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Abstract

Near-infrared (NIR) quantum cutting involving the emission of two NIR photons for each visible
photon absorbed is realized from Ce*/Yb** codoped chalcohalide glasses. Excitation, emission and
decay spectra are measured to prove the occurrence of energy transfer (ET) from Ce®* to Yb*. The
maximum ET efficiency obtained is as high as 82%, and the possible mechanism of ET is discussed.
The directly measured and calculated quantum yield (QY) of the Yb** emission upon the excitation of
5d level of Ce*" is up to 119%.
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1.Introduction

Photovoltaics (PV) is an advanced technique that can directly convert clear and sustainable solar
energy into electricity. Currently, PV devices fabricated from silicon (Si) wafers dominate the
marketplace. Unfortunately, silicon based PV products are expensive and show poor efficiency when
converting solar energy to electricity [1-3]. In order for PVs to play a major role in future energy

generation it is necessary that the efficiency of these systems is improved. At present, the mismatch
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between the solar photon flux spectrum and the spectral response of Si solar cells accounting for ~70%
energy loss is one of the main factors limiting the efficiency of Si solar cells [4]. Downconversions
including downshifting and quantum cutting (QC), are important methods of modifying the solar
photon flux spectrum. Many efforts have been made to develop NIR QC phosphors or glasses co-doped
with Yb* and other rare-earth ions (RE**) [5-7]. The Yb* is suitable as an acceptor and emitter
because luminescence quantum efficiency of Yb** is close to 100% and most importantly, the transition
energy from the only excited level to the ground state of Yb*": ?Fg,—%F7, (~1.2 eV) is roughly in
accordance with the band gap of Si (~1.1 eV). On the other hand, Ce*" is different from other trivalent
RE*" owing to its unique electronic configuration. The absorption of Ce*" originates from the allowed
electric-dipole transition from the 4f ground state to the 5d excited one, which results in a very high
absorption cross section on the order of 108 cm? [8]. Our previous work has shown that upon the blue
(450 nm) excitation Ce** doped chalcohalide glasses emit 520 nm (~2.4 eV) photons [9, 10], which are
exactly two times of the Yb*: 2Fs;,—%F;, transition. Moreover, chalcohalide glasses have been
demonstrated to be good candidate for hosting RE** to obtain high ET efficiency and QY because of
their low phonon energy (~350 cm™) [11]. In this paper, we demonstrate the highly efficient QC in the
Ce*IYb* co-doped GeS,-Ga,S;-CsCl chalcohalide glasses involving the emission of two NIR photons
of Yb** for each blue photon of Ce®* absorbed via ET process.

2.Experiment

High-purity elements germanium (99.999%), gallium (99.999%), sulfur (99.999%), Cerium(99.999%),
and ytterbium(99.999%) and compounds CsCl (99.9%) were loaded into a 10 mm inner-diameter silica
tube and evacuated to a high vacuum level (10 Pa). The mixes were heated at 900 °C for 12 hours in a

rocking furnace, and then quenched in the water. The glasses obtained were annealed at a temperature



20 °C below the glass transition temperature for 2 hours and then slowly cooled down to room
temperature. The glass samples were cut into circular discs of 2 mm thickness and polished to optical
quality using the superfine Al,O3; powders. The X-ray diffraction patterns confirmed that the prepared
glasses were amorphous. The glass compositions are listed in Table I.

Absorption spectra were recorded by a Jasco V-570 spectrophotometer (Jasco International Co. Ltd.,
Tokyo, Japan). The excitation, emission spectra were collected by a high-resolution spectrofluorometer
(Fluorolog-3, Horiba Jobin Yvon Inc., Edison, NJ) using a 450 W Xe-lamp as the excitation source.
The decay curves of Ce® emission was performed by FLSP920 (Edinburgh Instruments). All
measurements were carried out at room temperature.

To obtain the QY, a barium sulfate coated integrating sphere (150 mm in diameter) was attached to the
FLS920. The blank laser excitation line from 440 to 460 nm was measured first. Then, the sample was
placed on the sample holder in the integrating sphere for measurement of the emission spectra with
Hamamatsu R928 and liquid-nitrogen-cooled Hamamatsu R5509-72 photomultiplier tubes in the NIR

ranges. To eliminate the noise, every spectrum was scanned at least 5 times.

3. Results and Discussion

Fig.1 presents normalized absorption spectra of glass samples G1-G5. The absorption cut-off edge of
the G1 glass is located at 450 nm. The absorption band of the *Fs,—F5, transition of Yb*" ranging
from 900 nm to 1100 nm can be clearly identified from the inset figure which is enlarged from 900 nm
to 1050 nm. Apparently, the absorbance around 980 nm increases with increasing Yb** concentration.

Fig. 2 shows the emission and excitation spectra of the Yb** single doped (G0), Ce** single doped (G1)
and Ce*'/Yb* codoped (G2) samples. Under the excitation of 450 nm, the Yb** single doped sample

shows no emission in both visible and NIR regions. The Ce® single doped sample, on the other hand,



exhibits an intense blue emission band centered at 520 nm. The emission is due to the d-f
[*,°d;—*f,(%Fy)] transition of Ce®* ion from 5d excited state to 2F ground state, which is a parity
allowed electric dipole (e-d) transition with large oscillator strength [9,10]. Compared to the single
doped samples, the codoped sample shows very strong NIR emissions centered at ~ 980 nm-1020 nm
due to the °Fs,—2Fy, transitions of Yb*" [5-7], but the visible emission is much reduced, implying that
there exists an efficient ET from Ce®* to Yb®". From the excitation spectra monitored at the 988 nm
emission of Yb** (dashed line in Fig.2) it is clear that co-doping of Ce®" (G2) leads to a much broader
and more intense excitation band with the maximum wavelength shifted to the blue region. The greatly
increased excitation cross-section (ECS, the area under the excitation band) of the codoped sample is
benefiting energy harvesting of light sources [11].

Fig. 3 shows the visible and NIR emission spectra of the samples with fixed Ce* but varying Yb**
concentrations (G1-G5). With the increasing Yb®" concentration, the yellow-green emission of Ce®*
gradually decreases until almost totally quenched in the highest Yb** concentration (G5).
Concomitantly, the broad NIR emissions band around 1000 nm from Yb*": 2F5,—2F,, transition are
enhanced greatly until the Yb*" concentration reaches 0.6 mol% due to concentration quenching effect
(G5). The above phenomenon is also a direct evidence of ET from Ce** to Yb*".

To better understand the ET between Ce** and Yb®" and the high ET efficiency, it is important to study
the ET mechanism. The energy mismatch between one photon from Ce® ion (~19300 cm™) and the
sum of two photons from Yb** ion (~20000 cm™) is ~700 cm™, which almost equals to two times of the
phonon energy of the current glass [11]. Thus the ET between Ce** and Yb*" is assisted by two
phonons. The electronic transitions which may be involved in the phonon-assisted ET (PAET) process

between Ce** and Yb*" ions are depicted in Fig.4. The PAET process proceeds via the following way:



upon the 450 nm excitation, Ce** ions emit at 520 nm due to the Ce**: *f,°d;—*f,(?F;) transition, the
energies of the emitted photons together with two phonons from the glass matrix are simultaneously
absorbed by two nearby Yb®" ions. As a result, two NIR photons are generated due to the Yb®" :
2F,,—2F, transition.

It is known that the ET efficiency (1) between sensitizer (Ce®") and activator (Yb**) can be expressed
by the empirical equation: #t =1-zJ/z5, Where 75 and =y are the decay lifetimes of the sensitizer (Ce*
with and without the activator (Yb®"), respectively [12]. Fig.5 presents photoluminescence decay of the
Ce®* 520 nm emission for G1-G5 samples. The decay times of Ce®* in the single doped (G1) and
codoped samples (G2, G3, G4, G5) are listed in the inset table. From the table it is seen that the decay
time decreases with the increasing concentration of Yb** ions while the ET efficiency increases steadily
up to about 82% (G5). However, this value is obtained by considering only the ion-ion interaction and
should be regarded as the upper limit of ET efficiency.

The fluorescence quantum yield (QY, defined as #) can be ideally calculated with the measured life
time of Ce®" from the following equation:

n=2nyvlr

where 7y, is the emission quantum efficiency of Yb*', usually about 100% because of the very low
multiphonon relaxation rate due to the large energy gap to the next lower level, the ground state; #yis
the energy transfer efficiency [13]. Thus we can get the calculated QY equals to 104%, 136%, 156%,
164% for G2-G5, respectively.

Actually, QY is defined as the probability for a sample to emit a photon through fluorescence when it is

excited by a single photon. It is therefore also the percentage of photons emitted by a bulk sample when

a given number of photons are absorbed by the sample, i.e., the number of photons emitted divided by



the number of photons absorbed by a sample. The number of photons absorbed by a bulk sample is
equal to the number of photons incident minus the photons passing through and not being absorbed.
From this definition, QY can be measured by using an integrating sphere and calculated according to
the following equation:

=1 Lsy/(] Ex-[ Es)

where, Lg is the NIR luminescence emission spectrum of the sample; Es is the spectrum of the light
used for exciting the sample and Eg is the spectrum of the excitation light without the sample in the
sphere. As an illustration, the excitation lines of the G2 sample are shown in Fig.6 with all measured
QYs listed in the inset table. With the increasing concentration of Yb**, the QY increases until G5
where the concentration quenching effect occurs. To maximize the luminescence output of the Yb**
ions, one has to consider competition between the energy-transfer efficiency increasing the Yb**
emission intensity for higher Yb®* concentration and concentration quenching decreasing the Yb*'
luminescence intensity for higher Yb®* concentration[14]. The obtained maximum QY is 119%, which
is lower than the calculated value from the decay lifetime,but it is higher than Ce*-Yb** co-doped
Y3AIs01, (YAG) ceramics [13,15].

4. Conclusions

Quantum cutting (QC) of one visible photon into two NIR photons is realized in Ce**/Yb** codoped
chalcohalide glasses by phonon-assisted energy transfer (PAET) from Ce® to Yb*. The much
enhanced Yb** emission and the high ET efficiency (82%) are probably because of the significantly
increased ECS at the visible region. The maximum measured quantum yields of Yb** emission upon the
Ce*:5d level excitation is up to 119%, lower than that calculated from decay lifetime of Ce®". Our

work shows an effective way for the realization of efficient spectral modification of the solar spectrum



in the applications of Si based solar cells.
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Figure Captions

Table | Nominal compositions (mol.%) of glass samples.

Fig.1 Normalized absorption spectra of the G1-G5 glass samples.

Fig.2 Emission spectra of the Yb®" single doped (G0), Ce** single doped (G1) and Ce**/Yb** codoped
(G2) samples upon the excitation of 450 nm light (solid line); Excitation spectra of the GO and G2
samples monitored at 988 nm emission (dashed line).

Fig.3 Visible and NIR emission spectra of the samples with fixed concentration of Ce®* but varying
concentration of Yb** (G1-G5). The excitation wavelength is 450 nm.

Fig.4 Energy level diagrams of Ce®" and Yb** and possible ET process between Ce** and Yb*".

Fig.5 Photoluminescence decay of the Ce®* 520 nm emission for the G1-G5 samples. The inset table
shows the decay times and energy transfer efficiencies.

Fig.6 Excitation line of the G2 sample collected by using an integrating sphere. The inset table is the
quantum yield of the sample in NIR.

Table I Nominal compositions (mol.%) of glass samples.

Samples GO Gl G2 G3 G4 G5
Host glass 50GeS,-25Ga,S;-25CsCl
ce®* 0 0.08 0.08 0.08 0.08 0.08

Yb* 0.1 0 0.1 0.25 0.5 0.6
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Fig. 3
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Fig.5
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