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Abstract:

For the first time to our knowledge, a study about the increase in external quantum
efficiency (EQE) by down-shifters (DS) encapsulated by industrial procedures on
photovoltaic (PV) modules is presented. EQE improves substantially in the UV range not
only because of the optical path optimization for photons reaching the solar cell, but also
it is attributed to the substantial reduction of DS photons scattered out of the solar cell
when the outermost surface of the DS layer is embedded in ethyl-vinyl-acetate.
Consequently, a proper encapsulation of DS layers is required for the optimal
characterization of EQE. Moreover, the encapsulation of the DS layer substantially
reduces the degradation of its luminescent properties due to UV radiation. However, the
reduction of the EQE under UV radiation for the encapsulated DS layer is still high and
should be substantially reduced for the integration of down-shifting properties in the
lamination process of PV modules.
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1.- Introduction

Nowadays the photovoltaic (PV) energy continues being one of the most interesting
renewable energies to be implemented in the electrical systems, as the annual new solar
PV system installations have risen from 29.5 GW, in 2012, to 480 GW worldwide in 2018
[1]. The PV market is dominated by the silicon technology, representing a 95% of the



market share [2]. Nonetheless, the main challenge of the Si-based PV industry to increase
the conversion efficiency of the solar cells at the lowest cost still remains.

The maximum theoretical efficiency of a single junction solar cell was calculated through
a detailed balance model by Shockley and Queisser in 1961, achieving a 33% limit and
31% limit for a Si-based solar cell [3]. However, this limit can be theoretically exceeded
by means of a broad range of technologies which implies the use of new materials and
the spectral modification of the incoming light, moving beyond the first generation of Si-
based solar modules [4]. This route can be cost-effective [5] and it is based on increasing
the external quantum efficiency (EQE) of the device in the UV range. The process
consists of down-converting (DC) or down-shifting (DS) the incident UV photons from
the solar radiation to lower energy radiation in the visible range, where the EQE of the
solar cells is closer to 1 [6].

For DC processes, a single high-energy photon interacting with the DC layer splits its
energy between two photons with longer wavelength. Then, when an optimal DC layer is
used on a Si-based solar cell, the maximum theoretical solar cell’s efficiency varies from
30.9% to 38.6% [7]. Contrariwise, DS is a process where photons shift the energy from a
high-energy range, typically UV, into a lower energy range [5,6]. However, the DS
process will not be able to overtake the Shockley-Queisser limit because no additional
photons are generating electron-hole pairs [4,8].

In recent years, a broad range of compounds and DS fabrication techniques have been
analyzed in the literature [6,9-13], where rare earth compounds highlight due to its
absorption properties in the UV range and emission in the visible range. In the case of
Eus+ complexes embedded in PMMA and applied to a standard silicon PV cell by
different techniques [4,6,8,14-16], we have recently obtained an enhancement of 0.31
percentage points in the conversion efficiency of a standard Si-based solar cell [17]. The
DS film also showed excellent thermal stability supporting its application in the Si-based
module assembly steps.

Different approaches have been studied and reported in the literature in order to design
the most suitable and cost-effective procedure to place the DS in the PV device,
characterize and maximize the converting properties. They can be classified in two
groups: (i) DS integrated in the solar cell; and (ii) DS located in a separate layer on top
of the device. However, as the diffusion of rare earths in the solar cell is very difficult and
the luminescence obtained is very low [18], the best option is to place the DS on the PV
device [17]. For this option, there have been works showing the addition of the DS as a
dopant in the antireflection coating of the solar cell [19], but the most common procedure
is to embed the DS in a polymer and directly apply it to the solar cell [20-22]. In a more
refined procedure, the DS and PV cell were encapsulated between two borosilicate float
glasses using a vacuum laminator [23]. However, placing the DS embedded in a polymer
directly on the solar cell makes the experimental procedure difficult for comparing results,
as each DS is fixed on a defined area of a device and the optoelectronic properties can



vary between different regions of the solar cell surface and DS surface. Then, a more
versatile alternative is to deposit the DS embedded in the polymer on a glass substrate
and, then, place it on the solar cell [5]. However, an air gap is located between the DS on
a glass substrate and the solar cell that reduces the EQE of the system. To avoid this gap,
a matching oil can be located between the DS on glass and the solar cell to enhance the
optical coupling and to avoid refractive index mismatching losses [24].

Moreover, as we have described previously, analyzing the effect of the integration of a
DS in a spectral range where the EQE of the bare PV device is not negligible can be very
difficult because the EQE of the PV device integrating the DS is the result of the two
competing efficiencies (the DS and the bare PV cell) and the transmittance of the DS
layer [25]. This makes difficult to analyze the results of the only scientific paper detected
in the literature where a DS is encapsulated to a PV cell using a procedure close to the
standard industrial process because the EQE of the PV cell encapsulated with clear
ethylene vinyl acetate (EVA) is above 19% in the 300 — 400 nm spectral range [23]. Also,
these authors use a glass backsheet to allow for transmission measurements, making the
results not totally comparable to the ones expected for a standard PV module (and the DS
is based on commercial dyes, instead of rare earths).

Regarding to the PV related fabrication normative, the standard IEC 61215 [26]
establishes the durability and performance tests to assure the 25 years operational lifetime
of Si-based PV modules. However, the first study for Eus+ complex embedded in PMMA
DS layer exposed to ambient conditions [27] showed a strong degradation of the complex
when it was placed directly on top of the solar module. In contrast, when the DS layer
was covered by a low-iron glass, there was no significant evidence of degradation in the
EQE enhancement during the testing period (21 days) [27]. These experiments were
made by depositing the DS layer on a glass substrate and placing the sample directly on
top of the module, without any additional encapsulation process that could optimize the
light optical path and minimize long term degradation against environmental conditions.
The durability of the DS layers exposed to ambient conditions can be affected by several
external agents such as radiation, humidity, dust, pollution, among others. Also, the
climatology plays an important role on the degradation of the polymers and encapsulants
[28] and, consequently, on the Si-based PV module performance [29].

In this work, for the first time to our knowledge, a study about the increase in EQE of
DS/glass samples encapsulated on PV modules using standard industrial procedures is
presented. The encapsulation process not only assures a more robust protection against
ambient conditions than previously published [27], but also provides a more efficient path
for the incident light reaching the PV cell, as it will be demonstrated below. Moreover, in
this work, the ageing of the devices is controlled and accelerated in a climatic chamber
for a more precise description of the impact of UV radiation on the stability of Eus+
complex embedded in PMMA DS layer in increasing conversion efficiency. This work is



an extension of a recent work showing an alternative and fully experimental procedure
for characterizing DS placed on PV devices [25].

2.- Experimental
2.1 Down-shifter fabrication

The fabrication of the DS layers has been carried out from europium(lll) nitrate
pentahydrate (99.99%), 4,7-biphenyl-1,10-phenanthroline (bphen, 97%),
thenoyltrifluoroacetone (Htta, 99%), triethylamine (99%), poly(methylmethacrylate),
(PMMA, average Mw 996,000, ref. 182265) from Aldrich. All the reagents have been
used as received.

The DS layers are prepared in two stages, first the europium complex [Eu(tta)s(bphen)]
is prepared and then it is embedded in the PPMA film. For the preparation of the active
species, Htta (666 mg, 3 mmol) was dissolved in ethanol (10 mL) and triethylamine (418
KL, 3 mmol) was added and the solution stirred at 60°C for 15 minutes. After that, bphen,
(332 mg, 1 mmol) in ethanol (2 mL) was added. Finally, Eu(NO3)3-5H20 (428 mg, 1
mmol) in ethanol (1mL) was added dropwise.

The mixture was maintained at 60°C during 3h. After this time, 10 mL of water were
added and the precipitate was filtered and washed with water. The crude product was
recrystallized from 95% ethanol. Yield ~ 80%. Elemental analysis calculated (%) for
CasH2sN2EUOs6FeSa: C, 50.23; H, 2.46; N, 2.44; S, 8.38. obtained (%): C, 50.47; H, 2.47;
N, 2.69; S, 8.51. The elemental analysis is consistent with the molecular structure
published in [27].

Therefore, 42.0 mg of the active species was dissolved in 21 mL of CH2CI2 in a
refrigerated ultrasonic bath. Subsequently, 210 mg of PMMA were added and the mixture
stirred until the complete solution of the polymer. The solution was spin-coated on top of
low iron glasses. The homogeneity of the DS layer for the different samples was also
checked. The solvent was evaporated at room temperature. Samples with 20% relative
weight concentration of the active species with respect to the PMMA were obtained [25].

2.2 Description of the used minimodules

To perform the ageing experiments of the DS layers, a PV minimodule was designed and
fabricated. A standard 156 mm x 156 mm multicrystalline silicon solar cell was
encapsulated in a conventional structure composed by low iron glass with Cerium Oxide
antireflection coating, EVA, solar cell, EVA and Tedlar-polyester-Tedlar backsheet. The
electrical connections were created by soldering bus ribbons onto the solar cell and
interconnecting them with a 5mm cross-connector. Before the DS layer emplacement, the
solar minimodule has been characterized in the laboratory according to IEC 61853 part



one and part two [30,31]. We intentionally used a solar cell with efficiency below the
state of the art because we need a near zero EQE in the spectral range where the DS is
produced to avoid any competing effect from the intrinsic EQE of the mc-Si cell and,
therefore, to obtain a clean value of the encapsulation effect of the DS layer.

2.3 Incorporation of the DS layers on the solar minimodules

In order to analyze the degradation of the DS layers, three experimental configurations
have been developed. In the first configuration, the DS deposited on the low iron glass is
placed on the PV minimodule with the DS layer directly exposed to the atmosphere (Fig.
1a). In the second configuration, the DS layer is in direct contact with the top glass of the
PV minimodule (Fig. 1b). Finally, in the third configuration, the DS layer is in contact
with an EVA sheet placed on the PV minimodule and, then, encapsulated to the PV
minimodule by applying a standard industrial lamination process (Fig. 1c). In this
lamination process the laminate is heated under controlled temperature-pressure-time
profile in a laminator equipment to form a multi-layer laminate. The process usually
follows four steps, which may overlap. The first step is the heating of the laminate for
cross-linking at 145°C during the whole process. In the second step, the air voids are
removed under low-pressure (< 1 mbar). Then, in the third step, a high pressure membrane
is applied to the top of the laminate. Lastly, the fourth step is the final cooling, where
natural air cooling is used.

The used encapsulant is EVA. During the curing process, the EVA is converted into a
cross-linked thermosetting material which creates the protective layer of the DS layer in
the PV minimodule. This layer provides mechanical support, electrical isolation,
temperature stresses and protection against environmental elements.
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Fig. 1.- The three configurations of PV minimodule with integrated DS layers that are
studied in this work.

2.4 Characterization setup

To evaluate the UV degradation of the DS layers, a Xenoclima Chamber model 1500RF
manufactured by CCI has been used, equipped with a 150 W xenon lamp. In Fig. 2 the
spectrum of the lamp is plotted. To evaluate the UV dose provided by this climatic
chamber to our device, the amount of irradiation in a defined UV range has been
calculated and compared to the solar spectrum. Indeed, the total amount of irradiance of
the 150 W xenon lamp in the range 350-400nm is 227.47 W/mz, approximately 2.4 times
higher than the AM1.5G irradiance at the same spectral range.
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Fig. 2.- Irradiance spectra of the 150 W xenon lamp of the climatic chamber used in this
work.

The temperature inside of the climatic chamber can be adjusted in the range 10°C - 70°C
and the relative humidity (RH) can be adjusted from 0 to 100%. In all the ageing
experiments in order to analyze the UV degradation of the device, the temperature has
been adjusted to 21° C and the RH to 20%.

The EQE measurements in the 280—1200 nm wavelength range have been acquired using
a small beam spectral response measurement system (IVT Solar, PVE-300). Spot area
illumination of the system allows localized measurements and hence provides accurate
comparison. Spot area EQE measurements were first performed on a pre-defined spot of
the bare PV minimodule. Subsequently, DS/glass substrate was placed on the same spot



of the PV module and sample’s EQE were measured. This allows an accurate comparison
of the module EQE with and without DS layer in the UV range.

3.- Results and discussion

The PV minimodule with the DS layers was analyzed prior to the ageing process. The
measured EQE spectra are shown in Fig. 3 ranging from 300 to 1200 and in the range
from 300 to 355 nm. Also, the EQE of CIGS [32] and mc-Si [33] modules with the highest
independently confirmed efficiencies are exposed.
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Fig. 3.- EQE of the PV minimodule: (i) bare PV minimodule; (ii) with a DS layer
encapsulated; (iii) with a DS layer faced down; and (iv) with a DS layer faced up in
contact with the atmosphere. EQEs in the (a) 300 - 1200 nm and (b) 300 - 355 nm spectral
ranges.

The samples with the DS layers show larger EQE in the UV spectral range compared to
the bare PV minimodule. According to the photoluminescence previously reported [6,34],
the maximum luminescent peak of the DS layers is centered around 615 nm. The sample
with the DS layer encapsulated presents the largest increase in EQE reaching values above
20% at 340 nm and longer wavelengths. Of course, of the bare PV minimodule is the
highest at wavelengths higher to the range where the downshifting of UV photons is
produced because it has no losses due to any additional glass’/PMMA sample on top.

In the UV range between 300 nm and 355 nm, if we normalize the EQE of the device
with the encapsulated DS layer minus the EQE of the bare PV minimodule, the analysis
shows that the EQE when the DS layer is non-encapsulated and facing down is only
25.51% and when the non-encapsulated DS layer is facing up is 35.88% of the EQE of
the PV minimodule with the encapsulated DS layer. In the range 355 - 1200 nm, the EQE
results of the DS layers faced up and faced down in this range are 95.11% and 95.02%,
respectively, of the encapsulated DS layer.

Therefore, the improvement in conversion efficiency for the encapsulated DS layer is
interpreted by two main mechanism. First, the obtained EQE values are higher not only



in the UV range, but in the complete EQE spectral range partially due to the encapsulated
configuration avoids the air gap between the DS layer and the minimodule. In this case,
if we approximate for EVA, PMMA and the low-iron glass the same and average
refraction indexes of 1.5, the expected transmittance because of the air gap and using the
simplest Fresnel eq. for normal incidence ([ni-n2]2/[n1+n2]2) is 92.16%, quite consistent
with the losses in EQE exposed above for the 355 — 1200 nm spectral range. However,
this approximation is not valid in the 300 — 355 nm spectral range because of the
substantial increase in EQE shown for the device with the DS layer encapsulated. We
attribute this substantial increase to the fact that the encapsulation fills with EVA all the
voids and roughness of the DS layer surface spin-coated, as we have previously
characterized by AFM [35], and between the DS layer and the low-iron glass of the
minimodule. Literature reports Rayleigh scattering within the polymers due to different
structural irregularities [36]. Then, the roughness of the DS layer not encapsulated
produces light scattering of the DS photons, enhanced at shorter wavelengths and,
consequently, reducing the amount of the DS photons that reaches the solar cell, hence
resulting in less enhancement of the EQE of the device. Also, this effect could be
attributed to a larger mismatch between refraction indexes for EVA, PMMA and low-iron
glass at 300 — 355 nm, but the opposite is reported in the scientific literature [37,38].

In addition, the encapsulated layer presents greater efficiency and also greater durability.
The two effects can be explained to some extent by lower contact of the europium
complex with atmospheric oxygen in the encapsulated layer. The oxygen molecule has a
triplet ground state which deactivates the triplet excited states of the ligands involved in
the down-Shifting process and therefore the intensity of the photoluminescence is
decreased. As a result of the deactivation, the triplet oxygen transits to highly reactive
singlet oxygen [39]. And for the case of the compounds that concern us, the thienyl groups
in the tta ligand are sensitive to the singlet dioxygen and they may suffer irreversible
oxidation which results in progressive destruction of the active species and therefore in a
continuous decrease of the emission intensity [40]. Polymeric films with low oxygen
permeability, such as PMMA, have a limited protective effect [41,42], but the
encapsulation and the additional protection provided by the glass and the EVA improves
the emission intensity, increases the durability of the complex and maintains its
performance for a longer time.

The EQEs for mc-Si and CIGS modules with record efficiencies are added to fig. 3 to
show that DS layers on high efficient c-Si and mc-Si solar modules can be detrimental
for enhancing the efficiency of such devices, as we have explained elsewhere [25].
However, the high UV transparency of such devices could accelerate the passivation
degradation of the solar cell, as it has been described in recent works [43,44]. Then, the
DS can be also useful for absorbing UV radiation and, therefore, to slow the passivation
degradation reported. Also, the DS layers can be very useful to enhance the efficiency of
other PV technologies as in highly efficient CIGS modules, as it can also be appreciated
in fig. 3.



Subsequently, all the samples were subjected to the ageing process at the same time. To
analyze the degradation of the DS layers, the RH was set at 20% and the chamber
temperature was adjusted to 21° C, to isolate the UV effects on the layers, in
contraposition to the experiments reported in outdoor conditions, where several
degradation mechanisms (e.g. UV irradiation and humidity) act simultaneously [27]. To
compare the performance of the DS layers, the contribution of the bare minimodule was
subtracted and the EQE values from 300 and 380 nm were integrated and compared. After
several cycles, the drop in EQE due to UV degradation of the DS layers placed on top of
the minimodule faced up and faced down without encapsulation started being detected,
as it is shown in fig. 4.
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Figure 4.- Integrated increase in EQE values in the range 300-380 nm for the DS layers
subjected to UV degradation in the climatic chamber.

After a UV dose of 4093Wh/m:2 in the climatic chamber at 20° C and 20% RH, the samples
directly placed on top of the minimodule show a remarkable degradation in comparison
with the encapsulated DS layer on the PV minimodule. These differences can be
quantified in terms of the slope estimated for each curve in fig. 4 (Fig. 5). These results
reveal that the encapsulation prevents against the rapid degradation of the DS layer placed
on PV minimodules and exposed to ambient conditions. Moreover, the obtained results
of the sample faced up initially are slightly higher than for the sample faced down. This
result is attributed to the fact that the glass substrate absorption is dependent on the
wavelengths of the incident photons, as we have described elsewhere [25]. However, the
slope observed under UV degradation is higher for the DS facing up directly to the UV
light than for the sample with the DS facing down. This difference is attributed to the fact



that the glass substrate of the DS facing down is partially protecting the DS layer against
the UV radiation.

The model reveals that the DS layer faced down is degraded at about 18kWh/m2 UV
irradiation, and around 17kWh/m2 UV irradiation for the sample with the DS layer faced
up. In contrast, the sample with the DS layer encapsulated shows a 20.6% reduction of
the EQE integrated value after a 60kWh/m2 UV dose. In a projection of the UV
degradation of the encapsulated DS layer, the total extinction of the DS properties is
expected to take place at about 300 kWh/mz. If we consider an average 5 equivalent sun
hours per day, this UV dose is equivalent to about 4.3 months of outdoor exposure. This
value is still very low as compared to the estimated 20-25 years operational lifetime of
PV module. It remains challenging if encapsulated DS layers aspire to be integrated in
PV modules for real world applications.
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Figure 5.- Linear degradation expected for the different DS layers on the PV minimodule
and subjected to UV irradiation.

4. Conclusions

In this work, the UV degradation of DS layers in terms of the evolution of the EQE of the
PV minimodule where these DS layers are placed has been reported. Three different
configurations have been evaluated: (i) a DS layer on top of the PV minimodule with the
converter directly exposed to the ambient conditions; (ii) a DS layer on top of the PV



minimodule with the converter in touch with the solar module; and (iii) a DS layer with
the converter in touch with the PV minimodule and encapsulated.

The results show that the non-encapsulated DS layers present much lower EQE values in
the 300 — 355 nm spectral range compared to the device with the encapsulated DS layer.
This effect is attributed to the avoidance of any air gap between the DS sample and the
PV minimodule, but also to the scattering of the DS photons out of the solar cell when
the DS layer is not encapsulated in EVA. Therefore, a proper encapsulation of DS layers
is required for the optimal characterization of EQE.

Also, these non-encapsulated samples experiment major UV degradation of the DS
properties compared to the encapsulated DS layer. However, the stability of the EQE
measured for the encapsulated DS layer placed on the PV minimodule should be
improved substantially for integrating these DS layers in PV modules for actual
applications.

The encapsulated configuration of the DS layer partially decreases the absorption of the
UV radiation by the solar module and therefore reduces the thermalization losses in the
solar cell and the photodegradation of the polymeric layers. Both effects enhance the
lifetime of the solar panel and optimize the energy production, allowing better
performance of the PV panels.

The analysis of other active species and polymers are in progress in order to increase the
stability and efficiency of the DS layers.
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Fig. 1.- The three configurations of PV minimodule with integrated DS layers that are
studied in this work.

Fig. 2.- Irradiance spectra of the 150 W xenon lamp of the climatic chamber used in this
work.

Fig. 3.- EQE of the PV minimodule: (i) bare PV minimodule; (ii) with a DS layer
encapsulated; (iif) with a DS layer faced down; and (iv) with a DS layer faced up in
contact with the atmosphere. EQESs in the (a) 300 - 1200 nm and (b) 300 - 355 nm spectral
ranges.

Figure 4.- Integrated increase in EQE values in the range 300-380 nm for the DS layers
subjected to UV degradation in the climatic chamber.

Figure 5.- Linear degradation expected for the different DS layers on the PV minimodule
and subjected to UV irradiation.



