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Management of the solar spectrum incident on a solar cell was studied using tellurite glasses doped with
Tb3þ and Yb3þ ions as a cover slip. From the transmittance measurements through the doped glass, a
red-shift of the solar spectrum was observed and the mechanisms involved in this phenomena were
investigated through the absorption spectra and luminescent measurements. Energy transfer of the UV
radiation into VIS and IR radiationwas elucidated by analyzing the emission spectra. From the results, the
power dependence of the Yb3þ IR luminescence on the pumping laser intensity at 482 nm revealed that
the energy transfer mechanism involving a virtual state was predominant in these samples. Total
quantum efficiency higher than 100% was obtained for the sample co-doped with 1% of Tb3þ ions and 5%
of Yb3þ ions. The efficiency of commercial Silicon and Gallium Phosphide (GaP) solar cells, covered with
tellurite glasses doped with Tb3þ and Yb3þ ions, was measured and compared to the efficiency with an
un-doped the cover glass. Efficiency enhancement was observed with a dependence on the rare earth
ions concentrations, and the results were attributed to the modification of the spectral profile of the
incident radiation in the IR region.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Solar energy is a renewable source of energy with low negative
impact on the environment. Its growing market is driven by the
technological improvements and the policies supporting renew-
able energy sources [1]. Two approaches are usually explored to
increase the efficiency: one is based on the search for new mate-
rials or techniques that can explore efficiently the photovoltaic
effect, and the second one is related to the solar spectrum mod-
ification in order to match it with the solar cell spectral efficiency.
In the first case, novel materials such as organic solar cells and
thin-films technologies were studied and their potentialities were
addressed [2,3]. Also, the Multiple Exciton Generation process has
been proposed to increase the internal efficiency in more than
100% as demonstrated using quantum dots [4]. Alternative tech-
niques such as the texturization of silicon solar cells, the use of
scattering particles, and the improvement of the fabrication pro-
cess are also exploited to optimize the efficiency of the solar cells
alagón).

, et al., Efficiency enhancem
Solar Cells (2016), http://d
[5]. In another approach, the use of different multi-junction con-
figuration is employed in order to efficiently explore the solar
spectrum [6]. On the other hand, the degradation of the solar cell
due to the incidence of UV radiation is an important detrimental
factor that reduces its efficiency. It can be avoided by converting
the UV radiation to near of the band gap frequencies of the solar
cell, usually in the near infrared [7]. In this last case, the down-
conversion and up-conversion processes in photonic materials,
particularly those doped with rare earth ions [8], can be used to
manage the solar spectrum. An interesting mechanism to be ex-
plored using rare earths doped materials is the quantum cutting.
In this process, photons of high energy are converted into photons
with low energy, which can lead to quantum efficiencies higher
than 100%. Then, the main idea is to convert the UV photons of the
solar radiation to photons with energies around 1,1 eV, which is
the band gap of silicon solar cells. This process will avoid losses
due to thermalization and will produce photons that can be used
to create more charge carriers [9]. Photon conversion layers have
been proposed in the literature to increase the efficiency of solar
cells, but the material's optimization is necessary for further de-
velopment of the photon conversion concept applied to photo-
voltaics [10].
ent in solar cells using photon down-conversion in Tb/Yb-doped
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Optical properties of glasses doped with Tb3þ and Yb3þ ions
are widely studied in the literature and the results reveal that they
are potential candidates for solar cell applications due to their
ability to transfer energy from the UV/VIS region to the NIR region
[11–18]. However, a few number of papers report the application
of these materials to improve the solar cell efficiency [19].

In this work, we study the down conversion process in tellurite
glasses doped with Tb3þ and Yb3þ ions, and explore its applica-
tion to modify the solar spectrum to increase the efficiency of
commercially available silicon and GaP solar cells.
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Fig. 1. Absorption spectra of the tellurite glasses doped with 1% and 2% of Tb3þ

ions and co-doped with 5% and 7% of Yb3þ ions. a) VIS spectrum, and b) NIR
spectrum.
2. Experimental procedure

Samples of tellurite glasses were prepared using
85.0TeO2�15.0ZnO (TZO glass)composition (in wt%) by the melt-
ing-quenching technique [20]. The doping species were Tb4O7 (1
and 2 wt%) and Yb2O3 (5 and 7 wt%). Reagents were melted at
835 °C in a platinum crucible for 1 h, quenched in a pre-heated
brass mold, annealed at 325 °C for 2 h, and then cooled to room
temperature in the furnace to reduce internal stress. Samples with
approximately 3 mm thickness were cut and polished.

Absorption spectra and luminescence measurements were
performed to characterize the optical behavior of the samples. The
absorption spectra were obtained using a spectrophotometer
(Agilent CARY 5000 UV-VIS-NIR) operating in the range of 350–
2500 nm. The luminescence measurements were carried out using
the third harmonic generation from a 1064 nm pulsed nanosecond
Nd: YAG laser (QuantelUltra 50) and an OPA (Coherent Libra)
tuned at 482 nm operating in a quasi-continuous (quasi-cw) mode
as excitation lasers. The luminescence of the samples was col-
lected using lenses and recorded with a spectrometer (ACTON SP-
500i) coupled to a silicon and InGaAs CCD cameras for the VIS and
IR measurements, respectively. The temporal measurements were
obtained using a Si photodetector (THORLABS PDA100A) attached
to a monochromator.

Modification of the solar spectrum was obtained from the
measurements of the solar radiation transmittance emitted by a
solar simulator (LCS-100 Newport) through the samples using a
portable spectrometer (HR4000 Ocean Optics) and a calibrated
reference solar cell (91,150 V Newport).

Electrical characterization was performed using a solar simu-
lator (LCS-100 Newport) with a AM 1.5 filter and a sourcemeter
(Keithley 2420) coupled to a PC. Efficiency, fill factor (FF), short-
circuit current (Isc) and open-circuit voltage (Voc) and the current
and voltage (Imp, Vmp) at the maximum power were obtained from
the Voltage-Current (V-I) curves obtained under 1000 W/m2 irra-
diance of commercial silicon (BPW34 Vishay Semiconductors) and
GaP (FGAP71 Thorlabs) semiconductors.
Fig. 2. Diagram of the energy levels of Tb3þ and Yb3þ ions.
3. Results and discussion

The absorption spectra of tellurite glasses doped with 1% and
2% of Tb3þ co-doped with 2% and 5% of Yb3þ are shown in Fig. 1
(a) and (b). From these figures, the absorption bands corre-
sponding to the Tb3þand Yb3þ ions excited from the 7F6 and 2F7/2
ground states, respectively, are identified and represented in the
energy level diagram in Fig. 2. Also, the band gap of the tellurite
glass around 380 nm is observed.

In order to understand the role of the UV excitation in the VIS-
IR emission, the emission spectra under laser excitation at 355 nm
and 482 nm are shown in Figs. 3 and 4, respectively. From these
figures, the visible emission in the region of 500�700 nm was
observed and assigned to the electronic transitions of 5D4-

7Fj
(j¼6, 5, 4, 3) of Tb3þ ions. For the sample prepared with 1% of
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Fig. 3. Emission spectra of tellurite glasses under 355 nm laser excitation. VIS
spectra for samples doped with 1% and 2% (a) of Tb3þ ions co-doped with 5% and
7% of Yb3þ ions. (b) NIR spectrum for samples doped with 1% and 2% of Tb3þ and
co-doped with 5% and 7% of Yb3þ ions.
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Fig. 4. Emission spectra of tellurite glasses under 482 nm laser excitation. VIS
spectra for samples doped with 1% and 2% (a) of Tb3þ ions co-doped with 5% and
7% of Yb3þ ions. (b) NIR spectrum for samples doped with 1% and 2% of Tb3þ ions
and codoped with 5% and 7% of Yb3þ ions.
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Tb3þ ion, under excitation at 355 nm, the emission at 5D4-
7F5

(�548 nm) increases when it is co-doped with 5% of Yb3þ ion,
and decreases when co-doped with 7% of the Yb3þ ion. En-
hancement of the VIS emission under UV excitation in Tb–Yb
systems upon increasing the Yb3þ ion concentration has been
observed before [11], and is mainly due to the following cross
relaxation mechanism: the upper lying states
(Tb)þ3F6(Yb)-5D4(Tb)þ2F5/2(Yb). Meanwhile, the emission in the
IR region increases for the sample co-doped with 5% of the Yb3þ

ion, and decreases for the one co-doped with 7% of the Yb3þ ion,
as shown in Fig. 3(b). It indicates that a quenching processes is
present for high Yb3þ ion concentrations [18]. Similar behavior
was observed in the IR region, at 980 nm, for the sample doped
with 2% of Tb3þ ion excited at 482 nm. The intensity of these
emission bands can be attributed to three mechanisms: phonon
assisted energy transfer, energy transfer with the participation of a
virtual and intermediate metastable state, and cooperative energy
transfer (C.E.T.) [12,13], as shown in Fig. 5. Considering that the
phonon energy of tellurite glasses is �700 cm�1 [20] and the
energy difference between level 7F0 (Tb) and the virtual state level
with the same energy of 2F5/2 (Yb) is �4200 cm�1, six phonons
are necessary to have a phonon assisted energy transfer. Therefore,
Please cite this article as: L.d.A. Florêncio, et al., Efficiency enhancem
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the probability to have a multi-phonon relaxation is very low. In
order to identify the other energy transfer mechanisms, the de-
pendence of Yb3þ ion IR emission on the pumping laser intensity
can be analyzed, as it indicates the nature of the process. For a
mixed process involving the cooperative energy transfer and the
energy transfer through a virtual state, the IR emission from the
Yb3þ ion is given by [13]:

( )χ ηρ η ρ= + − ( )
⎡
⎣⎢

⎤
⎦⎥I 1

1Yb
1
2

where χ is the normalization coefficient, ρ is the pump constant
and η is the weight given to distinguish the processes. If η¼1, the
mechanism is a sub-linear process involving a virtual state. If η¼0,
the mechanism is a cooperative energy transfer. To elucidate the
mechanism in our samples, the dependence of the IR emission, at
980 nm, on the pump laser intensity at 482 nm is shown in Fig. 6.
Using Eq. (1) to fit the experimental data, the values obtained for η
vary from 0.87 to 0.89 for samples doped with 2% and 1% of Tb3þ

ion, respectively. These results show that the contribution of the
sub-linear processes is higher than the linear process indicating
that the energy transfer involving a virtual state is predominant.
ent in solar cells using photon down-conversion in Tb/Yb-doped
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Fig. 5. Energy transfer mechanisms. (a) Phonon assisted energy transfer, (b) energy transfer with the participation of a virtual and intermediate metastable state, and
(c) cooperative energy transfer.
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Fig. 6. Power dependence of the IR emission at 980 nm on the laser excitation at
482 nm. The lines show the best fit using Eq. (1).

0 1 2 3 4

0,1

1

N
or

m
al

iz
ed

 In
te

ns
ity

Time [ms]

 1% Tb 
 1% Tb + 5% Yb
 1% Tb + 7% Yb
 2% Tb
 2% Tb + 5% Yb
 2% Tb + 7% Yb
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Table 1
Average lifetime of the 5D4 level (τm), energy transfer efficiency (ηtr x Yb, % ) and total

quantum efficiency (ηx Yb% ) for the studied samples.

Sample τm [ms] ηtr x Yb, % ηx Yb%

1% Tb 2.52 0 1
1% Tbþ5% Yb 2.49 0.127 1.127
2% Tb 1.65 0 1
2% Tbþ5% Yb 1.77 1.35�10�4 1.000
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Defining the energy transfer efficiency, ηtr x Yb, % , as the ratio of
Tb3þ ions that depopulates by energy transfer to Yb3þ ions over
the total number of excited Tb3þ ions, and the total quantum ef-
ficiency, ηx Yb% , as the ratio of the emitted to the absorbed number
of photons, and considering that all excited Yb3þ ions decay ra-
diatively, ηtr x Yb, % and ηx Yb% can be written as [14]:

∫
∫

η = −
( )

I dt

I dt
1

2
tr x Yb

x Yb

Yb
, %

%

0%

( )η η η η η= − + ( )1 2 3x Yb Tb tr x Yb Yb tr x Yb% , % , %

where ηTb and ηYb are the quantum efficiencies of Tb3þ and Yb3þ

ions, respectively, which were set to be equal to 1. This assumption
establishes the high limit of the total quantum efficiency given by
(3).

The energy transfer efficiency and the total quantum efficiency
were calculated using the average lifetime of the 5D4 level, which
is defined as ( ) ( )∫ ∫τ =

∞ ∞
t I t dt I t dt/m t t0 0

, where I(t) is the emission

intensity at time t0 after the cutoff of the excitation light. The
temporal behavior of the luminescence at �548 nm under UV
excitation is shown in Fig. 7. Results for the energy transfer effi-
ciency and the total quantum efficiency are presented in Table 1.
As quenching effects are expected in the sample with higher Yb3þ
Please cite this article as: L.d.A. Florêncio, et al., Efficiency enhancem
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ion concentration, only the sample with 5% of Yb3þ ion was con-
sidered for the calculation of ηtr x Yb, % and ηx Yb% . A quantum efficiency
of �113% was obtained for the sample doped with 1% of Tb3þ and
5% of Yb3þ . This result indicates that for 100 photons that are
absorbed at 355 nm, 113 photons are produced in the VIS-IR re-
gion, of which 26 photons emit at 980–1050 nm region. Similar
results were obtained for other hosts containing Tb3þ and Yb3þ

ions [11,15–17,21].
The solar spectrum has components in the UV-VIS-NIR region

and its interaction with the tellurite glasses doped with Tb3þ and
Yb3þ modifies the solar spectrum. This change was studied
through the transmitted irradiance spectra shown in Fig. 8. From
this figure, a downshift on the spectra in the 400–800 nm range
and the reduction of the UV radiation are observed. These effects
were attributed to down-conversion mechanism studied pre-
viously and to the absorption of the tellurite glass, respectively. On
the other hand, the expected increase of the radiation in the 900–
ent in solar cells using photon down-conversion in Tb/Yb-doped
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Fig. 8. Transmitted irradiance spectra for (a) samples doped with 1% of Tb3þ and
(b) 2% of Tb3þ ions. IR spectra for all samples (c). The concentration of Yb3þ ions
was 5% and 7%.
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1100 nm region was not observed, indicating that the interplay
between the self-absorption of the Yb3þ ion and the energy
transfer process between the Tb3þ and Yb3þ ions must be
improved.

Voltage-Current (V-I) curves for silicon and GaP solar cells
covered with tellurite glasses doped with Tb3þ and Yb3þwere
obtained using the experimental setup represented in Fig. 9, and
the results are shown in Figs. 10 and 11, respectively.

From these results, the short-circuit current (Isc), the open-
Please cite this article as: L.d.A. Florêncio, et al., Efficiency enhancem
tellurite glass, Solar Energy Materials and Solar Cells (2016), http://d
circuit voltage (Voc), the filling factor ( =FF V I V I/mp mp oc sc) and the
efficiency ( = )eff V I FF A I/oc sc were obtained and are shown in
Table 2, where A is the cell area and I is the incident irradiance
(1000 W/m2).

It is important to note that the antireflection coating applied on
the front surface of the solar cell can affect its performance [22].
Then, it is expected that tellurite glass-covered solar cells will have
different efficiencies than the naked solar cell. For this reason, only
the efficiencies of solar cells covered with glasses un-doped and
doped with rare earths were compared. In this way, we also take
into account the glass reflection (within the limit of the glass
imperfections).

For silicon solar cells (Eg¼1,1 eV) the efficiency increases for
the sample covered with the tellurite glass doped with 1% of Tb3þ

ion, and decreases with the increase of the Yb3þ ion concentra-
tion. A decrease of the UV-VIS radiation and an increase of the IR
emission is expected when the Yb3þ ion concentration increases.
This process should increase the efficiency of the solar cells.
However, the self-absorption processes and the energy transfer
between the Yb3þ ions can reduce the transmission at IR wave-
length. This can be attributed to the strong correlation of the ef-
ficiency with the energy transfer mechanism, explained above for
the Tb3þ and Yb3þ ions. From these results, efficiency enhance-
ment of �7% was observed for the sample doped only with 1% of
Tb3þ ions, when compared with the un-doped one. To the best of
our knowledge, it is the highest enhancement reported for silicon
solar cells using glasses doped with Tb3þ/Yb3þ ions to manage the
solar spectrum. For comparison, a lower enhancement of 0.34% for
phosphate glasses co-doped with 1% of Tb3þ and 0,5% of Yb3þ

ions was recently reported [19].
In order to establish a direct one-to-one correlation between

the measured spectral changes of the solar spectrum and the re-
ported increase of solar cell efficiency, the software PC1D was used
to simulate the V-I curve of a silicon solar cell. This software is
widely used to simulate the performance of solar cells and enables
the change of the solar cell illumination spectral profile [23,24].
From the simulation, short-circuit current, open-circuit voltage,
maximum power and efficiency were determined and the results
are shown in Table 3. These results reveal that the efficiency is
directly correlated with the overall intensity.

However, experimental results diverge from the simulation. For
the samples doped with 1% of Tb3þ and 5% of Yb3þ and 1% of Tb3þ

and 7% of Yb3þ , the efficiency has a maximum for the sample
without Yb3þ ion and decreases for samples doped with Yb3þ ion
as shown in Table 2. The same behavior is observed for the sam-
ples doped with 2% of Tb3þ and the highest efficiency is observed
for the sample doped with 1% of Tb3þ . A similar behavior is ob-
served for the transmitted irradiance in the IR spectra as shown in
Fig. 8(c). The IR radiation is quenched when the Yb3þ concentra-
tion is increased. These results suggest that the efficiency of silicon
solar cells is strongly affected by the spectral profile of the incident
radiation in the IR region.

For GaP solar cells (Eg¼2,26 eV), the modified solar spectrum is
partially used in the photovoltaic process. Photons with energies
below 2.26 eV are not absorbed. From the results shown in Table 2,
it is observed that with the increase of the Tb3þ ion concentration,
the efficiency is decreased when compared with the one of the un-
doped sample. This can be attributed to the quenching of the
emission from the 5D3 excited level by cross relaxation
(5D3þ7F6-

5D4þ7F0) and multiphonon relaxation [21]. Also, for
the samples doped with 1% of Tb3þ , the efficiency has a maximum
for the sample co-doped with 5% of Yb3þ and decreases for the
sample co-doped with 7% of Yb3þ . In the case of the samples
doped with 2% of Tb3þ , the efficiency increases with the Yb3þ

concentration, up to 5% of Yb3þ , and decreases for the sample co-
ent in solar cells using photon down-conversion in Tb/Yb-doped
x.doi.org/10.1016/j.solmat.2016.07.024i
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Fig. 10. V-I curves for the BPW34 solar cell covered with tellurite glass doped with
(a) 1% of Tb3þ and (b) 2% of Tb3þ ions. The concentration of Yb3þ ions was 5%
and 7%.
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Fig. 11. V-I curves for the GaP solar cell covered with tellurite glass doped with
(a) 1% of Tb3þ and (b) 2% of Tb3þ ions. The concentration of Yb3þ ions was 5%
and 7%.
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Table 2
Electrical parameters (Isc and Voc), filling factor (FF) and efficiencies of the studied
samples. Uncertainty in efficiency calculation is 70.00001.

Solar cell Matrix doping [%] Isc (10�5)
[A]

Voc [V] FF Efficiency [%]

Tb Yb

BPW34 0 0 203 0.55778 0.5550 6.9818
BPW34 1 0 220 0.56136 0.5443 7.4692
BPW34 1 5 196 0.5542 0.5643 6.8110
BPW34 1 7 183 0.55076 0.5647 6.3237
BPW34 2 0 197 0.55419 0.5737 6.9597
BPW34 2 5 190 0.55072 0.5607 6.5184
BPW34 2 7 197 0.55077 0.5187 6.2527
GaP 0 0 8.16 0.56481 0.7194 0.6906
GaP 1 0 7.76 0.56126 0.7170 0.6504
GaP 1 5 8.25 0.56474 0.7193 0.6985
GaP 1 7 7.61 0.56487 0.7235 0.6480
GaP 2 0 7.29 0.55429 0.7215 0.6077
GaP 2 5 8.03 0.56481 0.7194 0.6794
GaP 2 7 7.41 0.57179 0.7194 0.6349

Table 3
Electrical parameters (Isc, Voc and Pmax) and efficiencies obtained for a silicon solar
cells simulated with the PC1D software using the transmitted irradiance spectra
from Fig. 8.

Matrix
doping [%]

Isc
(10�3)
[A]

Voc [V] Pmax

(10�4)
[W]

Intensity [W/m2] Efficiency [%]

Tb Yb

0 0 1.49 0.5976 5.82 514 6.47
1 0 2.23 0.6089 8.45 764 9.39
1 5 2.34 0.6103 8.83 801 9.81
1 7 2.26 0.6093 8.56 767 9.51
2 0 1.99 0.6057 7.64 675 8.49
2 5 2.02 0.6062 7.76 686 8.62
2 7 2.21 0.6087 8.42 756 9.35
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doped with 7% of Yb3þ . The same behavior is observed for the
down-converted spectral components near to the band gap under
UV excitation, as shown in Fig. 3(a). These results suggest that, as
in the case of silicon solar cells, the GaP solar cell efficiency is
sensitive to the spectral components of the incident radiation near
to the band gap. Enhancement of the efficiency in �1.1% was
observed for the sample co-doped with 1% of Tb3þ and 5% of Yb3þ

ions, when compared with the un-doped one.
4. Conclusion

The spectroscopic analysis of the tellurite (TeO2–ZnO)glasses
doped with Tb3þ and Yb3þ reveals that under UV radiation that
the photon down-conversion is due to a sub-linear process in-
volving a virtual level, and its total quantum efficiency is higher
than 100% for the sample co-doped with 1% of Tb3þ and 5% of
Yb3þ .

The efficiency of a commercial solar cell of silicon covered with
a tellurite based glass was increased by �7% when the glass was
doped with 1% of Tb3þ , as compared to an un-doped glass as the
cover top. For the case of a commercial GaP solar cell, efficiency
enhancement of �1.1% was observed when covered with the same
tellurite glass, but co-doped with 1% of Tb3þ and 5% of Yb3þ as
compared to an un-doped tellurite glass cover. These results sug-
gest that the efficiency is sensitive to the spectral components of
the incident radiation on the solar cell near to the band gap.
Moreover, the experiments shown here reveal that the
Please cite this article as: L.d.A. Florêncio, et al., Efficiency enhancem
tellurite glass, Solar Energy Materials and Solar Cells (2016), http://d
management of Tb3þ and Yb3þ ions concentration can be opti-
mized to modify the solar spectrum aiming the increase of the
solar cells efficiency.
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