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In this work, Er> " -containing fluoroindate glasses were synthesized by the conventional melt-quenching method
varying Er®* content from 0.1 to 7 mol%. The series of fluoroindate glass were investigated according to their
luminescent properties. Upon excitation at 1550 nm, all glass samples showed green, red and near-infrared
emissions centered at 550, 667 and 978 nm. Energy transfer upconversion (ETU) is the main mechanism re-
sponsible for the upconverted emissions and involves neighbour erbium ions. The highest near-infrared emission

intensity at 1000 nm is observed for the glass sample containing 7 mol% of Er>*, which was used to evaluate the
photovoltaic response of monocrystalline and monofacial silicon solar cell. This approach represents a beneficial
strategy to stud spectral modification in upconverter materials.

1. Introduction

Luminescent layers for solar cell (LLSC) have been extensively stu-
died in the last decades to increase the solar photons harvesting and
thereby enhancing the solar cell (SC) efficiency [1-3]. It has been de-
monstrated that the integration of bulk inorganic glasses on different
SC, displays some advantages when comparing with the use of powder
materials [4,5]. Such layers offer less preparation steps and methods,
allow fast assembly and does not interfere with the electric current
flowing on the semiconductor due to the uncontact with the photo-
anode.

Most of these layers comprises near infrared absorption and provide
visible and near infrared emissions by the addition of certain types of
trivalent lanthanides ions (Ln®**) [6,7]. Among the Ln®**, Er** has
become one of the most deployed candidate for SC applications due to
its energy levels that are multiples of the transition *I;5,, — “I;3/2,
which may be activated when excited at wavelengths from 1400 to
1580 nm [8,9]. In a resonant manner, the transitions responsible for
green (453/2 i 4115/2), red (419/2 - 4115/2) and near infrared (4111/2 —
“I,5,2) emissions may occur by sequential absorption of lower energy
excitation photons through the energy state absorption (ESA) and en-
ergy transfer up-conversion (ETU) mechanisms [10,11]. Indeed, pre-
vious papers have been reported the energy transfer between Er>™*-
Yb®* co-doped glasses [12-14].

* Corresponding authors.
E-mail addresses: tarcio@iq.unesp.br (T. Castro), sidney@iq.unesp.br (S.J.L. Ribeiro).

https://doi.org/10.1016/j.jlumin.2018.04.028

Received 31 January 2018; Received in revised form 21 March 2018; Accepted 12 April 2018

Available online 13 April 2018
0022-2313/ © 2018 Elsevier B.V. All rights reserved.

Crystalline silicon (c-Si) is the most traditional and employed SC,
and efficiently absorbs radiation close to its bandgap of 1.12 eV [15]. In
other words, photons with higher wavelength than 1100 nm loses en-
ergy by transmission and, therefore, is not useful to generate photo-
current, called sub band-gap photons [16]. An alternative to overcome
this drawback is the use of Ln®*-doped materials, which convert in-
frared radiation into visible and, in some cases, near infrared light
through up-conversion (UC) mechanisms [17]. UC phenomenon con-
sists of a sequential absorption of two or more photons by a Ln®*,
followed by the emission of one photon of higher energy [18,19]. Thus,
these materials can increase SC photocurrent by converting absorbed
low energy photons in to high-energy photons with useful wavelength
for the SC [20].

Many efforts have been devoted to the study of luminescent prop-
erties of Er**/Yb®" co-doped glass to increase the efficiency of SC
through UC emissions [21-23]. Among the glass types, fluoroindate
glasses are promising candidates due to their low phonon energy (~
500 cm ™ ') and large transparency window from 250 to 8000 nm, de-
pending the chemical composition [24]. M. Rodriguez et al. reported
visible and near infrared UC emissions of an Er®*/Yb®* co-doped
fluoroindate glasses upon 1480nm excitation and showed an im-
provement of the short-circuit current by the visible and infrared
emissions on a monocrystalline silicon plate [25]. Balaji et al. recently
reported the influence of 980 nm emission in the photocurrent of a
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multi-crystalline silicon SC when using an Er®*/Yb®** co-doped fluor-
otellurite glass [26]. In fact, most of the works aim to study the en-
hancement of 980 nm emission through energy transfer between Er®™*
and YB3+,

Although the Er®* /Yb®* pair is vastly used for enhancing silicon SC
efficiency, this work aims to study the strictly management of Er**
concentration in a low phonon energy glass to provide an efficient
enhancement of SC current through UC emissions under near infrared
excitation. The advantages of single Er** doped materials concerning
SC applications have already been demonstrated [27-29]. In this con-
text, we present the synthesis and evaluation of the UC mechanisms in
Er®*-doped fluoroindate glasses. Considering photoluminescence ana-
lysis, a detailed investigation was performed in order to understand the
role of Er®™ in the energy transfer according to their visible and near-
infrared emissions and decay time dynamics. Furthermore, we analyzed
the dependence of UC emission in the enhancement of short circuit-
current of a commercial silicon when excited at 1550 nm.

2. Experimental section

Doped fluoroindate glasses containing different Er®>* concentrations
were prepared according to the molar composition rule (100-x)[40-
InF3-20ZnF,_20SrF,_20BaF,]:xErF; varying x from 0.1 to 7 mol%. The
samples were prepared by the conventional melt-quenching method in
a platinum crucible tube. The raw materials In,O; (Metaleurop-
99.999%), ZnF, (Fluka-97%), SrF, (Alfa Aesar-99%), BaF, (Acros
Organics-99%) and Er,O3 (Sigma-Aldrich-99.99%) were stoichiome-
trically weighted and well-mixed with an excess of ammonium bi-
fluoride, NH4HF,, and then heated at 330 °C during 2 h for fluorination
reaction of the oxides precursors. The melting was carried out at 850 °C
during 20 min into a vertical electric furnace. The melted batches were
poured out into a pre-heated mold at 240 °C, annealed for 2h and
slowly cooled to room temperature to minimize residual internal stress
during the quenching process [30]. For better readability, the glass
samples were labeled as I1ZSB-EO1, 1ZSB-E05, I1ZSB-E1, IZSB-E2, 1ZSB-
E4, 1ZSB-E5 and 1ZSB-E7.

Absorption spectra were recorded at room temperature from po-
lished samples by using a Carry 500 Spectrophotometer (Varian) from
200 to 2000 nm with a resolution of 1 nm. The UC measurements were
obtained at room temperature by using a diode laser operating at
1550 nm with 22 mW power (The Rock — NP Photonics). Visible and
near infrared emission spectra were recorded at room temperature with
a portable Ocean Optics (USB 2000+ ) detector, sensitive from 200 to
1100 nm. The luminescence decay curves were obtained by using a
Horiba Jobin Yvon fluorimeter (Fluorolog 3) equipped with a two-
photomultiplier tube (PMT) for visible and near-infrared detections
(Hamamatsu model H10330A) and a pulsed Xe lamp of 450 W.

As a proof of concept, the efficiency of luminescent layers was
analyzed by performing photocurrent measurements in a monofacial
and monocrystalline silicon solar cell (BPW-32 diode) with dimensions
of 5.4 x 4.3 x 3.2 mm and sensitive area of 7.5 mm?>. For such purpose,
the functional glass pieces were placed on the surface of the SC. For the
photocurrent measurements, the samples were cut and polished to
obtain similar dimensions of the SC, acting as encapsulating glass with
7.5mm? Sample thickness of all samples was 1 mm. The sides of the
samples were covered using aluminum foil in order to minimize the loss
of the emitted radiation. The samples were placed on the top of the
silicon diode and perpendicularly excited with a focused broadband
source operating with maximum at 1550 nm. The microampere short-
circuit current was recorded for all samples by using a Keithley multi-
meter model 2700.
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Fig. 1. Absorption spectrum of the sample IZSB-E7 (black line) and partial solar
radiation spectrum AM1.5G (pink line). The dashed blue square emphasizes the
overlapping between Er®* absorption and solar spectrum emission over
1550 nm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).

3. Results and discussions
3.1. Photoluminescence properties

To depict the absorption spectrum of the Er®*-doped fluoroindate
glass, the spectrum of IZSB-E7 sample is shown in Fig. 1. Erbium ions
absorption bands comprise the visible region from 380 nm to the in-
frared up to 1700 nm. Absorption bands are assigned to the electronic
transitions from ground state level *I;5,5, to the *I;5,2, *I11,2, *lo,2, *Fo,
2, 433/2, 2H11/2, 4F7/2, 4F5/2, 4G11/2 and 2G9/2 excited states [31]. Below
300 nm is observed the absorption edge corresponding to the glass host
band-gap energy.

At first comparison, the strongest Er’* absorption at around
1500 nm matches with a spectral portion of the solar spectrum which is
partially shown in Fig. 1. It is important to emphasize that wavelengths
above 1100 nm are not absorbed by a silicon SC. In this sense, the
feasibility to use Er’* is promising for PV applications due to the
possibility to increase the efficiency of traditional SC through the ab-
sorption of sub-bandgap photons and converting them into useful en-
ergy absorbed by the silicon band-gap [32]. Indeed, in Fig. 1 the dashed
blue square represents the region of Er’* absorption; however, the
intensity of their bands does not represent a real matched area with the
solar spectrum intensity, which is out of scale.

Fig. 2 shows the emission spectra of IZSB samples with the char-
acteristic Er®* emissions around 525, 550, 660, 820, 850 and 979 nm,
aSSigned to the transitions 2H11/2 i 4115/2, 483/2 i 4115/2, 4F9/2 i 4115/
25 2H9/2 nd 419/2, 453/2 - 4113/2 and 4111/2 - 4115/2, respectively. All the
spectra were obtained under excitation at 1550 nm operating with
20 mW. As it is shown, the infrared emission is stronger than the green
and red one for IZSB-E7. For IZSB-E01 sample, no emission was seen at
naked eyes and only a very weak signal was detected. Glass samples
emissions showed a strong dependence with Er®* concentration,
reaching a maximum intensity for IZSB-E7 sample. The dependence of
UC intensity with Er®>* concentration is shown on the inset from the
Fig. 2. The UC intensity increase significantly with Er** concentration
following a linear behavior. Moreover, Fig. 2 shows the digital pictures
of IZSB samples, whose present a remarkable green emission for IZSB-
E7, 1ZSB-E4 and IZSB-E2 samples, a weak emission for IZSB-E1 sample
and a very weak green spot for IZSB-E01 sample.

It is worthy to mention that 979 nm emission is one of the most
desirable emissions for SC applications. This emission is equivalent to Si
bandgap energy (1.1 eV); therefore, it is more capable to enhance the
generation of photocurrent comparing with the green and red emis-
sions, which present high thermalization losses [33]. In Fig. 2 is
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Fig. 2. Visible and near-infrared UC emission upon 1550 nm excitation and digital pictures of the samples. The sample IZSB-E01 does not exhibit emission in the
visible region and the UC emission is negligible. The intensity of the samples IZSB-E1, IZSB-E05 and IZSB-E01 was multiplied by a factor of 5.

possible to see a broader emission at 979 nm than those at visible range.
The emission intensity dependency with Er®* concentration follows the
same trend to visible emissions. The highest intensity emission is ob-
served for IZSB-E7 sample. The mechanisms which results the visible
and near infrared Er®>* emissions, involve two well-known mechanisms:
(i) ground state absorption (GSA), and (ii) energy transfer upconversion
(ETU) [34,35]. Upon excitation at 1500 nm, electrons at ground state
*I,5,2 level are excited to the first *I;3,, energy level through ground
state absorption (GSA). After subsequent ETU process and non-radio-
active decays, the T /25 4F9/2, 483/2 and 2H;, ,2 levels are populated.
From the populated states mentioned above, radiative transitions take
place due to the relaxation of excited electrons to the ground state
thrOugh 411 1/2 4Fg/2, 453/2, 2H11/2 — 4115/2 transitions. The infrared UC
emission intensity is higher than the green and red one for IZSB-E7
sample, indicating a high rate of electronic populating of the *I;;,,
level. In fact, the Er®* emissions rate is highly dependent with ion
concentration, wavelength and excitation power [36-38]. For the
sample I1ZSB-E7, we believe that an ETU process is responsible for the
increase of the NIR emission, meanwhile for lower amount (0.5, 1 and
2mol%) the red and infrared, the intensity is quite similar. A third
mechanism that may takes place, is the cross relaxation (CR) due to the
high concentration or erbium ions in IZSB-E7 sample. The energy dif-
ference between “F;,5 — *I11,, and I3/, — *I15, transitions are very
close in energy, thus the population of o /o state may occur by CR,
increasing the NIR emission.

For last, but not least, excited state absorption (ESA) is another
process recurrently mentioned to explain the population at the emissive
Er®”* levels. In this case, one ion is excited to its first energy level
through GSA (4115/2 — 4113/2) process. After two consecutive photon
absorptions, the states *Iy» and *S3,,/°Hy1,, are populated. Since the
energy difference between the states 419/2 and “Ij; /o is 2.300 em Y, it
requires more than 4 photons (fluoroindate phonon energy of
500cm ™) to relax non-radiatively, therefore, a three-sequential
photon absorption is favored. However, ESA is a process of one single
ion and its efficiency is strongly suppressed by the weak absorption
induced by parity-forbidden intra-4f transition within 4f orbitals [39].
The number of photons necessary to populate the emitter states are
presented elsewhere [7]. The number of photons involved in the
emissions at 980 nm, 550 nm and 660 nm are 2, 3 and 4, respectively.
Fig. 3 shows a scheme of the partial energy diagram of Er®*. GSA, ESA
and ETU processes are summarized as well as radiative transitions
(green and red arrows) and non-radiative transitions (dashed arrows).

Decay curves of IZSB samples for green, red and NIR emissions are
depicted in Fig. 4 and the values of the experimental decay curves are
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Fig. 3. Schematic energy level diagram for Er®*-doped fluoroindate glass under
excitation at 1550 nm.

listed in Table 1. The samples were excited at 521 nm and emissions
were fixed at 550, 668 and 980 nm. The curves were fitted by a mono-
exponential function and the life times are shown in Fig. 4. The inter-
action between Er**-Er®” plays an important role since it depends of
Er®* concentration, and the smaller distance is straight responsible by
the decreasing of lifetime for all the radiative emissions. The longer
decay time for *Hy; » and *So 5 levels comparing with the *I;; , state,
indicates that these first two state are more associated with non-ra-
diative transitions, meanwhile, the population of *I,; , state is favored,
leading to the highest intensity in the PL measurements.

3.2. Photocurrent analysis

To evaluate the viability to use upconverting materials coupled into
solar cells, we performed photocurrent measurements by placing the
glass samples under a commercial and monofacial silicon SC. The
samples were perpendicularly excited at 1550 nm. To minimize the UC
radiation losses, the four glass edges were covered with aluminum foil.
The experimental setup is shown in Fig. 5.

In agreement with the UC intensities, for IZSB-E7 sample the Si SC
exhibits the highest short-circuit current value, 210 pA, meanwhile a
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Fig. 4. Decay time for green, red and near-infrared emission under excitation at 521 nm, figure (a), (b) and (c), respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.).

Table 1
Experimental decay time values for the samples under excitation at 521 nm.

Sample Lifetime (ms)
550 nm 668 nm 980 nm

1ZSB-E01 0.563 0.678 0.503
1ZSB-E05 0.579 0.580 0.461
IZSB-E1 0.447 0.449 0.304
1ZSB-E2 0.238 0.384 0.296
1ZSB-E4 0.090 0.302 0.275
IZSB-E5 0.067 0.295 0.125
1ZSB-E7 0.060 0.270 0.103

very weak signal is observed for IZSB-EO1 and IZSB-EO5 that are 0.40
and 3.23 pA, respectively. Under direct illumination or using an un-
doped sample, the short-circuit current was negligible.

It is important to emphasize when the samples are placed on the top
of the SC, a substantial fraction of the emitted radiation is lost through
the top of the uncovered face (surface where the laser beam is focused).
In the last two decades, several studies presented the concept of UC
materials using a luminescent layer located at the rear face of a bifacial
solar cell, instead of at on the top. Besides, a mirror located beneath the
luminescent layer, would help to collect the UC emission at the rear
surface. Therefore, an UC material placed at the front surface of a solar
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samples were place on the top of a Si SC and excited with a perpendicular beam
at 1550 nm. All the measurements were performed in a dark room.
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cell is acceptable as a proof of concept, but nor for commercial pur-
poses.

Unfortunately, it is a hard task to compare the presented results
with those already presented in the literature. Most of them reports
short-circuit current in small pieces of glass comparing to the active SC
area. Moreover, take into account some parameters like glass thickness,
refractive index, impurities, mono and/or polycrystalline diode and
monochromatic excitation; we may expect different photocurrent va-
lues. In fact, a figure of merit for this kind of analysis is needed and
would be necessary to compare the SC performance among different
glass systems.

4. Conclusions

In conclusion, we prepare fluoroindate glasses with different Er®*
concentration as UC material for enhancement of monocrystalline solar
cell photocurrent. All Er>* compositions allowed us to obtain green,
red and near infrared emission through UC mechanisms. The near-in-
frared emission at 980 nm, which match with the Si bandgap, increases
when the concentration is 7 mol% of Er®* and decreases above this
concentration. According to the short circuit-current measurements, we
have verified the influence of UC emissions in the generation of extra
current by placing the samples under a monocrystalline Si solar cell.
The excitation at 1550 nm with 22 mW provided a maximum of 200 pA
to the SC showing the highest UC emission.
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