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In this work we propose the determination of the maximum downshifting efficiency of any new down-
shifter applied to photovoltaic (PV) devices in terms of downshifter concentration and the description
of the optics applied as the standard procedure if increases in EQE, conversion efficiency and/or I, are
being reported. A standard procedure is defined for determining the maximum downshifting efficiency,
firstly in by reaching the solubility limit of the downshifting precursors and, subsequently, by reaching
the maximum luminescent intensity of the downshifter. Also, we consider that a description of the optics
applied to the experiment should be included to guarantee the reproducibility of the results. This pro-
cedure is successfully applied to poly(methylmethacrilate) (PMMA) films containing the active species
[Eu(bphen)(tta);] (bphen=4,7-biphenyl-1,10-phenantroline and Htta =thenoltrifluoroacetone). Finally,
a hemispherical reflector is applied on the PV device in order to modify the optics applied in the experi-
mental setup and for increasing the EQE of the PV device. This scheme is proposed to be integrated in PV
devices for its use in niche applications where concentrator photovoltaics (CPV) offers some advantages

in relation to non-concentrator configurations.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

It is commonly considered that the evaluation of the down-
shifting properties applied to a PV device should be completed
by comparing the device with the downshifting layer to a simi-
lar device with a non-luminescent layer of the same material and
using the established AM1.5G spectrum [1]. However, in works
where downshifters are integrated in PV devices the increase in
EQE reported is not explicitly referred to a downshifter concentra-
tion where the increase in EQE reaches the maximum value [1-7] or
only for some of the compounds studied [8]. In some cases (i) the
studies are related to the concentration of the downshifter con-
stituents for maximizing its photoluminescent intensity [9]; or (ii)
the deposition temperature of the downshifting film for optimizing
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dopant insertions and activations in the downshifter [10], but not
the concentration of the downshifter itself once the best synthesis
procedure and stoichiometry has been defined. In other works (i)
the solubility limit is experimentally selected, but not the maxi-
mum luminescent of the downshifter [11]; (ii) the quantum dots
concentration are expected to be maximized by defining a quality
factor as the absorption/reabsorption coefficient, but it is difficult
to obtain experimentally in comparison to the direct photolumi-
nescent characterization of the downshifter embedded in the host
material [12]; (iii) the experimental results shown are for a short
set of samples in terms of downshifter concentrations and simply
select the sample with the best results [13,14]; or (iv) an optimum
optical density (OD) is simulated at the absorption maximum, and
suggesting that increasing the absorbance would require unnec-
essary material consumption for a limited or no improvement in
current density [15].

As it will be exposed in this work, this EQE maximum depends
on the concentration of the downshifters on the PV device, but also
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Fig. 1. Schematic view of the molecular structure of [Eu(bphen)(tta)s].

on the optics applied to increase the collection of photons by the
solar cell. The direct relation between increase in EQE and the pho-
toluminescent (PL) intensity of the downshifter [ 16] offers a simple
procedure to reach the maximum increase in EQE by integrating the
downshifter on the PV device. Then, we consider that previous to
any EQE measurement, the downshifter concentration for reaching
the maximum PL intensity should be determined.

In this work we prepare PMMA films with different ratios of the
[Eu(bphen)(tta)s | downshifter to determine its optimal concentra-
tion for a maximum increase in EQE for a PV mini module. Also a
hemispherical reflector is placed on the downshifter-PMMA layer
to avoid most photon losses due to the isotropic nature of the down-
shifting emission and for increasing the EQE of a PV device placed
below. This active species has been selected for absorbing UV light,
helping to increase the EQE of the PV device used in this work.
Moreover, downshifting in the UV range can reduce the expected
yellowing of the PV module encapsulant under ambient conditions
[17] and the degradation in performance for some types of solar
cells (e.g. based on perovskites) [18].

2. Experimental

The downshifter [Eu(bphen)(tta);] active species (Fig. 1)
was obtained by the reaction of stoichiometric quantities of
europium (III) nitrate pentahydrate (99.99%), 4,7-biphenyl-1,10-
phenantroline (bphen, 97%), 2-thenoltrifluoroacetone (Htta, 99%),
and triethylamine (99%), following a procedure similar to that
previously described [19]. 2-thenoyltrifluoroacetone (668 mg,
3 mmol) was dissolved in 40 ml of ethanol and the solution was
heated at 65 °C under stirring in an erlenmeyer flask. Triethylamine
(416 pl, 3 mmol) was added under stirring. Subsequently, a solu-
tion of bphen (332 mg, 1 mmol) in ethanol (40 ml) was added. In
a different beaker, Eu(NOs3); (425 mg, 1 mmol) was dissolved in
ethanol (10 ml). Finally, both solution were mixed and stirred for
2 h. After that time, 50 ml of water were added and a white prod-
uct was obtained that was filtered, washed with water and dried in
an oven at 60 °C overnight (yield 1.059 g, 92%). Elemental analysis
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calculated (in %) for C4gHgN;Euy OgFgSs3: 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.

PPMA films were prepared by spin coating following a procedure
similar to that described previously [20]. In a typical experiment for
the preparation of the films, a 20 x 20 x 2 mm bare glass is washed
with a solution of soap and deionized water, dried with a dinitro-
gen current and placed in the holder of a spin-coater. The desired
amount of sample (in our experiments in the 0.26-7.90 mg range)
is dissolved in 1500 p.L of CH,Cl; and then 26.25 mg of PMMA are
added. Then, the solution is poured on the glass and spin-coated
at 800rpm for 10s. The solvent is allowed to evaporate at room
temperature. We have found that this solvent amount is enough to
obtain a film that completely covers the glass and the PPMA/CH,Cl,
ratio and spin coating conditions gives film thicknesses in the
300-470 nm range which are optimum for the EQE experiments.
Finally, the glass is directly placed on a PV mini module, and illu-
minated for measuring the EQE (Fig. 2a). With this configuration an
air gap exists between the glass and the PV device, introducing an
additional optical loss. However, this configuration with an air gap
has been selected because it eases placing alternative glasses on the
PV mini module and, then, the EQE characterization with different
downshifters. Consequently, this setup guarantees the comparison
and reproducibility of results. Other authors add a refractive index
matching oil carefully chosen to prevent reflection losses between
the downshifter and the solar cell [ 15]. However, this procedure can
also produce some inconveniences (e.g., poor polymer adherence
to the solar cell despite the application of the matching oil) and,
as our experiments are carried out only for comparative purposes,
avoiding the matching oil eases the experimental procedure.

Also, a hemispherical reflector has been placed above the down-
shifter for collecting to the solar cell most of the downshifted
photons isotropically directed out of the device (Fig. 2b). As the
reflector is made of aluminum with a reflectance almost constant
in the 280-1200 nm spectral range [21], no corrections to the initial
EQE results have been introduced when the hemispherical reflec-
tor is used. Optimal alignment of the hemispherical reflector to the
light source is needed to avoid any loss of light reaching the solar
cell and, thus, obtaining the highest increase in EQE.

Luminescent spectra were obtained exciting the samples using
a 400 W Xe arc lamp passed through a 0.25m Spex 1680 double
monochromator. Fluorescence was detected using a 0.25m Spex
1681 monochromator with photomultiplier. The active specie was
selected showing a large Stokes shift, avoiding overlap of emission
and absorption spectra and, consequently, reemission processes in
the downshifter.

The PV device is a PV mini module based on a single p-type
mc-Si solar cell (non-textured and with a SiNy antireflection coat-
ing optimized at 600 nm) encapsulated in a standard solar glass
and showing a 16% conversion efficiency. A standard EQE setup
based on a 100W Xe arc lamp, double monochromator and a
digital lock-in amplifier, integrated in the SPECLAB commercial
setup at Fraunhofer ISE Lab (Germany) has been used. The PV mini

A

(b)

Fig. 2. Scheme of (a) the downshifter deposited on glass and placed on the PV mini module; and (b) the same configuration but also a hemispherical reflector placed on the
downshifter for collecting to the solar cell most of the downshifted photons previously emitted isotropically out of the device.
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Fig. 3. (a) PMMA thickness and (b) refraction index of the samples with different [Eu(bphen)(tta);] concentrations.
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Fig. 4. (a) EQE of the PV mini module; (b) TG analysis of the active species; and (c) transmittance spectra of the PMMA used has host material for the active species and the

glass used as substrate.

module is fixed in the EQE setup to assure the reproducibility of
results between samples. Also, the glass substrates with and with-
out the downshifter are fixed on top of the mini module when
measurements with and without the hemispherical reflector are
being compared. HORIBA UVISEL 2 - UV - NIR with a thickness
range 1nm-20 pm, 190-2100 nm spectral range, minimum spot
diameter 34 pm x 34 wm, 35-90° incidence, 200 x 200 mm scan-
ning area, and prepared for measurements on textured substrates
has been used to determine the thickness and refractive index of
the downshifter-PMMA layer.

3. Results and discussion

Once the new downshifter has been selected and successfully
synthesized, our proposed procedure for reaching the maximum
EQE establishes that the concentration of the active species should
be steeply increased to the limit of solubility. In our case the sol-
ubility limit has been reached at a [Eu(bphen)(tta);]/PMMA ratio
of 30%. The results of the spectroscopic ellipsometer show that the
thicknesses of the different downshifter-PMMA layers are between
311 and 465 nm (Fig. 3a), independently of the [Eu(bphen)(tta)s]
concentration. This small variation in thickness is attributed to an
expected uncertainty of the spin-coating procedure applied for the
deposition of the PMMA on the glass substrate. On the contrary, the
refraction index of the PMMA layer increases up to a 2.3% when the
concentration of [Eu(bphen)(tta);] embedded in PMMA increases
(Fig. 3b), and attributed to the increase of the complex concentra-
tion in the PMMA film.

The PV mini module has been selected to offer almost zero EQE
in the spectral range where the radiation actives the downshifting
processes (280-360 nm) (Fig. 4a). The active specie embedded in
PMMA has been selected because it offers thermal stability up to
280°C (Fig. 4b), does not affect the high transparency of the PMMA
placed on glass (Fig. 4c), and its simple synthesis. This thermal
stability limit is above the highest temperature (<160 °C) reached
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Fig. 5. Molar absorptivity of [Eu(bphen)(tta);] at 5.0 10~> M in CH,Cl,.

in the manufacturing of standard Si-based PV modules. Also it is
important to mention that as the glass and PMMA substrates exhibit
very close refractive indexes [22], no specific optical loss and the
conservation of reflectance on the front of the system is expected
to be achieved, as in this case.

This active specie has also been selected for absorbing UV light,
helping to reduce the expected yellowing of the PV module encap-
sulator under ambient conditions [17]. Thus, the active species
can help to enlarge the lifetime of the mini module, as yellow-
ing/browning is one of the more severe degradation mechanisms
in these devices [23]. In this case, it is observed that the active
species dissolved in a liquid solution absorbs in the UV range of the
sun irradiation up to 385 nm, showing maxima at 276 and 339 nm
(Fig. 5).

The absorbed photons are reemitted mainly at 615 nm (Fig. 6a)
independently of the excitation wavelength in the 280-410 nm
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Fig. 6. (a) Emission spectrum of the active species embedded in PMMA and excited at 380 nm; and (b) excitation spectrum of the active species embedded in PMMA when

the emission is recorded at 615 mn.
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Fig. 7. Photoluminescent intensity at 615 nm for different downshifter concentra-
tions embedded in PMMA and excited at 390 nm.

spectral range (Fig. 6b). The higher wavelength absorption limit is
observed to be lower than the higher wavelength excitation limit.
This fact can be explained in terms of the aggregation state and sol-
vent effect produced by the PMMA in solid state and the CH,Cl, in
the liquid solution.

Following our proposed procedure, as a first approximation
for estimating the expected increase in EQE when the different
[Eu(bphen)(tta);]-PMMA/glass samples were placed on the PV
mini module, photoluminescent spectra of these [Eu(bphen)(tta)s]-
PMMA/glass samples have been obtained. A near-plateau is
observed in term of emission intensity when the [Eu(bphen)(tta)s]
concentration reaches the solubility limit (30%) (Fig. 7).
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Table 1

Increment in relative percent in EQE, I;c and conversion efficiency for 10% and 30%
[Eu(bphen)(tta)s; |-PMMA/glass substrate placed on the PV mini module with and
without the hemispherical reflector.

10% 10% 30% 30%
wo.reflector ~ w.reflector  wo. reflector  w. reflector
AEQE280-1200 nm +1.94 +2.40 +4.06 +6.79
Algc +1.07 +0.86 +1.92 +2.88
Aeff. +0.17 +0.14 +0.31 +0.46

w.: with; wo.: without.

The EQE results are in accordance with the photoluminescent
results, showing the highest increase in EQE for the downshifter
with the highest photoluminescent intensity (Fig. 8a). The exper-
imental results also show that the EQE substantially increases
when the hemispherical reflector is placed on the downshifter-
PMMA/glass substrate (Fig. 8b).

Increases in EQE, Isc and conversion efficiency are numerically
reported in Table 1 for 10% and 30% [Eu(bphen)(tta);] concentra-
tions. The increase in short current, Is, is calculated applying the
following equation [24]:

1200
Isc = / SReen(A) - Ir(A) - dA (1)
280

where SR is the spectral response of the PV device.where (1) is the
standard AM 1.5 reference solar spectral irradiance hemispherical
on 37° tilted surface [25]. Estimations of the increases in PV mini
module EQE, short circuit current, Is¢, and conversion efficiency are
included in Table 1 after integrating the different EQE curves and
considering that the open circuit voltage, V¢, and the fill factor, FF,
remain constant when the downshifter is placed on the PV mini
module.
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Fig. 8. EQE spectra for a 30% [Eu(bphen)(tta); ]-PMMA/glass sample placed (a) on the PV mini module; and (b) between the hemispherical reflector and the PV mini module

(as it is exposed in Fig. 2).
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The EQE of the glass/PV-mini module substantially increases by
placing the hemispherical reflector on the glass as the reflector
redirects many photons (mostly incident photons reflected from
the glass or isotropically emitted out of the device) to the PV cell.
Many of these redirected photons come from edge losses of the
glass where the downshifter is deposited. Thus, as the downshifters
are deposited on 20 x 20 x 2 mm standard glass substrates and an
air gap exists between the PV device and the glass substrate, an
edge loss of about a 5% of the downshifted photons can be consid-
ered [1]. Also, about 12.5% of emitted photons from the downshifter
(escape cone) escape back from the top plane of the PMMA/glass
substrate (considering a refractive index of 1.5) [26,27], but most
of them are redirected by the hemispherical reflector to the PV cell.
This scheme with hemispherical reflector (Fig. 2b) is proposed to
be integrated in PV devices for some niche applications related to
concentrating photovoltaics (as in space) if a concentrating lens is
placed to focus the incident light at the entrance of the reflector.
This structure not only substantially increases the Is¢ of the device
and reduces the share of the PV cell in the total cost of the PV sys-
tem, but also protects the solar cell from a more severe UV radiation
(AMO) compared to the radiation reaching the Earth surface, thus,
enlarging the durability of the PV system.

Also, it is experimentally observed that below a certain level of
concentration (~10%) the relative increase in Isc (and conversion
efficiency) of the PV device adding the downshifter is lower with
than without the hemispherical reflector (Table 1). This is due to
the fact that the hemispherical reflector also increases the I at
higher wavelengths than the spectral range (280-370 nm) where
the downshifting is produced.

4. Conclusions

In this work we have proposed a standard procedure for an accu-
rate determination of the maximum downshifting efficiency of any
new downshifter applied to PV devices in terms of downshifter
concentration and the description of the optics applied. This kind
of procedure is required if increases in EQE, Isc and/or conversion
efficiency are being reported and are required to be comparable
with similar results reported in other works.

The standard procedure is defined for determining the maxi-
mum downshifting efficiency, firstly by reaching the solubility limit
of the downshifting precursors and, subsequently, by reaching the
maximum luminescent intensity of the downshifter embedded in
a polymer commonly used for the encapsulation of solar cells. Also
a description of the optics applied to the experiment should be
included. In this work, the procedure is successfully applied to
[Eu(bphen)(tta)s], and a direct relation between maximum pho-
toluminescent intensity and maximum EQE, conversion efficiency
and I is validated.

Finally, a hemispherical reflector is applied to the PV device cov-
ered by the downshifter in order to modify the optics applied in the
experimental setup increasing the EQE and I. of the PV device. This
scheme with downshifter and hemispherical reflector is proposed
to be integrated in PV devices for some niche applications related
to concentrator photovoltaics.
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