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A series of phosphate glasses with compositions of 30SrO-60P205-10Na0-0.5Tm303-xYby03(x =0, 1, 5,9, 11 in
mol%) were manufactured by melt-casting method, the quantum cutting between the Tm>* and Yb%* in the
phosphate glasses is investigated, the energy transfer from Tm®*:'G4 to Yb®":?Fs,, is proved. According to
calculate, the highest quantum efficiency is up to 159.9%, the emission wavelength is at 1020 nm, matching the

energy band gap of a silicon solar cell well, therefor, these phosphate glasses could potentially be used in silicon

solar cells.

Introduction

The worldwide energy crisis has drawn the attention of scientists
from all over the world [1]. In recent years, a constant effort has been
made by researchers to utilize solar energy for the solar energy is no
pollution and rich reserves [2,3]. An important method of using solar
energy is photoelectric conversion. Silicon-based solar cells are essential
devices for photoelectric conversion. The energy of the solar spectrum is
concentrated in the short wavelength range, while the energy band gap
of crystalline silicon is 1.12ev that lies in the infrared band [4,5],
therefore, the sunlight spectra is not match the band gap of the silicon
solar cell. As a result, the most soar energy can not be obsorbed by the
solar cell and the heating effect is severe. However, this problem can be
effectively solved by using quantum cutting (QC), QC refers to the en-
ergy transfer process that the rare-earth ion emits two protons after rare-
earth ion absorption one high-energy ultraviolet photon [3,6]. The
quantum cutting was put forward by Dexter in 1957 firstly [7,8], since
then, scientists have carried out extensive research on quantum cutting.
So far, the quantum cutting is used in the fields of plasma display,
mercury-free fluorescent tubes, solar cells and so on [8]. The rare earth
ion pairs commonly used in the study of quantum cutting are Tm>*/
Yb3+’ Tb3+/Yb3+’ Ce3+/Yb3+, Eu2+/Yb3+, Pr3+/Yb3+’ Nd3+/Yb3+ and
soon [8-11].

Tm>*/Yb3* doped glasses have been researched widely since these
glasses play the important role as the optical systems converting near-
infrared radiation into visible (blue) light or emitting near-infrared ra-
diation at about 1800 nm, and the effects of Tm>*/Yb%* energy transfer
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and back transfer are also observed [12-17]. Especially, this ion pairs
can also convert the blue light into near-infrared light which overcomes
the problem of low energy conversion efficiency of solar cells. In this
pair of ions, the wavelength of the transition of Yb3+:2F5/2—>2F7/2 is
about 1000 nm which equal to the band gap of crystalline Si and Tm>*
ion possesses the energy level that is around double times of Yb3t [18].
Through QC, the Tm>" transfer the energy to the Yb>*, thus Tm3* acts as
an absorber to absorb the blue light which is difficult to be absorbed by
silicon solar cells and the Yb>" acts as an emitter to emit near-infrared
light that can be absorbed by silicon solar cells, the solar cell effi-
ciency can be greatly improved, the maximum quantum efficiency can
reach 200%[19].

In this paper, Tm3*/yb3+ doped phosphate glasses were prepared.
Based on XRD pattern, the absorption spectra, the excitation spectra,
emission spectra and decay curve, the nature of the samples, energy
level structure, energy transfer process and quantum efficiency between
the Yb®* and Tm®" are discussed, the results show these phosphate glass
system possesses great potential application in silicon solar cells.

Experimental

A group of phosphate glasses with chemical formula of 30SrO-
60P305-10Naz0-0.5Tmy03-xYby03(x =0, 1, 5,9, 11 in mol%, labeled as
TYO, TY1, TY5, TY9, TY11) were prepared by high temperature melting
method. SrO and NayO are introduced by SrCOs and NayCO3 respec-
tively, P2Os is introduced by NH4H;PO4. High-purity chemical raw
materials were weighed 15 g in proportion and mixed evenly, then
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melted in a 1200°C muffle furnace for 1 h. After that, the molten glass
liquid was poured on a preheated copper plate, and annealed at 450°C
for 6 h, then cooled to room temperature. All specimens were buffed to a
thickness of 5 mm for subsequent test.

The X-Ray diffraction (XRD) pattern for samples was examined by X-
ray diffractometer (Bruker D2 PHASER, Germany) with a Cu Ka source
and in a step of 0.02°. The absorption spectrum was measured by a UV/
VIS/NIR spectrophotometer (JASCO V-770, Japan) with a resolution of
0.5 nm, the excitation spectra, emission spectra and decay curve were
tested by a fluorescence spectrophotometer (Edinburgh Instrument.
FLS980, UK) with a resolution of 1 nm and 1us.

Results and discussion
XRD pattern for samples

Fig. 1.is the XRD pattern of TY glass samples. As shown, all the XRD
patterns of TY glasses are similar and there are no sharp crystalline peaks
in the XRD patterns. These indicate the phases in the samples are
amorphous and there are no crystals in the samples.

Absorption spectra for samples

Fig. 2.is the the absorption spectra of TY glass samples, there are six
absorption peaks at 357, 467, 685, 791, 976 and 1212 nm respectively.
One strong peak at 976 nm belongs to the transition of Yb**:2F; ,—%Fs,
o, other five peaks at 357, 467, 685, 791 and 1212 nm are attributable to
the transitions of Tm®*: *Hg—'Ds, Gy, 3F2,3, 5H, and °Hs, respectively
[20]. Since TYO is not doped with Yb3+, there is no peak at 976 nm in
TYO glasses. The wavelength of the absorption ultraviolet cut-off edge of
TY sample increase with the content of Yb®", this red shift phenomenon
of absorption cutoff edge could be caused by the polarization of Yb2O3.
Meanwhile, compared the absorption intensity of TY glasses in 976 nm,
as the the Yb>" conscentration increases, the absorption spectra in-
tensity of samples increases obviously, this is because with Yb>* con-
centration increasement, Yb®" ions absorb more photons, which leads to
the enhancement of material absorption.

Quantum cutting luminescence

Figs. 3and 4show the visible and near infrared emission spectra of TY
samples excited by 467 nm light, with increase the content of Yb,O3, the
intensity of the sharp peak at 650 nm (assigned to Tm>*:'G4—°F,
transition [3]) of the samples decreases, meanwhile, the intensity of the
peak at 1020 nm of samples from TY1 to TY9 increases, but TY11
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Fig. 1. XRD pattern of TY glass samples.
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Fig. 2. The absorption spectra of TY glass samples.
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Fig. 3. The emission spectra in visible region of TY samples excited by 467
nm light.
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Fig. 4. The emission spectra in near infrared region of TY samples excited by
467 nm light.
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decreases. This phenomenon can be explained by the quantum cutting
theory; Tm>" ions transfer their energy to Yb®" ions which emit two
photons with the wavelength of 1020 nm. The specific process is shown
in Fig. 5, as the samples are excited by 467 nm light, Tm®* absorbed one
photon and jumps from 3Hg ground state to !G4 excited state, due to the
energy of photon at 467 nm is over twice the photon at 1020 nm, the
Tm>" transfers its energy to two Yb>* ions, Yb®* emits two near-infrared
photons at 1020 nm and go back to ground state. However, as the Yb>*
concentration goes up to 11 mol%, concentration quenching leads to the
decrease of emission intensity at 1020 nm.

Fig. 6 is the excitation spectra of TY9 sample monitoring at 650 nm
and 1020 nm. As Fig. 6 shows, a sharp and broader peak excitation
appeared in 450-490 nm range that was attributed to Tm>*:*Hg—1G,4
transition, As is known to all, single doped Yb3* cannot generate emis-
sion spectra at 1020 nm under 467 nm excitation. But in Fig. 6, moni-
toring at 650 nm and 1020 nm, the excitation spectra of TY9 sample are
almost same except for the intensities, this shows that there is only one
possibility, that is, Tm®>" absorbs photons and transmits energy to Yb>*
ions, and Yb®* emits 1020 nm light, this also illustrates existing the
quantum cutting between Tm>* and Yb®" ions.

Decay curves

Fig. 7 gives the decay curves of Tm3":1G4—3F, of TY samples excited
by 467 nm light. the decay curves match the double exponential func-
tion very well, the functional expression is as following[22-24]:

I(t) = Ayexp(—t/71) + Ayexp(—t/72) + B (@D

Here I (t) is the luminescence intensities; A;, A and B are the con-
stants; t; and Ty are the lifetimes for the exponential components,
respectively. The decay lifetime of the glass can be caculated by [22,24]:

o A]T% +A2T%

= 2
ATy + Ay @

The concrete values and the changing trend of decay time at 650 nm
are shown in Figs. 7 and 8. The results show the decay time decreases
from 105 us to 42 us with increasement of Yb>" concentration. The
reasons are as follows: when Tm®" is excited to excited state !G4 by 467
nm excitation, Tm>" ion release energy in two ways: one is that Tm>*
directly transition from 1G4 to 3F4 and emits the 650 nm light, the other
is that Tm>" transfers energy to two Yb®' ions through cooperative
transfer, which makes Yb3*t emits two near-infrared (~1020 nm) pho-
tons. As the Yb%* concentration increases, the energy that transfers from
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Fig. 5. The quantum cutting mechanism in Tm®*" and Yb*' in TY sam-
ples [18,21].
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Fig. 6. Excitation spectra of TY9 sample monitoring at 650 and 1020 nm.
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Fig. 7. Decay curves of Tm>*:'G4—>F, of TY samples excited by 467 nm.
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Fig. 8. Decay lifetime and quantum efficiency of TY samples.

Tm>" to Yb®! increases, thus intensity of Tm*" 1G,—°F, emission de-
creases along with the life time at 650 nm decreases, This further proved
the energy transfers between Tm>* and Yb3".

Acorrding to the decay lifetime, the energy efficency (yg7g) and the
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quantum efficency (7o) can be caulated by the following equations
[21-22,24]:

T
=1-=
Nere % 3
Noe = N (1= Npre) + 20 ()]

Here 7, and 7y are the decay lifetimes of TY1-TY11 and TYO. The
value of npy is set to 1 for neglecting the non-radiate energy loss by
defects and impurities [21,25,26].

The concrete value of nqr and ngrg are demonstrated in Fig. 7, the
trend of 5gr is shown in Fig. 8. The result illustrates the values of 5or and
nere increase with the Yb®" concentration increasement. As the
concentrate of Yb®* reach 11%, the nere and 5og come up to 59.9 and
159.9, it means that with increasement of the Yb®* concentration, the
cooperative energy transfer increases. So it is very meaningful use for
the TY glasses used in silicon solar cells.

Conclusion

The quantum cutting between the Tm®* and Yb®* in phosphate glass
was researched, the result shows existence of the cooperative energy
transfer from Tm>": 1G4 to Yb®*: 2F5/5. With the Yb®' concentration
increase, the energy transfer efficiency and Quantum efficiency in-
crease, the maximum energy transfer efficiency and Quantum efficiency
are up to 59.9% and 159.9%, the emission wavelength at 1020 nm is
fitted the band gap of the crystalline Si, so these phosphate glasses can
be used in silicon solar cells to improve the utilization of solar energy.
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