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Abstract

In order to improve the conversion efficiency of a silicon-photovoltaic (PV)
module, we investigated the combination with a wavelength conversion film
(WCF), which consists of Eu chelate particles encapsulated by the sol-gel
derived silica glass. The photoluminescence (PL) excitation spectrum of Eu
chelate shows that the violet light below 400 nm is effectively converted to
the red emission at 613 nm. Since the PV cell has higher sensitivity at the
red wavelength region compared to the violet region, Eu chelate is one of
the suitable material for a WCF. The diameter of fabricated sol-gel encap-
sulated Eu chelate was larger than the wavelength of irradiated sunlight,
therefore, the transmittance of a WCF decreased with increasing the con-
centration of Eu chelate. The short circuit current (JSC) was increased by
inserting the the WCF on the front side of Si-PV cell compared to the refer-
ence module (glass/ethylene vinyl acetate/WCF without Eu chelate/Si-PV
cell/EVA/back-film), and the maximum increase of ∆JSC was 1.03 mA/cm2

compared to the reference module. However, the maximum ∆JSC of fab-
ricated module was almost same as the conventional Si-PV cell due to the
refractive index mismatch of each layers.
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1. Introduction

A silicon (Si)-photovoltaic (PV) module efficiently converts a sunlight to
an electrical output, and has been already in practical use in all over the
world. This is because that Si has many advantages against other photo-
conductive materials for PV cells, such as abundance in earth, non-toxicity
and ease to encapsulate. Generally, a Si-PV cell has lower sensitivity at vio-
let and infrared wavelength regions compared to the visible region [1, 2, 3].
One of the key technique to improve the spectral mismatch between the
photocurrent spectrum of a Si-PV cell and the spectrum of a sunlight is the
wavelength conversion film (WCF), which consists of the up-conversion phos-
phors [4, 5, 6, 7]. The wavelength conversion efficiency of an up-conversion
phosphor is not so high [8, 9], therefore, the enhancement effect to the con-
version efficiency of a Si-PV module will be considered to be small. On the
contrary, the photoluminescence (PL) at the visible light by the ultravio-
let light excitation has high wavelength conversion efficiency compared to
the up-conversion phosphor, and it enables to improve the Si-PV module
performance.

Eu chelate has considerable promise as a light-emitting material for a
WCF due to the high PL quantum efficiency by the ultraviolet excitation.
Though the typical transition of trivalent Eu ion generates red emission [10,
11], a concentration quenching of Eu ion limits the available total emission in-
tensity. Eu chelate, such as Eu(TTA)3phen [TTA: thenoyltrifluoronacetone,
phen: 1,10-phenanthroline], improves the absorption coefficient per each Eu
ion, and reduces the concentration quenching due to the inter-molecular inter-
action [12]. Therefore, Eu chelate has much attention for several applications
such as white light-emitting diode and an organic light-emitting diode [13].

In comparison with conventional inorganic phosphors, on the other hand,
the robustness of organic molecules is lower due to the bond strength of
molecules fundamentally. In previous papers, organic-inorganic hybridized
light-emitting devices were investigated to improve the device performance
compared to the all organic device [14, 15, 16]. In addition, an encapsulation
against ambient oxygen and water by sol-gel derived inorganic materials is
one of crucial technological issues for practical applications [17, 18, 19, 20].
The sol-gel process is of great interest and has been considered as an excel-
lent candidate for the preparation of inorganic-organic composite materials
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in recent years due to its practical advantages including a low-temperature
reaction, the ability to control the final composition and the convenience for
the formation of various shapes. The conventional sol-gel method 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 a high
temperature process, it provides a versatile way to introduce Eu(TTA)3phen,
thus fabricating inorganic-organic hybridized functional materials.

In this study, we investigated the PL and PL excitation (PLE) spec-
troscopic characteristics of Eu(TTA)3phen encapsulated by sol-gel derived
silica glasses. In order to estimate the dependence of sol-gel encapsulated Eu
chelate on the device performance, we measured the particle size of sol-gel
encapsulated Eu(TTA)3phen and the transmittance of a WCF. We achieved
the improvement in the short circuit current the Si-PV module by inserting
the WCF with sol-gel glass encapslated Eu(TTA)3phen particles.

2. Experimental

At first, Eu(TTA)3phen was dissolved into N,N-Dimethylformamide (DMF)
with stirring for 30 minutes at room temperature. And then, tetraethoxysi-
lane (TEOS), ethanol and distilled water were also mixed into another bottle.
Both solutions were put together into a bottle and stirred for 30 minutes.
The catalyst of NH3 was added into the bottle to start the sol-gel reaction.
The mole ratio of TEOS:DMF:ethanol:distilled water:NH3:Eu(TTA)3phen
was 1:4:4:4:0.01:0.05. After stirring for more than 5 hours, flake-like pre-
cipitates were found, and then the reaction mixture was poured into Teflon
tray to dry with 120 ℃ oven for more than 5 hours. The dried material was
broken with an agate mortar.

The fabricated sol-gel encapsulated Eu(TTA)3phen particles were mixed
into the high refractive acryl resin as the WCF. The acryl polymer was syn-
thesized as follows. At first, toluene was poured into the separable flask
equipped reflux condenser at 70 ℃. Fluorene based acryl monomer and an
initiator, 2,2’-azeobisisobutyronitride, was dissolved into toluene, then the
mixture was added drop-wise into the separable flask with taking for more
than 30 minutes. The solution was stirred for 3-5 hours until increasing
the viscosity. After cooling down to the room temperature, two-functional
acryl oligomer, multi-functional monomer and an initiator, 2,5-dimethyl-2,5-
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di(tert-buthylperoxy)hexane, were added to the flask to obtain a thermoset-
ting polymer solution mixture.

The mixture containing the sol-gel glass encapsulated Eu(TTA)3phen was
dropped onto a transparent film, and was coated with an applicator adjust-
ing the gap at 8 mil. And then, the coated film was dried at 120 ℃ for 10
minutes. The thickness of a fabricated film was typically 50 µm. Above-
mentioned sol-gel glass encapsulated Eu(TTA)3phen was added to the ther-
mosetting polymer solution mixture with varying the amount from 0 to 2
wt%. The structure of PV module was cover glass/ethylene vinyl acetate
(EVA)/WCF/Si-PV cell/EVA/back-film, as shown in Fig. 1. The lamina-
tion film was covered by a PV vacuum laminator on the top of a back-film.
The lamination condition was 150 ℃ for 10 minutes in vacuum and 15 min-
utes in pressure of 0.1 MPa.

PL and PLE spectra of WCF were measured by a luminance spectrom-
eter (FluoroMax-3, Horiba Jovin Yvon). The wavelength of monitoring in
PLE and that of excitation in PL were 613 and 400 nm, respectively. To
investigate the influence of the process condition on the optical characteris-
tics of Eu(TTA)3phen encapsulated by sol-gel glass, the PL quantum yield
of a WCF was measured by a luminance quantum yield measurement system
(QEMS-2000, Systems Engineering Inc.), which consists of a calibrated inte-
grated sphere and an exciting violet light source with the center wavelength
of 365 nm. The PL quantum yield was determined as the photon number ra-
tio of the PL to the absorption in the calibrated integrating system. In order
to estimate the amount of scattering owing to Eu(TTA)3phen particles, the
transmittance of the WCF was recorded by a haze mater (NDH-200, Nippon
Denshoku). The diameter distribution of sol-gel encapsulated Eu(TTA)3phen
dissolved in toluene was measured by a dynamic light scattering method by a
laser diffraction particle size analyzer (LS 13 320, Beckman Coulter Inc.). PV
characteristics were measured by a solar simulator (WACOM, WXS-155S-10,
AM1.5G) with AM1.5 (1000 mW/m2) and the I-V curve tracer (EKO, MP-
160).

3. Results and discussion

Figure 2 shows PL and PLE spectra of Eu(TTA)3phen encapsulated by
the sol-gel derived silica glass. The luminous transition of Eu(TTA)3phen
originates from 5D0-

7FJ (J=0, 1, 2, 3) in Eu3+ [10, 11]. The experimental
result in Fig. 2 showed a distinct peak of 5D0-

7F2 transition of 613 nm
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in the PL spectrum, resulting in the high color-purity as a red wavelength
region. In addition, the PLE spectrum rapidly increased less than 400 nm
region, and this result indicates that only the violet light is converted to the
red emission. As a result, the visible light passes through the WCF with
Eu(TTA)3phen particles, and it reaches the Si-PV cell without the optical
loss. The Si-PV cell has little sensitivity at the violet wavelength region
less than 400 nm [1], therefore, the red emission due to the Eu(TTA)3phen
suggests the assumption of the increase the device performance.

In Fig. 3, we show the PL quantum yield of the WCF with sol-gel derived
silica glass encapsulated Eu(TTA)3phen particles as a function of the con-
centration in the high refractive acryl resin. The PL quantum yield increased
with increasing the concentration of sol-gel encapsulated Eu(TTA)3phen, and
the maximum PL quantum yield of 64 % was achieved at the concentration
of 15 %. This result indicates that the acryl resin has absorption at the
excitation wavelength of 365 nm, resulting in the high PL quantum yield at
the high concentration. In all the concentrations, the PL quantum yield was
over 20 %, and the violet light is efficiently converted to the red emission.
It is noted that the concentration quenching of Eu(TTA)3phen was not ob-
served less than the concentration less than 16 wt%, implying a high total
emission intensity from the WCF utilizing the large amount of sol-gel glass
encapsulated Eu(TTA)3phen in the WCF, as shown in Fig. 3. In addition,
the WCF became clouded at the concentration over 16 wt%.

Figure 4 shows the straight and integrated transmittance of WCFs with
different concentrations of sol-gel glass encapsulated Eu(TTA)3phen. A halo-
gen lamp was used as a light source to measure the transmittance. Both
straight and integrated transmittance decreased with increasing the concen-
tration due to the Rayleigh scattering. In addition, we show the diameter
distribution of sol-gel encapsulated Eu(TTA)3phen measured by a dynamic
light scattering method in Fig. 5. As is evident from Fig. 5, the typical
diameter of sol-gel encapsulated Eu(TTA)3phen was 48 µm, which is larger
than the wavelength of incident light. Such a large particle size is considered
to cause the decrease in the transmittance of a WCF with increasing the
concentration of Eu(TTA)3phen particles. The long reaction time of sol-gel
process more than 5 hours caused the large particle size in our experiment,
therefore, the optimization of reaction time is necessary for further improve-
ment in the transmittance against the visible light.

Figure 6 shows the improvement in the short circuit current (∆JSC) of
a Si-PV module in combination with the WCF including different concen-
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trations of sol-gel glass encapsulated Eu(TTA)3phen particles. Here, ∆JSC

was calculated as the difference between JSC of Si-PV module with the WCF
and JSC of Si-PV cell before encapsulating as the module structure. In addi-
tion, ∆JSC of reference module at the concentration of 0 % was defined as 0,
and the concentration dependence of ∆JSC was calculated as the difference
in ∆JSC between 0 and each concentrations to compare the reference mod-
ule without sol-gel glass encapsulated Eu(TTA)3phen particles. It is note
that ∆JSC increased with increasing the concentration of sol-gel encapsu-
lated Eu(TTA)3phen up to 2 %, and the maximum increase of ∆JSC was
1.03 mA/cm2 compared to the reference module. Since the PL quantum
yield increased with increasing the concentration, as shown in Fig. 3, the
total emission intensity of the WCF linearly increases with increasing the
concentration of Eu(TTA)3phen. Therefore, the experimental result in Fig.
6 offers evidence that the improvement of ∆JSC was caused by the increase
in the total emission intensity from the Eu(TTA)3phen particles. On the
contrary, ∆JSC tended to decrease at the high concentration region. The
transmittance of the WCF decreased with increasing the concentration of
Eu chelate, as shown in Fig. 4, owing to the large particle size. In a view-
point of the transmittance of a WCF, the high transmittance due to the low
concentration is required, however, the high concentration in Eu(TTA)3phen
generates strong red emission, resulting in the high module performance.

The maximum ∆JSC of fabricated module was almost same as the con-
ventional Si-PV cell. The possible reason of this experimental result is that
the refractive index mismatch of each layers, and the incident light is re-
flected at the interface between the high and low refractive index layers. As
a result, a part of incident light cannot reach the Si-PV cell. The WCF
was consisted of the acryl layer on a polyehylene terephthalate (PET) film
with a high refractive-index of 1.6. The decrease of ∆JSC of reference mod-
ule by inserting only the acryl layer on the PET film was approximately 1
mA2. This result indicates that 4 % of the incident light was not used for
the optical-electrical conversion in the Si-PV cell due to the reflection at the
interface of each layer.

If the scattering loss owing to the Eu chelate is ignored, ∆JSC is consid-
ered to increase with increasing the concentration of sol-gel glass encapsu-
lated Eu(TTA)3phen. We can achieve the increase in ∆JSC of 5 mA/cm2 at
the concentration of 10 wt.%. However, it is difficult to realize due to the
aggregation of Eu chelate.
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4. Conclusion

We demonstrated the Si-PV module in combination with the WCF in-
cluding the sol-gel glass encapsulated Eu(TTA)3phen, which has the high
luminance red emission with the near violet excitation. The ∆JSC increased
constantly with increasing Eu(TTA)3phen, and it decreased over 2 wt% ow-
ing to the scattering of Eu(TTA)3phen particles. Since the physical size
of sol-gel glass encapsulated Eu(TTA)3phen was approximately 48 µm, the
large scattering loss caused the decrease in ∆JSC at the high concentration
region. However, the ∆JSC of all the modules were lower than the conven-
tional module owing to the refractive index mismatch of each layers. The
use of acryl resin with low absorption coefficient at the excited light and the
optimized device structure is one of the useful way for further improvement
in the efficiency of the Si-PV module.
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[1] C. Strümpel, M. McCann, G. Beaucarne, V. Arkhipov, A. Slaoui, V.
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Figure captions

Figure 1 The schematic configuration of the PV cell in combination with
the WCF. The sol-gel glass encapsulated Eu(TTA)3phen was mixed into the
WCF.

Figure 2 PL and PLE spectra of sol-gel glass encapsulated Eu(TTA)3phen.
The wavelength of monitoring in PLE and that of excitation in PL were 613
and 400 nm, respectively.

Figure 3 The PL quantum yield of sol-gel glass encapsulated Eu(TTA)3phen.
The wavelength of excited light was 365 nm.

Figure 4 The straight and integrated transmittance of WCFs with differ-
ent concentrations of sol-gel glass encapsulated Eu(TTA)3phen.

Figure 5 The diameter distribution of Eu(TTA)3phen encapsulated by
the sol-gel glass measured by a dynamic light scattering method.

Figure 6 The relationship between the concentration of Eu(TTA)3phen
encapsulated by the sol-gel glass and ∆JSC of the PV cell.

9



Cover GlassWCF
Back FilmEVA
EVASolar Cell

Visible Light Violet Light
Red Emission

Sol-Gel Glass Encapsulated Eu Chelate
Figure 1: The schematic configuration of the PV cell in combination with the WCF. The
sol-gel glass encapsulated Eu(TTA)3phen was mixed in the WCF.
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Figure 2: PL and PLE spectra of sol-gel glass encapsulated Eu(TTA)3phen. The wave-
length of monitoring in PLE and that of excitation in PL were 613 and 400 nm, respectively.
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Figure 3: The PL quantum yield of sol-gel glass encapsulated Eu(TTA)3phen. The wave-
length of excited light was 365 nm.
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Figure 4: The straight and integrated transmittance of WCFs with different concentrations
of sol-gel glass encapsulated Eu(TTA)3phen.
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Figure 5: The diameter distribution of Eu(TTA)3phen encapsulated by the sol-gel glass
measured by a dynamic light scattering method.
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Figure 6: The relationship between the concentration of Eu(TTA)3phen encapsulated by
the sol-gel glass and ∆JSC of the PV cell.
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