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ABSTRACT

Novel Eu>"**/Yb*" co-doping calcium aluminosilicate glasses prepared under a vacuum atmosphere were developed and characterized from
the spectroscopic point of view, as a potential spectral converter for application in solar cells. The emission of near-infrared photons by
downconversion due to cooperative energy transfer (ET) from Eu** and Eu** to Yb>" in these glasses was reported. Absorption, excitation,
emission, and fluorescence decay measurements were performed to examine the ET processes. The occurrence of cooperative energy transfer
from Eu** and/or Eu’* to Yb*" ions was discussed in detail. The obtained samples have high efficiency and broad absorption in the ultravio-
let and visible regions. Under 325 nm excitation, the samples achieve intense near-infrared emission, which increases with Yb,O3 concentra-
tion (0 < Yb,0; < 1.38 mol. %). The energy transfer efficiency from Eu*">* to Yb®" was evaluated, and a maximum efficiency of ~85% was

obtained (Yb,0O3 = 1.38 mol. %).

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0131686

1. INTRODUCTION

It is well known that the practical efficiency of silicon solar cells
is severely limited by the mismatch between solar and silicon absorp-
tion spectra.'™* In this context, a great challenge is to efficiently
convert the energy from the visible region of the solar spectrum,
with maximum intensity at 550 nm, to the near-infrared region so
that a single junction crystalline silicon solar cell has a major spectral
response (1000 nm). Therefore, much effort has been directed to
spectral modification by down and upconversion. In this sense,
quantum cutting is a particularly attractive process where one inci-
dent ultraviolet (UV) photon is transformed into two near-infrared
(NIR) photons. There are many reports on the downconversion
luminescence processes in rare-earth co-doped systems, such as
Re**-Yb*, in which Re** (Tb*", Tm>*", Eu>" or Pr’*) acts as the

absorption centers, respectively.”™ For solar cells applications, Yb**
is the best acceptor ion because its emission (~980 nm) matches well
the Si bandgap (~1.1eV). Besides, with a unique energy level struc-
ture, Yb>* has only one excited state, minimizing the occurrence of
other loss mechanisms. However, the low oscillator strength and
narrow bandwidths of 4f-4f absorption transitions limit the practical
interest of RE>" sensitizers. This limitation motivated the study of
Ce** 7! Eu?",'”'® and the transition metal Cr’*,'’ as a sensitizer
for Yb** due to their intense broadband absorption in the UV/VIS
and excellent luminescence properties. Moreover, in many systems,
Ce*" and Eu?*, and Cr** emission match well with the twice energy
of the *F,, — *Fs), transition of Yb**. Particularly, Eu** co-doped
with Yb®>" has been explored in many hosts (crystals, ceramics, and
glasses) demonstrating efficient downconversion processes. However,

J. Appl. Phys. 133, 033102 (2023); doi: 10.1063/5.0131686
Published under an exclusive license by AIP Publishing

133, 0331021


https://doi.org/10.1063/5.0131686
https://doi.org/10.1063/5.0131686
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0131686
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0131686&domain=pdf&date_stamp=2023-01-20
http://orcid.org/0000-0002-7225-2667
http://orcid.org/0000-0002-2685-662X
http://orcid.org/0000-0002-8680-5453
http://orcid.org/0000-0001-5667-5013
http://orcid.org/0000-0002-5642-078X
http://orcid.org/0000-0003-2885-457X
http://orcid.org/0000-0001-9382-9851
http://orcid.org/0000-0001-6017-2582
http://orcid.org/0000-0002-3270-6628
http://orcid.org/0000-0001-7442-2554
http://orcid.org/000-0003-3019-7484
http://orcid.org/0000-0002-5178-2095
mailto:jessica.santos@usp.br
mailto:mlbaesso@uem.br
https://doi.org/10.1063/5.0131686
https://aip.scitation.org/journal/jap

Journal of
Applied Physics

many papers attribute the observed downconversion effect to a
quantum cutting process (where the energy of one donor ion is
transferred to two acceptor ions) without supporting experimental
evidence, so the underlying physical mechanism is still a subject of
debate.'™"" It should be noticed that in the Eu/Yb system, there is no
suitable intermediate level to allow quantum cutting by two sequen-
tial resonant ET steps (first-order processes) as observed in the Pr’
*/Yb** system.” Therefore, in the case of Ew/Yb, quantum cutting
could only be possible by a second-order ET process, which is very
unlike compared to the first-order processes.

We have been studying RE-doped glasses in the compositional
system  CaO-Al,O-MgO-SiO*-RE,0; (RE=Eu’*, Tb’", Yb’")
which have shown promising characteristics for downconversion
and upconversion applications.™ ”**™*" In silicates, with the addi-
tion of intermediates [Al’*] and modifiers [Ca**] network ions, the
glass structure changes due to the formation of non-bridging
oxygen (NBO).”* The presence of modifiers as Na*, Mg**, and
Ca®" can lead to the softening of the glass network. Consequently,
the structure network allows easier incorporation of rare-earth ions,
minimizing the formation of clusters, thereby resulting in a better
statistical distribution of the dopant ions.”*™*°

Another important aspect of interest in this paper that
deserves to be highlighted is the fact that some compositions of
calcium aluminosilicate glasses allow the efficient formation of
Eu" ions in their structures when melted under a vacuum atmo-
sphere.”” Indeed, it is possible to control the ratio of divalent and
trivalent Eu ions by simply adjusting the optical basicity of the
glass. The increase of non-bridging oxygen concentration in the
glass network increases the electron donor power, which decreases
the optical basicity and, therefore, reduces the valence state of euro-
pium ions. In the present paper, the glass composition was chosen
to maximize the fraction of Eu*" in the total europium concentra-
tion to about 60%, as shown by magnetization and x-ray absorption
near-edge structure (XANES) measurements.””*” Similar composi-
tions with high silica content have been shown to improve the inte-
grated visible luminescence of about two orders of magnitude.”’
These experiments demonstrated the possibility of tunable white
lighting by combining the effects of matrix composition and pump
wavelength.”’ Therefore, these particular characteristics allied to the
superior optical, thermomechanical, and resistance against degrada-
tion properties,”””’ suggest calcium aluminosilicates as promising
hosts for solar cell applications.

In this paper, Eu**-Eu*"-Yb>* co-doped calcium alumino-
silicate glasses were prepared and the energy transfer (ET)
processes from Eu’*/Eu’* to Yb>" were investigated in detail.
The spectroscopic characteristics of low and highly doped samples
(up to 1.86mol. % of RE ions) are discussed. A comprehensive
study is presented combining the results of absorption, excitation,
luminescence, and decay curves measurements. The ET quantum
efficiency was estimated from the dependence of the decay time of
Eu®" emission with the Yb>* concentration, assuming a first-order
process in which, one excited Eu*>* generates only one Yb**, instead
of two, as in the case of quantum cutting."”'* The maximum
estimated quantum efficiency of this ET process is ~85%. Several
possible energy transfer mechanisms are analyzed considering the
effect of Eu®" which has a significant role in all spectroscopic
results.

ARTICLE scitation.org/journalljap

Il. MATERIAL AND METHODS

Calcium aluminosilicate glasses (CAS) were prepared with a
nominal composition depicted in Table I.

The reagent quantities with purity better than 99.99% were
homogeneously mixed in a ball mill for 12h. Afterward, each
sample was melted at approximately 1500 °C, using graphite cruci-
bles and under a vacuum atmosphere, for 2h. Thereafter, the
quenching was performed, and the annealing was obtained by low-
ering the sample temperature from about 600 °C to room tempera-
ture. Finally, the glasses were cut and polished, presenting excellent
optical quality. The samples were cut and polished into a plate
shape with dimensions of 2 x 5 x 10 mm. One sample was also pre-
pared with ~200 um thickness to allow UV absorption measure-
ments in the vicinity of 250 nm.

The absorption spectrum of Eu,O; singly doped CAS glass
doped with 2.5 Eu,0; was measured with a UV-vis-near-infrared
double beam spectrophotometer (Perkin-Elmer Lambda 900) in
the spectral range of 250-1050 nm. The emission spectra was
obtained at a front face configuration using a SPEX Fluorolog spec-
trofluorometer (0.22 m, Spex/1680) equipped with a Xe-lamp as
the excitation source. The detection was carried out using a photo-
multiplier (Hamamatsu/R928) or an InGaAs detector. The same
spectrofluorometer was used to excitation spectra with A, = 615
and 980 nm. The Eu*" lifetime measurements were obtained using
the third harmonic of a Nd:YAG laser at 355 nm (SureliteSLII-10).

lll. RESULTS AND DISCUSSION

Figures 1(a)-1(c) show the partial energy level of Eu**, Eu’*,
and Yb®' ions. Several ET processes involving interactions between
these ions, such as resonant energy transfer and cooperative excita-
tion transfer can occur in a system co-doped with these ions. The
most relevant ET processes are indicated in Figs. 1(a)-1(c).
Figure 1(a) depicts a two-step ET process, Eu** — Eu®" — Yb>",
Fig. 1(b), the direct ET from Eu*" — Yb", and Fig. 1(c), simultane-
ous ET from one Eu®" to two Yb* (quantum cutting). These pro-
cesses will be analyzed based on the spectroscopic data obtained in
this paper.

Figure 2(a) presents the UV-vis absorption spectra of Eu,0;
single-doped CAS glass (0.45 mol. % of Eu,O3). The Eu®* absorp-
tion lines are very weak (due to the forbidden nature of f-f transi-
tions on RE®) and, consequently, are masked by the Eu**
absorption broad bands centered at 250 nm (t,g) and 320 nm
(eg).z’ The Gaussian fit provides FWHM values of 51 and 85 nm to
88, — tg and 88, — e, respectively. These bands are attributed

TABLE I. Samples compositions in mol. %.

Sample SIOZ MgO CaO A1203 Eu203 Yb203
CAS1 53.19 6.50 28.10 11.75 0.45 0.00
CAS2 53.58 6.55 27.73 11.52 0.46 0.16
CAS3 53.97 6.60 27.35 11.29 0.46 0.33
CAS4 54.77 6.70 26.58 10.81 0.47 0.67
CAS5 55.60 6.80 25.79 10.32 0.47 1.02
CAS6 56.45 6.90 24.98 9.81 0.48 1.38
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to the parity-allowed electric dipole transitions, 4f"(®S;/,) — 4f°5d
of the Eu®" ions, as observed previously in similar glasses.”’~*" The
absorption decreases monotonically in the visible range, but still
remains large at ~700 nm (o~ 10 cm™"), as shown in the inset. In
fact, the absorption coefficient tends to zero only above ~900 nm.
Figure 2(b) shows the NIR absorption band ranging from ~900 to
1050 nm, characteristic of the °Fs/, — 2F,, transition of Yb>*.*
The inset shows a linear increase of the 980 nm absorption coeffi-
cient with Yb,03 concentration, indicating an effective incorpora-
tion of Yb** ions in the glass matrices.

Previous publications on europium-doped aluminosilicate
glasses show that the fraction of Eu**/Eu’" depends on the amount
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FIG. 2. (a) Absorption spectra in the UV-Vis region of the CAS sample doped
with 0.45mol. % of Er,03 (0.0 Yb,Os) fitted by two Gaussian curves (black
dashed lines). UV-Vis absorption between 400 and 600 nm is highlighted in the

inset. (b) The Yb"

ions absorption is attributed to the 2Fs, —

F7p, transition.

The Yb,05; concentration varies from 0.0 to 1.38 mol. %. The insets show the
Yb concentration dependence.

, Yb* ions, illustrating three possible downconversion ET processes: (a) Eu?* — Eu®* — Yb**, (b) Eu*" — Yb*', and

of silica in the host matrix.”” X-ray absorption measurements (LIII
edge XANES) in samples with several SiO, (8.02mol. % < SiO,
< 62.31 mol. %) concentrations”” showed that the ratio Eu**/Eu®*>"
first increases up to 60% for 53.19 mol. % of SiO, (50 wt.% in
Fig. 2 of Ref. 27) and then starts to decrease to higher silica concen-
trations. In this paper, matrices with 53.19-56.45 mol. % of SiO,
were chosen to maximize the formation of Eu®>* ions and, conse-
quently, the glass broadband absorption.

Figures 3(a) and 3(b) present the emission spectra under UV
excitation (325 nm) of all samples. Figure 3(a) shows a broad emis-
sion band (peaked at ~470 nm) originating from the allowed elec-
tronic transition of the excited state 5d to ground state 4f of Eu**
ions (e; — 8S,/2). Moreover, a narrower weak peak can be noticed
at ~615 nm, suggesting the presence of Eu®>* most intense emission
line (°Dy — "F,). All visible spectra (400—700 nm) were measured
under identical conditions to allow a quantitative comparison of the
integrated emissions. The inset indicates a monotonic decrease of
Eu?" integrated emission with Yb** concentration. Figure 3(b) shows
the downconversion emission spectrum of Yb** (hex=325nm). A
large increase in Yb>" emissions can be observed in the inset due to
the efficient downconversion process since Yb>* does not have
absorption levels in this region.

The emission spectra under 528 and 457 nm excitation are
shown in Figs. 4(a) and 4(b), respectively. These wavelengths were
chosen to be in resonance with “Fy — °D; and “Fy— °D, absorp-
tion lines of Eu®*, respectively.z” Figure 4(a) shows that several
narrow peaks (~5nm) are observed and attributed to the Eu’*
transitions from the D, emission level to the indicated states "Fo,
F,, 'F,, 'F3, and F,. The emission spectra of Eu-Yb samples with
457 nm excitation present a strong emission band up to 700 nm
and the characteristics of Eu®* emission peaks, as shown in
Fig. 4(b). This excitation wavelength is resonant with “Fo— °D,
Eu’'- absorption transition, but it also excites the Eu*" ions with
some efficiency, as can be seen in the insert in Fig. 2 that enlarges
the spectra for A >400 nm. In both cases [Figs. 4(a) and 4(b)], the
integrated emission decreases with the increase of Yb>* concentra-
tion, indicating ET from Eu®" and Eu** to Yb*>* ions, due to down-
conversion processes. However, this behavior is most remarkable in
Fig. 4(b), where the role of Eu*" is greater compared to Fig. 4(a).

The excitation spectra were recorded by monitoring the Eu®*
and the Yb*>* emissions. Figures 5(a) and 5(b) show the excitation
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Yb** ion.

spectra monitoring the Dy — ’F, emission of Eu** (Ay, =615 nm)
of the 0.46Eu,03-0.16Yb,05; and 0.48Eu,05-1.38Yb,0s, respec-
tively. The nine peaks observed at 315, 359, 378, 391, 410, 461, 530,
575, and 584 nm are attributed to the ground state absorption of
Eu®* (Fp) to *Hg, *Dy, °Ly, °Le, “Ds, °D,, °Dy, *Dy, and “F; — °Dy,
respectively. These narrow peaks are superposed to a “UV tail” and a
broader band (~250-500 nm), roughly resembling the absorption
spectrum [Fig. 2(a)]. Thus, the excitation spectra could be told apart
in two Gaussian broadbands, centered at 250 and 395 nm, in addi-
tion to nine narrower Gaussians (typically ~5 nm FWHM). It should
be noticed that the broadband [peaked at ~525nm in Fig. 4(b)]
assigned to Eu®* is redshifted concerning the absorption spectra
[Fig. 2(a)]. This change in the excitation spectra can be attributed to
the extraordinarily strong absorption in the 250-450 nm range. In
this spectral range, the absorption coefficient decreases from ~550 to
~10cm™" [Fig. 2(a)] which is equivalent to the light penetration
length varying from ~0.020 to 1 mm, respectively. Reminding that
the samples have ~2 mm thickness, the higher Eu*>" absorption in
the UV [Fig. 2(a)] is compensated by the shorter sample “effective
length,” modifying the excitation spectra line shape.

The analyses of Figs. 5(a) and 5(b) show that all excitation
bands decrease with the increase of Yb,O; content, suggesting
that both Eu** and Eu®* transfer energy to Yb>". This hypothesis
is corroborated by the excitation spectra with A,,=980nm

[Figs. 5(c)-5(d)]. The respective UV-Vis peaks of Eu*" and Eu®" are
observed in the same positions presented in Figs. 5(a) and 5(b) and,
the Eu®* band’s intensities (see blue shaded areas) are greatly
increased on elevating the Yb** doping concentration.

The dependence of the integrated area of the Eu** broadband
(shaded areas in the excitation spectra of Fig. 5) with Yb** concen-
tration is presented in Fig. 6. The red circles show a decrease in the
Eu®* (Agp =615 nm) bands with an increase of Yb>*. The opposite
behavior was obtained with A, =980 nm (blue square). These results
allow us to conclude that the increase of Yb** emission occurs due
to the decrease of Eu®>" and Eu®" emissions through ET processes.

In a complementary way, the fluorescence kinetics of the
broadband emission, attributed to 4f°5d — 4f’ of the Eu** [Fig. 3
(a)], can give information about the ET processes involved.
Figure 7 shows the decay curves monitored at 404 nm, upon pulsed
(5ns) excitation at 355nm, for samples doped with 0.16 up to
1.38 mol. % of Yb,Os. It should be noticed that even the decay
curve of the single-doped (Eu,03) sample shows a non-exponential
behavior which could be attributed to the ET from Eu®" to neigh-
boring Eu®*. Moreover, this behavior could also be caused by energy
migration among Eu** ions due to a large distribution of Eu** sites
produced by structural disorder, since the 5d levels are strongly sensi-
tive to the ligand field. Nevertheless, a strong decrease of the effective
fluorescence lifetime is observed with the increase of Yb,O;
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FIG. 4. Emission spectra (a) with Aey =528 and (b) Aex =457 nm.

concentration in the co-doped samples. This process can be evaluated 7,(0) = 2.05 us, C=0.67mol. %, and p=1.8. C represents the

by the mean decay time as typical concentration for which 7,,(x) = 7,,(0)/2, and p~2 are
expected for the ET process with dipole-dipole interaction.

ol From Eq. (2), the ET quantum efficiency (n) can be deter-

Tm = @L I(z) dt, @ mined by Eq. (3)° assuming that one photon from the Yb** emis-

sion generates one excited Yb**,

in which I(¢) is the luminescence intensity and I(0) is the lumines-

cence intensity at t = 0. As the concentration of Yb*" increases from ) (IO

x =0 to 1.38 mol. %, 1, drops rapidly from 2.1 to 0.31 us, as shown nx) =1 = 5 - (3)
in Fig. 8. This behavior can be described by’ Tn(0) 1+ (/C)
() 7,n(0) @) Figure 8 shows that 77(x), in blue circles, increases with Yb, O3
m

X = 1+ (x/CY’ content reaching a maximum value of ~85% for the glass with
1.38 mol. % of the Yb,O; content. This i value is higher than the
in which x (x=0.0, 0.16, 0.33, 0.67, 1.02, and 1.38). Figure 8 shows typical ones reported in the literature for Eu**-Yb** co-doped

that 7,,(x) is well described by Eq. (2), where the fit results in borate, borosilicate, and calcium aluminosilicate glasses.14’32’33
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20(c) (d) where the energy released by Eu*® is higher than the one taken by
—— 0.16 mol% Yb,0, —— 1.38 mol% Yb,0, Yb**. This small energy difference (AE ~ 1300 cm™Y) is easily com-
7o pensated by phonon emission since the phonon energy of CAS
Ao =980 NM Fo Aop = 980 nm glasses is around 1100cm™'. Although less likely, other energy

E -~ transfer processes may also occur. Figure 1(b) depicts direct ET
0 5'-67 Eu®" = Yb** by CR. In fact, Eu®* emission (eg—>887) and Yb**

' absorption (Ao, =980 nm)** are extremely broad. The energy of
Eu" is higher than Yb>* by AE ~ 3500 cm™" so ET can occur assis-
ted by ~3 phonons of the glass matrix. We remind that Eu** has a
very large emission band with a maximum emission wavelength of
~700 nm, as shown in Fig. 4(b). However, we emphasize that this
process should be more likely in materials where this energy differ-
ence is smaller. For instance, Zhou et al.'® observed a large spectral
overlap between the Eu®* emission and the Yb>* absorption bands
. . ~ in a garnet host. Both processes indicated in Figs. 1(a) and 1(b)
300 400 500 600 300 400 500 600 represent the generation of one Yb>" excitation by one Eu excita-
tion, so quantum efficiency is less than 100% and can be estimated

Intensidade (a.u.)
= o

[¢)]

A (nm) A (nm) by 1 in Fig. 8.
FIG. 5. (a) and (b) The excitation spectra monitoring the 615 nm emission of
Eu* ions doped with 0.16 and 1.38 mol. % of the Yb,0j, respectively. Red
shaded areas are attributed to the Eu?* absorption bands centered at 250 and 1

395nm. (c) and (d) The excitation spectra monitoring the 2F7,—Fs, emission hex =355nm
(980 nm) of Yb** ions in CAS glass doped with (c) 0.16 and (d) 1.38 mol. % of

the Yb,03. Blue shaded areas represent the 4f(887,2) — 5d(eg, t2;) transitions

of the Eu?* ions.

0.1

I(t)/1(0)

Moreover, the resemblance of Figs. 6 and 8 is remarkable, corrobo-
rating the hypothesis of ET from Eu*'/Eu’** — Yb**,

The main possible ET mechanisms involving Eu®*, Eu’*, and
Yb** are depicted in Fig. 1. Considering the important role played
by Eu’" ions, we think that the most probable route is a two steps
ET process, Eu*" — Eu’" — Yb*". In fact, Figs. 5(a) and 5(b) dem- H(us)
onstrate the effective Eu** - Eu®* ET, and Figs. 5(c) and 5(d) show
the typical Eu** absorption peaks in the excitation spectra of Yb>* FIG. 7. Luminescence decay curves of Eu?* under pulsed (5 ns) 355 nm excita-
(hop = 980 nm). The Eu®t = Yb>* ET should involves a cross- tion for samples with various Yb,O5 concentrations. The luminescence signals

relaxation process: SDO [Eu3+] —7F6[Eu3+]"" 2F7/2 [Yb3+]_2F5/2 [Yb3+], were detected at 404 nm.
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FIG. 8. The variation of average decay time (t,) of the 5d (eg) — 4f(®S75) Eu®*
emission, under excitation at 355 nm (in red) with Yb,O3 concentration transi-
tion. The blue curve shows the dependence of the ET quantum efficiency, 7(x),
calculated by Eq. (3).

Several papers in the literature'>'>*>** have assumed, but not
proven,m a quantum cutting process that generates two excited
Yb** ions for every Eu excitation, as indicated in Fig. 1(c). This is a
second-order cooperative process involving instantaneous energy
transfer from one Eu*' to two Yb’" ions, generating two IR
photons from one absorbed UV photon. However, Refs. 2 and 35
demonstrated that the second-order ET processes commonly have
a probability of 3 orders of magnitude lower than the first-order
processes, such as one-step downconversion. Therefore, ET due to
quantum cutting should provide a negligible or weak contribution
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FIG. 9. The yellow background is the solar spectrum (AM1.5G) in the UV-Vis—
NIR region. The gray background is the spectral response of c-Si. Blue and red
curves are the excitation spectrum (monitored at 980 nm) and NIR emission
spectrum (lex = 325 nm) of the 0.48Eu~1.38Yb co-doped glass, respectively.

ARTICLE scitation.org/journalljap

to the Yb>" emission reported in this paper. Finally, other ET pro-
cesses, like the effect of electron transfer can have a role in the
observed downconversion. For instance, electron transfer from
Eu®"+Yb> — Eu’" + Yb** may occur once the presence of Yb**
ions was previously observed in a similar base glass of this paper.”’

The Vis-to-NIR spectral conversion is reflected in the excita-
tion spectra (Aop =980 nm) of the downconversion materials, there-
fore, is a desirable broadband excitation for the NIR emission.>**
In view of the solar spectrum and practical applications, the more
photons absorbed in the range of 250-550 nm, the higher the solar
cells’ conversion efficiency.””'*® In the Eu****-Yb>* doped CAS,
Eu®" ions act as broadband spectral sensitizers by absorbing
UV-Vis (260-700 nm) photons, which are not efficiently absorbed
by silicon solar cells (see the blue curve in Fig. 9).

After energy transfer, the Yb®>" acceptors exhibit a strong NIR
emission centered at around 1000 nm, which is coupled well with
the absorption band of the silicon solar cell. Therefore, Eu*™*"-Yb**
doped CAS glass is comparatively better than the previous downcon-
version materials doped with a RE**-Yb>* pair (RE=Nd, Tb, Pr,
Tm, and Eu) because the bandwidth of the 4f-5d transition of Eu®*
is much broader than that of the 4f-4f transitions of those RE
ions.”””"* As shown in Fig. 9, the c-Si solar cells’ photoelectric
transformation efficiency is the highest near the bandgap (1.1¢eV),
while the response becomes weak in the high energy region due to
thermalization loss. In fact, Fig. 9 shows a broad region 260-700 nm
light that can be converted into around 1um, where the c-Si
response is the highest. As a result, the conversion efficiency of c-Si
solar cells can be significantly improved.

IV. CONCLUSION

In summary, Eu*'-Eu**-Yb>" co-doped calcium aluminosili-
cate glasses were investigated as a downconversion layer candidate
to enhance silicon solar cell efficiency. Absorption, excitation,
and luminescence spectra show that the luminescence properties
are strongly affected by Yb,0O; doping concentration. Excitation,
emission, and decay measurements indicate the occurrence of
energy transfer from Eu”*/Eu’* to Yb’* ions. The ET quantum
efficiency (n) was estimated from the decrease of Eu®*(5d) emis-
sion decay time with Yb,0;. Fixing the Eu concentration
(0.45 mol. % of Eu,03), it was observed that 1 increases monoton-
ically with Yb concentration, reaching n ~ 85% for 1.38 mol. % of
YDb,05. The main contribution to the observed data is a two-step
process, Eu*" — Eu’* — Yb**, No evidence of quantum cutting
was observed. Anyway, the results show that Eu*" can be a good
sensitizer for Yb>* in CAS glasses, providing efficient conversion
of the broadband 250-550 nm light excitation to NIR (~980 nm)
which can be efficiently absorbed by silicon solar cells.
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