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Frequency upconversion in Er31-doped fluoroindate glasses pumped at 1.48mm
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We report on efficient frequency upconversion in Er31-doped fluoroindate glass. The process is observed
under 1.48mm laser diode excitation and results in fluorescence generation in the range from ultraviolet to
near-infrared radiation. The study was performed for samples containing 1, 2, and 3 ErF3 mol % in the range
of temperatures from 24 to 448 K. The upconverted signals were studied as a function of the laser intensity,
and their dynamical behavior is described using a rate equation model which allows us to obtain the energy
transfer rates between Er31 ions in pairs and triads.@S0163-1829~97!07509-7#
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I. INTRODUCTION

In the past years fluoride glasses doped with rare-e
~RE! ions have received great attention due to the possi
ties of using these materials in numerous applications suc
the operation of upconversion lasers, superfluoresc
sources, and optical amplifiers, among others.1 Fluoride
glasses are particularly attractive hosts because they ca
fibered, maintaining a high intensity of pumping light over
long interaction length, and large RE concentrations can
incorporated easily into the host matrix. Furthermore, one
the advantages of fluoride hosts is the low energy of its m
energetic phonons, which reduces the probability of m
tiphonon relaxation processes between the RE electr
levels.

Among the many fluoride compositions discovered, it w
found recently that fluoroindate glasses may become one
portant material for photonics applications. The vitreous
gion in the system InF3-ZnF2-~SrF2-BaF2! was established
few years ago,2 and it was later observed that the glasses
be stabilized by addition of GaF3, GdF3, CaF2, and NaF.3

Previous works performed in this system include the study
their vibrational spectra and structure4 and the spectroscop
of samples doped with Nd31,5 Pr31,5 Eu31,6 and Gd31.6 Our
recent studies have shown that when doped with Er31, Nd31,
and Pr31, the fluoroindate glass presents large efficiency
upconverters from the infrared to visible7 and from orange to
blue and violet.8,9

Erbium ions are appealing for spectroscopic investigat
due to their energy level regular spacing which facilita
frequency upconversion via energy transfer or multis
pump absorption using a single excitation wavelength. A
cordingly, studies of upconversion in Er31-doped fluoride,10

borate,11 tellurite and gallate,12 and fluorophosphate glasses13

have been reported. Presently, it is well known that the
conversion efficiency is larger for fluoride glasses beca
the multiphonon emission rates are much lower than the r
for the same levels of Er31 in other glasses.1,14
550163-1829/97/55~10!/6335~8!/$10.00
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In the present work we report results of our investigatio
on the upconversion properties of Er31-doped fluoroindate
glass using the infrared radiation from a cw diode laser as
excitation source. This work extends our previous roo
temperature studies7 for the whole range of temperature
from 24 to 448 K.

II. EXPERIMENTAL DETAILS

The glasses studied have the following % mo
composition: ~392x!InF3-20ZnF2-16BaF2-20SrF2-2GdF3-
2NaF-1GaF32xErF3 ~x51,2,3!. The samples preparatio
procedure is briefly described. InF3 was obtained by fluora-
tion of In2O3 at 400 °C with NH4F and HF in a platinum
crucible. Then all fluoride components were mixed up a
heated in a dry box under argon atmosphere at 700 °C
melting and 800 °C for finning. After this process the m
was poured and cooled into a preheated brass mold.
samples obtained have good optical quality, volumes o
few cubic centimeters, and they are nonhygroscopic.

Optical absorption spectra in the 200–800 nm range w
obtained with a double-beam spectrophotometer, while
infrared spectra up to 1.8mm were measured with an optica
spectrum analyzer.

Continuous-wave upconversion fluorescence meas
ments were performed using a diode laser emitting at 1
mm as the excitation source. The laser beam was choppe
7 Hz and focused on the sample using a lens of 15 cm fo
length. The sample fluorescence was collected perpend
larly to the direction of the incident beam and was disper
by a 0.5-m grating spectrometer. The signal was detec
using either a GaAs or aS1 photomultiplier, and it was sen
to a lock-in amplifier or a digital oscilloscope connected to
personal computer for processing.

For the low-temperature measurements, the samples w
mounted in a cold-finger Dewar with temperature measu
by a thermocouple embedded in the mounting bracket.
temperature of the samples could be varied from 24 to 30
6335 © 1997 The American Physical Society
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6336 55MACIEL, de ARAÚJO, MESSADDEQ, AND AEGERTER
with regulation of 0.1 K. For the high-temperature expe
ments, the samples were warmed up to 448 K by
temperature-controlled thermal plate with regulation
61 K.

III. RESULTS AND DISCUSSION

Figure 1 shows the room-temperature absorption spe
in the visible range~a! and in the near infrared~b!, obtained
for one of the samples prepared. The broad features of
eral angstroms bandwidth can be identified with the tran
tions from the ground state~4I 15/2! to the excited states of th
Er31 ions. The bands observed at 274 and 256 nm are du
electronic transitions in the Gd31 ions present in the glas
matrix. No changes in the wavelengths of maxima were

FIG. 1. Room-temperature absorbance spectra in the visible~a!
and in the near-infrared~b! regions~sample withx53, thickness 2.5
mm!.
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served for the different concentrations used because the
tronic transitions within the 4f shell are not very sensitive to
the crystalline field. The spectra obtained for the oth
samples are similar, except for the band intensities, wh
depend on the Er31 concentration. The linewidths of all tran
sitions are inhomogeneously broadened due to the site-to
variation of the crystalline field strength.

Figure 2 shows the upconversion spectrum of the sam
with x53 under 5.6 mW excitation~;170 W/cm2! at room
temperature. The diode laser excites resonantly
4I 15/2→4I 13/2 transition and the observed emissions cor
spond to radiative transitions in the erbium ions from t
excited states. The distinct emissions correspond to the t
sitions2H9/2→4I 15/2 ~;407 nm!, 2H11/2→4I 15/2 ~;530 nm!,
4S3/2→4I 15/2 ~;550 nm!, 4F9/2→4I 15/2 ~;670 nm!,
4I 9/2→4I 15/2 ~;808 and;827 nm!, 4S3/2→4I 13/2 ~;854 nm!,
and4I 11/2→4I 15/2 ~;980 nm!. The green and red transition
are readily visible by the naked eye. The spectra were a
lyzed with respect to their pump power dependence and t
poral behavior. To analyze the results we first note that
unsaturated frequency upconversion the fluorescence s
I S will be proportional to some powern of the excitation
intensity such thatI S}I

n, wheren52,3,4, . . . is thenumber
of infrared photons absorbed per upconverted photon e
ted. The dependence of the fluorescence signal on
1.48-mm excitation intensity was such that 3.6,n,3.9 for
the emission at 407 nm, 2.4,n,2.7 for the emission at 550
and 670 nm, 1.7,n,2.0 for the emission at 808 and 82
nm, 2.4,n,3.3 for the emission at 854 nm, and 1.8,n,2.0
for the emission at 980 nm. The measurements were m
for the three concentrations prepared, and the data for on
the samples are shown in Fig. 3. From the intensity dep
dence observed and the wavelength of the emitted radiati
we conclude that four laser photons are involved in the 1.
mm–to–407-nm conversion, three laser photons particip
in the 1.48mm-to-550-nm, 1.48-mm-to-670-nm, and 1.48-
mm-to-854-nm conversions, and two laser photons prod
the 1.48-mm-to-808-nm, 1.48-mm-to-827-nm, and 1.48-mm-
to-980-nm frequency upconversions. The deviation from
exactn values are due to strong absorption at 1.48mm, the
absorption of the upconverted fluorescence, and becaus
nonradiative decay from higher-lying states to fluoresc
states may also contribute to the intensities of the obser
spectral lines. The fluorescence line peaked at 980 nm
the most intense, being'50 times more intense than th
transition at 550 nm. For an incident power of 5 mW, abo
1 mW is converted into 980 nm emission. We also observ
that for the sample withx53 the signal at 980 nm was twic
larger than for the sample withx52 and 12 times larger than
for the sample withx51.

Different processes may lead to the population of hig
excited Er31 states after excitation in the near infrare
(4I 15/2→4I 13/2).

13,15–19These processes rely either on mul
step excited state absorption~ESA! or energy transfer~ET!
between Er31 ion neighbors. The ET process, in which a
excited ion nonradiatively transfers its energy to an alrea
excited neighbor, is one of the most efficient mechanis
and has been observed in a large number of systems inc
ing fluoroindate glasses.8–14 This mechanism can arise from
electric multipole or exchange interactions, and its rate
currence depends on the RE concentration due to the ion
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FIG. 2. Room-temperature upconversion fluorescence spectra~sample withx53!. The intensities of~b!, ~c!, and~d! have been multiplied
by 50, 40, and 0.02, respectively.
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separation. In the present case, we expect that ET is
dominant process because of the large Er31 concentration in
our samples and because the intermediate ESA
(4I 13/2→2H11/2) is a two-photon transition with small prob
ability to occur due to the laser frequency detuning for int
mediate states and the weak laser intensity used. There
the most relevant pathway for upconversion initiates with
transition 4I 15/2→4I 13/2. Afterwards, ET between excite
Er31 ions at the4I 13/2 level will take one ion to the

4I 9/2 level.
This step is followed by other successive transfer proce
from ions at the4I 13/2 state, which results in the excitation t
higher levels. After nonradiative decay to lower states, rad
tive transitions to the ground state give rise to the obser
upconverted fluorescence.

Figure 4 shows the relevant energy levels for the 4f 11

configuration of an Er31 ion, together with two possible up
conversion pathways and the observed fluorescence line

To characterize the temporal evolution of the upconver
signal, another series of experiments was performed.
laser beam was chopped at 7 Hz, and the fluorescence
he

ep

-
re,
e

es

-
d

.
d
e
as

detected using a fast digital oscilloscope. The time resolu
of the detection system was better than 1 ms, and the si
corresponding to the various upconverted emissions grew
their maximum value intr,15 ms and decay intd,12 ms.
In general, the rise and decay times~tr andtd! decrease for
increasing concentrations and for the range of Er31 concen-
trations studiedtr and td change up to 50%. The result
obtained using a digital oscilloscope are indicated in Tabl

In order to understand the observed temporal behav
we first recall that the upconversion efficiency depends
the probability of multistep excitation by ESA or by ET be
tween adjacent excited ions, as well as the quantum e
ciency of the emitting level. By either process, the dynam
of the upconversion signals depends on the lifetime of
intermediate excited states involved. For the samples u
the lifetime of the states2H9/2,

4S3/2,
4F9/2, and

4I 11/2 were
reported in Ref. 18. The values obtained for the sa
range of Er31 concentrations weret~2H9/2!;15–20 ms,
t~4S3/2!;84–573 ms, t~4F9/2!;302–645 ms, t~4I 11/2!
;10.6–9.4 ms, andt~4I 13/2!;10.3 ms. The lifetime of the
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state4I 9/2 was not measured, but on the basis of the kno
results for other host materials, we expect that its magnit
is '50 ms. The lifetimes are mainly determined by the mu
tiphonon relaxation rates, which are small because of
small phonon energies associated with the fluoroind
matrix.4,10Thus, considering that the states4I 9/2 and

4I 11/2 are
likely to participate in the upconversion processes, we c
clude that the large values observed fortr and td provide
favorable evidence for the relevance of the ET mechanis

FIG. 3. Excitation intensity dependence of the upconvers
fluorescence~sample withx52 at room temperature!. Straight lines
with different slopesn are obtained for each wavelength:~a! n53.6
~407 nm!, n52.7 ~550 nm!, n52.4 ~670 nm!; ~b! n51.8 ~808 nm!,
n51.8 ~827 nm!, n53.3 ~854 nm!, n51.9 ~980 nm!. The intensity
corresponding to the 980-nm line in~b! was scaled to be show
with the other infrared fluorescence lines observed.
n
e

e
te

-

.

A simple description of the frequency upconversion d
namics can be obtained in terms of rate equations for
level populations. The equations can be written observing
following aspects: First, from the fact that the upconvers
fluorescence intensity at 808, 827, and 980 nm increases
dratically with the laser intensity, we conclude that the
emissions are due to the energy transfer process describe
4I 13/21

4I 13/2→4I 9/21
4I 15/21phonons, followed by a deca

to level 4I 11/2. The emissions observed are due
4I 9/2→4I 15/2 ~808 and 827 nm! and 4I 11/2→4I 15/2 ~980 nm!.
On the other hand, the cubic dependence of the fluoresc
signals with laser intensity at 530, 550, 670, and 854
indicates that they are due to an energy transfer redistribu
according to 4I 13/21

4I 13/21
4I 13/2→2H11/21

4I 15/21
4I 15/2

1phonons, followed by nonradiative decay to levels4S3/2
and 4F7/2. The lines at 407 nm (2H9/2→4I 15/2) and 377 nm
(4G9/2,

4G11/2→4I 15/2) are due to energy transfer among fo
Er31 ions in such a way that three ions deliver its energy
the fourth ion that is promoted to the states4G9/2,

4G11/2, and
2H9/2.

In order to estimate the energy transfer rates between E31

ions at room temperature, we used the following six-le
rate equation system:

dn1
dt

52R12n11W2n2
212W3n2

31g21n2

1g31n31g41n41g51n51g61n6 , ~1!

n

FIG. 4. Simplified energy scheme of Er31 ion and excitation
mechanisms. The curved arrows on the right stand for energy tr
fer. The letters beside the straight arrows correspond to the spe
linesA ~530 nm!, B ~550 nm!, C ~670 nm!, D1 ~808 and 827 nm!,
D2 ~854 nm!, E ~980 nm!, F ~407 nm!, andG ~377 nm!.
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TABLE I. Rise and decay times measured for the frequency upconversion signals at room tempe

l ~nm!

x53 x52 x51

trise ~ms! tdecay~ms! trise ~ms! tdecay~ms! trise ~ms! tdecay~ms!

407 9.9 3.6 10.9 3.9 11.5 4.1
550 8.1 4.5 9.9 4.9 13.0 5.6
670 7.7 4.2 9.6 4.7 11.5 5.1
808 5.2 4.3 6.8 4.9 7.7 5.4
827 5.7 4.7 6.7 4.9 7.2 5.1
854 7.8 5.6 10.6 5.8 15.0 6.0
980 11.9 11.0 12.9 11.3 15.7 11.5
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dn2
dt

5R12n122W2n2
223W3n2

32g21n2

1g32n31g42n41g52n51g62n6 , ~2!

dn3
dt

52g3n31g43n41g53n51g63n6 , ~3!

dn4
dt

5W2n2
22g4n41g54n51g64n6 , ~4!

dn5
dt

52g5n51g65n6 , ~5!

dn6
dt

5W3n2
32g6n6 , ~6!

where 1 stands for level4I 15/2, 2 for 4I 13/2, 3 for 4I 11/2, 4 for
4I 9/2, 5 for 4F9/2, and 6 for4S3/2. Although energy transfe
among triads at level4I 13/2, may promote one ion to the leve
4H11/2, fast nonradiative decay~10 ns! populates the leve
4S3/2. Thus we label in our model level 6 as the state4S3/2.
The contribution due to the population in level4H9/2 was not
considered because of the small intensity of the blue fluo
cence which originates from that level. We also did not co
sider the nonresonant cross relaxation proc
~4I 11/21

4I 13/2→4F9/21
4I 15/21phonons! because the contri

bution of this channel is assumed to be small in compari
with the resonant ET process between three ions. In
above rate equations,R12 is the pump rate which is given b
sI /hn wheres55.49310225 m2 is the absorption cross sec
tion of the transition,I56.373105 W/m2 is the laser inten-
sity, andhn51.34310219 J is the photon energy. It is as
sumed that incident pump photons are resonant only w
transitions from the ground state to the first excited st
~4I 13/2!. The quadratic terms~W2n 2

2 and22W2n 2
2! and the

cubic terms~W3n 2
3, 2W3n 2

3, and23W3n 2
3! describe the en-

ergy transfer between two and three atoms, respectively.W2
andW3 are the pair and trio energy transfer rates betw
erbium ions, which are adjustable parameters in our mo
The relaxation rategi j , i , j51,2,3,..., is the radiative plu
nonradiative decay rate from leveli to level j , andgi is the
total decay rate from leveli . The radiative decays are ob
tained using Judd-Ofelt theory,20 and the nonradiative relax
ation rates were obtained from fluorozirconate gla
s-
-
s

n
e

th
e

n
l.

s

measurements.10 The actual values used are depicted
Table II. The software packageMATHEMATICA was used to
solve numerically the system of equations described ab
and to compare the results with the temporal behavior
x51 and 3. For a given value ofW2 andW3, the theoretical
dynamics of population was found in such a way that
fitting with the experimental data for every transition of o
system could be obtained with the same set of parame
The experimental rise times were very sensitive to the val
ofW2 andW3, while the decay times were dependent alm
exclusively on the level lifetimes. The results obtained
W2 andW3 are depicted in Table II. The values ofW2 ~W3!
in Table III were obtained fromW2 ~W3! divided by the
concentration~squared concentration! of erbium ions, in or-
der to compare with values reported in the literature. N
thatW2 andW3 have the same order of magnitude than m
gi j . Figure 5 shows the experimental results together w
the theoretical curves for samples withx51 and 3.

The temperature variation of the upconversion fluor
cence was studied from 24 to 448 K for one of the samp
~x53!, and the results are presented below. In Fig. 6~a! it is
shown that the integrated fluorescence intensity at 407, 5

TABLE II. Values of decay rates used and fitting paramet
~W2 andW3!.

x51 x53

g21 (s
21! 100 115.3

g31 (s
21! 79 95.76

g32 (s
21! 13 13.62

g41 (s
21! 159.3 116.72

g42 (s
21! 29.3 35.70

g43 (s
21! 33105 33105

g51 (s
21! 1307.2 1115

g52 (s
21! 243 206.41

g53 (s
21! 36.9 43.60

g54 (s
21! 33103 33103

g61 (s
21! 674.1 836.62

g62 (s
21! 180.1 223.1

g63 (s
21! 59.8 74.14

g64 (s
21! 22.1 28.01

g65 (s
21! 400 400

R12 (s
21! 2.6 2.6

W2 (s21! 800 1000
W3 (s21! 300 500
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6340 55MACIEL, de ARAÚJO, MESSADDEQ, AND AEGERTER
TABLE III. Energy-transfer-rate values for Er31 in different hosts.

W2 ~cm3/s! W3 ~cm6/s! Host matrix Concentration Reference

1.5310217 YAG 16.6% 21
1310216 silica fiber 600 ppm 22
2310217 YAlO3 10% 23
3.51–1.47310218 5.77–1.08310239 fluoroindate glass 1%–3% Present wo
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and 670 nm decreases with increasing temperature in
range from room temperature to 433 K. We note that in t
temperature interval the line at 670 nm shows a slower
crease of population with increasing temperature when c

FIG. 5. Temporal behavior of the upconversion signal~a! emis-
sion at 808 nm~x51! and ~b! emission at 550 nm~x53!.
he
s
e-
-

pared with the lines at 550 and 407 nm. When the tempe
ture of the sample is lowered to below 300 K, th
upconverted fluorescence intensity increases by one orde
magnitude, and another emission peaked at 377 nm, co
sponding to4G11/2→4I 15/2 transition becomes detectable, b
its intensity is'104 times weaker than the 550 nm emissio
at 24 K. The relative intensities of the emission lines a
changed with respect to room temperature. For example,
green line emitted from state4S3/2 ~;550 nm! becomes so
strong that the windows of the Dewar are illuminated wh
the room lights are off. On the other hand, the transit
2H11/2→4I 15/2 at ;530 nm was not observed for temper
tures below 160 K. The results obtained are summarize
Fig. 6~b!, which shows the temperature dependence of
frequency upconversion signals at;377,;407,;550, and
;670 nm. For all lines the ratio between the intensity fo
given temperature with respect to the intensity at 295 K
creased when the temperature is increased above 50 K. H
ever, below 50 K an increase of the signal intensity for
the lines in the range 24–50 K is observed. This behavio
low temperature indicates that population thermalizat
does not occur below 50 K. We also observe that for te
peratures above 50 K the population temperature behavi
similar to the one described in Fig. 6~a!. In Fig. 6~c! we show
the ratio between the integrated intensities of light emitted
670 and 550 nm. It can be observed that above 230 K the
emission becomes stronger because of the significative m
tiphonon relaxation from the4S3/2 state to the state4F9/2.
Another interesting result is that the relative intensity b
tween the two lines at;530 and;550 nm changes with
temperature, which reveals the efficient thermal coupling
tween the excited states2H11/2 and

4S3/2. Because of the
small energy gap between those levels~;750 cm21!, the
state2H11/2 may be populated from4S3/2 by thermal excita-
tion and a quasithermal equilibrium occurs between the
levels. This temperature behavior is consistent with previ
reports for fluoride glasses,10 but in the present case the fre
quency upconversion process is so efficient that the fluor
date glass could be used to build a sensitive tempera
sensor.15

IV. CONCLUSION

We have observed efficient frequency upconversion fr
infrared to visible and to ultraviolet in Er31-doped fluoroin-
date glass. The analysis of the emitted radiation indica
that the dominant mechanism involved in the upconvers
process is the energy transfer among excited erbium io
The large energy transfer rates observed are probably du
dipole-dipole interactions, but in order to extend our know
edge regarding the nature of the interactions among E31
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FIG. 6. Temperature dependence of the frequency upconversion integrated intensity at 407, 550, and 670 nm~a! for temperatures above
298 K and~b! for temperatures up to 298 K. The inset shows the behavior of the anti-Stokes signal at 377 nm.~c! Dependence of the
frequency upconversion integrated intensity ratio between the lines at 550 and 670 nm as a function of temperature~sample withx53!.
en
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ions in this material, further investigation will be undertak
in the future.
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