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New oxyfluoride glasses and glass ceramics co-doped with Nd3+, Yb3+ and Ho3t were prepared. The upconversion

of infrared radiation into green fluorescence has been studied for Nd3+, Yb3+ and Ho3t in the transparent oxyfluoride

glass ceramics. At room temperature very strong green upconversion luminescence due to the Ho3+: (5F4, 582) —51g

transition under 800 nm excitation was observed in the glass ceramics. The intensity of the green upconversion lumines-

cence in a 1mol% YbF3-containing glass ceramic was found to be about 120 times stronger than that in the precursor

oxyfluoride glass. The reason for the highly efficient Ho3+ upconversion luminescence in the oxyfluoride glass ceramics

is discussed. The upconversion mechanism is also investigated.
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1. Introduction

There is a great interest in glass ceramics for the
conversion of infrared radiation into visible light. This
phenomenon is useful for the detection of infrared
radiation by changing the light to a spectral region
where detectors have higher efficiency. It has been
shown that infrared light of about 1pum can be effi-
ciently converted into visible light by some phosphors
activated by Er®t, Ho®t or Tm3* etc. and sensitized
by Yb3+.1-3l

This infrared-to-visible conversion phenomenon is
caused by the accumulation of infrared photon energy
to the activator rare-earth ions. Its mechanism in-
volves various elementary processes such as energy
transfer and relaxation transition, and is dominated
by the nature of the electron—phonon interaction as
well as of the ion—ion interaction. This phenomenon
is not only interesting from the basic point of view, but
is also very important from the practical viewpoint of

solid state electronics.

The infrared-to-green or -blue upconversion lumi-

nescence has been extensively investigated in a variety
of rare-earth-doped crystalline and vitreous materi-
als. Recently, rare-earth-containing oxyfluoride glass
ceramics have aroused interest in connection with ap-
plications in upconversion and light amplification.[*=7]
In such glass ceramics, rare-earth elements are pref-
erentially incorporated into crystalline phases with
small phonon energies below 500cm~!, where their
active optical properties may be brought to optimum

conditions.4]

Rare-earth-doped oxyfluoride glass ceramics were
reported in the 1970s.[8] These glass ceramics are pro-
duced by melting of oxyfluoride glasses followed by
heat treatments above the glass transition tempera-
tures. Such heat treatments give secondary phases
consisting of fluorite-type crystals in which doped
rare-earth ions are selectively partitioned.®:8! The size
of the crystalline domains can be sufficiently small
so as not to cause excess light scattering. Conse-
quently, the obtained glass ceramics are transparent
to the naked eye. The great advantages of this ap-

proach are the following: (1) doped rare-earth ions
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are confined in crystalline environment of low phonon
energies; consequently, excited-state lifetimes and op-
tical absorption cross-sections of the doped rare-earth
ions become substantially larger in them than in vit-
reous environments; (2) the glass host matrices are
based on silicates with mechanically and chemically
desirable characteristics.

In this paper the upconversion of infrared radia-
tion into green luminescence and the mechanism of the
Ho3*t upconversion luminescence in Nd3t-Yb3+-Ho3+
co-doped oxyfluoride glass ceramics are reported, pos-

sibly for the first time in the literature.
2.Experimental procedure

Glasses were prepared using a conventional melt-
quenching method. High purity SiOs, Al;O3, PbFs,
CdF,, NdF3, HoF3 and YbF3 were used as the start-
ing materials. Compositions chosen in the present
study are 30SiO3-15A104 5-28PbF5-22CdF,- (4.8-x)
GdFs5-0.1NdF5-0.1HoF3 - zYbF5 (z=0, 0.1, 0.2, 0.5, 1,
2, 3, 4 and 4.8) in mol%. Accurately weighed 5-gram
batches were thoroughly mixed and moved into Pt cru-
cibles. The batches were melted at 950°C for 15min
in an electric furnace with very rapid heating-rates
in an air atmosphere. The melts were cast into pre-
heated brass moulds. The obtained glasses were an-
nealed at the respective glass transition temperatures
determined by differential thermal analysis (DTA).

The thermal properties of the glasses were mea-
sured by DTA. The measurements were performed
with a Rigaku Thermo Plus TG-DTA TG8110 appa-

1in an Ar atmo-

ratus at a heating rate of 10 K-min~
sphere.

All the prepared glasses were heat-treated at the
same temperature of 450°C for 0.5h. In order to con-
firm crystal precipitation, x-ray diffraction measure-
ments were carried out on the precursor glasses and
the heat-treated glasses with a Rigaku RINT 2100 x-
ray diffractometer using Cu Ka radiation.

Upconversion luminescence spectra of Ho®t under
800nm excitation were measured in the wavelength
range of 400-700nm with a Hitachi F-3010 fluores-
A Sony SLD303-XT Al-

GaAs laser (maximum output power 150mW) was

cence spectrophotometer.
used as an excitation source. Specimens of the size
of 5.0x5.0x1.2mm? with optically flat surfaces were
used in the measurements.

Optical absorption spectra in the wavenumber
range of 3500-30000cm ™! were measured with a Shi-
madzu UV-2200 spectrophotometer.

Fluorescence lifetimes of the Ho®*: (5Fy, 5S,) lev-
els were measured with a PTI-210SK spectrophotome-
ter.

All the spectral measurements were performed at

ambient temperature.

3. Results

Figure 1 shows the DTA curves of the 30SiOs-
15A10, 5-28PbF5- 22CdFs- (4.8-z) GdF3- 0.1NdF3 -
0.1HoF3- 2 YbF3 (=0, 1 and 4.8) glasses where T, and
T indicate the glass transition temperatures and the
first crystallization temperatures, respectively. The
T, and T values increased with increasing YbF3 con-

centration, though very slightly.
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Fig.1. DTA curves of 30SiO2-15A101 5-28PbF3-22CdF3-

(4.8-z) GdF3-0.1NdF3-0.1HoF3-2 YbF3 glasses (curve a, z=0;
curve b, z=1 and curve ¢, z=4.8).

Figure 2 shows the representative x-ray diffrac-
tion patterns of the 30SiO3-15A101 5-28PbF4-22CdF5-
3.8GdF3-0.1NdF3-0.1HoF3:1YbF3 glasses before and
after heat treatment. A broad halo pattern character-
istic of glass structure was observed for the samples
before heat treatment, whereas several sharp diffrac-
tion peaks characteristic of crystalline structure were
clearly observed for the samples after heat treatment,
indicating that crystals were successfully precipitated
during heat treatment. All the glass ceramics obtained
after heat treatment were transparent. A comparison
of the XRD pattern of crystals precipitated in the glass
ceramics with those of §-PbF5 and CdF; crystals with
a fluorite-type structure is shown in Fig.2. As can be
seen from this figure the peak positions in the glass ce-

ramics are located at slightly higher angles respective
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to the PbFy crystal patterns and at lower angles re-
spective to the CdF; crystalline patterns. Therefore,
it is reasonable to consider that the crystalline phase
in the present glass ceramics has a mixed fluorite-type
structure of PbFy; and CdFs, i.e. Pb,Cd; ,F5. By
using the following Debye—Scherrer equation: (]

0.9\ x 57.3

Dppy= ———
hkl Bracosd

(1)
where A is the wavelength of the x-rays, 3/, is the
half-maximum line breadth in radians, and 6 is the
diffraction angle, the size of the crystalline precipi-

tates was evaluated to be approximately 16.3nm in

diameter.
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Fig.2. Powder XRD patterns of 30Si02-15A107 5-

28PDbFa- 22CdF,- 3.8GdF3- 0.1NdF3- 0.1HoF3- 1YbF3
glass and glass ceramic, together with those of 3-PbF 2
and CdF; crystals.

In Fig.3, upconversion luminescence spectra of
Ho®t in the 30SiO,- 15Al0;5- 28PbF,- 22CdF,-
3.8GdF3- 0.1NdFj3- 0.1HoFj3- 1YbF3 glass under
800nm excitation before and after heat treatment are
presented. Three emission bands centred around 490
(blue), 545 (green) and 650nm (red), which corre-
spond to the Ho3": (°F3 —°Ig), (5Fy, S — 51g) and
(°Fs —5Ig) transitions, respectively, were observed
in the 30SiOy- 15A101 5 28PbFy- 22CdFs- (4.8-x)
GdF3- 0.1NdF3- 0.1HoF3- zYbF3 glasses after heat
treatment (glass ceramics). In the case of the glasses
before heat treatment (precursor glasses), however,

only green and red emission bands were observed and

no blue emission band was detected. It is worth not-
ing that, in a 1 mol% YbF3-containing glass, the in-
tensity of 545nm luminescence after heat treatment is
about 120 times stronger than that before heat treat-
ment, and is about 40 times stronger than that in the
glass with 3 mol% YbF3 concentration. As shown in
Fig.4, it was found that the intensity ratios of green
luminescence to red luminescence, Isg5/Ige0, greatly
change with the YbF3 concentration in the glass ce-
ramics, whereas the ratios in the glasses before heat
treatment are almost independent of YbF3 concentra-
tion. Figure 5 shows the YbF3 concentration depen-
dence of Ho®t green upconversion luminescence inten-
sities in the 30SiOy- 15A101 5- 28PbF5- 22CdF,- (4.8
z) GdF3- 0.1NdF3- 0.1HoF3- YbF3 glasses and glass
ceramics (z=0, 0.1, 0.2, 0.5, 1, 2, 3, 4 and 4.8). The
intensity of the 545nm green upconversion lumines-
cence in the glasses gradually increases with increasing
YDbF3 concentration, reaching the maximum value at
approximately 3mol % YbF3 and then very slightly de-
creases with further increase of YbF3 content. On the
other hand, the intensity of the 545nm upconversion
luminescence in glass ceramics steeply increases with
increasing YbFj3 concentration, reaching the maxi-
mum value at approximately 1mol% YbF3; and then

greatly decreases with increasing YbF3 concentration.
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Fig.8. Upconversion luminescence spectra under
800nm excitation in 30SiO3- 15Al107 5- 28PbFs-
22CdF2- 3.8GdF3- 0.1NdF3- 0.1HoF3- 1YbF3 glasses
(a) before and (b) after heat treatment at 450°C for
30min.
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Fig.4. YDbF3 concentration dependence of ratio of 0 1 2 3 4 5
green luminescence to red luminescence, Is45/I650, in YbF3 concentration/mol%
oxyfluoride glasses (curve a) and glass ceramics (curve
b) under 800nm excitation. Fig.5. YDbF3 concentration dependence of Ho3t

4. Discussion

4.1. Contribution of ligand field change around
rare-earth ions to Ho®t upconversion lu-

minescence efficiency

According to the Miyakawa—Dexter theory,'% a
non-radiative decay rate due to a multiphonon re-
laxation process is governed by both phonon energy
and electron—phonon coupling strength. The larger
the phonon energy and/or the electron—phonon cou-
pling strength, the larger the non-radiative decay rate.
That is to say, a decrease in phonon energy and /or
electron—phonon coupling strength increases the life-
times and quantum efficiencies of excited levels and
consequently increases the emission intensity of up-
conversion luminescence. As a result, a matrix of low
phonon energy, e.g. fluoride matrix, is generally of

benefit to frequency upconversion.

In oxyfluoride glasses, rare-earth ions, e.g. Ho3t,
are readily coupled to the non-bridging oxygen on the
strong O-Si and/or O-Al bonds.!¥! Such a coupling
causes an increase in non-radiative decay rate due to
multiphonon relaxation and greatly reduces the life-
times of levels involved in the upconversion processes.
Like most oxide glasses, therefore, oxyfluoride glasses
are also not efficient for upconversion. On the other
hand, rare-earth ions in the present oxyfluoride glass
ceramics are incorporated into a fluorite-type solid so-
lution so that the coordination environments around

rare-earth ions leads to low phonon energy.

green upconversion luminescence intensity in oxyflu-
oride glasses (curve a) and glass ceramics (curve b)

under 800 nm excitation.
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Fig.6. YbF3 concentration dependence of lifetime of

Ho3*fluorescence of 545nm in oxyfluoride glasses (curve
a) and glass ceramics (curve b) under 537nm excitation.
Figure 6 shows a comparison of the YbF3 con-
centration dependence of the lifetime of Ho3t: (5Fy,
582) — 5Ig fluorescence of 545nm in the 30SiOq-
15A10; 5- 28PbFy- 22CdF,- (4.8—z) GdF3- 0.1NdF;-
0.1HoF3- 2YbF3 (z=0, 0.2, 0.5 1.0, 2.0, 3.0, 4.0 and
4.8) glasses and glass ceramics under 537nm excita-
tion. In the present lifetime measurements, 4f elec-
trons are directly excited to Ho®**: (°F4, 5S3) level.
The lifetimes after heat treatment greatly increase
compared with those before heat treatment. Espe-
cially, for the 1 mol% YbF3-containing glass and glass
ceramic the respective lifetimes are 50 and 184 pus.
This result also proves that rare-earth ions, i.e. Nd3t,
Yb3+ and Ho3", are incorporated into a fluorite-type

solid solution phase.
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In such a case, rare-earth ions would be shielded
from the direct coupling with the non-bridging oxy-
gen of O-Si and/or O-Al

conversion efficiency as high as that in pure fluoride

Consequently, an up-

glasses or crystals becomes achievable. The SiO5 and
AlO; 5 (Al;O3) components behave as glass matri-
ces embedding a fluorite-type nanocrystal including
Nd3*, Yb3* and Ho3t. This is the reason why the
Ho®* upconversion luminescence is hardly observed in
the glasses before heat treatment (precursor glasses),
but it is strongly observed in the glass ceramics af-
ter heat treatment (glass ceramics). According to the
Miyakawa-Dexter theory 1% the multiphonon decay
rate, W, is expressed by

W, = Woexp(—aAE/hw), (2)

where W}, is the multiphonon decay rate, AE is the en-
ergy gap to the next lower level and hw is the phonon
energy. Figure 7 presents the optical absorption
spectrum of Ho®t in the 30SiO,- 15A10; 5- 28PbF,-
22CdF;- 4GdF3- 1HoF3 glass.

tween the °F, 3Ky levels and the next lower level 5F3

The energy gap be-

is about 560cm!. This energy gap is very narrow and
the former level is very sensitive to a change of ligand
field. Kawamoto et all'!l have found that rare-earth
ions in the 50Si05- 50PbFy- zErF3 glasses (z=4 and
5) are strongly coupled to a phonon mode of 930cm ™1,
but those in the glass ceramics (crystalline phase: a (-
PbF; solid solution) are strongly coupled to a phonon
mode of 230cm . Since non-radiative decay is due to
multiphonon relaxation, it is understandable that blue
(490nm) upconversion luminescence is not observed in
oxyfluoride glass, but is observed in oxyfluoride glass

ceramics.
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Fig.7. Optical absorption spectrum of Ho3t in 30SiOg-
15A101 5- 28PbF3- 22CdFy- 4GdF3- 1HoF'3 glass.

4.2. Dependence of Ho®*t upconversion lumi-

nescence upon Yb3t concentration

It is known that the probability of energy transfer
due to multi-polar interactions relates to the distance
R between a sensitizer and an acceptor. According
to the Dexter theory!'?! the energy transfer proba-
bility in dipole—dipole interaction is proportional to
R=5. As described in Ref.[10], the Ho** upconversion
luminescence decreases with an increase in the Nd3*
and/or Ho3*t concentrations. This has been consid-
ered to be due to the self-quenching of Nd** and/or
Ho3* in their high concentration regions. On the other
hand, Yb3t jons have only one excited state above
the ground state. A Yb3t donor ion in the excited
state transfers all of its excitation energy to a Yb3*
acceptor ion in the ground state. This process can
be repeated many times, resulting in the energy mi-
gration through the material. The energy migration
would continue until some other mechanism depletes
the excited state. In the case of Nd3*-Yb3+-Ho3* co-
doped glasses, Yb3t ions play a role as energy trans-
fer bridging ions. In this case, the distance between
Nd3* ions and Ho®** ions becomes contracted with the
Yb3t addition and consequently the efficiency of en-
ergy transfer from Nd3t ions to Ho®t ions becomes
high, and Ho®* upconversion luminescence becomes
stronger. As shown in Fig.5, however, the Ho®" green
upconversion luminescence intensity exhibits a maxi-
mum value, depending on Yb3t concentration in the
glasses and the glass ceramics, respectively, and the
respective maximum values are different. A similar
tendency is observed in the lifetime measurements of
Ho®t: (5Fy, °Sy) levels, as shown in Fig.6. In glasses
with high rare-earth concentrations, in contrast, en-
ergy back-transfer cannot be neglected. Here, it is
considered that the energy back-transfer occurs from
Ho3t to Yb3t in the high YbF; concentration re-
gions: energies on the Ho3T: (°Fy4, 5S5) levels are
back-transferred to Yb3t by the cross-relaxation of
[Ho®*t: (5F4, 5Sg) —5I); [Yb3*: 2F5/2 (—2F7/2].
Since the Nd3*, Yb3t and Ho3" ions are concentrated
into fluorite-type nanocrystals, the distances between
Ho3* ions and Yb3t ions become closer. This may
be the reason why the maximum intensity of Ho3*
upconversion luminescence appears at different YbF3
concentration values in the glasses and the glass ce-

ramics.

As can be seen from Fig.4, it is notable that the

intensity ratios of green luminescence to red lumines-
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cence, Isg5/Igs0, in the glasses and the glass ceramics
are different. Even in similar environment in glass ce-
ramics, the I545/Ig50 ratio greatly changes with YbFg
concentration. As described in Sec.4.1, energy loss
by non-radiative relaxation becomes smaller with the
change in ligand field around a rare-earth ion. The op-
tical absorption cross-section of Yb3* becomes larger
This re-
sult leads to high efficiency in energy transfer from
Nd?*t jons to Ho®*t ions via Yb3t ions in the glass

ceramics. Therefore, the intensity ratios of green lu-

in the glass ceramics than in the glasses.

minescence to red luminescence greatly change before
and after the fluorite-type nanocrystal precipitation.
The distances between Ho®* ions and Yb3" ions be-
come closer in the glass ceramics, with vigorous en-
ergy back-transfer from Ho3" to Yb3" due to [Ho®*:
(°Fy4, °S3) —=°Ig; the [Yb3t: 2Fy5/5 «2*F7)9] transi-
tion greatly affects the efficiency of green upconversion
luminescence; the YbF3 concentration affects the effi-
ciency of green upconversion luminescence, and hardly
affects the efficiency of red upconversion luminescence.
So it is considered that the upconversion mechanisms
for green (545nm) and red (650nm) are different. This
results in the increase of Iss5/lgso ratio in the low
YbF3 concentration regions, and decrease of Isas/Iss0

ratio in the high YbF3 concentration regions.

4.3. Upconversion luminescence mechanism in
Nd3*-Yb3*t-Ho?t co-doped glass and glass

ceramics

The present authors and co-workers have already
studied the Ho3* upconversion luminescence mecha-
nism in Nd®t-Ho3t and Nd3*t-Yb3*+-Ho®t co-doped

s.[13.14] Based on the result, an upcon-

fluoride glasse
version mechanism in the present Nd3t-Yb3t-Ho3+
co-doped oxyfluoride glass ceramics under 800nm ex-
citation is proposed, as depicted in Fig.8. In the first
step, Nd3* ions are excited by 800nm radiation which
corresponds to the Nd3+: (4F5/2, 2H9/2) <—4IQ/2 tran-
sitions. The (4F5/2, 2H9/2) excited states relax quickly
to the next-lower 4Fj /2 state by a multi-phonon re-
laxation and then an energy transfer between Nd3t
ions and Yb3*t ions, [Nd3*: 4F3/2 —)419/2 and/or
4111/2; Yb3+: 2F5/2 (—2F7/2], occurs with consider-
ably high efficiencies. At the same time, Ho3" ions
absorb 800nm photons, provoking the Ho3t: 31, <-°Ig
transition, and then the 515 level is populated through
a non-radiative relaxation process. Subsequently the
energies on the Yb®* ions are transferred to the Ho3*

ions which are on the %I level, resulting in the Ho3*:

(5Fy, 3Kg) +°I5 excitation. Then the 4f electrons
non-radiatively relax from the (°Fy, ®Ky) states to the
5F3 or (°F4, °S,) states by multi-phonon relaxation.
Finally, these 4f electrons on these states radiatively
relax to the °Ig ground state, giving the blue (490nm)

and green (545nm) upconversion luminescences.
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Fig.8. Schematic upconversion mechanism in 30SiOas-

15A101 5. 28PbF3- 22CdFa- (4.8-z) GdF3- 0.1NdF3-
0.1HoF3- 2YbF3 glass ceramics under 800nm excitation.

On the other hand, because the change of YbFj
concentration hardly effects the efficiency of red up-
conversion luminescence, so the upconversion mech-
anism for red (650nm) emission may be proposed as
follows: The energy transfer from Nd3+ to Ho3" is due
to the cross-relaxation of the 4115/2 —>4Iu/2 transition
instead of the 4F3/2 —)4111/2 transition. That is, the
Ho®t: 4f electrons of the ®I5 state absorb a photon
due to Nd3+:4115/2 —)4111/2 transition, and are ex-
cited to the 5Fj state, then radiatively relax from the
5F5 state to the 5Ig ground state, giving red (650nm)

upconversion luminescence.

5. Conclusion

In summary, we prepared Nd3t-Yb3+t-Ho3* co-
doped 30SiO2: 15A10; 5- 28PbFy- 22CdFs- (4.8-x)
GdF3- 0.1NdF3- 0.1HoF3- 2 YbF3 oxyfluoride glasses
and glass ceramics. The experimental results indicate
that the heat treatment of the Nd3+t-Yb3+-Ho3t co-
doped oxyfluoride glasses at 450°C for 0.5h gave trans-
parent glass ceramics in which fluorite-type nanocrys-
tals with a diameter of about 16.3nm are dispersed in
the glass matrix. Compared to the glasses, the glass
ceramics showed green upconversion luminescence of

Ho3t with very high efficiency under 800nm excita-
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tion. The intensity of green upconversion lumines-
cence in a 1mol% YbF3-containing glass ceramic was
about 120 times stronger than that in the glass. The
key reason is due to a difference in the co-ordination

environments around the Nd3*-Yb3+-Ho3t ions in the

oxyfluoride glasses before and after heat-treatment.
Tt is considered that the Nd3t-Yb3t-Ho3t co-doped
oxyfluoride glass ceramics obtained in this study gives
a good promise for using it as a green solid-state laser

medium.
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