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The upconversion properties of Er3t-doped heavy metal oxyfluoride germanate glasses under 975 nm excitation

have been investigated. The intense green (551 and 529 nm) and relatively weak red (657 nm) emissions corresponding

to the transitions 453/2 —4 152, 2H11/2 —4 I5/5 and 4F9/2 —4 I15/2, respectively, were simultaneously observed at

room temperature. The content of PbF5 has an important influence on the upconversion luminescence emission. With

increasing content of PbF5, the intensities of green (529 nm) and red (657 nm) emissions increase slightly, while the

green emission (551 nm) increases markedly. These results suggest that PbF2 has an influence on the green (551 nm)

emission more than on the green (529 nm) and red (657 nm) emissions.
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1. Introduction

Solid-state blue and green light sources are desir-
able for high-density optical storage, colour displays,
optoelectronics, and medical diagnostics.!=3] Er3t is
one of the most extensively studied rare-earth ions
for green laser operation based upon upconversion. !
The host materials for Er®t-doping are very impor-
tant for obtaining high efficient upconversion signal.
Because host materials with low phonon energy can re-
duce the non-radiative loss due to the mutiphonon re-
laxation and thus realize strong upconversion lumines-
cence. For various glass hosts, the conventional oxide
glasses, such as silicate, phosphate, and borate glasses,
are difficult to produce strong upconversion emission
due to their high phonon energies./®/ Though fluoride
glasses have been extensively studied due to their low
phonon energies, oxide glasses are more appropriate in
practical applications for their high chemical and ther-

mal stability.”) Compared with other oxide glasses,

heavy metal glasses and germanate glasses (which
have lower phonon energies in the oxide glasses) may
be better hosts because of high resistance combined
with high refractive index, which enhances radiative
transitions of Er®*.[39 Although upconversion lumi-
nescence has been reported in Er®*-doped germanate
glasses, 1011 it is weak. Efforts to enhance upcon-
version luminescence of Er3t-doped germanate glasses

are still attracting the attention of researchers.

As is known, glasses based on mixed oxide-
fluoride systems combine the good optical properties
of halide glasses (a broad range of optical transmit-
tance and low optical losses) with the better chemical
and thermal stability of oxide glasses.['?] In this paper,
Er*-doped new heavy metal oxyfluoride germanate
glasses suitable for making upconversion optical de-
vices have been fabricated. Intense upconversion lu-
minescence is observed, and the influence of PbF5 con-
tent on upconversion luminescence is compared with

that of other factors and discussed, and the possible
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upconversion mechanisms are evaluated.
2.Experiments

The glasses were synthesized by a conventional
melt quenching method. The starting materials were
reagent grade GeOs, PbO and PbF;. The composi-
tions of the prepared glasses were 50GeOy — (50 — x)
PbO—zPbF, (z=0, 10, 20, 30, 40, 50 in mol%). Er3*
was introduced as EroOs with 4N purity. The Er3t
doping concentration in the glasses was 1.0 mol%.
Samples were named as in Table 1 to recognize the
compositions easily. Batches, each about 50g of start-
ing materials, were fully mixed and then melted be-
tween 900° and 1000° in covered silicate crucibles in a
SiC Globar furnace in a Ny atmosphere. When melt-
ing was completed, the glass liquids were cast onto
stainless steel plates. The obtained glass samples were
then cooled to room temperature at a rate of 10°/h,
and was cut and polished carefully in order to meet
the requirements for optical measurements. Undoped
GPFO0 and GP50 glasses were also prepared for mea-

suring the vibrational spectra.

Table 1. Tk, Tg and AT = Tx — Ty of Er3+—d0ped
50GeO2 — (50 — z) PbO—zPbFy (=0, 10, 20, 30, 40, 50

in mol%) glasses.

Glass T Tx Ty AT =Tx — Ty
samples | /(mol%)  /(°)  /(°) /()
GPFO 0 374 484 110
GPF10 10 344 470 126
GPF20 20 331 462 131
GPF30 30 320 457 137
GPF40 40 311 450 139
GPF50 50 302 447 145

The glass transition temperature (7,) and the
crystallization onset temperature (7y) were deter-
mined by differential thermal analysis (DTA) at a
heating rate of 10°/min, using aluminium oxide ce-
UV/VIS/NIR absorption spectra were

recorded between 250 and 1700nm using a spectropho-

ramic pan.

tometer on 2mm thick glass samples optically pol-
ished. The upconversion luminescence spectra were
obtained with a TRIAX550 spectrofluorimeter upon
excitation of 975 nm laser diode (LD) with a maximum
power of 2W. In order to compare the luminescence in-

tensity of Er3T in different samples as accurately as we

can, the position and power (100 mW) of the pumping
beam and the width (1 mm) of the slit to collect the
luminescence signal were fixed under the same condi-
tion, and the samples were set at the same place in
the experimental setup. In addition, the integrated
intensities for the green and red emissions were also
calculated to illustrate the variation of the lumines-
cence intensity. Raman spectrum was recorded on a
Fourier transform Raman spectrophotometer (Nicolet
MODULE) within the range of 100-1200cm . Nd:
YAG laser operating at 1064 nm was used as the exci-
tation source, and the laser power level was 500 mW.
All the measurements were carried out at room tem-

perature.

3. Results and discussion

A typical DTA curve of Er®t-doped GPF50 glass
is illustrated in Fig.1 in which the glass transition
temperature (T) and the crystallization onset tem-
perature (Ty) are marked. The difference between Ty
and T, AT = Ty — Tg, is used as usual as a rough
estimate of the glass formation ability or glass sta-
bility. Since fibre drawing is a reheating process and
any crystallization during the process will increase the
scattering loss of the fibre and then degrade its optical
properties.['3] To achieve a large temperature range
during the sample fibre drawing, it is desirable for a
glass host to have AT as large as possible.['3:14 Ta-
ble 1 shows the compositional dependence of T, Ty,
and AT = Ty — T, of Er**-doped 50GeO; — (50 — x)
PbO—2zPbF, (=0, 10, 20, 30, 40, 50 in mol%) glasses.
With increasing content of PbFj, Ty and T decrease,
while AT = T, — T, increases. From Table 1, it can
be seen that the AT value of all Er3t-doped new
heavy metal oxyfluoride germanate glasses is larger
than 100°, indicating that these glass samples are very

(151 The introduction of

stable against devitrification.
PbF, leads to a decrease of Ty, and T of these glass
samples. Such a feature can be explained as follows:
with the substitution of PbFy for PbO, owing to the
gradual replacement of the Pb=0 double bonds by
two Pb—F single bonds, the structure of glasses be-
comes looser, thus the network structure is weakened,
and the Ty and T, of the glass samples are decreased.
The AT value of these glass samples will increase be-

cause Ty is decreased more quickly than 7.
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1.2 critical for determining the upconversion efficiency.

1.0} The lower phonon energies of heavy metal oxyfluoride

. 08l germanate glasses can reduce the multiphonon loss,

'd enhance radiative transitions of Er>* and thus realize
,g 0.6 strong upconversion.

é 04k Figure 3 shows the absorption spectra of Er3*-
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Fig.1. The DTA curve of Er3*-doped GPF50 glass.

Figure 2 shows the Raman spectra of undoped
GPFO0 and GPF50 glasses. For GPF50 glass, three
Raman bands around 376, 523 and 793 cm™! origi-
nating from the Pb-F, Ge-O~ and O-Ge-O vibra-
tional bonds, respectively, are observed. However,
two Raman bands around 820 and 553 cm ! for GPF0
glass originating from the Ge—-O~ and O—Ge-O vibra-
tional bonds, respectively, are observed. Compared
with pure GeO, glass,'% the peaks of Ge-O~ and
O-Ge—-0 vibrational bonds are shifted to long wave-
length, and the effect of PbF5 on the peaks of Ge-O~
and O—Ge—O vibrational bonds is greater than that of
PbO. Such features can be explained as follows: the
intensities of Ge-O~ and O-Ge-O vibrational bonds
are weakened due to the polarization of Pb%t and
the fluoride ions with lower phonon energy added into
the glass network.['”] The spectrum indicates that the
highest-frequency phonon band for GPF50 glass is at
793 cm ™!, smaller than that of pure GeO, glass which
has a maximum phonon band at 865cm—'.['8l The

highest-frequency phonon band of glass hosts is

793

Intensity/arb. units

T T T T T T T T
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Fig.2. The room-temperature Raman spectrum of
undoped GPFO0 and GPF50 glasses.

doped GPF0, GPF20 and GPF50 glasses. Each as-
signment corresponds to an excited level of Er®t.
The absorption spectrum consists of 11 absorption-
band peaks at 1532, 975, 801, 651, 542, 521, 487,
450, 442, 406, and 378 nm, corresponding to the ab-
sorptions from the ground state 4I15/2 to the excited
states *Iy3/2, *I11)2, *Ig/2, *Fy /2, *S3/2, *Hi1/2, *Fr )2,
4F5/2, 4F3/2, 2H9/2, 4G11/2, respectively. The wave-
lengths of the absorption peaks scarcely change with
increasing content of PbFs, but the cut-off band is
shifted from 370 to 290 nm. Owing to the potential
(4.03 €V) of F~ being greater than the potential (3.80
eV) of 0?7, the forbidden band gap of the glass is
broadened as a result of doping F~ into oxide glasses
network, and the transition of electrons from valence
band to conduction band needs much bigger energy,
and thus the cut-off band is shifted to shorter wave-
length.

the band near 800 nm is lower than that near 975 nm,

It was also observed that the amplitude of

which indicates that Er®t in heavy metal oxyfluoride

germanate glasses can be excited effectively by 975 nm

LD.
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Fig.3. The absorption spectra of Er3*-doped GPFO,
GPF20 and GPF50 glasses.

The room-temperature upconversion lumines-
cence spectra of Er3t in heavy metal oxyfluoride ger-
manate glasses with different PbFy contents excited
by a 975nm LD are shown in Fig.4. Three emission
bands centred at 529, 551, and 657 nm, which corre-
spond to the transitions 2H11/2 —4 15/, 453/2 —4
Ii5/2, and 4F9/2 —4 I,5/2, respectively, are simultane-
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ously observed. It is also important to point out that
the green emission is bright enough to be observed
by naked eye at excitation power as low as 60 mW
for Er3t-doped GPF50 glass sample. Figure 5 illus-
trates the dependence of upconversion luminescence
intensity on PbF; content. With increasing content
of PbF,, the intensities of green (529nm) and red
(657 nm) emissions increase slightly, while the green
emission increases greatly. The relative intensity of
green (551 nm) emission in Er®*-doped GPF50 glass
increases by a factor of 141.2 as compared with that
in Er®*-doped GPFO glass. These results suggest that
PbFy has stronger influence on the green (551 nm)
emission than on the green (529 nm) and red (657 nm)

emissions.

433/2 -4 Lis /2

Intensity/arb. units

1Fysy =% Iy )2

1 1
500 550 600 650 700
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Fig.4. Upconversion luminescence spectra of Er3+-
doped GPF0, GPF10, GPF30, and GPF50 glasses un-

der 975 nm excitation at room temperature.
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Fig.5. Upconversion luminescence intensities of Er3T-doped
50GeO2 — (50 — ) PbO—zPbF; glasses (z=0, 10, 20, 30, 40,
50 in mol%).

The power dependence of the aforementioned up-
conversion signals has been also analysed and the re-
sults are depicted in log-log plots of Fig.6. As can
be seen, all the three emissions present quadratic de-
pendence on the excitation power, which indicates
that two photon steps are involved for the upcon-
version process.[l According to the energy matching
conditions and the quadratic dependence on excita-
tion power, the possible upconversion mechanisms for
the emission bands are discussed based on the sim-
plified energy levels of Er®T presented in Fig.7.[18-20]
For the green emissions, in the first step, the 4I11/2
level is directly excited at 975nm. The second step
involves the excitation processes based on the long-
lived 414 /2 level as follows: energy transfer (ET)
4111/2 (Erdt) +4 Lo (Ert) —* Fr)2 (Exdt) +4 Iis )0
(Er®t), and excited state absorption (ESA) *Iy/s
(Er®t)4a photon —* Fy/» (Er’T).
Er3+ 4F7/2 level then relaxes rapidly and nonradia-

The populated

tively to the next lower levels 2H11/2 and 453/2, re-
sulting from the small energy gap between them.
It is considered that the 2H11/2 level is populated
from %S, s2 by a fast thermal equilibrium between
the levels.21:22] The above processes then produces
the two 2H11/2 —4 Ii5/2 and 453/2 —4 Ii5/2 green
emissions centred at 529 and 551 nm, respectively.
Since the energy gap below the 453/2 level is larger,
for example, over 3100 cm™!, obtained from the ab-
sorption spectrum data of Er3t-doped GPF50 glass,
the nonradiative transition through mutiphonon re-
laxation from 4S5 /2 level becomes smaller. Therefore,
the bright green upconversion luminescence was emit-
ted through the 453/2 + 2H11/2 —4 Iy5,2 transitions.
The relatively weak red emission centred at 657 nm
originates from the 4F9/2 —4 L5/, transition. The
population of 4F9/2 are based on the processes as fol-
lows: ESA: *I13/5 (Er®t)+a photon —* Fy/y (Er’t),
and ET between Er®*t ions: 4113/2 (Er3t) +4 Iiyys
(Er®t) =% Ij5p (Ex®t) 4% Fy)o(Er®t). The I35/
level is populated due to the nonradiative relaxation
from the upper 4111/2 level. Besides, the nonradiative
process from the 453/2 level, which is populated by
means of the process described previously, to 4F9/2

level also contributes to the red emission.
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Fig.6. Dependence of upconversion fluorescence in-
tensity on excitation power under 975 nm excitation
for Er3t-doped GPF50 glass.

4. Conclusion

We have demonstrated an efficient infrared to vis-
ible upconversion system of Er3t-doped heavy metal
oxyfluoride germanate glasses. Under 975 nm excita-
tion, intense green (551 and 529 nm) and relatively
weak red (657nm) emissions are observed at room
temperature. The upconversion processes involve a
sequential two-photon absorption for the green and

red emission. With increasing content of PbFs, Ty

Er?t

Fig.7. Energy level of Er®t and possible transition
pathways in Er®t doped heavy metal oxyfluoride ger-

manate glass.

and T, decrease, while AT = Ty — T, increases, and
the intensities of green (529nm) and red (657 nm)
emissions increase slightly, while the green emission
(551 nm) increases markedly. The relative intensity of
green (551nm) emission in Er®*-doped GPF50 glass
increases by a factor of 141.2 as compared with that in
Er®t-doped GPFO glass. Intense green upconversion
luminescence of Er3*-doped GPF50 glass can serve as
potential materials for developing upconversion opti-

cal devices.
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