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Summary. — The efficiency of a solar cell can be increased by using photon
management to make better use of the solar spectrum. In particular the down-
conversion process which permits us to obtain two low-energy (980nm) photons
from one high-energy photon. In particular we present a system consisting of a
70 Si02-30 HfO, glass ceramic waveguide co-doped with Th3T and Yb3' ions. We
present the assesment of the energy transfer efficiency from an excited Th3* ion to
two Yb3T ions in its vicinity.

PACS 88.40.hj — Efficiency and performance of solar cells.

1. — Introduction

The efficiency of a standard silicon solar cell is limited by the fact that only a part of
the solar spectrum around and slightly above the energy of the silicon band gap (1.1eV,
around 1100nm) can be efficiently converted into electricity [1]. Therefore, a major
part of the solar spectrum is lost, namely the entire blue and ultraviolet part of the
spectrum and the entire infrared part of the spectrum with wavelengths above 1100 nm.
To increase the efficiency of the solar cell different photon management schemes can be
used including down-shifting, down-conversion or up-conversion [1]. In all these schemes
an additional layer is placed on top of the solar cell to convert some of the photons of the
incoming solar light into near infrared photons (around 1000 nm) that can be efficiently
converted into electrical energy by the solar cell. Rare-earth ions have been extensively
employed both for the down-converter and up-converter applications. Rare earths have
very sharp energy levels with long lifetimes (in the range of ms) which make high internal
energy conversion efficiencies possible. Although single rare-earth ion down-conversion is
possible [3], usually two different rare earths are employed to achieve the down-conversion
effect. One rare-earth ion used is usually Yb3*, since its emission is at 980 nm which is
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Fig. 1. — Energy diagram of the Tb*>T-Yb** down-converter system.

—

around the maximum of silicon absorption. However since Yb3t does not absorb in the
blue or ultraviolet region, an additional rare earth is used to absorb the solar radiation
and transfer the energy to the Yb3* ions. Different rare earths that can be employed are
Pr?t [4,5], Eu®* [6], Tb3T [7-10] or Tm?®* [11,12]. In particular the Th3*-Yb3* system
was found to be an efficient blue (488 nm) to near-infrared (980 nm) down-converter. This
down-conversion mechanism is sketched in fig. 1. The Th3*t ion absorbs a blue photon
at 488nm and is excited in its ®D, state. Afterwards it de-excites non-radiatively by
transferring its energy to two Yb?* ions which are then excited from their ground state to
their 2F; /2 state. Afterwards the two Yb?* ions de-excite by emitting a 980 nm photon
each.

The choice of the matrix is a crucial point to address if an efficient down-conversion
mechanism is wanted. The matrix has to be chosen to reduce the non-radiative tran-
sitions from the rare-earth ions to the host matrix. Sol-gel-derived glass ceramics have
recently been shown to be a good choice for the matrix in quantum cutting processes [13].
In particular, it has been shown that the Er®* ions remain incorporated inside the HfOy
nanocrystals. This leads to the decrease of the non-radiative de-excitation probabil-
ity, since the phonon energies in HfO5 are considerably lower than in the case of silica
(700 cm~! with respect to 1100 cm™!). In this paper we will present the down-conversion
of a 70 Si05-30 HfO, glass ceramic waveguide co-doped with Th3* and Yb** ions [2].

2. — Experimental set-up

The Th3* and Yb3* and doped glass ceramics described in this paper were produced
in the following manner [2]. The films were produced using the dip coating method from
a sol-gel precursor. The starting solution, obtained by mixing tetraethylorthosilicate
(TEOS), ethanol, deionized water and hydrochloric acid as a catalyst, was pre-hydrolyzed
for 1 hour at 65 °C. The molar ratio of TEOS : HCI : EtOH : HoO was 1 : 0.01 : 37.9 : 2.
An ethanolic colloidal suspension was prepared using as a precursor HfOCly and then
added to the TEOS solutions, with a Si/Hf molar ratio of 70:30. Terbium and ytterbium
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TABLE 1. — Rare-earth concentrations for two sets of samples.

Sample label Th** (mol%) Yb3T (mol%)
AR1 0.5 0
Al 0.5 1
A2 0.5 2
A3 0.5 3
BR1 0.2 0
B1 0.2 0.8
BR2 0.6 0
B2 0.6 2.4
BR3 1 0
B3 1 4

were added as Th(NOj3)3 x 5HoO and Th(NO3)3 x 5H20. The molar concentrations of
the Th?t and Yb? ions were varied to obtain different samples. The final mixture was left
at room temperature under stirring for 16 h. The obtained sol was filtered with a 0.2 um
Millipore filter. Rare-earth—doped silica-hafnia layers were deposited on a cleaned silica
slide by dip-coating, with a dipping rate of 40 mm/min. After each dip, the sample was
densified in air for 50s at 900 °C. Every ten dips the samples were made to undergo an
additional densification for 2min at 900 °C and at the end the final sample was densified
for 5min at 900°C. In this manner glass waveguides were produced. To produce the
glass-ceramic waveguides the glass waveguides were made to undergo an additional heat
treatment at 1000°C for 30 min. Table I gives the compositional parameters of the
produced samples.

The thickness and refractive index of different samples were determined using an
m-line apparatus at 543.5nm and 632.8 nm and were found to be around 1.0 £+ 0.1 um
and 1.62 + 0.02 for all the produced samples. The refractive index was always found
to be greater at 543.5nm than at 632.8 nm by a factor of 0.005. The luminescence
measurements were made both in the visible and in the infrared region of the spectrum.
The measurements in the infrared were made upon excitation with the 476 nm line of the
ArT ion laser. The spectra were made in the region 960-1060 nm corresponding to the
2Fy /2 = 2Fy /2 transition of the Yb37 ions using a single grating monocromator with a
resolution of 2nm and a Si/InGaAs two-color photodiode and standard lock-in technique.
In the visible the measurements were made upon excitation with the third harmonic of
the Nd-YAG laser at 352nm. The spectra were recorded using a monocromator with a
5cm ™! resolution and with a photon-counting system. The decay curves were obtained
recording the signal with a Stanford SR430 multichannel analyzer.

3. — Results

The first series of samples, labelled A, were made so that the Yb3T concentration
was varied and the Th3t concentration was kept constant. This was done in order to
determine the optimum Yb3T-to-Th3* ratio. Figure 2 shows the luminescence spectra
of these samples upon excitation at 476 nm.

The intense emission band centered at 977nm, with a shoulder at 1027nm is at-
tributed to the 2F5/2 — 2F7/2 transition of the Yb3* ions. The presence of the Yb3+
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Fig. 2. — Room temperature luminescence spectra of the 2F5/2 — 2F7/2 transition of the Yb3T

ions upon excitation at 476 nm for the samples of the A series.

emission is an indication of the energy transfer between the Th3* and Yb3* ions and
hence of an efficient down-conversion. To measure the efficiency of this energy transfer
the decay measurement of the ®D, energy level of the Th3T ion has to be made. This
decay can be measured by monitoring the ® Dy — 7 Fj transition at 543nm. The lumines-
cence of one of the samples measured in the spectral region around 543 nm is presented
in fig. 3. The vertical line indicates the position of the F; — 7F5/2 transition used in
the decay measurements.
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Fig. 3. — The luminescence spectra of a Tb3*, Yb3T co-doped sample showing the °Dy — " Fj
transition of the Th3T ion. The vertical line shows the wavelength at which all subsequent decay
measurements were made.
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Fig. 4. — Decay measurements of the ® D, metastable state of the Th*" ion measured by mon-
itoring the D, — "Fs transition at 543nm for the A series of samples. The decays of the
samples A2 and A3 are overlapping and cannot be distinguished one from the other.

If we define the energy transfer efficiency as the number of Th3* ions excited in their
5D, state that will de-excite non-radiatively by transferring their energy to a pair of
Yb3* ions in their vicinity, it can be shown [10] that this energy transfer efficiency can
be calculated by considering the ratio of the integrated intensity of the decay curves of
the Th3+-Yb3* co-doped sample and the Th3* single-doped sample:

(1) NThyh = M
f[det
In some papers a quantity called the effective quantum efficiency defined as the ratio
of the number of absorbed photons to the number of emitted photons is used. The
effective quantum efficiency is linearly proportional to the above-defined energy transfer
efficiency if we set quantum efficiency of the Th3* ions to unity [10]:

(2) NEQE = 1 + NTb-vb-

In fig. 4 the decay curves of the °F; — 7F5/2 transition measured at 543 nm upon
excitation at 355 nm are given. A decrease of the lifetime with the increase of the Yh3+
content is observed, indicating an increase of the energy transfer efficiency with the
increase of Yb3* content. In table II the energy transfer efficiencies and effective quantum
efficiencies calculated according to egs. (1) and (2) are given for the glass ceramic samples
of the A series. The results presented in table II show that the transfer efficiency increases
with increasing the Yb3+/Tbh?* ratio. However, when increasing the density of active
ions concentration quenching can become important too. This seems to be the reason
why the energy transfer efficiency does not exceed 25% for the A series of samples.

In table II the efficiencies for the samples with the same rare-earth content but in a
glassy matrix are also given. As expected, the estimated quantum efficiencies are greatly
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TABLE II. — Transfer efficiencies for the A series of samples.

Sample label Energy transfer efficiency Effective quantum efficiency

Glass-ceramic

Al 14% 114%

A2 24% 124%

A3 25% 125%
Glass

Al 2% 102%

A2 4% 104%

A3 6% 106%

reduced in the glassy matrix with respect to the glass ceramic case. It seems that the
reduction of non-radiative relaxation channels due to the low cut-off frequency of the
HfO, nanocrystals plays a key role in the energy transfer efficiency between Th3*t and
Yb3* ions.

In the second series of samples, labelled B, the Yb3* /Th?* ratio was kept constant at
Yb3* /Tb3* = 4 while the overall rare-earth content in the glass-ceramic was increased
from 1 to 5mol%. In fig. 5 the Yb3*t emission is presented for the samples of the B series.
Similarly as for the A series, the Yb3t emission at 980 nm indicates that there is energy
transfer between Th3t and Yb37 ions.

To determine the energy transfer efficiencies the same type of analysis was done as
for the A series of samples. The decay curves of the samples of the B series and the
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Fig. 5. — Room temperature luminescence spectra of the 2F5/2 — 2F7/2 transition of the Yb3T
ions upon excitation at 476 nm for the samples of the B series.



RARE-EARTH-ACTIVATED GLASS CERAMICS ETC. 185

RB1
B1

Intensity [arb. units]

L L L L L L L L L L L L L L L

0 2 4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10 12 14
Time [ms]

Fig. 6. — Decay measurements of the ® D, metastable state of the Th*T ion measured by moni-
toring the 5Dy — "F5 transition at 543 nm for the B series of samples.

TABLE II1. — Transfer efficiencies for the B series of samples.

Sample label Energy transfer efficiency Effective quantum efficiency

Glass-ceramic

B1 1% 101%
B2 18% 118%
B3 38% 138%

corresponding transfer efficiencies are presented in fig. 6 and table III. The increase of
the energy transfer efficiency with the increase of the overall rare-earth content in the
samples is evident, the highest energy transfer efficiency obtained being 38% for the
sample with 5 mol% of the overall rare-earth content.

4. — Conclusion

In summary, efficient Th3*-Yb3* co-doped 70 SiO,-30 HfO, glass ceramics were pro-
duced for use as down-converter layers. Near-infrared emission at 980 nm assigned to the
2Fs 5 — 2F7 5 transition of the Yb3* ions was observed upon excitation at 476 nm. The
energy transfer efficiencies were estimated from the decay curves of the ® Dy metastable
state of the Th3* ion. The highest energy transfer efficiency was found to be 38% for
the sample doped with 1mol% of Th3* and 4mol% Yb3*.
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