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Upconversion fluorescence emission of Er3t-doped oxyfluorosilicate glass excited at 975 nm is experimen-
tally investigated. The results reveal that the intense green and red emission, and weak blue emission
centered at 525, 543, 655, and 410 nm, respectively. A two-photon upconversion process is assigned to the
green and red emission while a three-photon process is responsible for blue upconversion. The possible
upconversion mechanisms are discussed based on excited state absorption and energy transfer between
excited Er®" ions. The intense upconversion fluorescence of Er®*-doped lead oxyfluorosilicate glass may
be a potentially useful material for developing upconversion optical devices.
OCIS codes: 160.4670, 160.4760, 160.2750, 160.2540, 170. 6280.

In recent years, considerable attention has been devoted
to the conversion of near infrared radiation to visible light
in rare-earth doped glass materials, for a wide range
of applications, including color displays, optical data
storage, biomedical diagnostics, sensors, undersea opti-
cal communications and upconversion lasersl’?l. Many
trivalent rare earth ions such as Er3*t, Tm3*, Ho3*, Pr3+
and Nd3* were doped as absorption and emission centers
in glass hosts. Among the rare-earth ions, Er®* is the
most popular as well as one of most efficient ions!3—6!.
When a rare earth doped optical device is developed, the
host material is a very important factor to be considered.
So far, much effort has been spent on fluoride glasses
owing to their lower phonon energy than oxide glasses.
Unlike fluoride glasses, upconversion is seldom observed
in oxide glasses with high phonon energies and can be
limited to germanatel™8], telluritel® and gallatel® glasses
that have comparatively low phonon energies. However,
silicate glasses are the most chemically and mechanically
stable and also are more easily fabricated into various
shapes such as a rod and optical fiber[!%l. Therefore,
the design of a new silicate glass host for Er?t to realize
upconversion is a target at present.

Capobianco et al.l'] reported upconversion properties
of Er?t in lead silicate glasses, but it have only very faint
upconversion fluorescence due to their large phonon en-
ergies. In this letter, we reported on the experimental
investigation of upconversion fluorescence spectroscopy
of new Er3T-doped lead oxyfluorosilicate glass excited
at 975 nm. The results show the generation of intense
green and red emission and the weak blue emission cen-
tered around 525, 543, 655, and 410 nm, respectively.
The possible upconversion processes and mechanisms
involved excited state absorption and energy transfer
between excited Er3T ions are discussed.

The glass was prepared by mixing SiO2, PbF, and
EroO3 powders in 50-g batches. SiOs and PbF; were
common reagent grade. The Er®t doping concentration
in the glasses was 4.0 mol%, which was introduced as
with 99.99% purity. The batch composition (mol%) of
the glass host is 5058i02-50PbF,. One undoped glass
was prepared for measuring the Raman spectrum. The
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mixtures were melted at 1000 — 1100°C for 30 — 50 min
in covered aluminum oxide crucibles in an electric fur-
nace with Ny atmosphere. After completely melting,
the glass liquids were cast into a copper followed by
annealing to room temperature. Then the glass was
processed to a certain size for property testing. The up-
conversion luminescence spectrum was obtained with a
TRIAX550 spectrofluorimeter upon excitation of 975-nm
LD with a maximum power of 2 W. The Raman spec-
trum was recorded on a FT Raman spectrophotometer
(Nicolet MODULE) within the range of 100 —1200 cm™!.
Nd:YAG operating at 1064 nm is used as the excitation
source, and the laser power level was 500 mW. The in-
frared (IR) spectrum was recorded on a NIC Nicolet 740
FT IR spectrophotometer by KBr pellet technique. All
the measurements were taken at room temperature.
The upconversion fluorescence spectrum in the visi-
ble wavelength range is shown in Fig. 1. Four emission
bands centered at 410, 525, 543, and 655 nm, which
correspond to the transitions 2Hgjy — *I15/5,2H11/2 —
4[15/2,453/2 g 4[15/2, and 4Fg 2 — 4[15/2, TeSpeCtiVely,
are simultaneously observed. Clearly, the blue emission
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Fig. 1. Upconversion fluorescence spectrum of Er®* doped
lead oxyfluorosilicate glass.
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Fig. 2. Log-log plot of upconversion fluorescence emissions as
a function of pump power at 975 nm.

at 410 nm is relative weaker than the green emission at
543 nm in Er®t-doped lead oxyfluorosilicate glass.

The pump power dependence of the four upconversion
fluorescence bands was analyzed and the results are de-
picted in the log-log plot of Fig. 2. As can be inferred
from data, a two-photon upconversion process is assigned
to the green and red emission from 2Hy; 9,753/, and
4Fy /2 level, respectively, while a three-photon process is
responsible for blue upconversion from 2 Hy /2 level.

According to the energy matching conditions and the
quadratic dependence on excitation power, the possi-
ble upconversion mechanisms for the emission bands
are discussed based on the simplified energy levels of
Er3T presented in Fig. 3['2. For the green emissions,
in the first step, the I/, level is directly excited at
975 nm. The second step involves the excitation pro-
cesses based on the long-lived 417, /2 level as follows: en-
ergy transfer (ET) 111 /5 (Er3t)+" 111 )5 (Br®T) — *Fy )y
(Er®t)+*I15/5(Er®T), and excited state absorption
(ESA) “Iy1 /2 (Er®)+ a photon— *Fy j5(Er®t). The pop-
ulated Er3+4 F; /2 level then relaxes rapidly and nonradia-
tively to the next lower levels 2Hy, /5 and *S3/, resulting
from the small energy gap between them. It is considered
that the 2Hyy 5 level is populated from %S5/, by a fast

thermal equilibrium between the levels!!3l. The above
processes then produce the two 2Hyq/o — *Ij5/» and
18, /2 s /2 green emissions centered at 525 and 543
nm, respectively. There exist two main possible pump-
ing mechanisms for red emission in Er3t-doped lead
oxyfluorosilicate glass. The first pumping mechanism
comprises the population of the 4S5 /2 level, by means of
the process described previously, followed by a fast nonra-
diative decay through multiphonon interaction from the
populated *S3/5 to *Fy /5 and then to the *I;5/, ground
state. In the other possible mechanism, the red emission
at 655 nm is originated from the *Fy/5 — %115/, transi-
tion and the population of *F, /2 is based on the processes
as follows: “I;3/5+ a photon— *Fy/5(ESA), and ET be-
tween EI‘3+ ions: 4113/2 + 4]11/2 — 4115/2 + 4F9/2. The
14 /2 level is populated owing to the nonradiative relax-
ation from the upper I, /2 level. For the blue emission,
a possible mechanism is an energy transfer process called
“cooperative upconversion” ', in which two excited ions

at the S5/, level interact, and one is promoted to the
G112 level while second decays to the Iy, /5 level. An-
other possible approach is the *F, /2 = 2H, /2 transition
by absorption of a third pump photon. The populated
Er3tGq, /2 level then relaxes rapidly and nonradiatively
to the next lower levels 2Hy/, resulting from the small
energy gap between them. The transition probability
involved in the above processes is small and the blue
emission observed is weak.

Figure 4 shows the IR spectrum of Er3* doped lead
oxyfluorosilicate glass. A few bands in the region
463 — 1100 cm™~! are assigned to stretching vibrations of
F-Pb-F, ~0-Si-O~ and Si-O-Si bonds at 463, 914 and
1050 em™1, respectively, and dissymmetry stretching vi-
bration of ~0O-Si-O~ bond at 906 cm~!. Figure 4 shows
the Raman spectrum of an undoped 50SiO2-50PbF3
glass, and the spectrum indicates the highest frequency
phonon band is at 904 cm~!. The Raman scattering
peaks of Si-O-Si and ~0O-Si-O~ bonds are at 1060 and
950 cm™!, respectively. But only one scattering peak
at 904 cm~! was found, which only can be dissymmetry
stretching vibration of ~0-Si-O~ bond in glass structure.
The scattering peak moves to long wavelength, which
can be that the intensity of ~0O-Si-O~ bond was weaken
owing to polarization of Pb2T and nonbridging oxygens.
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Fig. 3. Simplified energy level of Er®>t and possible transition
pathways in Er®* doped lead oxyfluorosilicate glass.
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Fig. 4. The IR spectrum of Er** doped lead oxyfluorosilicate
glass.
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Fig. 5. The Raman spectrum of undoped lead oxyfluoro-

silicate glass at room temperature.

Layne et al[l? have discussed the multiphonon relax-
ation of rare-earth ions in oxide glasses. The approxi-
mate frequencies of the high-energy phonons in each glass
are: borate: 1350 cm™!, phosphate: 1100 cm™!, silicate:
1000 cm™!, germanate: 900 cm™!, tellurite: 800 cm™!
and fluoride: 350 — 500 cm~'[21%] glasses. From the
above result we can deduce that fluoride ions have an
important influence on the formation of glass network.
The lead fluoride added can enter the glass as a net-
work former as well as network modifier, and increases
the number of nonbridging oxygens in the glass network.
The Er®t ions in the glass are surrounded by nonbridg-
ing oxygens of Si0O4 tetrahedra and lead-fluoride polyhe-
dra. The energy of local vibrational modes coupled to
the Er3T enters could be smaller than that of the maxi-
mum phonon energy of glass network!'6l. Therefore, the
multiphonon rate of Er®t in lead oxyfluorosilicate glass
is among lowest in above glasses systems except tellu-
rite and fluoride glasses. Consequently, the upconver-
sion fluorescence rate of Er3T in lead oxyfluorosilicate
glass could be the highest in the above glass systems ex-
cept tellurite and fluoride glasses. In the spectral region
studied, the *S3/5 level of Er3* has the largest energy
gap below (3010 cm~1), and the brightest upconversion
fluorescence is then expected from this level.

In conclusion, the high efficient IR to visible upcon-
version fluorescence of Er®*-doped lead oxyfluorosilicate
glass is investigated. The intense green and red emis-
sion, and weak blue emission centered at 525, 543,
655, and 410 nm, which correspond to the transitions

*Hi1js = *Iis/2,*S372 = *Iisy2,* Fyys — *Iis)2, and
2H, /2 = 4115/2, respectively. The results suggest that
Er3*-doped lead oxyfluorosilicate glass may be a poten-
tially useful material for developing upconversion optical
devices.
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