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The cooperative up-conversion blue luminescence of Yb3* ion-doped oxyfluoride vitroceramic material (Yb:FOV)
and the influence of co-doped Ho3* ion, when excited by a 960 nm diode-laser, are studied in this paper. A strong blue
479.1 nm up-conversion luminescence of the Yb:FOV material is discovered. It is found that the 479.1 nm luminescence
results from the cooperative up-conversion of the coupled states of the Yb3+t-Yb3* clusters formed by two adjacent
Yb3t ions. The measured cooperative up-conversion luminescence main peak 479.1 nm of this paper is different from
the characteristic fluorescence main peak of the Th3*t ion positioned at about 495-504nm wave-range. Our result
coincides with all the published correct papers, whose cooperative up-conversion luminescence main peaks of the direct
Yb3+-Yb3* clusters are all positioned at about 476-480 nm wave-range. All of these indicate that the large cooperative
up-conversion blue luminescence of the direct Yb3T—Yb3* clusters discovered in this paper is stable. It further proves
that the cooperative up-conversion green luminescence may result from the Yb3+-Th3+ cooperative effect. In particular,
the original work of this paper improves considerably on the traditional concept by the experimental facts that the blue
479.1 nm cooperative up-conversion luminescence strength of Yb(5):FOV is 230 times greater than that of fluoride glass
Yb(3):ZBLAN. This is a great development to meet the practical requirements for blue up-conversion luminescence
strength. This result indicates that the large cooperative up-conversion blue luminescence could be achieved excellently
by using a suitable material, such as oxyfluoride vitroceramic, which provides a better chance to form better Yb3+t—-Yb3+
clusters and has less relaxation to keep the more efficient up-conversion luminescence. It is also found that impurities
seriously reduce the cooperative up-conversion luminescence intensity due to the cross-relaxation from the Yb3+-Yb3+
clusters, which means that the cooperative up-conversion blue luminescence could be further improved by pure Yb3+
ion-doped materials that have as few impurities as possible to reduce the cross-relaxation. The large cooperative up-
conversion blue luminescence of Yb(5):FOV also comes from its higher concentration (5mol%) of activator Yb3*t ion
which acts well because the cooperative up-conversion blue luminescence intensity varies linearly against the square of the
concentration of Yb3% ions in the range of 0.5-5mol%. In summary, the great improvement of our work on cooperative
up-conversion blue luminescence results from the comprehensive enhancement of the factors of better-coupled chance
of the Yb3+t—-YDb3+ clusters, less cross-relaxation, better concentration contribution of Yb3* activator, non-saturation,

and better up-conversion luminescence efficiency.
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1. Introduction

Optical physics, especially of the multi-photon
up-conversion, is the foundation of practical tech-
nologies in the modern world.[!=19 Better perfor-
mance of integrated optoelectronics requires a more
efficient up-conversion of photons from the energy
of about 10,000cm™! up to that of the blue-green
wavelengths.!! =27l Up-conversion of photons can be

realized through mechanisms such as sequential pho-

ton absorption, cooperative up-conversion, 124~ 7:912]

energy transfer,[:24=6.1L12] and avalanche. The in-
troduction of Yb3" ions as a sensitizing centre could
greatly enhance the up-conversion luminescence of
rare-earth ion activators, which is used extensively in
energy transfer and cooperative up-conversion. The
concept of cooperative up-conversion was proposed
several decades ago,['26] based on the excellent con-
struction that two Yb3*t ions transfer their energies

simultaneously to a Tm3* or Tb3t ion whose en-
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ergy levels are as high as twice the 2Fj /2 level of the
Yb3* jon. A number of Yb3t-Eu3t or Yb3+-Tm3+
or Yb3t-Tb3t cooperative up-conversion researches

.11:2,6-8,11,14,22] ow-

have been carried out to dat
ever, it was thought in the past that the cooperative
up-conversion was far less efficient than the energy
transfer up-conversion because the near-resonant back
energy-transfer from the Tm3* or Tb3t ion back to
the Yb3t ion restricts the enhancement of this co-
operative up-conversion luminescence, especially for a
material with a huge phonon energy. The good direct
Yb3+-Yb3t cooperative up-conversion blue lumines-
cence was correctly achieved only very recently.!”9:12]
The concept of cooperative up-conversion is further
developed by the facts that the upper level of co-
operative up-conversion luminescence is the coupled
state 2F5/22F5/2 of the direct Yb3t-Yb3* cluster po-
sitioned at the double-energy of the 2Fy /2 level of the
Yb3t ion. It has also been proved that the cooper-
ative up-conversion green luminescence results from
the Yb3t-Tb3" cooperative effect [?) and so on. The
cooperative up-conversion blue luminescence of the
direct Yb3t-Yb3t clusters exhibits good attraction
initially.["-9:12] Meanwhile, further improvement is ur-
gently needed because the luminescence intensity of
the cooperative up-conversion in early experiments
was small. It is well known also that the multi-
photon up-conversion has extensive applications in
lasers, three-dimensional (3D) volumetric display,[1!
waveguide applications, biological applications, imag-
ing, optical data storage, (temperature) sensors and

[1—27]

SO on. In summary, cooperative up-conversion

shows itself to be a good method to achieve integrated

blue-light, which is of particular interest.[1:2:5-9:12]

The cooperative up-conversion blue lumines-
cence of the Yb3*t-doped oxyfluoride vitroceramics
(Yb:FOV) and the influence of the co-doped Ho3*
ions, when excited by a 960 nm diode-laser, are stud-
ied comprehensively in this paper with various con-
centrations of Yb3t and Ho3' ions.

479.1 nm up-conversion cooperative luminescence is

A strong blue

observed and attributed to the coupled states of the
Yb3+-Yb3* clusters.:%12] In order to know the co-
operative up-conversion efficiency of the Yb:FOV ma-
terial, a ZBLAN fluoride glass (Yb(3):ZBLAN) sam-
ple is studied comparatively also. The experimental
conditions are kept the same so as to ensure that
the relative fluorescence intensities of the measured
curves are comparable. The original work of this pa-

per improves on the traditional concept by the ex-

perimental facts that the 479.1nm blue cooperative
up-conversion luminescence strength of Yb(5):FOV is
230 times greater than that of Yb(3):ZBLAN. It is also
found that the cooperative up-conversion lumines-
cence of Yb3T Ho®*t-codoped oxyfluoride vitroceramics
(YbHo:FOV) is obviously smaller than that of Yb3+
mono-doped FOV, indicating that the impurities will
seriously reduce the cooperative up-conversion lumi-
nescence intensity of the Yb3t-Yb3t cluster due to
cross-relaxation. The results of this paper show that
there is great prospect that a large cooperative up-
conversion could be achieved excellently by using suit-
able materials, such as oxyfluoride vitroceramic which
provides the opportunity to form better Yb3t-Yb3+
clusters and has less phonon-relaxation to keep the
more efficient up-conversion luminescence. Moreover,
cooperative up-conversion could be improved further
by a material doped with pure Yb3* that has as little
impurity as possible to reduce cross-relaxation. The
physics basis is discussed comprehensively to under-
stand the up-conversion better. The result of this pa-
per may go some way toward satisfying the practi-
cal requirements on blue up-conversion luminescence

strength.

2. Oxyfluoride vitroceramics

Five Yb3*-doped or Yb3tHo3*-codoped oxyfluo-
ride vitroceramic samples are used in our experiments.
They are made from powders of SiO5, PbF5, ZnFs,
LuF3, YbF3, and HoF3. Two of them are doped singly
with Yb3* ion at concentrations of 5 and 0.5 mol%,
denoted as [a] Yb(5):FOV and [b] Yb(0.5):FOV re-
spectively. The other three samples are Yb3tHo3*-
codoped oxyfluoride vitroceramics, denoted as [c]
Yb(5) Ho(0.1):FOV, [d] Yb(5) Ho(0.5):FOV, and [e]
Yb(1) Ho(0.5):FOV. The energy structures of Yb3*
and Ho®* ions are shown in Fig.1. The composition
of sample [c] Yb(5) Ho(0.1):FOV, as an example, is
SiOg (Amol%), PbFy (Bmol%), ZnFy (Cmol%), LuF;
(Dmol%), YbFs3 (5%), and HoF3 (0.1%), i.e. the
sum of the concentrations of all the constituents must
be equal to 100%, A+B+C+D+5+0.1=100. Each
sample was prepared in a platinum crucible and an-
nealed at the glass transition temperature 7,=389°C
to obtain the glass state of the oxyfluoride material
first. The transparent oxyfluoride vitroceramic is ob-
tained by additional thermal treatment of the glass
at 470°C to form microcrystallines within the glass

matrix almost without loss of transparency. A Zr—
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Ba-La-Al-Na system (ZBLAN) fluoride glass sample
[f] Yb(3):ZBLAN is used in our experiments for com-
parison of the up-conversion luminescent abilities be-

tween oxyfluoride vitroceramic FOV and fluoride glass

Yb3+-Yb3+ cluster

ZBLAN. The surfaces of all these samples are polished
to optical quality, which reduces scattered light to al-

low a good spectroscopic measurement.
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Fig.1. Schematic diagram of the up-conversion process and energy level structure of Yb3+ and Ho3% ions.

3. Experimental devices

The up-conversion luminescence and common flu-
orescence spectra are measured using the experimen-
tal devices shown in Fig.2. The fluorescence-detecting
instrument is a set of fluorescence spectrophotome-
ter (JY-ISA, Fluorolog-Tau-3). Its sensitivity is good
in the range of 197-870nm. Its resolution is better
than 0.5nm, which could reach 0.1 nm when oper-
ated carefully. The linearity of the spectrophotome-
ter is good within 6.0x108 counts, especially within
1.5x10% counts. The measuring wave-range is larger
than 197-870nm. When the up-conversion lumines-
cent spectra are measured, the pump source selected is
a 960 nm continuous diode-laser, manufactured by the
Institute of Semiconductors of the Chinese Academy
of Sciences. Its largest laser power is about 0.5W.
The laser beam is focused onto a sample by a group
of lenses, and the fluorescence emitted from the sam-
ple is collected by a set of concave mirrors and then
analysed by the fluorescence spectrophotometer (JY-
ISA, Fluorolog-Tau-3). The collection direction of the
fluorescence is perpendicular to the propagation di-
rection of the pumping laser. The experimental con-

ditions are kept the same, so as to ensure that the rel-

ative fluorescence intensities of the measured curves
are comparable. When common fluorescence spec-
tra are measured, the traditional Xe lamp is used,
which is the light source component of the fluorescence
spectrophotometer (JY-ISA, Fluorolog-Tau-3). The
precise repeatable experimental state can be changed
alternately between up-conversion luminescence and

common fluorescence spectra measurements.
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monochromatic light white light
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Fig.2. Schematic diagram of relative experimental devices.



118 Chen Xiao-Bo et al

Vol. 13

4.Relative spectra of absorption

and fluorescence

In order to fully study the up-conversion, the ab-
sorption and common fluorescence spectra are also
measured in this paper. Optical absorption of a repre-
sentative sample of Yb(0.5):FOV is measured using a
spectrophotometer (UV-365) which exhibits a sharp
peak at 975.3nm (10253cm~!) and a well-defined
shoulder at 927.0 nm (10787 cm™!), as shown in Fig.3.
An analysis of the absorption spectrum using a decon-
volution method reveals another shoulder at 952.0 nm

(10504 cm™1). Figure 4 shows the optical absorption
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0.0 . . .
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Fig.3. An absorption spectrum of Yb(0.5):FOV. The
“0.D.” is

thickness of the sample is about 3.7mm.

optical density.

of another sample Yb(5) Ho(0.5):FOV. The spectrum
exhibits a number of additional absorption peaks in
the visible and infrared wave-range. All these addi-
tional peaks come from the Ho®* ions in the sample.
The absorption peak positions and their assignment

are summarized in Table 1.[1]

3l Yb(5)Ho(0.5):FOV
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0
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Fig.4. Absorption spectrum of Yb (5) Ho (0.5): FOV.
The thickness of the sample is about 3.7mm. “O.D.”
is optical density.

Table 1. Peak positions and barycentres of absorption of Yb3t Ho3t codoped oxyfluoride vitroce-
ramics Yb(5) Ho(0.5):FOV. All the absorption peaks, except one, are due to the Ho3t ions.

Upper state Peak wavelength/nm Peak wavenumber/cm™! Barycentre

1 51, 2009.0(1) 4978 1969.1 nm
1948.0(h) 5133 5078 cm ™!

2 51¢ 1187.0(1) 8425 1167.1nm
1154.5(h) 8662 8568 cm !

3 2F5,5(Yb3T) 975.3(1)(h) 10253
952.0 10504
927.0 10787

4 515 908.5(1) 11007 897.1nm
891.0(h) 11223 11147 cm~?

5 514 Very small 13219 (theory)

6 5Fy 643.0(1)(h) 15552 643.0 nm
639.5 15637 15552cm 1!

7 58, 543.2 18409

589 — %1;=543.2nm — 1969.1 nm=13331cm~'=750.1 nm

8 5Fy 535.9 18660

9 5Fg 484.4 20644

10 5F, 472.0 21186

11 3Ks 467.1 21408

12 5Gs 451.0(1) 22172 449.1nm
447.3(h) 22356 22267 cm~!

13 (°G3G)s 415.5 24067

14 5G4, 3Ky 384.5 26008

15 (°G3H)s, 3Hg

Note: “1” the peak whose wavelength is the longest, “h” the peak whose intensity is the highest.
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The fluorescence spectra, in both excitation and
emission formats, of Yb(5) Ho(0.5):FOV are measured
using a fluorescence spectrophotometer. Two exci-
tation spectra are shown in Fig.5, in which the up-
per curve corresponds to the excitation spectrum of
542.5nm %S, —5I5.
spectrum of 542.5nm %S, —%Ig fluorescence is near
to that of 642.0nm °F5 —5Ig because both their pro-

files and peaks are very similar. There are seven ob-

It is clear that the excitation

vious excitation peaks. It is easy to see that these
excitation peaks are 358.5nm °Ig — (°G3H)s; and
3Hg, 415.0nm 5Ty — (°G3G)s, 448.5nm %Iy —°Gg,
466.5nm °Is —3Kg, 472.0nm %Iz —5F,, 483.5nm
5Ig —5F3 and 537.5nm °Ig — °F4 absorption transi-
tions. It is clear that 5Ig —°Gg absorption transition
is the most powerful to excite photo-fluorescences at

both 542.5 and 652.0nm. The hill-like peak at about

8x10% . ' .
Yb(5)Ho(0.5):FOV
6x10% | ?S2—°13:542.5nm
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Fig.5. Excitation spectra of Yb(5) Ho(0.5):FOV. The
fluorescence is detected at two wavelengths of 542.5
and 642.0 nm, which correspond to the 585 —5Ig and
5F5 —5Ig transitions, respectively.
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Fig.6. Photo-emission spectrum of Yb(5) Ho(0.5):FOV.

340nm is the noise that comes from the metal impu-
rity mixed in the manufacture procedure. When the
light source is fixed at the 5Is —+5Gg absorption wave-
length 449 nm, the photo-emission spectrum of the
5Gg energy level is obtained by measuring the radi-
ation fluorescence along the long-wave side, as shown
in Fig.6. It is easy to see that these photo-emission lu-
minescences are (483.0, 489.0nm) ’F3 —5Ig, 542.5nm
55, —°Ig, (642.0, 658.0nm) 5F5 —5Ig, and 749.5nm

53, —°1; transitions respectively.

5. Experimental results of coop-

erative up-conversion

Experimental results for the excellent coopera-
tive up-conversion blue luminescence in the oxyfluo-
ride vitroceramics are obtained in this paper. The up-
conversion luminous spectra of samples Yb(5):FOV
and Yb(0.5):FOV are measured first when excited by a
227mW 960 nm continuous diode-laser, which is mea-
sured just behind the focusing lens group and in the
front of the sample. The results are shown in Fig.7. In
order to compare the cooperative up-conversion lumi-
nescence abilities between the oxyfluoride vitroceram-
ics and fluoride ZBLAN materials, the up-conversion
luminous spectra of Yb(5):FOV and Yb(3):ZBLAN
are measured comparably also, as shown in Fig.8. It
is clear that the cooperative up-conversion lumines-
cence of Yb(5):FOV is 230 times greater than that
of Yb(3):ZBLAN. By changing the diode-laser power
from 5.4 to 227mW, the variation of the 479.1nm
up-conversion luminescence intensity as a function of
pump laser power is measured carefully also, as shown
in Fig.9. Meanwhile, the up-conversion luminous spec-
tra of Yb(5) Ho(0.1):FOV, Yb(5) Ho(0.5):FOV and
Yb(1) Ho(0.5):FOV samples within 450-505 nm wave-
range are measured, as shown in Fig.7 also. Their typ-
ical and obvious peak positions and peak intensities,
that are comparable directly, are all summarized in
Table 2. The waveform variation with laser power is
measured also, as shown in Figs. 10-12. Figures 10-12
exhibit similar spectral features: there are no observ-
able changes in either the positions or profiles when
the laser power is changed. Thus, the strong blue
479.1nm up-conversion luminescence of Yb(5):FOV

shows itself extremely clearly.
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Fig.7. Cooperative up-conversion luminescence spectra of five
Yb:FOV and YbHo:FOV samples, induced by a 960 nm laser.
The intensities of all five curves are normalized and are di-
rectly comparable.
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Fig.8. Cooperative up-conversion luminescence spectra of [a]
Yb(5):FOV (line a) and [f] Yb(3):ZBLAN (line b), induced
by a 960 nm laser. The data for [f] Yb(3):ZBLAN is enlarged
by a factor of 100. The intensities of both curves are directly
comparable.

1000 T T T T

100 1

10

a:Yb(5):FOV
b:Yb(0.5):FOV
0.01 1 L L 1

10 20 50 100 200 500

Laser power/mW

Luminescence intensity /arb.units

Fig.9. Cooperative up-conversion luminescence intensity as
a function of 960 nm laser power for samples Yb(5):FOV and
Yb(0.5):FOV. The curves a and b represent the results of [a]
Yb(5):FOV and [b] Yb(0.5):FOV. The slopes of curve a and
b are 1.885 and 2.029 respectively.
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Fig.10. Up-conversion luminescence spectra
of Yb(5): FOV at different values of excita-
tion laser power.
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Fig.11. Up-conversion luminescence spectra of Yb(5)
Ho(0.1):FOV at different values of excitation laser

power.
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Fig.12. Up-conversion luminescence spectra of Yb(5)
Ho(0.5):FOV at different values of excitation laser
power.
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Table 2. The peak positions and relative peak intensities of the up-conversion luminescence

of Yb:FOV, YbHo:FOV and Yb:ZBLAN.

Yb3+t-Yb3+ cluster character peak Ho3t character peak
Yb3tYb3+.csub Yb3tYb3+-Bsub Yb3+Yh3+.- gmain 5F3 — 513
[a] Yb(5):FOV 462.5nm 475.5nm 479.1nm No peak No peak
21622 cm ! 21030 cm ™! 20872cm !
2.00x 106 4.81x108 5.27x10°
[b] Yb(0.5):FOV 462.8 nm 475.6 nm 479.5nm No peak No peak
21608 cm—?! 21026 cm ™1 20855 cm™1!
1.92x10% 5.67x10% 6.80x10%
[c] Yb(5) Ho(0.1):FOV 462.5nm 475.3nm 479.8 nm 484.6 nm 491.2nm
21622cm™~?! 21039 cm™? 20842 cm™? 20637 cm ™! 20357 cm ™1
6.93x10° 1.80x106 2.15x106 1.65x106 6.74x10°
[d] Yb(5) Ho(0.5):FOV 462.5nm Very small 480.5nm 485.0 nm 491.3nm
21622cm—?! 20812cm™? 20619 cm 1! 20354 cm™?
1.40x10% 1.59x10° 4.73%x10° 3.10x10°
le] Yb(1) Ho(0.5):FOV 463.0nm 475.0nm 480.1nm 485.0 nm 491.3nm
21598 cm ! 21053 cm™? 20829 cm™? 20619 cm 1! 20619 cm™?
9.70x102 1.52x10% 4.88x10% 2.27x10° 1.48x10°
[f] Yb(3):ZBLAN 464.0 nm 473.5nm 479.0nm No peak No peak
21552cm™?! 21119cm™? 20877 cm™?!
5.79%103 2.05x10% 2.34x10%

6. Analysis and discussion about
cooperative up-conversion lu-

minescence

Very interesting phenomena concerning the
479.1 nm cooperative up-conversion blue luminescence
of the Yb:FOV are shown in this paper. First,
the 479.1nm up-conversion luminescence is a two-
photon up-conversion luminescence, as shown clearly
in Fig.9. For both samples [a] Yb(5):FOV and [b]
Yb(0.5):FOV, the integrated luminescence intensity
as a function of the excitation laser power is shown
in Fig.9 in a double-logarithmic plot. These data in
double-logarithmic plots log F-log P clearly follow
two straight lines; the slopes of curves a and b, ob-
tained through least-square fitting, are 1.885+0.011
and 2.029+0.018 respectively. It is clear that both
slopes are close to 2. Experimental results indi-
cate that the observed blue luminescence excited
by a 960 nm laser results from the two-photon up-
conversion process.!~7] The schematic diagram of up-
conversion and the energy level structure of Yb3* and

Ho3* ions is shown in Fig.1.

Also,
nescence is closely related to the concentration of
Yb3* ioms.

that the 479.1 nm up-conversion luminescence inten-

the 479.1nm up-conversion blue lumi-

From Fig.7 and Table 2, it is obvious

sity of Yb(5):FOV is about 100 times greater than
that of Yb(0.5):FOV. However, the Yb3* ion con-
centration in Yb(5):FOV is only ten times greater
than that of Yb(0.5):FOV. Similarly, the 462.5nm
up-conversion blue luminescence intensity of Yb(5)
Ho(0.5):FOV is nearly 25 times greater than that
of Yb(1)Ho(0.5):FOV although there is an obvious
This illustrates that the

479.1 nm up-conversion luminescence is proportional

influence of Ho3* ion.

to the square of the Yb37 ion concentration. It could
be deduced that the 479.1 nm up-conversion lumines-
cence does not come from any linear process involving
the single Yb31 ion system, because the up-conversion
luminescence intensity of a single Yb3* ion system
must be linearly proportional to the Yb3t ion con-
centration. As is well known, if the two-photon up-
conversion luminescence originated from a two-Yb3+
ion system, such as either an energy transfer process
between Yb3T ions or a cluster-coupled state made up
of two Yb3t ions, the up-conversion luminescence in-
tensity would be usually proportional to the square
of the Yb3t ion concentration due to the dipole-
dipole interaction. Therefore, this 479.1 nm blue up-
conversion luminescence should only come from ei-
ther energy transfer between Yb3t ions or a cluster-

coupled state made up of two Yb31 ions.

Furthermore, it is reasonable to believe that
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the 479.1nm up-conversion luminescence is a kind
of cooperative up-conversion luminescence originat-
ing from the coupled states of the Yb3t-Yb3t

cluster.[1’2’5_9’11’12]

The main peak of this coopera-
tive up-conversion luminescence lies at about 479.1 nm
with two sub-peaks at about 462.5 and 475.5 nm. Ac-
cording to the absorption of the Yb(0.5):FOV sam-
ple shown in Fig.3 and Table 1, the absorption
Stark peak positions of the Yb®*t ion 2F5/2 level of
oxyfluoride vitroceramics are (Yb3+-I™ai": 975.3nm,
10253 cm 1), (Yb3*+-11°P:952.0 nm, 10504 cm ') and
(Yb3+-I11°"2:927.0 nm, 10787 cm~!). The Yb3t ion
is easily excited to its 2F5/2 level from ground 2F7/2
level by absorbing the 10417 cm—! photon energy of a
960 nm laser light. Therefore, if two Yb3*t ions hap-
pen to form a cluster, the coupled state may be located
at 20757 cm ™! that is made up by the Yb3* ion sub-
states (Yb3+-I™2i:975.3nm, 10253 cm ') and (Yb3*-
I1UP:952.0 nm, 10504 cm 1), which is very close to the
measured main peak (Yb3TYb3+t-Amain: 479 1nm,
20872 cm!) of the cooperative up-conversion lumi-
nescence. In a similar manner, the coupled state may
be made up by the sub-states (Yb®*+-II1**>:927.0 nm,
10787 cm™!) and (Yb3+-111°"P:927.0 nm, 10787 cm™1),
located at 21574cm™! also, which is quite close
to the measured sub-peak (Yb3tYb3+-C5uP:462.5nm,
21622 cm~!). Then, the coupled state may be made
up by the Yb3* ion sub-states (Yb3*-11*"P:952.0 nm,
10504 cm~!) and (Yb3*-1I°"":952.0 nm, 10504 cm~1)
located at 21008 cm ™!, or made up by the sub-states
(Yb3+-Imain:975 3nm, 10253 cm™1) and (Yb3+-TITsub:
927.0nm, 10787cm~!) positioned at 21040 cm~!,
both of which are quite close to the measured sub-
peak (Yb3tYb3t-BsuP:475.5nm, 21030cm™!). So it
is believed from an energy-match consideration that
the 479.1nm fluorescence is a kind of cooperative
up-conversion luminescence.["9:12] The up-conversion
First, each isolated Yb3t
ion absorbs a pump photon and is excited to the
2F5/2 state from the 2F7/2 ground state. Then the
two Yb3*t jons both at the 2F5/2 excited state form
a coupled cluster state 2F5/22F5/2 (Yb3*YDb3%) under

the laser pumping.

processes are as follows.

The 479.1nm cooperative up-
conversion luminescence is then radiated from this
excited coupled state to the ground coupled state
2F7/22F7/2 (Yb3*Yb3"). Moreover, the measured up-
conversion luminescence main peak 479.1 nm in this
paper coincides with all the published correct pa-
pers, Refs.[7], [9], [12], etc., whose up-conversion lu-

minescence main peaks of the direct Yb3t-Yb3t clus-

ter are all located at about the 476-480nm wave-
range.[127-9:26] The main peak we have observed
is different from the characteristic fluorescence main
peak of Tb3t ion located at about 495-504 nm wave-

2:24] Tt has also been proved that the coop-

range.["
erative up-conversion green luminescences result from
the Yb3t-Tb3* cooperative effect [°! and so on. All of
these indicate that the large cooperative up-conversion
blue luminescence of the direct Yb3t-Yb3t cluster
discovered in this paper is clearly seen and stable.
Finally, it is important to note that the cooper-
ative up-conversion blue luminescence ability is much
enhanced by our oxyfluoride vitroceramics. As we
know, the fluoride ZBLAN glass is one of the ma-
terials for up-conversion luminescence with best effi-
ciency. The up-conversion efficiency has been stud-

[27] The up-conversion luminescence effi-

ied widely.
ciency of Yb:FOV can be known easily by compar-
ing the up-conversion luminescence abilities between
the FOV and ZBLAN materials. It is clear that the
479.1 nm cooperative up-conversion blue luminescence
strength of Yb(5):FOV is 230 times greater than that
of Yb(3):ZBLAN according to the results of Fig.8 and
Table 2 of this paper. This is a significant develop-
ment toward satisfying the practical requirements on
blue up-conversion luminescence strength, in view of
that the cooperative up-conversion mechanism was be-
fore considered far less efficient than the energy trans-
fer up-conversion. The reason for the improvement
is that the FOV material provides much more oppor-
tunities for Yb3*t ions to directly form better Yb3t—
Yb3t clusters than the ZBLAN glass so that it can
radiate much stronger cooperative up-conversion blue
luminescence.

The co-doped Ho®t jon has an obvious influ-
ence on the cooperative up-conversion luminescence
of Yb3t-Yb3t clusters.

conversion luminescence of YbHo:FOV two obvious

In the cooperative up-

additional peaks emerge that are not present in that
of Yb:FOV, which can be easily seen from Fig.7
and Table 2.
conversion luminescence of the YbHo:FOV is po-
sitioned at (484.6nm, 20637 cm~!), which is very
near to the °Iy — 5F3 absorption peak (484.2nm,
20646 cm~!) of Ho®* ion shown in Fig.4 and Table 1.
Another additional sub-peak (491.2nm, 20357 cm™1!)
of the YbHo:FOV up-conversion luminescence is quite
near to the small (490.8 nm, 20377 cm~1) sub-peak of
the Ho3* ion ®Ig —5F3 absorption. This can be seen
clearly in Tables 1 and 2. Thus it is believed that the

The main additional peak of up-
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up-conversion luminescences (484.6 nm, 20637 cm~1!)
and (491.2nm, 20357 cm~1) are °F3 —5Tg fluorescence
transition of Ho3t ion.
to the lower Stark state of %Ig level, while the lat-
ter is a transition to the higher Stark state of °Ig

The former is a transition

level. Thus, the group of 479 nm up-conversion lumi-
nescence of the YbHo:FOV is made up of two kinds of
up-conversion. One is the cooperative up-conversion
luminescence of the coupled states of the Yb3t-Yb3+
clusters at (463, 475, 479 nm), the other is the normal
5F3 —°Ig up-conversion luminescence of Ho®t ion at
(485, 491 nm). This phenomenon is similar to that in
the related papers concerning the Yb3t-Yb3*t coop-
erative up-conversion.[%:24]

It is clear that the co-doped Ho®t ion causes
the obvious reduction in the cooperative blue up-
conversion luminescence of the coupled states of the
Yb3t-Yb3t cluster.
and Table 2 that the 479 nm up-conversion lumines-
cence of Yb(5) Ho(0.1):FOV is about 40.8% that of
Yb(5):FOV. Also we can see that the 479nm up-
conversion luminescence of Yb(5) Ho(0.5):FOV is only
about 3.01% that of Yb(5):FOV. This illustrates that

the co-doped Ho®* ion obviously decreases the coop-

It can be seen from Fig.7

erative up-conversion luminescence of the Yb3+-Yb3+
cluster. In fact, there is a resonant energy transfer
from the 2F5/22F5/2 coupled state of the Yb3+-Yb3+
clusters to the 3Kg, 5F5 and °F3 levels of the Ho3*
ions because their energy levels match very well. The
energy of the 3Kg, °F5 and %F3 levels would relax to
that of the °F, and ®S, levels at a fast rate since the
5F4 and °S,y levels are a little lower than the 3Kg,
5F, and ®F3 levels. Thus the energy of the Yb3t-
Yb3+ clusters will transfer unidirectionally to that of
the Hot ions if there are Ho®t ions in the material.
Because the samples used before were Yb3t samples
doped with Er3t or Ho®t or Tm3t ions, the energy
of the 2F5/22F5/2 coupled state might be moved out
very fast, which may be a reason why the Yb3+t-Yb3+
cooperative up-conversion luminescence was regarded
as a kind of small up-conversion fluorescence before.
This implies that the impurities mixed during the
manufacturing procedure would seriously reduce the
cooperative up-conversion luminescence intensity of
the Yb3t-Yb3* clusters due to cross-relaxation also.
It is also significant that the pure Yb3t ion-doped
sample, which has extremely little impurity to reduce
the cross-relaxation of the Yb3t—Yb3t clusters, could
achieve the higher cooperative up-conversion lumines-
cence of the Yb3t—Yb3* clusters.

As is well known, the interesting concept of
cooperative up-conversion of Yb3t-Tm3+ or Yb3+-
Th3t has been proposed for many years.['2¢6] How-
ever, the near-resonant back energy-transfer from
Tm3*t or Tb3" ions back to the Yb3*t ions restricts
the enhancement of this cooperative up-conversion
luminescence, particularly for huge phonon energy
materials.??] It has also been proved that the coop-
erative up-conversion green luminescences may result
from the Yb3t-Tb3t cooperative effect.?) Even the
sol-gel material can provide a good coupled chance
for the Yb3t ion to form the Yb3t-Yb3t clusters,
and further improvement is urgently needed because
the phonon energy of this material is high and its
electron—phonon interactions are strong. This results
The

cooperative up-conversion luminescence intensity in

in its small up-conversion luminous efficiency.

Ref.[8] is also small due to the larger energy transfer
up-conversion from the Yb3t ion to the Er®t ion, and
a fast unidirectional energy transfer occurs from the
Yb3t-Yb3* clusters to the resonant *F, /2 level of the
Er3t ions. The large cooperative up-conversion blue
luminescence of the Yb3T-Yb3* clusters obtained in
this paper results from the better coupled chance
of the Yb3T-Yb3* clusters within the FOV mate-
rial and the smaller amount of phonon-relaxation and
cross-relaxation. Furthermore, the large cooperative
up-conversion luminescence of Yb(5):FOV also comes
from its higher concentration 5mol% of the activator
Yb3* jons because the cooperative up-conversion lu-
minescence intensity varies linearly against the square
of the concentration of Yb3* ions in the range of 0.5
5mol% (see Fig.7 and Table 2). Also, the coopera-
tive up-conversion luminescence can be well enhanced
by a large diode-laser pumping power, as indicated
in Fig.9, showing a very good linear relation without

saturation.
7.Conclusion

We have found that the Yb:FOV exhibits ex-
cellent cooperative up-conversion blue luminescence.
A strong blue 479.1nm cooperative up-conversion
luminescence of Yb:FOV is revealed, which results
from the coupled states of the Yb3t-YDb3t clusters
formed by two adjacent Yb3t ions. The measured
up-conversion luminescence main peak 479.1nm in
this article is different from the characteristic fluo-
rescence main peak of Tb3t ion positioned at about

495-504 nm wave-range and coincides with those in
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the published correct papers, whose cooperative up-
conversion luminescence main peaks of the direct
Yb3t-Yb3* clusters are all located at about the 476
480nm range. All of these show that the strong co-
operative up-conversion blue luminescence of the di-
rect Yb3t-Yb3* clusters discovered in this paper is
clearly seen and stable. This further proves that the
cooperative up-conversion green luminescence results
from the Yb3+-Tb3t cooperative effect.[®! In particu-
lar, the cooperative up-conversion blue-luminescence
strength of Yb(5):FOV is 230 times greater than that
of fluoride glass Yb(3):ZBLAN. And the co-doped
Ho3* ion causes obvious reduction of the cooperative
blue up-conversion luminescence of the Yb3t-Yb3+
clusters, implying that the impurities, some kind of
co-doped ions or the ions mixed in the manufacture
procedure, may seriously reduce the cooperative up-
conversion luminescence intensity due to the cross-
relaxation from the Yb3t-Yb3* clusters. Our results
also show that strong cooperative up-conversion blue
luminescence can be achieved by using good materi-
als such as oxyfluoride vitroceramics, which can pro-
vide a better opportunity to form better Yb3t-Yb3+
clusters and have less relaxation to gain more effi-

cient up-conversion luminescence. Meanwhile, the co-

operative up-conversion blue luminescence could be
improved further by pure Yb®t ion-doped materials
that have as little impurities as possible to reduce

The

strong cooperative up-conversion blue luminescence

cross-relaxation from the Yb3t—Yb3t clusters.

of Yb(5):FOV also comes from its higher concentra-
tion (5mol%) of the activator Yb®** ions, which act
perfectly because the cooperative up-conversion lumi-
nescence intensity varies linearly against the square
of the concentration of the Yb®t ion in the range of
0.5-5 mol%. Moreover, the cooperative up-conversion
blue luminescence could be enhanced further by a high
diode-laser pumping power, based on the experimental
double-logarithmic plot log F—log P curves exhibiting
a very good straight-line relation without saturation.
Finally, we can say that the improvement of the coop-
erative up-conversion blue luminescence results from
the comprehensive enhancement in the aspects of good
coupled opportunity of the Yb3T-Yb3*t clusters, less
cross-relaxation, higher concentration of Yb3+ activa-
tors, non-saturation, and better up-conversion lumi-
nescence efficiency. The results of this paper may be
significant for both the up-conversion research and its

related applications.

References

[1] Chen J E and Yang G Z 1995 Optical Physics Science
(Beijing: Science Press) (in Chinese)

[2] Renata R 1977 Lasers and Ezcited States of Rare-Earth
(New York: Springer)

[3] Wang D H 1999 Display technique and industry into the
21st century Proc. 1999 Conf. on Display Technique and
Industry (Beijing)

[4] Hehlen M P and Gudel H U 1996 J. Chem. Phys. 104
1232

[5] Chen X B et al 2000 Acta Phys. Sin. 49 2488 (in Chinese)

[6] Maciel G S, Biswas A and Prasad P N 2000 Opt. Com-
mun. 178 65

[7] Maciel G S, Biswas A, Kapoor R and Prasad P N 2000
Appl. Phys. Lett. 76 1978

[8] Chen X B, Li M X, Sawanobori N, Zhe Z and Nie Y X
2000 Acta Phys. Sin. 49 2482 (in Chinese)

[9] Adam J L, Duhamelhenry N and Allain J Y 1997 J. Non-
Cryst. Solids 213 245

[10] Downing E, Hesselink L, Ralston J and Macfarlane R 1996
Science 273 1185

[11] Chen X B, Song Z F and Nie Y X 1999 Acta Phys. Sin.
(Overseas Edition) 8 216

[12] Goldner P, Pelle F, Meichenin D and Auzel F 1997 J.
Lumin. 71 142

[13] Yang G Z, Li H B, Zhou Y L, Lei Z L and Chen Z H 1998
Acta Phys. Sin. (Overseas Edition) 7 627

[14] Guyot Y, Moncorge R, Merkle L D, Pinto A, McIntosh B
and Verdun H 1996 Opt. Mater. 5 127

[15] Chen X B, Sawanobori N, Li M X, Bi S Z and Nie Y X
1999 Acta Phys. Sin. 48 948 (in Chinese)

[16] Wang N Y 2001 Acta Phys. Sin. 50 693 (in Chinese)

[17] Chen X B, Du W M, Sawanobori N and Song Z F 2000
Opt. Commun. 181 171

[18] Gan Z Z and Liu J J 2000 Chin. Phys. 9 934

[19] Chen J E 1991 Optics and Optoelectronics (Beijing: Sci-
ence Press) (in Chinese)

[20] Chen X B, Zhang G Y, Feng Y, Liu Y B, Li J J and Song
Z F 1996 Acta Phys. Sin. 45 698 (in Chinese)

[21] Chen X B et al 1993 Acta Phys. Sin. (Overseas Edition)
2 771

[22] Martin I R, Yanes A C, Mendez-Ramos J, Torres M E and
Rodriguez V D 2001 J. Appl. Phys. 89 2520

[23] Chen X B, Zheng Z and Song Z F 2001 Chin. Phys. 10
1162

[24] Carnall W T, Fieldd R and Rajnank K T 1968 J. Chem.
Phys. 49 4424

[25] Chen X B et al 1993 Acta Phys. Sin. (Overseas Edition)
2 695

[26] Kaminskii A A 1981 Laser Crystals—Physics and Prop-
erty (New York: Springer)

[27] Man S Q, Pun E Y B and Chung P S 2000 Appl. Phys.
Lett. 77 483



