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The infrared quantum cutting of oxyfluoride nanophase vitroceramics Th(0.7)Yb(3):FOV has been studied in the

present paper. The actual quantum cutting efficiency formula calculated from integral fluorescence intensity is extended
to the case of Th(0.7)Yb(3):FOV. The visible and the infrared fluorescence spectra and their integral fluorescence
intensities are measured from static fluorescence experiment. Lifetime curve is measured from dynamic fluorescence

experiment. It is found that the total actual quantum cutting efficiency 7 of the excited Dy level is about 93.7%,

and that of excited (°Ds, 5Gyg) levels is 93.5%. It is also found that the total theoretical quantum cutting efficiency
upper limit 7,9y}, of the 485.5 nm excited ®Dy level is about 121.7%, and that of 378.5 nm excited (°Ds, ®Gg) levels

is 137.2%.
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1. Introduction

One of the important tasks in luminescence ma-
terial research nowadays is to develop new phosphors
for conversion from the visible to infrared spectral
region.' =7 Tt is urgently needed to convert the vis-
ible and the violet radiation from solar spectrum into
infrared light in solar cell application with a higher

efficiency and stability.[?]

Since the visible quan-
tum cutting in Eud*t-Gd?* material was reported by
Wegh et al. in Science,? the quantum cutting phe-
nomena have been widely recognized to have use-
ful applications.[!'=3 One of their applications is the
vacuum-UV-to-visible quantum cutting used for the
noble gas discharge tube lamp source.l1:210-121 Ap.
other application is the visible-to-infrared quantum
cutting used for the solar cells.["-%14=16] From 2007,
more than twenty high quality articles dealing with
infrared quantum cutting field have been published in
a series of top journals.[27=10:14=17) Tt means that the
infrared quantum cutting research has become an in-

ternational hot field already. In fact, in recent years
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we have been facing the increasingly serious problems
of reduction in fossil energy and environmental pollu-
tion. Therefore, it is valuable to improve the utiliza-
tion of solar energy by quantum cutting to enhance
the conversion efficiency of solar cells."~17) On the
other hand, the quantum cutting downconversion lu-
minescence is the further development for upcoversion
research.[10—30]

So far, the most perfect development in solar cells
should be in silicon solar cells, which have been pro-
duced in many countries. New theory, materials, tech-
niques, designs, and products of solar cells have been
increasingly improved. The development of germa-
nium solar cells is more rapid as a new type of solar cell
with a narrow band-gap width,l'=7 which has been
used in germanium, silicon-germanium and cascade
three-junction solar cells.[>¥ The germanium solar cell
has its proper advantages because the small band-gap
width of germanium is 0.785 eV.!'~7] However, the
thermalization of charge carries, resulting from the

absorption of high energy photons, is one of the ma-
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jor loss mechanisms by which collected energy is un-
derutilized as in a conventional solar cell.[’~1% Quan-
tum cutting method can reduce these energy losses.
Each energetic photon can result in two or more in-
frared photons. Therefore the efficiency of solar cell
is enhanced greatly. Meanwhile the problem of device
overheat is solved. So the quantum cutting solar cell
is economically more competitive and feasible.[7—10:28]

The infrared quantum cutting of oxyfluoride
nanophase vitroceramics Th(0.7)Yb(3):FOV is stud-
ied in the present paper. The accurate experiment,
the relative theoretical calculation and the analysis

have been performed.

2. Sample and equipment

The oxyfluoride glass samples are made from
SiOq, PbFs, ZnFs, LuF3, YbF3, and TbF3. The nano-
phase oxyfluoride vitroceramic is obtained by 7-hour
annealing at about the glass transition temperature
T, = 389 °C.I"%1 The samples used in our experi-
ments are oxyfluoride nanophase vitroceramics (FOV)
which are (i) Tb(0.7)Yb(3):FOV, (ii) Th(0.7):FOV.
The Th(0.7)Yb(3):FOV is doped with Th3* and Yb3
ions at the concentrations of 0.7 mol% and 3 mol% re-
spectively.

The experimental equipment used is the Fluo-
rescence Spectrometer F900 made by Edinburgh In-
struments Ltd Company. The detector used for in-
frared wavelength range is Ge photocell which has a

good sensitivity in a wavelength range from 800 nm

()
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to 1700 nm. The monochromator is a high-precision
monochromator with a resolution of 0.05 nm. The
direction of the excitation light is perpendicular to
And all of

the experimental signal curves have been calibrated.

the direction of receiving fluorescence.

Part fluorescence spectra are measured by using the
Fluorolog-Tau-3 fluorescence spectrophotometer (JY-
ISA) so as to obtain a very good signal-to-noise

ratio. 23]

3. Experimental results of quan-

tum cutting

3.1. Measured results of excitation spec-
tra

The visible excitation spectra of 543.0-nm Dy —
“F5 fluorescence, 582.0-nm °D,; — 7F, fluorescence
and 620.0-nm °Dy — 7F5 fluorescence of Th3*
ion of Th(0.7)Yb(3):FOV were measured as shown
in Fig. 1(a).
*F5/5 — *Fr,5 973.0-nm fluorescence of Yb** ion
of Tb(0.7)Yb(3):FOV is also measured as shown in
Fig. 1(b). It can be found from Fig. 1 that there are
several obvious excitation spectrum peaks positioned
at 378.5, 368.5, 358.0, 485.5, 352.0, and 341.5.0 nm

separately.

The infrared excitation spectrum of

It is easy to recognize these excitation
peaks corresponding to the absorptions of energy lev-
els of (°D3, °Gg), °Lig, °Gs, D4, (°Gy, °Lg), and
(5Lg, 5L7).

Fluorescence intensity/10* arb. units

300 400 500 600
Wavelength/nm

Fig. 1. Visible fluorescence excitation spectra of Th(0.7)Yb(3.0):FOV, received at 543.0-nm (solid line), 582.0-
nm (dot line) and 620.0-nm (dash line) fluorescence wavelength positions (a), and infrared fluorescence excitation
spectrum of Tbh(0.7)Yb(3.0):FOV, received at 973.0-nm fluorescence wavelength position (b).
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3.2. Experimental results of quantum cutting emission spectra

The visible fluorescence emission spectra of Tb(0.7)Yb(3):FOV are measured. The excitation peaks 378.5 nm
and 485.5 nm of Th(0.7)Yb(3):FOV are selected to excite the Th(0.7)Yb(3):FOV so as to obtain its visible flu-
orescence emission spectra as shown in Fig. 2(a). It is found from the experiment that there are a number of
visible fluorescence lines positioned at 485.5, 543.0, 582.0, and 620.0 nm respectively. It is easy to recognize that
these fluorescence lines are from the °Dy —"Fg, °Dy — F5, °Dy —"F4, and °Dy —"F3 fluorescence transitions
respectively. Their calibrated fluorescence integral intensities are calculated carefully from the measured fluores-
cence spectra. All measured visible fluorescence transitions and their calibrated fluorescence integral intensities
are listed in Table 1.
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Fig. 2. Visible fluorescence emission spectra of Th(0.7)Yb(3.0):FOV when (?D3, ®Gg) and ?Dy levels are excited by 378.5 nm
(solid line) and 485.5 nm (dot line) respectively (a), and infrared fluorescence emission spectra of Tbh(0.7)Yb(3.0):FOV when
(°Ds3, 2Gg) and 5Dy levels are excited by 378.5 nm (upper) and 485.5 nm (lower) respectively.

Table 1. Integral calibrated fluorescence intensities of 485.5, 543.0, 582.0, 620.0, and 973.0 nm fluorescence lines and the
total actual quantum cutting efficiency n of Th(0.7)Yb(3):FOV when 5Dy, and (°Ds, >Gg) levels are excited by 485.5-nm,
and 378.5-nm light respectively.

the integral calibrated fluorescence intensity /arb. uints

excitation wavelength/nm surplus sum ratio n/%
485.5/nm  543.0/nm  582.0/nm  620.0/nm  973.0/nm

485.5 14577 42452 11370 6693 65627 75092 0.8738 93.7

378.5 77833 226671 60335 32548 345605 397387 0.8697 93.5

Then, the infrared fluorescence emission spectra of Th(0.7)Yb(3):FOV are also measured. Likewise, the
excitation peaks 378.5 nm and 485.5 nm of Th(0.7)Yb(3):FOV are selected to excite the Th(0.7)Yb(3):FOV
so as to obtain its infrared fluorescence emission spectra as shown in Fig. 2(b). It is found that there is one
infrared fluorescence line positioned at 973 nm, which can be recognized to be due to the 2F5 /2 —2F, /2 973.0-nm
infrared fluorescence transition of Yb3* ion. The measured infrared fluorescence transition and their calibrated
fluorescence integral intensities are also listed in Table 1. Figure 2(b) shows that the first line gives the 750—
1700 nm infrared fluorescence spectrum when 5Dy level is excited by 485.5-nm light, and that the second line
gives the 750-1700 nm infrared fluorescence spectrum when (°Dg, °Gg) level is excited by 378.5-nm light. All
measured conditions are normalized. And all measured curves and data in Fig. 2 and Table 1 are calibrated,
whose relative intensities can be compared directly already.

3.3. Experimental results of quantum cutting fluorescence lifetime

The visible 543.0-nm fluorescence lifetimes of Th(0.7)Yb(3):FOV and Th(0.7):FOV are measured. The exci-
tation peaks 378.5 nm and 485.5 nm of Th3* ion are selected to excite the Th(0.7)Yb(3):FOV and Tb(0.7):FOV
so as to obtain their visible 543.0-nm fluorescence lifetime curves as shown in Figs. 3 and 4. Their 543.0-nm
fluorescence lifetime values are calculated from experiment lifetime curves, which are all listed in Table 2. Their
structural diagrams of energy level of Th3* ion and Yb?* ion are shown in Fig. 5.
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Table 2. The 543.0-nm fluorescence lifetimes of Th(0.7):FOV and Tb(0.7)Yb(3.0):FOV excited by 485.5-nm and
378.5-nm light respectively, and the values of their total theoretical quantum cutting efficiency upper limit 7,9y, of
Tb(0.7)Yb(3):FOV when the 3Dy, and (°Ds, ®Gg) levels are excited by 485.5-nm and 378.5-nm light respectively.

excitation wavelength/nm  lifetime of Tb(0.7):FOV /ms

lifetime of Th(0.7)Yb(3.0):FOV/ms

ntr,z%Yb/% nz%Yb/%

485.5 nm 2.54
378.5 nm 2.75

2.05 21.73
2.07 37.25

121.73
137.25

1.2

Fluorescence intensity/ arb. units

Time/ms
Fig. 3. The 543.0-nm fluorescence lifetime curves of
Tb(0.7):FOV (upper) and Tb(0.7)Yb(3.0):FOV (lower)
when they are excited by 378.5-nm light respectively.
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Fig. 5. Structural diagram of energy levels of Th3* ion
and Yb3* ion.

4. Quantum cutting efficiency
calculated from fluorescence
lifetime

According to the well-known infrared quantum

cutting of Th3t-Yb3+t system, the theoretical trans-

1.2
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Fig. 4. The 543.0-nm fluorescence lifetime curve of (a)
Tb(0.7):FOV (upper) and (b) Tb(0.7)Yb(3.0):FOV (lower)
when they are excited by 485.5-nm light respectively.

fer luminous efficiency of 2Fj 5 level caused by cross-
relaxation energy transfer is determined from the fol-

lowing formula in which the fluorescence lifetime curve
is used:[7—10,12-15]

. J Ligyndt
J Togeyndt’

where I denotes the intensity and z%YDb refers to the

(1)

MNtr,z2%Yb = 1

Yb3t+ concentration. The total theoretical quantum

cutting efficiency 7,9%yy, can be expressed as follows:

N2%yb = MTb(1 = Ner 2% vb) + 20 2% Vb

=1+ Mtr,2%Yb> (2)

where the fluorescence quantum efficiency for the
Th?* ions, nyrp, is set to 1.[7-10,12-15]

It is needed to emphasize that the authors in
Ref. [10] and others have pointed out that formulas
(1) and (2) yield the theoretical upper limit values for
the quantum efficiency 7,9y, but the actual quantum
efficiency is strongly reduced by concentration quench-
ing, etc.[1"]

We also calculated the total theoretical quantum
cutting efficiency 71,9y, from formulas (1) and (2)

from the measured lifetime curves, which are shown
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in Figs. 3 and 4. The calculated results are listed in
Table 2. It can be seen from Table 2 that the total
theoretical quantum cutting efficiency 7,9y of the
485.5-nm excited °Dy level is about 121.7%, and that
of 378.5-nm excited (°D3, °Gg) levels is 137.2%.

5. Quantum cutting efficiency

calculated from integral fluo-

rescence intensity

According to the visible quantum cutting of
Eut-Gd3* system, the actual luminous efficiency of
5Dy level caused by cross-relaxation energy transfer is

determined from the following formulal!-?!

Pcr
Pcr + Ppr
R (°Do/°Di23)sc, — R (°Do /"Dy 2,3)e1,

- (3
R (°Do/%D12,3)e1, + 1 (3)

where Pcr is the rate of cross-relaxation energy trans-
fer, Ppr is the energy transfer rate directly from Gd3*
to Eud™T, R (°Dg/°D1,2,3) is the integral fluorescence
emission intensity ratio between °Dg and °Dj 2 3.

The above formula determined by the integral flu-
orescence intensity ratio is most direct and intuitive,
so it is a good way to use well-known formula (3) to
calculate quantum cutting efficiency.

As for the calculation of quantum cutting phe-
nomena of Th(0.7)Yb(3):FOV discussed in the present
paper, we can use a new formula which is obtained
by extending formula (3) to the quantum cutting effi-
ciency calculation of Th3T and Yb3* codoped system.

The formula for calculating the actual quantum
cutting luminous efficiency of 2F5 /2 level of Yb3T ion,
caused by cross-relaxation energy transfer, can be ex-

pressed as follows:!11:12]

Pcr
Pcr + Ppr
R (2F5/2/rest)Tb3+ —R (2F5/2/rest)Yb3+

= 4
R (2F5/2/I'€St)Yb3+ + 1 ’ ( )

where R (°F5 /o /rest) represents the ratio of the inte-
gral fluorescence intensity of 2F; /2 level of YB3t ions
to all the other integral fluorescence intensities includ-
ing °D4 and °Djs levels of Th3*. The subscript indi-

cates the excited level or excited ion.

Thus, the total actual quantum cutting efficiency

1 can be expressed as follows:

77(2F5/2)
y_For
Pcr + Por
R [(*F5/2) /rest]rps+ — R [(*F5/2) /rest Jyps+
R [(2Fs o) frost) Jyae + 1
R [(2F5/2)/rest]Tbs+ +1

R [(®F5/2)/rest Jypst +1° (5)

=1

Because activator Yb3*t has only one excited level
*F5/5 level, other luminescent level, “rest”, is just
?F;5 5 level itself when Yb3* jon is excited. Therefore,

we have

R [(2F5/2)/rest}Yb3+ =1, (6)

R [(*F5/2)/rest o+ +1

R [(*F5)2) rest [y + 1

R [(*Fs/2)/rest | ppo+ +1
1+1

_ R[(°F5/2)/rest s+ +1
= . Tb . -

77(2F5/2) =

The fluorescence spectra from visible to near-
infrared regions of the excited levels, 485.5-nm °Dy
and 378.5-nm (°D3, °Gg) levels, are measured. The
integral fluorescence intensities of all the fluorescence
lines are list in Table 1. The total actual quantum
cutting efficiency 7 can be calculated easily from the
above formulas (3)—(7), and the calculations are also
listed in Table 1. It can be seen from Table 1 that
the total actual quantum cutting efficiency 7 of the
excited °Dy level is about 93.7%, and that of excited
(5D3, °Gg) levels is 93.5% respectively.

6. Analysis

It is well known that the energy transfer the-
ory has been developed by Forster,[25] Dexter2¢! and
Kushida.l?” These theories are based on several in-
teraction models between donor and acceptor, just
like dipolar—dipolar interaction or wave function over-
lap exchange interaction. What is in common lies
in the fact that they both require resonance be-
That

is to say, the cross-energy transfer can be strong

tween the transitions of donor and acceptor.

only when the emission spectrum of donor and the

excitation spectrum of acceptor is overlaped. The
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whole concept of quantum cutting is based on this
theory. [1:2:7-10,13,22-27]

If the overlap between donor emission and ac-
ceptor absorption is absent, the second-order down-
conversion may become a dominant relaxation pro-
The Tb3t-Yb3t codoped material is just a

typical second-order downconversion quantum cutting

Cess.

system. It can be seen from the structural diagram
(Fig. 5) of energy levels of Th3* ion and Yb3* ion. In
this process a Th3t donor excites two Yb3Tacceptors
simultaneously. The resonance condition is fulfilled
because the sum of the energies of the absorption tran-
sitions of two Yb3*tacceptor centres equals the energy
of the emission of one donor Th3*. And it is obvi-
ous that the lifetime of D, level of Th3* ion is very
long because the energy gap between the °Dy level and
the lower level is very large. Thus many Th** donors
can accumulate in the Dy level to achieve effective
second-order downconversion energy transfer.[10:18]

It can be seen from the experiment results
(Figs. 2(a) and 2(b)) that the ?Fj/5 level of Yb**
ion has strong luminescence, in which the fluorescence
excited by 378.5 nm is larger than that excited by
485.5 nm because the absorption of the (D3, °Gg) is
larger than that of °Dy level. It is interesting that the
total actual quantum cutting efficiency n of the ex-
cited °Dy level is almost equal to that of excited (°Dyg,
°Gg) levels. It results from the fact that the lumines-
cent energy level, when Th37 is excited by (°Ds, ®Gg)

level, is almost the same as that when Th3t is excited

by °Dy level.

Meanwhile, it is clear that the total theoretical
quantum cutting efficiency 7,9y, is larger than the
total actual quantum cutting efficiency 7, which re-

sults from concentration quenching and others.!

7. Conclusion

The infrared quantum cutting of nanophase
Tbh(0.7)Yb(3):FOV  has

been studied in the present paper. From the measured

oxyfluoride vitroceramics

visible and infrared fluorescence spectra and their inte-
gral fluorescence intensities, the actual quantum cut-
ting efficiency 7 is calculated. It is found that the to-
tal actual quantum cutting efficiency 71 of the excited
°Dy level is about 93.7%, and that of excited (°Ds,
5Ge) levels is 93.5%. Through the measured lifetime
curve, it is found that the total theoretical quantum
cutting efficiency 7,0y1, of the 485.5-nm excited *Dy
level is about 121.7%, and that of 378.5-nm excited
(°D3, °Gg) levels is 137.2%. The relative physical pro-

cesses are investigated and analysed.
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