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ABSTRACT Si-based solar cells have dominated the entire
photovoltaic market, but remain suffering from low power
conversion efficiency (PCE), partly because of the poor utili-
zation of ultraviolet (UV) light. Europium(III) (Eu®") com-
plexes with organic ligands are capable of converting UV light
into strong visible light, which makes them ideal light con-
verter to increase the efficiency of solar cells. However, the low
stability of such complexes seriously hampers their practical
applications. In this work, we report a highly stable and lu-
minescent ethylene-vinyl acetate (EVA) copolymer film con-
sisting of a Eu’" complex as a down-shift material, Eu
(ND),CTAC (ND = 4-hydroxy-2-methyl-1,5-naphthyridine-3-
carbonitrile, CTAC = hexadecyl trimethyl ammonium chlor-
ide), coating of which onto the surface of large area poly-
crystalline silicon solar cells (active area: 110 sz) results in an
increase of PCE from 15.06% to 15.57%. Remarkable stability
of the luminescent film was also demonstrated under light-
soaking test for 500 h, and no obvious luminescence de-
gradation can be observed. The remarkable enhancement of
the conversion efficiency by 0.51% absolute on such a large
active area, together with the high stability of the luminescent
film, demonstrates a prospect for the implementation of the
films in photovoltaic industry.

Keywords: ethylene-vinyl acetate, lanthanide complexes, solar
cell, stability

INTRODUCTION

Nowadays, fossil fuels are still the main source for cov-
ering the energy demands for humanity’s economic de-
velopment. As the increasing energy requirement will

lead to the ultimate depletion of fossil fuels, there is an
urgent need for exploring renewable energy sources.
Therefore, scientists are turning their attention to solar
energy for its inexhaustibility and environmental friend-
liness [1,2]. The utilization of solar energy includes both
photo-thermal conversion and photoelectric conversion,
in which photovoltaic cells that employ semiconductor
materials to convert light into electricity are a promising
candidate for the new dominant energy source in the
future [3,4]. Presently, silicon-based solar cells account
for 95% of the photovoltaic market. According to the
Shockley-Queisser efficiency limitation, the maximum
efficiency value of silicon-based solar cells is about 31%.
However, the actual power conversion efficiency (PCE) is
relatively lower than the theoretical value, limiting their
long-term development [5-7]. In general, there are three
main factors that limit the energy conversion efficiency:
a) Lattice thermalization loss, where high-energy photons
are absorbed by solar cells and then produce one elec-
tron-hole pair, while the excess energy is dissipated
through non-radiative relaxation as heat. b) Sub-bandgap
photon loss, where photon energy is too small to cross the
energy bandgap threshold energy, so that no electron-
hole pairs are generated. c¢) The loss from electronic
properties of the device, such as the loss of recombination
of electron-hole pairs from surface, contact voltage loss,
and junction loss [5,8]. The first two energy-conversion
loss mechanisms are directly related to the spectral mis-
match between solar spectrum and bandgap of the sili-
con-based material. The last loss process depends on the
fabrication of solar cell devices. The strategy of spectrum
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modification associated with spectral mismatch like
down-conversion, down-shift or up-conversion can op-
timize the conversion efficiency of solar cells, which also
reduces the long-term cost of solar cell construction [9-
14].

The technology of down-shift that involves absorbing
one higher energy photon and releasing one photon of
lower energy is considered as an effective approach to
reduce the thermalization loss [6,15]. Usually, a practical
and intriguing method to utilize this technology is to
embed down-shift materials into polymer matrices such
as polyvinyl alcohol, ethylene-vinyl acetate (EVA) and
polymethyl methacrylate, after which the polymer ma-
trices are attached on the surface or encapsulated inside
of photovoltaic modules for enhancing the conversion
efficiency [16-18]. In this context, lanthanide complexes
constituted of lanthanide ions and organic ligands, ex-
hibiting favorable luminescent features such as a large
Stokes shift, narrow emission bands and longer decay
times, are promising down-shift candidates [19,20]. A
wide range absorption of organic ligands in the UV re-
gion can lead to efficient energy transfer to the lanthanide
ions and trigger strong luminescence, simultaneously also
attenuating polymer matrix long-term degradation
caused by UV irradiation [21-24]. In particular, the
dominant emission of Eu’" at 612 nm is very close to the
maximum spectral sensitivity of crystalline Si-based solar
cells [25-32]. For instance, Fix and co-workers [33] have
summarized a series of promising Eu’" complexes as
down-shift species that exhibit an improvement of PCE,
but the stability issue remains a challenge. In terms of the
[Eu(tta);(tppo),] complex, it was found to be only stable
for several hours upon illumination with 350 nm UV
light [34]. The intrinsic disadvantages of lanthanide
complexes such as low thermal and photochemical sta-
bility, especially photodegradation of the sensitizer upon
UV exposure, limit their photovoltaic application. Hence,
engineering of lanthanide complexes with impressive
stability and high quantum efficiency is paramount for
further development of this technology.

Herein, we demonstrate the increase in PCE of poly-
crystalline silicon solar cells by coating EVA film con-
taining europium(III) complex (Eu(ND),CTAC) [35] on
the surface of the devices (active area: 110 cm”). By down-
shifting higher energy photons, the obtained luminescent
film (denoted as Eu(ND),CTAC/EVA film) can be better
to utilize the AM 1.5G spectrum. A series of luminescent
films with varying complex concentrations have been
compared and studied in photovoltaic characterization.
The results show that in the best case, the PCE of poly-
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crystalline silicon solar cells increases from 15.06% to
15.57% by using the luminescent film. The obtained lu-
minescent films display excellent photostability, almost
keeping the luminescence intensity unchanged even un-
der continuous UV radiation at 30°C for 500 h. The
realization of employing stable Eu(ND),CTAC/EVA film
as a medium to enhance the PCE of Si-based solar cells
demonstrated here makes it attractive for photovoltaic
industry.

EXPERIMENTAL SECTION

Materials

EVA copolymer (LG ES28005), toluene and di-
chloromethane were used as received. Eu(ND),CTAC
(ND = 4-hydroxy-2-methyl-1,5-naphthyridine-3-carbo-
nitrile, CTAC = hexadecyl trimethyl ammonium chlor-
ide) was obtained from Beijing Boda Green Technology
Co., Ltd. and the structure was confirmed by elemental
analysis and 'H NMR spectrum as shown in Table S1 and
Fig. S1. Si-based solar cells were provided by Xinao
Photovoltaic Energy Co., Ltd.

Preparation of Eu(ND),CTAC/EVA films
Dichloromethane solutions of Eu(ND),CTAC complexes
(7.2-54 mg) at different concentrations were prepared.
3.6 g of EVA pellets was dissolved in toluene (24 g) at
60°C for 2 h with stirring. The aforementioned solutions
were separately mixed in an ultrasonic bath, after which
the solution was poured into a Petri dish (170 mm) and
dried at 80°C for several hours, resulting in luminescent
polymer composite films. Pure EVA film was obtained
using the same method as described above, without the
addition of Eu(ND),CTAC complex. Subsequently, the
weight% relative value was used to indicate the con-
centration of Eu(ND),CTAC complex relative to EVA
(0.2%, 0.5%, 0.7%, 1% and 1.5%).

Characterizations

'H NMR spectrum was recorded in CDCI, using a Bruker
ARX 400 spectrometer. Elemental analyses (C, H and N)
were measured with an Elementary Vario EI. The fluor-
escence data were obtained by using an Edinburgh In-
struments FS920P spectrophotometer. Scanning electron
microscopy (SEM) measurement was carried out with an
S-4800 at a voltage of 3 kV. Light transmittance of the
films and UV absorbance spectra of the samples were
measured with an Agilent Cary 100 UV-Vis spectrometer.
The thermal stability was studied by thermogravimetric
analysis by using a SDT Q600 TGA in ambient air at-
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mosphere at a heating rate of 10°C min . Photo stability
was studied by a UV aging test under 160 yW cm ~ ir-
radiance at 30°C for 500 h. For the characterization of the
photovoltaic solar cell performance, different EVA/com-
plex films were directly coated on top of a Si-based solar
cell (active area: 110 cm’). External quantum efficiency
(EQE) measurement and photocurrent-voltage char-
acteristics were recorded by using a QEX10 PV mea-
surement system and a Newport IV30 solar simulator at
AM 1.5G conditions, respectively.

RESULTS AND DISCUSSION

The structure of the complex Eu(ND),CTAC is shown in
Scheme 1, where each Eu atom is linked to four ND
ligands and one hexadecyltrimethylammonium ion.
Transparent Eu(ND),CTAC/EVA films containing dif-
ferent concentrations of the Eu(ND),CTAC complex
(0.2%, 0.5%, 0.7%, 1% and 1.5%) were prepared by the
solution-casting approach [25]. Selecting EVA as the
matrix for down-shift materials is motivated by its strong
adhesion and excellent light transparency in relation to
glass. In fact, EVA usually plays the role of sealer material
in the whole process of encapsulating Si-based solar
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Scheme 1 Structural formula of the Eu**-compound used in this study.

modules in photovoltaic industry, which provides an
opportunity to facilitate the application at production
scale [36].

As the first step, the photoluminescent properties of the
resulting films were studied. As shown in Fig. la, the
emission spectrum of Eu(ND),CTAC/EVA film, excited
at 356 nm, is composed of five sharp bands at 579, 590,
613, 652 and 702 nm, ascribed to the 5D0 - 7F] (J=0-4)
transitions, respectively. The presence of the D, —'F,
transition indicates a low point symmetry of the sur-
roundings of the Eu’* ion (C,,, C, or C, symmetry). On
the other hand, the low intensity of the D, — 'F, tran-
sition, which is forbidden as an electric dipole and
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Figure 1 (a) Excitation and emission spectra of Eu(ND),CTAC/EVA film (0.7%). (b) Emission spectra of Eu(ND),CTAC/EVA films with different
concentrations of Eu(ND),CTAC complex. Digital photographs of Eu(ND),CTAC/EVA film (0.7%) under daylight (c) and UV irradiation at 365 nm (d).
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magnetic dipole transition, indicates a small participation
of J-mixing in the intensity of f-f transitions in this sys-
tem. The main band dominated by the °D, - 'F, tran-
sition at 613nm is responsible for the strong red
luminescence [37]. The excitation spectrum obtained by
monitoring the absorbance under the 613 nm wavelength
exhibits a broad band in the region from 265 to 388 nm
attributed to the absorption of the ND ligand, which is
almost overlapped with the n-m* transition present in the
absorption spectrum (Fig. 2 and Fig. S2). This observa-
tion confirms the occurrence of energy transfer from the
ND ligand to Eu”. In addition, the emission spectra of
Eu(ND),CTAC/EVA films with different Eu(ND),CTAC
concentrations from 0.2% to 1.5% were measured as
shown in Fig. 1b, revealing that the luminescence in-
tensity increases along with the concentration of the Eu
(ND),CTAC complex. As shown in Fig. S3, the lifetime of
the Eu’" excited state for Eu(ND),CTAC complex is de-
termined to be 0.98 ms, and that for Eu(ND),CTAC/EVA
film (0.7%) is 0.96 ms. Interestingly, the resultant films
exhibit obviously red light even under daylight (Fig. 1c),
while very strong luminescence is also observed upon
illumination with 365 nm light source (Fig. 1d), which
implies that this luminescent film shows promising pro-
spect as a light-converting material in enhancing the PCE
of Si-based solar cells.

The absorption spectra shown in Fig. 2 reveal that light
transmittance of the film with Eu(ND),CTAC complex
(0.2%) is higher than 82% in the visible light region. In
addition, the transparency of the films slightly decreases
in the visible region with the increase of complex amount.
However, the transparency of luminescence films drasti-
cally declines in both the UV and visible light regions
after the doping concentration exceeds 0.7%, which is
attributed to excessive aggregation of Eu(ND),CTAC in
EVA matrix. The morphologies of a series of films were
studied by SEM. As shown in Fig. S4a-f, the surface
morphology of the EVA film is almost uniform. When
the EVA film is doped with Eu(ND),CTAC complexes
(0.2%, 0.5% and 0.7%), there are many tiny and uneven
protrusions on the surface. However, these protrusions’
distribution becomes tighter to form agglomeration zones
after the doping concentration of Eu(ND),CTAC com-
plex exceeds 0.7%, which suggests that increasing the
doping concentration of Eu(ND),CTAC complex easily
promotes the Eu(ND),CTAC complex to gather together
and results in poor compatibility between the Eu(ND),-
CTAC complex and EVA matrix. This result is in con-
sistent with the transmittance spectrum. The thickness of
the film was estimated at about 141.6 um (Fig. S4g).
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Figure 2 UV-vis transmittance spectra of pure EVA and Eu(ND),-
CTAC/EVA films with different concentrations of Eu(ND),CTAC.

Moreover, we also characterized the EDS mapping in
order to further demonstrate the uniformity of Eu(ND),-
CTAC complex in EVA matrix (Fig. S4h). Considering
the luminescence intensity and transparency of
Eu(ND),CTAC/EVA films, the 0.7% Eu(ND),CTAC
complex in EVA matrix can be considered as the optimal
choice for application in Si-based solar cells.

In order to confirm the beneficial effect of Eu(ND),-
CTAC/EVA films on the photovoltaic response char-
acteristic of polycrystalline silicon solar cells, the EQE
measurement was carried out in the wavelength range
from 300 to 1100 nm. EQE is defined as the ratio between
the number of charge carriers of the solar cell and the
number of photons on its surface at each wavelength [16].
Measurements were taken after covering the photovoltaic
module with a Eu(ND),CTAC/EVA film, as demon-
strated in Fig. 3. In Fig. 4a, the EQE curves of a bare cell,
and the cell covered with pure EVA film and Eu(ND),-
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Figure 3 Si-based solar cell module coated with the luminescent film.
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Figure 4 (a) The EQE curves of the bare cell, cell covered with pure EVA film and Eu(ND),CTAC/EVA films with different complex concentrations.
(b) Current-voltage curves of the bare cell, cells covered with pure EVA film and Eu(ND),CTAC/EVA films with increasing complex concentration.

CTAC/EVA films with varying complex concentrations
(from 0.2% to 1.5%) are studied. For the setups with the
cell uncoated and coated with pure EVA film, the EQE
profiles are very similar, illustrating that the EQE effect of
pure EVA film on the cell is negligible. However, the
presence of the Eu(ND),CTAC complex leads to an ob-
vious EQE enhancement in the UV spectrum range from
300 to 370 nm, which is ascribed to the photons under-
going down-shift via the lanthanide complex in-
corporated within the EVA films. On the other hand, the
EQE of the cells coated with Eu(ND),CTAC/EVA films in
the visible region decreases gradually with the increase of
the doping concentration from 0.2% to 1.5%, with the
effect possibly attributed to the photon absorption loss in
visible wavelength range caused by the overall transpar-
ency decrease of the luminescent films [33,38].

The photocurrent-voltage characteristic test was carried
out under an AM 15G solar illumination at
100 mW cm ~ (1 sun) as shown in Fig. 4b. The detailed
photovoltaic parameters such as short-circuit current
density (Jsc), open-circuit photovoltage (Vy(), fill factor
(FF) and PCE derived from these curves are summarized

in Table 1. All acquired data result from averaging the
outcomes of 5 measurements each, to ensure the relia-
bility of the obtained values. It is observed that the PCE
displays an improvement (from 15.06% to 15.14%) after
coating with a pure EVA film in comparison with the
bare cell, which mainly arises from the decrease of light
reflection and some small error [33,39]. For the Eu
(ND),CTAC/EVA films, the PCE prominently increases
with the increase of doping concentration of the complex
reaching a maximum at 0.7%, which is then followed by a
decrease (Fig. S5b). Furthermore, the Js: values show the
similar variation trend (Fig. S5a). The decrease of per-
formance might be caused by the fact that the severe
diminishing transparency of the films (1.0% and 1.5%)
could obstruct the absorption of solar cells in the visible
region, leading to the decrease of PCE, despite their in-
creased EQE response in the ultraviolet region. As such,
the optimal performance of a solar cell coated with the
luminescent film is achieved when the concentration of
the complex in the EVA film equals 0.7%, in which case
the value of PCE is increased from 15.06% to 15.57%,
with a relative increase by 3.42%.

Table 1 Photovoltaic parameters of a bare cell, cells covered with pure EVA film and Eu(ND),CTAC/EVA films with different complex con-
centrations
Silico%jE’Il\';‘lr)ieélT‘Xéh;‘;‘ilgtho“t Voe (V) Jsc (mA cm ) FF (%) PCE (%)
Bare solar cell 0.599+0.001 34.14+0.02 73.77£0.05 15.06+0.01
Pure EVA film coating 0.601+0.001 34.16+0.09 73.93+0.11 15.14+0.02
0.2% Eu(ND),CTAC in EVA 0.606+0.001 34.18+0.05 74.16+0.04 15.33+£0.01
0.5% Eu(ND),CTAC in EVA 0.608+0.001 34.36+0.08 74.23+0.08 15.47+0.02
0.7% Eu(ND),CTAC in EVA 0.610£0.001 34.47+0.05 74.22+0.08 15.57+0.02
1.0% Eu(ND),CTAC in EVA 0.608+0.001 34.43+0.09 74.21+0.05 15.51+0.01
1.5% Eu(ND),CTAC in EVA 0.605+0.002 34.26+0.14 74.09+0.10 15.32+0.01
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In addition to the excellent performance in terms of
luminescent properties, high stability is highly desired for
luminescent films to be successfully used in enhancing
the efficiency of solar cells. Interestingly, the luminescent
films investigated in this work show high thermal stability
and remarkable photostability as shown in Fig. 5 and
Fig. S6, respectively. From Fig. S6, it can be found that the
thermal stability of the Eu(ND),CTAC/EVA film is
higher than that of the pure EVA film and the main
weight loss starts to occur at around 350°C. The presence
of the Eu(ND),CTAC complex can apparently improve
the thermostability of the EVA film. Fig. 5 reveals that the
emission intensity of 0.7% Eu(ND),CTAC/EVA film re-
mains unchanged even after the film is subjected to a
long-term accelerated aging at 30°C for 500 h. No obvious
changes in the quantum yield can be observed, with its
value remaining constantly at about 52%, unaffected by
the long-term accelerated aging treatment. Moreover, the
transparency of Eu(ND),CTAC/EVA film is also well
maintained after the long-term UV light soaking test, as
revealed in Fig. S7. These results demonstrate that
Eu(ND),CTAC/EVA films possess the remarkable stabi-
lity, namely strong resistance to photodegradation and
high thermal stability.

CONCLUSION

In conclusion, a feasible method of increasing the PCE of
polycrystalline silicon solar cells through spectra mod-
ification technology, achieved by employing a down-shift
material (Eu(ND),CTAC complex) embedded in EVA
matrix, was demonstrated. In the optimal case (0.7%
concentration of the complex in EVA matrix), the PCE of

Before accelerating aging
—— 500 h accelerated aging

Intensity (a.u.)

BN

550 575 600 625 650 675 700
Wavelength (nm)

Figure 5 Emission spectra of the Eu(ND),CTAC/EVA film (0.7%
concentration) before and after accelerated UV aging.

April 2020 | Vol.63 No.4

the polycrystalline silicon solar cells coated with the lu-
minescent film was improved from 15.06% to 15.57%.
Owing to the remarkable anti-photobleaching properties
of the Eu(ND),CTAC complex, the Eu(ND),CTAC/EVA
film displayed a highly satisfactory stability under the
500 h light soaking measurement. Therefore, the combi-
nation of favorable factors in the form of PCE enhance-
ment and anti-photodegradation properties makes the
Eu(ND),CTAC/EVA film an attractive candidate for the
development of low-cost and highly efficient photovoltaic
devices.
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