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In this work, we propose an alternative and fully experimental procedure based only on external quantum
efficiency (EQE) measurements for characterizing the efficiency and transmittance of downshifters placed on
photovoltaic (PV) devices. The experimental setup requires two PV devices as references, one of them showing a
zero EQE in the downshifting spectral range. Therefore, the results obtained are independent of the quantum
efficiency of the device, easing the analysis and comparison between experimental results. Also, this method

avoids complex theoretical modeling proposed in other works. Those theoretical models are usually based on
approximations and/or that require some input parameters difficult to determine without a wide range of ex-
perimental equipment in the lab.

1. Introduction

Downshifting is an attractive strategy to increase the efficiency of
solar cells [1]. This is due to the capacity of the downshifter (DS) to
shift the wavelengths of incoming solar UV photons to higher values
where the external quantum efficiency of the device is also higher [2].

It is commonly considered that the DS applied to a PV device should
be evaluated by comparing the external quantum efficiency (EQE) and/
or short-circuit current (I.) of the device with the DS to a similar device
with a non-DS layer of the same material and using the established
AM1.5 G spectrum [3,4]. However, variations in EQE and L. due to the
integration of the DS are dramatically dependent on the specific EQE
characteristics of the used PV device, as it will be shown in this paper.
Not considering this dependency can produce some inconsistent results
like reporting: (i) relative increases in EQE (and IQE) [5] that are not
reproducible in solar cells with EQE characteristics that differ from the
ones used in the reported experiment; (ii) a partial decrease [6] or total
cancellation of PV conversion efficiency when the DS is applied to the
PV device and when the DC concentration increases [7,8]; (iii) in-
creases or decreases in EQE depending on the geometry of the experi-
ment [8]; and, mainly, (iv) results that are not reproducible in solar
cells showing different EQE but using the same downshifter (e.g. [Eu
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(bphen)(tta)s] in [9-11]).

Recently, many authors have defined different theoretical models
for describing the relationship between downshifting and increases in
solar cells efficiency. Alonso-Alvarez et al. [12] published an exhaustive
work based on two previous studies of Batchelder et al. [13,14], si-
mulating and modeling experimental EQE results for luminescent or-
ganic dyes placed on top of CdTe, CIS and mc-Si solar cells. However,
we consider that the huge amount of computational capacity and in-
formation required as input to simulate accurately, and the amount of
information required as input to build the models are not desired, as
these make the model difficult to apply. A simplification of the model
could be an alternative, but this introduces errors and might make the
model not valid. Also, additional difficulties are added when comparing
results because of the permanent lamination of any sample in a PV
device, and variations in PV characteristics between the devices, as the
authors recognize.

Motivated by the content of these previous works and the need to
expose a simplified, comparable and fully experimental procedure, our
work is based on the work of Rothemund [15] to determine the main
parameters of DSs placed on PV devices. In fact, our work proposes a
more simplified model to explain the experimental results, defining a
figure of merit called the DS efficiency, nps, determining the
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Fig. 1. Schematic view of the molecular structure of [Eu(bphen)(tta)s].

transmittance of the downshifting layer and exposing new experimental
results for designing an optimal PV device with an integrated DS.

2. Materials and methods

The downshifter [Eu(bphen)(tta)s] active species (Fig. 1) was ob-
tained 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%). 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 uL, 3 mmol) was added under
stirring. Subsequently, a solution of bath (332 mg, 1 mmol) in ethanol
(40 ml) was added. In a different beaker, Eu(NO3); (425 mg, 1 mmol)
was dissolved in ethanol (10 ml). Finally, both solutions were mixed
and stirred for 2h. After that time, 50 ml of water was added and a
white product was obtained that was filtered, washed with water and
dried in an oven at 60 °C overnight (yield 1.059g, 92%). Elemental
analysis calculated (%) for C4gH2gN>Eu;O6FoS3: 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.

In a typical experiment for the preparation of the films, a
20 X 20 X 2mm bare glass is washed with an aqueous solution of soap,
rinsed with deionized water, dried with a dinitrogen 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 pL of
CH,Cl,, Subsequently, 26.25 mg of poly(methylmethacrylate) (PMMA,
average Mw 996,000 from Aldrich, ref. 182265) are added. Then, the
solution is poured on the glass and spin-coated at 800 rpm 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. The PPMA/CH,Cl, ratio and spin coating conditions
gives film thicknesses in the 350-450 nm range which are optimum for
the EQE experiments.

The glasses have been alternatively placed on two different PV de-
vices: a reference cell (Rcell) or a mc-Si mini module (M), and illumi-
nated for obtaining different EQE spectra. The M and Rcell devices have
been selected in order to offer almost zero EQE (EQEge.) and sig-
nificant EQE (EQEy), respectively, in the spectral range where down-
shifting is produced (280 — 360 nm) (Fig. 2). M is based on a single p-
type mc-Si solar cell (non-textured and with a SiNy antireflection
coating optimized at 600 nm) encapsulated in a standard solar glass and
showing a 16% conversion efficiency. Rcell is a 20 X 20 mm Fz-Si solar
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Fig. 2. EQE of the reference cell (EQEgce) and the mini module (EQEy).

cell fabricated and encapsulated in the Fraunhofer ISE.

An air gap exists between the glass and the PV device, which in-
troduces an additional optical loss. However, this configuration has
been selected because it eases the EQE characterization with different
DSs and PV devices and, consequently, the comparison and reprodu-
cibility of results. Other authors add a refractive index matching oil
carefully chosen to avoid the air gap and prevent reflection losses be-
tween the downshifter and the solar cell [16]. However, this procedure
can produce some inconveniences (e.g., poor polymer adherence to the
solar cell despite the application of the matching oil). As our experi-
ments are carried out only for comparative purposes, avoiding the
matching oil eases the experimental procedure.

Luminescent spectra were obtained exciting the samples using a
400 W Xe arc lamp passed through a 0.25m Spex 1680 double mono-
chromator. 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 ab-
sorption spectra and, consequently, reemission processes in the down-
shifter.

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. A spectroscopic ellipsometer model HORIBA UVISEL 2 - UV — NIR
with a thickness range 1 nm to 20 um, 190-2100 nm spectral range,
minimum spot diameter 34um X 34um, 35-90° incidence,
200 x 200 mm scanning area, and prepared for measurements on tex-
tured substrates has been used for characterizing the thickness and
refractive index of the DS-PMMA layer.

We can calculate the increase in efficiency of M by placing the DS on
top, measuring its EQE ([EQEps]y) and considering the open circuit
voltage (V,.) and fill factor (FF) constant.

3. Results and discussion
3.1. EQE

The DS layers are characterized by spectroscopic ellipsometry,
showing average thicknesses of about 380 nm and refraction indexes
about 1.54. As the DS is deposited on 20 X 20 X 2mm 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
considered [3].

Experimentally it is observed that the EQE,; increases from zero
with increasing the concentration of DSs embedded in the thin PMMA
film deposited on the glass (Fig. 3). This increase in EQEy; is completely
attributed to the DS process.

However, when the EQE of the PV device is higher than zero at a
particular wavelength where downshifting is produced, the EQE values
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Fig. 3. EQE of (a) the mini module (EQEy); (b) M below the glass substrate (G)
with the thin PMMA film deposited on top; and (c - g) M below G with [Eu
(bphen)(tta);] DSs at different concentrations (1-30%) embedded in the thin
PMMA film deposited on top ([EQEpslm). Inset: scheme of the DS/glass/PV
structure.
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Fig. 4. EQE of (a) the reference cell (EQEgcen); (b) Recell below the glass sub-
strate (G) with the thin PMMA film deposited on top; and (c - g) Rcell below G
with [Eu(bphen)(tta)s] DSs at different concentrations (1-30%) embedded in
the thin PMMA film deposited on top ([EQEps]grcel)-

with DS (e.g., [EQEps]rcen) are due to a combination of photons shifted
to higher wavelengths where the PV device can convert photons to
photocurrent and photons transmitted through the DS to the PV device
and converted to photocurrent. Thus: (i) some photons are firstly con-
verted by the DS and, subsequently, some of these photons reach the
solar cells and are converted to charge carriers; (ii) other photons do
not provide charge carriers because the downshifting efficiency is
usually below 100%, and the downshifting is based on spontaneous
isotropic emission such that a part of the downshifted photons is
emitted out of the solar cell (mainly, through back-reflections and edge
losses); and (iii) some other incident photons are directly transmitted to
the solar cell without being previously downshifted. Then, the EQE of a
PV device with the DS placed on top can decrease if the efficiency of the
downshifting process (including back-reflections and edge losses) is
lower than the efficiency of the PV device at a defined wavelength as
shown in Fig. 4, when the Rcell is placed under the same set of thin film
DSs.

Consequently, EQEgcen(ps) decreases as the [Eu(bphen)(tta)s] con-
centration in the thin PMMA film increases. On the contrary, for the
almost zero EQEy, in the spectral range where downshifting is
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Table 1

EQE values for the reference cell (EQEgce;) and the mini module (EQE,,) at
340 nm when a thin PMMA film embedded with [Eu(bphen)(tta)s] at different
concentrations is deposited on glass and placed on the PV device.

[Eu(bphen)(tta);] concentration EQERe (%) EQEy (%) (340 nm)

(%) (340 nm)

0 39.6 0.1
1 325 0.6
5 27.2 3.1
10 23.6 4.6
20 15.0 8.4
30 11.4 9.4

produced, the [EQEpgly increases with the [Eu(bphen)(tta);] con-
centration, as the DS conversion process has no other conversion me-
chanism competing at the same wavelength. The evolution of
[EQEps]reen and [EQEpgly shown in Figs. 3 and 4, respectively, is listed
in Table 1 for the 340 nm wavelength, where the highest conversion of
downshifted photons is detected.

3.2. DS efficiency and transmittance

The amount of incident photons that reach the solar cell without
downshifting is directly related to the transmittance of the thin PMMA
film and glass. These transmittance values are difficult to be directly
measured by conventional methods as: (i) standard spectro-
photometers, because they measure any transmitted photon in-
dependently of its wavelength value; (ii) standard spectrofluorimeters,
because they are not capable of simultaneously measuring photons with
different wavelengths and, also, because they do not offer direct
quantitative analysis in terms of transmittance percentages; and (iii)
spectroscopic ellipsometers, because this technique is not capable for
modeling in a spectral range where incident and downshifted photons
are being simultaneously detected, and because this technique requires
some input parameters (e.g., PMMA thickness) that are difficult to
obtain for defining an accurate model.

However, the transmittance of the thin converter film can be di-
rectly obtained combining the Rcell and M devices, and the EQE values
in the spectral range of the incident and downshifted photons. Thus, for
[Eu(bphen)(tta);] embedded in PMMA the emission E,(\) spectrum
when the sample is excited at 340 nm is exposed in Fig. 5.

The EQEpg;,,,.,» that is the contribution to EQE of a PV device due to
the downshifting of incident photons at 340 nm, can be calculated by
the following equation:

2500 -

Exc: 340 nm

2000 -

1500 -

1000 -

a

o

o
T

Emission intensity (a.u.)

600 650 700 750
Wavelength (nm)

Fig. 5. Emission spectrum of the [Eu(bphen)(tta);] embedded in PMMA and
excited at 340 nm. Inset: image of the downshifter embedded in PMMA, de-
posited on bare glass and under UV radiation.
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Table 2
DS efficiency (nps) and DS/glass/air transmittance (T) at 340 nm and different
[Eu(bphen)(tta)s] concentrations.

[Eu(bphen)(tta)s] conc. (%) s T340 nm(%)
B - 100

1 0.1 80.5

5 3.7 60.8

10 5.5 47.8

20 10.1 16.8

30 11.3 5.1

280
L2 oo (- EQEpy (1)
EQEpssonm = 280
./1,200 Eem}AOnm (A)d/l (1)

Where Eepmsy,, (4) is the emission spectrum obtained exciting at 340 nm
and EQEpy is the EQE of the PV device without the DS.

Considering the experimental data from Figs. 3, 4 and 5, in this case,
the EQE for the photons emitted by the DS and captured by the re-
ference cell, [EQEps;yumlreets is 87.6%; and for the mini module,
[EQEPVSM)nm]M’ is 83.2%.

Then, for calculating the value of the DS efficiency at 340 nm,
Nps34onm, We Uused the 9.4% total EQE measured at 340nm,
[EQEt340nmlm, and given in Table 1 for the 30% Eu(bath tta); thin
PMMA film on M, and take into account that the M device has negli-
gibly small EQE at 340 nm, as shown in Fig. 2:

_ [EQE7rGomysaonmlm

NDS340mm — =11.3%

[EQE ps (30%)340mm M )

Similarly, DS efficiencies can be calculated for all the PMMA/glass
substrates with different [Eu(bphen)(tta)s] concentrations (Table 2).

In our opinion, reporting EQE efficiencies of the PV device with the
DS, which varies depending on the EQE efficiency of the PV device
used, is not satisfactory. Instead, the DS efficiency, nps, defined in this
work is the parameter that should be reported in any research paper
because it is independent of the EQE of the PV device used. Then,
comparing the nps reported for any DS and the EQE of a PV device, at a
defined spectral range, a quick estimation about the capacity of the
downshifter to increase the efficiency of the PV device can be directly
obtained.

We consider that similar procedures should be also used for char-
acterizing solar cell efficiencies where up- or down-converters are in-
tegrated in the device. Of course, up-conversion processes are nonlinear
with irradiation intensity [4], but this is not relevant for non-con-
centration PV cells and modules, where irradiations of only 1 sun or less
are reached.

Now we consider the 11.4% total EQE measured at 340 nm, for the
30% [Eu(bphen)(tta)s] thin PMMA film deposited on glass and placed
on Reell, [EQEr(30%)340umlrceti- This EQE value corresponds to: (i) the
340 nm photons downshifted and emitted to Reell, [EQE ps 30%)ss0mmlReell>
and (ii) the 340nm photons directly transmitted to Rcell,
[EQEr1+30%)340mm Reetl- We also know that for the 30% [Eu(bphen)(tta)s]
thin PMMA film (Table 2):

[EQEr (30%)340mm M
2.0%

[EQE7r 30%)340mmReell = =[EQET (30%)3400mlReell —
11.4% 9.4%

3)

is the share of EQE due to the 340 nm photons directly transmitted to
Rcell. Then, as the glass/PMMA (undoped) placed on Rcell shows a
39.6% EQE (Table 1), the percentage of photons transmitted (trans-
mittance) to the solar cell at 340 nm is:

[EQE1r (30%)340mm) Reell

T(30%,340nm) = =51%

[EQETr (0%)340y,m]Rcell (4)

Similarly, we can obtain the transmittance values for the DS/glass/
air structures at different [Eu(bphen)(tta)s] concentrations and same
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wavelength (Table 2):

3.3. Alternative equation proposed

As we mentioned in the introduction, the theoretical model that we
consider as a first approach for describing the experimental results has
recently been proposed by Rothemund [15]. This model presents an
equation (adapted to this work notation) for describing the total EQE of
a PV device, EQEr, with a luminescent DS on top and described by an
intrinsic luminescent downshifting efficiency, nips:

EQEr(4) = fop (W) Ny pg EQEps (D) +fgns (A)-EQEpy (1) (5)

where fu, is the fraction of photons absorbed by the DS, and fqs is the
fraction of photons transmitted to the PV cell. These parameters are
defined as:

fabs(A) = (1-ARips)-(1-exp[Aaps-A(D)]) O]
ftrans(k) = 1_ARLDS _Lbs ()\) (7)

where A is the absorbance, Ay is the absorbance scaling factor, and
AR;ps is the additional reflectance due to the incorporation of the DS.

However, we consider that there are some difficulties to develop
this model, as (i) #rps, Aaps, and ARpps should be dependent on the
wavelength; (ii) in some cases AR ps should not be neglected; (iii) there
is a fraction of photons, fi,s, [3,17] (e.g., edge losses, parasitic ab-
sorption from the DS host material, increased reflectance at the inter-
faces between layers, overestimation of luminescent quantum yield, re-
absorption from the luminescent species due to partial overlapping of
its absorption and emission bands, and/or idealistic isotropic emission)
that should be introduced in this model; and (iv) the need of compu-
tational procedures to adjust the experimental results to the parameters
of the model. Then, we propose an alternative and simplified equation
where all parameters are wavelength dependent:

EQEr (1) = npg(A)-EQEps (A)+T (1)-EQEpy (1) (8)

Eq. (10) represents the general expression used for determining the
values of 5ps and the transmittance, T, exposed in Table 2, and it also
has the advantage compared to Eq. (7) that it is fully based on ex-
perimental results obtained with EQE measurements using two PV de-
vices, one of them showing near zero EQE in the downshifting spectral
range.

3.4. Location of the DS

Additional information about the transmittance of the [Eu(bphen)
(tta)3]-PMMA/glass structure can be obtained by comparing the EQE
values locating the thin [Eu(bphen)(tta);]-PMMA film on top of the PV
device or between the glass and the PV device.

The glass and PMMA/glass transmittance spectra are very similar,
decreasing sharply from 85% at 370 nm to below 10% for wavelengths
below 316 nm (Fig. 6). Then, as the EQE of M is close to zero at wa-
velengths below 360 nm, it is expected a larger increase in EQE in the
280-360 nm spectral range when the DS is placed in the configuration
[Eu(bphen)(tta)3]-PMMA/glass/air/PV-mini module compared to the
configuration glass/[Eu(bphen)(tta);]-PMMA/air/M. This is expected
because many photons can avoid high absorption by the glass when
they are previously downshifted. Also, the EQE between 280 and
360 nm increases with the [Eu(bphen)(tta)s] concentration either when
the DS is placed on top or between glass and the PV mini module.

However, it can be observed in Fig. 7 that the EQE value is larger for
highly [Eu(bphen)(tta)s] DS concentrations in PMMA when the DS is
placed between the glass and M compared to the DS placed on top of
the device. This result can be attributed to the effect of the total internal
reflection for the glass/[Eu(bphen)(tta);]-PMMA/air/M when many of
the photons downshifted are reflected down to M. Thus, only about
12.5% of emitted photons from the DS escape from a top glass (escape
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Fig. 6. Transmittance of the glass substrate and the PMMA/glass structure used
in this work.
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cone) with a 1.5 refractive index [18,19]. Then, at larger wavelengths
in the 280-360 nm spectral range, the combination of total internal
reflection and photon conversion in the DS-glass structure when the DS
is placed between the glass and M produces a larger EQE than for a
photon conversion in the DS placed on top of the device. This is at-
tributed to the fact that the transmittance throughout the glass sharply
increases for larger wavelengths and, thus, a larger share of incident
photons reach the DS when it is placed between the glass and M. Then,
as the solar irradiation is larger at longer wavelengths in this spectral
range, the increase in EQE can be larger for the DS placed between the
glass and M compared to the DS placed on top of the glass.

Thus, if we consider the increase in I for these configurations, we
can observe that at the highest [Eu(bphen)(tta)s;] concentration (30%),
close to the solubility limit, the value for the DS placed between the
glass and the PV mini module is slightly higher than for the DS placed
on top of the glass (Fig. 8a). Then, at high [Eu(bphen)(tta)s;]con-
centrations it is more convenient in terms of conversion efficiency to
add the DS between the glass and M. This result is very convenient, as
the DS placed between glass and M will be also encapsulated in a
standard manufacturing process of PV modules and, consequently,
protected from the ambient conditions.

The I, values derived from the use an aluminum hemispherical
reflector are also exposed. This reflector is placed on top of the DS/glass
structure for redirecting many of the photons back-reflected from the
DS to the solar cell. We observed that at the highest [Eu(bphen)(tta)s]
concentration (30%) the Al value for the DS placed between the glass
and the PV mini module is slightly lower than for the DS placed on top
of the glass (Fig. 8b). For lower [Eu(bphen)(tta)s;] concentrations, the
gap between Al for the DS placed on top of the glass and between the
glass and the PV mini module is slightly larger than without the use of
the hemispherical reflector. This is attributed to a slight increase in
redirecting photons from the reflector to the solar cell when the DS is on
top than when it is between the glass and the PV device.

4. Conclusions

An alternative and fully experimental procedure based only on EQE
measurements for characterizing the efficiency and transmittance of
downshifters placed on PV devices is proposed. The experimental setup
also requires two PV devices, one of them showing zero EQE values in
the downshifting spectral range. This method is simple and allows

—a— PMMA/glass/PV|
o glass/PMMA/PV|

Alg, (a.u.)
%

15 20 25 30
Eu(bath tta), concentration (%)

(b)

Fig. 8. Increase in I;. for M when (a) the DS at different [Eu(bphen)(tta)s;] concentrations and deposited on glass is placed on top or between the glass and M; and (b)
an aluminum hemispherical reflector is placed on the DS/glass structure to redirect photons to M.

316
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obtaining downshifting efficiency values independent of the quantum
efficiency of the solar cell considered on the device, therefore, im-
proving comparison between experimental results. Also, this method
avoids the use of theoretical models that have been proposed by other
authors usually based in many approximations and requiring some
input parameters difficult to determine without a wide range of ex-
perimental equipment in the lab.

Experimental results also shows that for the high-concentration
downshifters embedded in PMMA and deposited on standard glass it is
slightly more efficient to place the downshifter between the glass and
the PV device instead of on top of the glass. This result has technolo-
gical implications because placing the DS between the glass and the PV
device increases the protection of the DS from ambient conditions and,
consequently, enlarge its lifetime. Finally, the use of a hemispherical
reflector shows quite similar results, offering only a small improvement
in photon collection when the downshifter is on top of the device.
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