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A systematic investigation on fluorescence spectroscopy of trivalent thulium doped in oxyfluoride glass ceramics

containing LaF3 nanocrystals has been carried out in a spectral range from 400 to 900 nm under the direct excitation of

D5 level at a low temperature. Specific optical transitions related to the fluorescence emissions are studied based on

experimental measurements in frequency and time domain. Fluorescence emissions from the ions in crystal phase are

distinguished from what in glass phase and their spectroscopic properties are explored. The dynamical process shows

that the temporal decay of fluorescence emission consists of two parts: a rapid decay from the ions in glass phase and

a slower decay from the ions in crystal phase.
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1. Introduction

Transparent glass ceramics has attracted much at-
tention since it was reported by Wang and Ohwaki in
1993 for the first time.'~4 Compared with conven-
tional glass ceramic materials, it contains nanometre
scale crystalline particles in the glass matrix. Opti-
cally active ions doped in the sample are generally dis-
tributed both in nanoparticles and in glass matrix due
to the preparation process, which provides the doped
ions with two different local environments: crystal
phase and glass phase in one sample. Oxyfluoride
glass ceramics containing fluoride nanocrystals com-
bines optical advantages of fluoride crystal host with
chemical and mechanical advantages of oxide glass
matrix, which improves the chemical and mechanical
durability of fluoride material while the optical charac-
teristics of fluoride crystal is maintained. Up to now,
many studies have been carried out on thulium doped
in fluoride crystals and glasses.>=12] Some investiga-
tions have also been conducted on the Tm3* doped
in transparent glass ceramic systems.[l?”lﬁ] Here we
present a systematic investigation on the fluorescence
emission spectroscopy for Tm3* doped in oxyfluoride
glass ceramics containing LaF 3 nanocrystals under the
direct excitation of D, level at a temperature of
about 20 K. The specific energy levels related to the
corresponding transitions are analysed, and fluores-

trivalent thulium, transparent oxyfluoride glass ceramics, optical transition

cence emissions from the ions in the crystal phase of
the ceramic sample are extracted. Spectral and tem-
poral properties of fluorescence emissions from doped
Tm3* ions in glass and glass ceramics are also dis-
cussed.

2. Experiments

Transparent glass ceramic sample used in our
study are oxyfluoride glass ceramics containing
Tm?3*:LaFsnanocrystals, which are obtained from
Corning, Inc. New York.’] The nanocrystal size is
about 20nm, which is controlled with annealing tem-
perature. The average concentration of Tm37T is
1.0mol%. Tm3* doped glass sample has the same
components as the glass ceramic sample. Micro-sized
Tm3*:LaF3 powder sample is prepared by using the
hydrothermal method. The third harmonic output
from Quanta Ray Lab-170 Nd?>*:YAG pulsed laser
CCD sys-
tem equipped with an SP2750 monochrometer is em-

is used for the excitation of the sample.

ployed for collecting and recording spectroscopic sig-
nals. Temporal decay measurements are made by
using a TDS 5000B digital oscilloscope. The speci-
fied temperature environments are supplied with DE-
202NTI closed cycling system, which is made from Ad-

vanced Research Systems, Inc.
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3. Results and discussion

3.1. Spectroscopic characterization

D, state can be directly excited by using a
355 nm laser based on the energy level diagram of
Tm3* in LaF3 crystal. Figure 1 shows the fluores-
cence emission spectra of Tm3* doped in glass ceram-
ics and glass, excited by a 355 nm laser at a tempera-
ture of 20 K. It can be seen that six broad bands with
some fine structures occur in a spectral range from
400 to 900 nm. The corresponding peak positions are
453, 485, 514, 651, 667, 754, and 804 nm, respectively.
Energy levels associated with each emission band can
be determined based on the energy level diagram and
temporal property of fluorescence.
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Fig.1.
parent oxyfluoride glass ceramics (a) and glass (b) under

Fluorescence spectra of Tm3t doped in trans-

355 nm laser excitation at a temperature of 20 K. The av-
erage Tm®* concentration is 1.0mol %. The inset shows
the bands at around 754 and 804 nm.

Figure 2 is the schematic energy level diagram of
Tm3* doped in LaF3 for those levels associated with
current study.[”) According to the absorption spectra
and energy level diagram, most of emission bands have

been assigned,!®1%:17] but some of them have not and
their corresponding mechanism also needs further in-

vestigating.
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Fig.2. Energy level diagram of Tm3*:LaF3.

To determine the specific transition for each emis-
sion band, we measure the fluorescence lifetime and its
temperature dependence. Table 1 presents the mea-
sured results on fluorescence emission, lifetime and
corresponding transitions of Tm3* doped in glass ce-
ramics and glass at 20 K. The temperature dependence
of fluorescence lifetime is plotted in Fig.3. The pro-
posed specific transitions in each band are listed in the
table too. For emissions centred at 453, 514, 667, and
754 nm, they all exhibit very close fluorescence decay
time and similar temperature dependence. It is easy to
connect them with transitions from ' D, to 3Fy, 3Hs,
3H,, and 3F,, respectively, which accord with previ-
ous investigations.!®1017] The emission at 804 nm is
assigned to the transition of 3H, —2 Hg. The popula-
tion on the excited 3 H, state is fed either by a 667nm
emission from ' D5 to 3 Hy, or by a transition from ' Dy
to 3F, accompanied with the 754 nm photon emission,
then followed by nonradiative relaxation from 3F, to
3 H, with the assistance of phonons.

Table 1. Fluorescence emission, lifetime and corresponding transitions for 1.0 mol% Tm3* doped

in glass ceramics and glass measured at 20 K.

b

wavelength /nm T/ us® T/us transition wavelength /nm T/ us® transition

453/456 2242 1842 1Dy —3Fy 446.6 3743 Dy — 3Fy
485 10245 5545 1G4y — 3Hs
510/514 2342 1742 1Dy — 3Hy

651 9546 4645 1Gy — 3Fy 647.6 7845 1Gy — 3Fy

667 2343 1842 1Dy — 3Hy 737.4/739.8/742.2/744.5 4043 1Dy — 3F3

754 1743 1443 1Dy —3F 776.0/778.0/782 4945 1G4 — 3Hs

794/804 6843 4543 3Hy; — 3Hg 795.6/800.8/813.3 6843 3Hy — 3Hs

2from the ions in the glass environment of transparent glass ceramics sample,

bfrom the ions in the glass environment of glass sample,

“from the ions in the nanocrystalline environment of transparent glass ceramics.
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It has been suggested that the emission at 651 nm
located on the higher energy side of 667 nm emission
band is a result of 3F, — 3 Hg transition in the cascade
emissions ! Dy — 3 F, — 3 Hg, 18 while in Ref.[18], 651 nm
mission was assigned to the transition from 'Gy to
3Fy. Since three transitions 3Fy, — 3Hg, 1Dy — 3Hy,
and 'G4 —3F) are possible to cover the radiative emis-
sions ranging from about 667 to 651nm for Tm3*
doped in LaF3 crystal, we must examine their life-
times and temperature dependence before the final
assignment is given. Table 1 and Fig.3 show that the
lifetime of 651 nm emission drops from 95 to 31 us,
and the lifetime of 667 nm decreases from 23 to 19 us
when the sample temperature changes from 20 to
300 K. Obviously the temperature has a greater influ-
ence on the fluorescence decay at 651 nm than that at
667 nm, which suggests that 651 nm emission should
arise from an excited state other than 'D,. Because
of the very small energy gap between the >F;, and its
nearest lower level 3F3 (about 500 cm~1), a big non-
radiative relaxation rate is expected to exist for 3F,
level. Thus, it is not very possible to have a radiative
emission from 3F,. Therefore the fluorescence emis-
sion at 651 nm should be ascribed to the transition of
G, — 3F,, while 667 nm originates from the transi-
tion 'Dy — 3Hy.
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Fig.3. Temperature dependence of fluorescence lifetimes.

Emission at 485 nm is assigned to the transition
from 'G4 to 2Hg, which is supported by our results
(see Figs.1 and 3 and Tablel). There are three pos-
sible ways to populate 'G state: (i) the excited ' Dy
state relaxes to !G4 state nonradiatively, (ii) radiative
emission from ! Dy state to 1Gy state, (iii) phonon as-
sisted cross relaxation from Dy +3 Hg to 'G4 +3 Fy
Jor 3Fy +1G4. Since the maximum phonon energies

are around 400 cm ™! for LaF3 crystal and 1100 cm™*

for the glass matrix, multi-phonon relaxation has an
extremely small probability for an energy gap of about
6700 cm~! between ! Dy and its next lower level 'Gy.
Thus the process (i) is not likely to happen. Since both
processes (ii) and (iii) are dependent on the relaxation
of ' Dy, it is hard to distinguish them by studying only
the dynamical process of related levels. Further in-
vestigation is required in order to find out the exact
process.

3.2. Fluorescence emissions from the
ions in crystal phase of the ceramic
sample

Figurel(a) shows that some weak but sharp peaks
are detected from glass ceramic samples. The inset in
Fig.1 is one part of the spectrum, and it shows these
peaks more clearly. A similar phenomenon is not de-
tected indeed for the counterpart glass sample. Based
on the peak position and its decay time, we suggest
that the shoulder at 647.6 nm is a branch of the tran-
sition from 'G4 to 2F,. Peaks on the higher energy
side of 754 nm are assigned to the transitions from Dy
to 3F3 sublevels, while peaks at 776 and 778nm are
determined originate from the transition from !G4 to
3Hs. Those at 795.6, 800.8 and 813.3nm correspond
to the transitions from 3Hy to 2Hg, and the peak at
446.6 nm is ascribed to the transition from ! Dy to 3 Fj.

It is noticeable that the decay time associated
with the ' Dy level presented in the right part of the
table is much longer than that listed on the left side.
Considering that fluorescence from the ions doped in
crystal phase has a longer lifetime than those in amor-
phous phase, we suggest that the longer lifetimes for
the transitions from 'Dy to 3F; and 3F; arise from
the excited ions in crystal phase of the sample. To
support this interpretation, spectroscopic study on a
micro-sized Tm3*:LaF3 powder sample is conducted.
Figure 4 is for the fluorescence spectra of a micro-sized
Tm?3*+:LaF3 powder sample and transparent oxyfluo-
ride glass ceramics containing Tm3*:LaF; nanocrys-
tals. Peaks that appear in the ceramic sample can
be observed more clearly in the micro-sized powder
sample. The lifetime of ! Dy increases to about 70 us
for the micro-sized powder sample even though the
excitation by a 355nm laser is not exactly at reso-
nance. Thus, it is proved that those weak but sharp
peaks presented in Fig.1(a) are emissions mainly from
the ions in the crystal phase of nanoparticles. Flu-
orescence emission bands that are observed in both
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glass and ceramic samples as listed in the left part
of Table 1, are mainly due to the excitation of Tm3*
ions in the glass phase of the sample. For the ions in
the glass sample, there exists only glass phase envi-
ronment. But in the glass ceramic sample, the glass
phase and the crystalline phase can coexist, ions in
both phases make contributions to the observed flu-
orescence lifetimes. Since the ions in the crystalline
phase have a longer relaxation time than those in the
glass phase, a longer fluorescence lifetime should be
observed for the ceramic sample than that in the glass
sample, which explains the difference in fluorescence
lifetime listed in the left part of Table 1.

Fluorescence intensity/arb. units
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Fig.4. Fluorescence emissions of micro-sized Tm3t:LaFg
powder sample (a) and transparent oxyfluoride glass ce-
ramics containing Tm3t:LaF3 nanocrystals (b), where
T=20K.

3.3. Temporal decay of fluorescence
emission

The probabilities of radiative relaxation and non-
radiative relaxation including multi-phonon relaxation
and energy transfer determine the lifetime of fluo-
rescence emission. Site defects, surface effect, and
concentration quenching effect are possible sources to
cause further reduction in fluorescence lifetime. It is
also possible that the concentration quenching is more
significant in nanocrystals than in the glass matrix due
to a possible increase in Tm>?*concentration in crys-
tal phase of the glass ceramic sample.®! Since our goal
is to explore the influence of crystal phase and glass
phase environment on the fluorescence of Tm3* ion,
the surface and the concentration quenching effects
will not be emphasized here as long as the fluores-
cence lifetime of Tm3* in the crystal phase and in the
glass phase can be distinguished.

Table 1 shows that the overall fluorescence life-
times are shorter for Tm3* doped in glass than in
glass ceramics, which is not difficult to understand
if the big phonon energy of the glass sample is con-
sidered. In glass matrix, the increasing of maximum
phonon energy and lattice defects will lead to an in-
crease in nonradiative relaxation, which consequently
decreases fluorescence lifetime. ']

During the study of fluorescence relaxation, most
of decay curves measured experimentally cannot be
well fitted with the single exponential nature. Data for
lifetime presented in the Table 1 are average values,
which are calculated with double exponential decay

—t —t

model I(t) = wap() + Agexp()7 where A,
Ti T2

and As are amplitudes, and 7y and 7, are decay times.

The mean lifetime of excited state is calculated from
T = ZL: fi x 7;, where f; = 254:;;7] is the fractional
contribution of each componejnt.

If one neglects the surface/interface effects of
nanoparticles that are contained in the glass ceramic
sample, there exist two different local environments for
Tm3" ions: crystal phase with a lower phonon energy
and glass phase with a much higher phonon energy.
Since the sample is prepared by using the melting
method, ¥ Tm3 ions are distributed in both crystal
phase (inside the nanoparticles) and glass phase (in
the glass matrix). When the sample is excited, ions
in both crystal and glass phases are excited. Contri-
bution from the ions in crystal phase can make the
relaxation time longer, while the emissions from the
ions in glass phase makes the lifetime much shorter,
which finally results in a non-single exponential decay
nature of the fluorescence. When most of the ions in
the crystal phase are excited, the fluorescence from the
ions in crystal phase dominates, and we say the fluo-
rescence to originate from crystal phase of the ceramic
sample.

4. Concluding remarks

Fluorescence spectroscopy of Tm?t doped in
oxyfluoride glass ceramics containing LaFg nanocrys-
tals has been studied experimentally in a spectral
range from 400nm to 900 nm under the direct exci-
tation of !Dy level at a low temperature. Specific
optical transitions associated with the corresponding
emission bands are presented. It is concluded that the

emission at 485 nm is ascribed to the transition from
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1@, to 3Hg. Fluorescence observed from the ions in

crystal phase of the ceramic sample is discussed. The

fluorescent dynamical process also shows that the tem-

poral decay of fluorescence emission is composed of

Acknowledgments

We thank Dr Richard S. Meltzer from the Univer-

sity of Georgia and Dr M. J. Dejneka from Corning,

for their great support and help with the sample.

Gao D L, Zhang X Y and Zheng H R 2007 Chin. Phys.

He C J, Chen X B, Sawanobori N, Sun Y G, Chen L and
Meng C 2001 Spectroscopy and Spectral Analysis 21 147

Chen B J, Wang H N and Huang S H 2001 Spectroscopy
and Spectral Analysis 21 287 (in Chinese)

Xu W, Huang S H, Kong X G, Qin W P, Chen B J, Liu
JY,LiDand LuS Z 1997 Chin. J. Lumin. 18 298
Mattarelli M, Tikhomirov V K, Seddon A B, Moser E,
Chiasera A, Chaussedent S, Nunzi Conti G, Pelli S, Righ-
ini G C, Zampedri L and Ferrari M 2004 J. Non-Cryst.

Kishimoto S and Hirao K 1996 J. Appl. Phys. 80 1965
Tsang W S, Yu W M, Mak C L, Tsui W L, Wong K H
and Hui H K 2002 J. Appl. Phys. 91 1871

Riseberg L. A and Weber M J Relazation Phenomena in

two parts: rapid decay from the ions in glass phase Inc.
and slower decay from the ions in crystal phase.
References 12]
16 3134
[1] Wang Y and Ohwaki J 1993 Appl. Phys. Lett. 63 3268 [13]
[2] Tick P A, Borrelli N F, Cornelius L K and Newhouse M
A 1995 J. Appl. Phys. 78 6367 (in Chinese)
[3] Dejneka M J 1998 J. Non-Cryst. Solids 239 149 [14]
[4] Goncalves M C, Santos L F and Almeida R M 2002 C. R.
Chimie 5 845 [15]
[5] Huang S H, Lai S T, Lou L R, Jia W Y and Yen W M
1981 Phys. Rev. B 24 59
[6] Chen X Y and Luo Z D 1998 Chin. Phys. 7 773 [16]
[7] Duan Z C, Zhang J J, He D B, Dai S X and Hu L L 2006
Chin. Phys. 15 209
[8] Ellens A, Schenker S, Meijerink A and Blasse G 1996 J. Solids 345-346 354
Lumin. 69 1 [17]
[9] Carnall W T, Fields P R, Morrision J and Sarup R 1970 (18]
J. Chem. Phys. 52 4054
[10] Jerez V A and de Araujo C B 2004 J. Appl. Phys. 96 2530 [19]
[11] Ozen G, Kermaoui A, Denis J P, Wu X, Pelle F and Blan-

zat B 1995 J. Lumin. 63 85

Rare-Earth Luminescence in: 1976 Wolf E (Ed.) Progress
in Optics XIV (North Holland: Amsterdam) pl



