3(TPPO)2 dissolves di-
rectly in PTMS, and therefore does not aggregate during evaporation of the
ethanol and distilled water.

The PL and PLE spectra of the sol-gel glass encapsulated Eu(HFA)3(TPPO)2

and the spin-coated sample are shown in Figs. 3(a) and (b), respectively.
The excitation wavelength of the PL spectrum was 350 nm. The PL spec-
tra of samples A and B clearly indicate that the sol-gel glass encapsulated
Eu(HFA)3(TPPO)2 generated sharp red emission with a center wavelength
of 613 nm. The peak wavelength of the PL spectrum corresponds to the
transition between 5D0 and 7F2 [23, 24].

The excitation spectrum was monitored at 613 nm, corresponding to the
peak wavelength of the measured PL spectrum, as shown in Fig. 3(a). All of
the samples showed a broad PLE spectrum below 400 nm, suitable for white
LEDs with near-violet excitation. However, the PLE spectrum of sample A
was shifted toward longer wavelength compared to that of sample B, and the
relative PL intensities at 380 nm of samples A and B were 0.89 and 0.70,
respectively. In generally, the PLE spectrum of Eu-complexes is affected by
the energy transfer from the organic ligand to the Eu3+ ion [6]. Therefore,
this result indicates that the molecular structure of Eu(HFA)3(TPPO)2 was
changed during the sol-gel process, resulting in the blue-shift of the PLE
spectrum.

Figure 4 shows the PL quantum yield of Eu(HFA)3(TPPO)2 encapsulated
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by sol-gel derived silica glasses and the spin-coated sample. All the samples
were annealed at temperatures in the range from 120 to 220℃ to investigate
the thermal stability of the sol-gel glass encapsulated Eu(HFA)3(TPPO)2. If
the organic ligands in Eu(HFA)3(TPPO)2 are decomposed by the annealing
process, the PL quantum yield will decrease due to the low energy-transfer
efficiency between the organic ligand and the Eu3+ ion. Therefore, we can
estimate the thermal stability of Eu(HFA)3(TPPO)2 by measuring the PL
quantum yield. The PL quantum yield of the spin-coated sample was found
to rapidly decrease with increasing annealing temperature due to oxidization
of the organic ligand structure in the ambient air.

As seen in Fig. 4, both encapsulated samples exhibited enhanced ther-
mal stability during annealing compared to the spin-coated sample. The most
important finding is that the PL quantum yield of sample A was almost unaf-
fected by annealing at temperatures less than 180℃, and it rapidly decreased
above 200 ℃. Since the organic ligand structure of Eu(HFA)3(TPPO)2 is
easily decomposed at 200 ℃, the decrease in the PL quantum yield above
200 ℃ is readily understandable. The fact that no degradation occurred at
temperatures less than 180 ℃ indicates that the sol-gel glass protects the
Eu(HFA)3(TPPO)2 against oxygen. Therefore, sol-gel glass encapsulation
method using PTMS and DEDMS mixed alkoxide is a useful way to im-
prove the thermal stability. The fact that the PL quantum yield of sample
B was lower than that of sample A indicates that the TMOS caused the
Eu(HFA)3(TPPO)2 to decompose during the sol-gel process.

Figure 5 shows the change in the PL intensity for Eu(HFA)3(TPPO)2 with
and without sol-gel glass encapsulation under 350 nm excitation. The optical
intensity of the excitation light was fixed at 6.95 mW/cm2, and the annealing
temperature for all samples was 120℃. The relative PL intensity of the spin-
coated sample decreased under UV irradiation, and became 0.46 after 5400 s.
Similar to the annealing temperature dependence of PL quantum yield, the
long-term stability against UV light irradiation was also improved by encap-
sulating using sol-gel derived glass. However, sample B had lower stability
than sample A due to structural changes to Eu(HFA)3(TPPO)2 caused by
the presence of TMOS during the sol-gel process. The most important result
is that sample A achieved the highest stability in this study, with a relative
PL intensity of 0.76 following 5400 s of emission.

As shown in Figs. 4 and 5, sample A has higher stability than sample B,
allowing us to conclude that PTMS is a more suitable material for sol-gel glass
encapsulation. We subsequently investigated the annealing temperature de-
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pendence of the PL intensity change during UV light irradiation of sample A.
Figure 6 shows the variation in the PL intensity for annealing temperatures
of 120, 140, and 160 ℃. The optical intensity and the center wavelength
were 6.95 mW/cm2 and 350 nm, respectively. In general, higher annealing
temperature leads to a higher density of the sol-gel derived glass, and thus
a higher encapsulation efficiency. This is thought to be the reason for the
smaller decrease in output intensity over time as the annealing temperature
is changed from 120 to 140 ℃. However, following annealing at 160 ℃, the
PL intensity rapidly decreased, most likely due to changes that occurred to
the chemical structure of Eu(HFA)3(TPPO)2 at this temperature.

In Fig. 7(a), we show UV-visible spectra of sample A for different anneal-
ing temperatures. A distinctive absorption peak appears at approximately
350 nm, and is attributed to the organic ligand of Eu(HFA)3(TPPO)2. Fig-
ure 7(b) shows the relationship between the annealing temperature and the
absorption coefficient at 350 nm. The absorption coefficient shows no change
below 160℃, but rapidly decreases for higher temperatures, again indicating
a change in the molecular structure of Eu(HFA)3(TPPO)2.

4. Conclusion

We demonstrated an organic-inorganic composite film composed of Eu(HFA)3(TPPO)2

encapsulated by sol-gel glasses, and studied its thermal and long-term stabil-
ity against UV light irradiation. Improved thermal stability was successfully
achieved by using PTMS and DEDMS as an encapsulating agent, and the PL
quantum yield was almost independent of the annealing temperature below
160 ℃. The improved stability suggested that the sol-gel derived glass pro-
tected Eu(FHA)3(TPPO)2 from oxygen in the ambient air. In addition, the
reduction of PL intensity during UV light irradiation was also suppressed
by encapsulating in sol-gel glass, which was fabricated using PTMS and
DEDMS. Measurements of the absorption coefficient indicate that the chem-
ical bond between the Eu ion and the organic ligand was changed during
high temperature annealing. The low PL quantum yield after high tempera-
ture annealing was responsible for the decrease in absorption by the organic
ligand. Furthermore, the broad, intense excitation spectrum of the encap-
sulated samples suggests that no change occurs in the chemical structure of
Eu(HFA)3(TPPO)2 during the sol-gel process. Such broad spectral output
is an important factor for producing white LEDs with near-violet excitation.
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Figure captions

Figure 1 Fabrication flowchart of the sol-gel glass encapsulated Eu(HFA)3(TPPO)2.
Figure 2 Optical microscopic images of samples A and B. PTMS:DEDMS

and TMOS:DEDMS were used as the encapsulation agent.
Figure 3 (a) PL and (b) PLE spectra of the spin-coated and encapsulated

samples.
Figure 4 Relationship between the PL quantum yield for 375 nm excita-

tion and the annealing temperature.
Figure 5 Change in PL intensity with time under 350 nm excitation at

6.95 mW/cm2 for Eu(HFA)3(TPPO)2 with and without encapsulation.
Figure 6 Influence of the annealing temperature on the change in PL

intensity for sample A encapsulated by the sol-gel glass using PTMS and
DEDMS under 350 nm excitation at 6.95 mW/cm2.

Figure 7 (a) Absorption spectra of sample A for different annealing tem-
peratures. (b) Relationship between the annealing temperature and the ab-
sorption coefficient of sample A at 350 nm.
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25 ℃72 hours100 ℃3 hours Mixing 400 rpm
Spin coatingAnnealing120 - 220 ℃

25 ℃5 hoursH2O, EthanolPTMS:DEDMS + Eu(HFA)3(TPPO)2 TMOS:DEDMS +  Eu(HFA)3(TPPO)2Sample A Sample B

Figure 1: Fabrication flowchart of the sol-gel glass encapsulated Eu(HFA)3(TPPO)2.

Table 1: Molar ratios of starting solutions for sol-gel encapsulation.
Name Silane agent H2O Ethanol Eu(HFA)3(TPPO)2

Sample A PTMS:DEMDS=1:0.5 25 10 0.0015
Sample B TMOS:DEDMS=1:0.5 5 10 0.0015
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100 µm
sample A

100 µm
sample B

Figure 2: Optical microscopic images of samples A and B. PTMS:DEDMS and
TMOS:DEDMS were used as the encapsulation agent.
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Figure 3: (a) PL and (b) PLE spectra of the spin-coated and encapsulated samples.
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Figure 4: Relationship between the PL quantum yield for 375 nm excitation and the
annealing temperature.
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Figure 5: Change in PL intensity with time under 350 nm excitation at 6.95 mW/cm2 for
Eu(HFA)3(TPPO)2 with and without encapsulation.
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Figure 6: Influence of the annealing temperature on the change in PL intensity for sample
A encapsulated by the sol-gel glass using PTMS and DEDMS under 350 nm excitation at
6.95 mW/cm2.
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Figure 7: (a) Absorption spectra of sample A for different annealing temperatures. (b)
Relationship between the annealing temperature and the absorption coefficient of sample
A at 350 nm.
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