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Frequency upconversion of orange light into blue light in Pr’* -doped fluoroindate glasses
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Excitation of the transition *H,—'D, in a Pr’*-doped fluoroindate glass at ~588 nm results in
efficient blue emission at ~480 nm which is ascribed to the *P,—*H,. The upconversion process is due
to an energy transfer involving a pair of Pr** ions. The dynamical behavior of the anti-Stokes emission
is described using a rate-equation model which allows one to obtain the energy-transfer rates involving
the pair states which contribute to the upconversion process.

I. INTRODUCTION

Laser spectroscopic studies of energy transfer involv-
ing rare-earth (RE) ions in solids have helped to establish
a broad understanding of these processes. Among the
several phenomena already investigated, the cooperative
energy transfer between ions in pairs or larger aggregates
has been demonstrated in a large number of compounds. !
This is a multipolar interaction through which a number
of ions de-excite simultaneously and transfer the released
energy to a nearby ion which is promoted to an excited
state of high energy. Subsequent emission from that
higher excited state produces photons with higher energy
than the energy of the absorbed photons (anti-Stokes
emission). This effect, known as a frequency upconver-
sion, is attracting a great interest because of the possibili-
ty of fluoride-crystal-based upconversion lasers.? Re-
cently, fluoride glasses became available with large up-
conversion efficiencies and fluorozirconate fiber lasers
have been reported.’

Fluoroindate glasses are now emerging as a promising
group of halide glasses for optical amplifiers and also for
fibers lasers.* % These glasses present higher transparen-
cy in the mid-infrared range (up to 8 ym) compared to
fluorozirconate glasses and are more stable against at-
mospheric moisture. Studies of their optical properties in
the visible region have also attracted attention since
rare-earth ions can be easily incorporated in these com-
pounds. It is now well established that the nonradiative
relaxation rates of dopant ions levels in fluoroindate
glasses are small due to their smaller phonon energies in
comparison with other fluoride-based glasses.” ~!!

In this paper we report frequency upconversion studies
in fluoroindate glasses doped with Pr**. The generation
of anti-Stokes fluorescence (*Py—3H,) excited via the
3H,—'D, transition is studied. The phenomenon, which
corresponds to a two-ion cooperative energy-transfer pro-
cess involving Pt ions, is described by
'D,+'D,—3P,+'G,+phonons— 3Py +>H, +phonons.

The energy transfer is followed by blue emission corre-
sponding to the transition from level 3P, to the ground
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state. The observation of this kind of process in
LaF,:Pr’* was due to Zalucha, Wright, Fong;'? after-
wards it was extensively studied by other groups in a
variety of crystalline systems. 1>~ !® The effect was also in-
vestigated in borate glasses!* and more recently in silica-
based fibers doped with Pr’t. %0

Here we exploit the upconversion effect as a spectros-
copical probe to investigate some characteristics of
Pr’*-doped in the fluoroindate matrix. In particular, the
dynamics of the upconverted fluorescence is studied to
evaluate upconversion transfer rates.

II. EXPERIMENTAL

The glass samples studied have the following composi-
tions: (mol. %) (39-x)InF;-20 ZnF;-16BaF,-20SrF,-
2GdF;-2NaF-1GaF;-xPrF; (x=0.05; 0.1; 0.2; 1; 2).

InF; was obtained by fluoration of In,0; at 400 °C with
NH,F and HF in a platinum crucible. Then, all the
fluoride components were mixed and heated in a dry box
under argon atmosphere at 700 °C for melting and 800 °C
for fining. After the fining process the melt was poured
and cooled into a preheated brass mold. The obtained
samples have a good optical quality and are nonhygros-
copic. Previous studies with this material have been re-
ported recently. 7%~ !!

The excitation within the !D, band of Pr’" was
achieved with a Nd:YAG pumped dye laser which pro-
duces 8-ns pulses of ~20 kW (linewidth of ~0.5 cm™!).

The linearly polarized excitation beam was focused
into the sample with a 15-cm focal length lens and the
emitted fluorescence was collected along a direction per-
pendicular to the incident beam. The signal was analyzed
in a 0.5-m spectrometer equipped with a photomultiplier
tube.

Optical-absorption measurements were made with a
double-beam spectrophotometer. For all measurements
the spectra resolution was much greater than the ob-
served linewidths. All the data was taken at room tem-
perature.
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III. RESULTS AND DISCUSSION

Figure 1 shows the absorption spectrum in the visible
range, obtained with the x=0.2 sample. The broad
features of several Angstroms bandwidth can be easily
identified with transitions from the ground state (*H,) to
the excited states of the Pr’" jon. The bands positions
and the relative intensities observed agree with previous
reports on Pr’" ions in other fluoride hosts.?*> The
large bandwidths result from the site-to-site variation of
the crystalline-field strength. The spectra obtained for
the other studied samples are similar, except for the
bands intensities and their linewidths which are depen-
dent on the Pr’" concentration. No changes in the wave-
lengths of maxima were observed. This is because the ab-
sorption bands are due to electronic transitions within
the 4f shell which is not very sensitive to the crystalline
field.

Figure 2 shows the upconverted fluorescence spectrum
obtained for one of the samples. The band peaking at
~480 nm (transition *P,— *H,) was obtained by exciting
the *H,—'D, transition at 588 nm. The small feature
centered around 468-nm corresponds to transition
(*P,,'I¢)—3H,. Similar spectra was observed when ex-
citing with the laser wavelength tuned from 586 to 590
nm.

The intensity of the upconverted fluorescence exhibits
a quadratic dependence with the Pr** concentration and
with the laser intensity. This behavior indicates that two
Pr’" ions and two incident photons participate in the
process which generates each photon of the upconverted
fluorescence signal. The results are explained according
to the following process: A pair of neighboring Pr’* ions
are both excited to the 'D, state by the laser pulse. Then
cross relaxation takes place and the energy stored in the
two ions is redistributed inside the pair in such way that
one of the ions is promoted to the P, state; afterwards a
blue fluorescence is observed to arise from the *P,
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FIG. 1. Absorption spectrum of Pr** in fluoroindate glass at
room temperature (sample with x=0.2).
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FIG. 2. Fluorescence spectrum corresponds to the transition
3P,—>H,. The excitation wavelength was in resonance with
the transition *H,—'D,. (Sample with x=0.2).

state. 3718 A fraction of the energy stored in the pair is
dissipated by emission of phonons.

The temporal evolution of the blue emission is illustrat-
ed in Fig. 3 for the studied samples. As can be seen a
similar behavior is observed for all samples, with rise and
decay times which are Pr’" concentration dependent.
The solid lines represent the fitting to the expression

—~t/7y —/T,

(e —e ) for each sample where 7, and 7y
represent the rise and decay times of the upconverted
fluorescence, respectively. The values obtained for 7, and
7, are shown in Table I. Their dependence with the prt
concentration is due to energy transfer among the excited
ions and their neighbors. >

The dynamical behavior of the anti-Stokes intensity
signal can be derived from rate equations for the popula-
tions of the pair states involved in the process. The tem-
poral evolution after excitation of the populations of the
initial state of the pair (that is, the pair state directly
pumped by the laser) and of its final fluorescent state (one
ion in the 3P, state and another ion in the ground state)
can be described by

hy=—[Whx)t+y(x)n, , (1)
Ry=—y(x)n, +Wp,(x)n, )

when n, and n, are the populations of the pair states
|1)=|'D,, 'D,) and [2)=|P,, *H,), respectively.
¥ ,(x) represents the relaxation of state |1) due to all pos-
sible mechanisms except the transfer to state |2). W,(x)
is the energy-transfer rate from state [1) to state |2 ), and
¥,(x) is the total radiative relaxation rate from the state

TABLE I. Observed rise and decay times of the blue fluores-
cence *P,—>H, for all studied samples.

x 7, (us) Tq (us)
0.05 17 224
0.1 17 193
0.2 16 126
1.0 4 50
2.0 1 22
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FIG. 3. Time evolution of the upconverted fluorescence: (a) x=0.05; (b) x=0.1; (c) x=0.2; (d) x=1; (e) x=2.
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|2). The solutions for these equations are

n(n=n,0) 1" 3)
nyt = Wi ora Wty (@)
Wityi—v,

To compare with the measured rise and decay time we
first note that 7, ! is the larger of the two rates
(y,+W,,) and 7,; 7; ' corresponds to the smaller rate.

Therefore, for long times, the fluorescence signal de-
cays with an exponential decay time equal to 7, and we
have observed decay times which are about one order of
magnitude longer than the lifetime of the 3P state. Con-
sequently, 7; ! must be identified with (W, +y,) and 7, '
is equal to y,. It is interesting to note that (W, +y ) is
higher than 27,! [7,, is the lifetime of state 'D, deter-
mined by resonance fluorescence measurements for isolat-
ed ions, 7, =460 us (Ref. 23)]. This is a reasonable result
since the decay rate of a pair state [m ) =|i,j) is deter-
mined by the relation y,, =vy;+y;+ Wz(i,j), where v,
and y; are the ions relaxation rates and W;(i,j) is the to-
tal probability of transfer between the ions in the states i
and j. The determination of Wy(i,j) is only possible
when W(i,g) and Wy,(j,g) (g designates the ground
state) are negligible compared to ¥, y; and Wr(i,j)."
For example, in the specific case of state |'D,,'D, ) reso-
nant fluorescence measurements cannot provide reliable
values to derive W,, and y, because the 7, value ob-
tained in those experiments corresponds to isolated
atoms. Moreover, the value of W, ('D,,’H,) may be
affected by the excitation power density.

It is important to emphasize that we do not expect that
multiphonon processes give an important contribution to
the lifetime of levels 'D, and *P,. As has been shown be-
fore?""?* multiphonon decay rates exhibit an exponential
dependence on the energy gap. In the present case, the
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energy difference between the centers of the *P, and 'D,
is AE ~3800 cm ™!, while for the bands 'D, and 'G, we
have AE ~6800 cm !. Those energy gaps correspond to
a large number of high-energy phonons and the corre-
sponding decay rates are negligible in comparison with
the values calculated from Table I.

Finally, it is worthwhile to note that the large
efficiency observed for upconversion generation in the
fluoroindate glasses deserves further investigation which
is beyond the scope of the present work. In fact, consid-
ering a density of 5 g/cm’ (Ref. 8) results in a distance of
~39 A between Pr’* ions for a sample with 0.2 mol. %.
On the other hand, the Forster’s critical transfer dis-
tance®® for two rare-earth ions is ~20 A. Therefore the
large efficiency observed suggests clustering of the RE
ions as proposed in Ref. 26 for other fluoride glasses.
However more investigations are necessary to elucidate
this point.

IV. CONCLUSION

Efficient blue upconversion was observed under excita-
tion with an orange laser beam resonant with the
SH,—'D, transition of Pr’*. Fluorescence transients
were investigated and their rise and decay times were
fitted by a model which considers the energy transfer in-
side a pair of Pr’" ions as the dominant mechanism for
generation of the upconverted signal. The present results
show the large potential of fluoroindate glasses to be used
as efficient hosts for upconversion generation.
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We have developed a scanning thermal imaging method that uses a fluorescent particle as a
temperature sensor. The particle, which contains rare-earth ions, is glued at the end of an atomic
force microscope tip and allows the determination of the temperature of its surrounding medium.
The measurement is performed by comparing the relative integrated intensity of two fluorescence
lines that have a well-defined temperature dependence. As an example of application, we show the
temperature map on an operating complementary metal-oxide-semiconductor integrated circuit.

© 2005 American Institute of Physics. [DOI: 10.1063/1.2123384]

An important development of scanning probe micros-
copy is the thermal microscope that allows to study local
thermal effects at the surface of materials.' The applications
of this technique concern the determination of the tempera-
ture of a sample surface, like an operating device™ and the
thermal conductivity of materials with a high lateral
resolution.*> For these applications, two main types of scan-
ning probes have been implemented. The first one is a ther-
mocouple junction situated at the extremity of the tip of a
scanning tunneling or an atomic force microscope.ﬁ_8 The
temperature measurement is performed by monitoring the
voltage between the two metals that constitute the thermo-
couple. The second probe is a resistive wire, bent at its ex-
tremity in order to form a sharp tip.‘;”g’]0 The temperature of
the sample is determined by measuring the variation of
electrical resistance of the wire.

One parameter that can limit the resolution of the probes
is the size of the sensor. Even if the contact zone with the
surface is as small as a few nanometers, the measurement
can be perturbed by heat convection in air or by radiative
energy transfer between the surface and the higher parts of
the sensor. This can for instance, be the case of some resis-
tive probes that have active zones extended over several mi-
crons above the sample surface. In this letter, we present a
method to perform scanning thermal microscopy that uses a
small fluorescent particle settled at the extremity of an
atomic force microscope tip as a temperature sensor. Since
fluorescence is a strongly temperature-dependent effect, its
measurement can allow to perform a temperature map of a
surface. In this technique, the size of the sensor can be re-
duced down to a few hundreds or even a few tens of nanom-
eters, thus reducing strongly the zone from which the mea-
surement is performed. We will first describe how the
temperature can be extracted from a fluorescence signal.
Then we will present an example showing the temperature

¥ Author to whom correspondence should be addressed; electronic mail:
aigouy @optique.espci.fr

0003-6951/2005/87(18)/184105/3/$22.50

87, 184105-1

increase at the surface of an integrated circuit.

Different kinds of fluorescent particles have already been
proposed as temperature sensors. Among them, CdSe quan-
tum dots are good candidates'' because their fluorescence
intensity strongly varies with temperature. Rare-earth doped
nanocrystals have also been suggested 1recently.12 For practi-
cal applications, fluorescent europium-based molecules have
been spin coated on the surface of a device to visualize its
temperature distribution'>'* but the problem of spin coating
is that the particles remain on the structure after the measure-
ment. By positioning the particle at the extremity of an
atomic force microscope tip, we can perform a contact, but
nondestructive measurement.

The fluorescent particles we have used are made from an
erbium/ytterbium codoped fluoride glass. They were excited
by a nonlinear mechanism called up-conversion: a laser di-
ode (A=980 nm) illuminates the material and two photons
are absorbed by ytterbium ions. The excitation is then reso-
nantly transmitted to an adjacent erbium ion which radia-
tively relaxes to its ground level."” A fluorescence spectrum
of the material at 300 K is given in Fig. 1(a). We are inter-
ested in the two peaks located around 527 and 550 nm.
They correspond to transitions between the excited energy
levels *H,,,, and *S,, respectively, and the ground level
*I,5,- These levels are in thermal equilibrium'” and their
population is ruled by a Boltzmann law of the form

20 0.8
= = Experimental data
2 - Iﬁio 0.7 — Exponential fit
< L ]
=2 gos P
210 lszr =
2 -~ S05
25
27 5l
S 0.4
[

0 03
480 520 560 600 0.0024 0.0028 0.0032

(a) Wavelength (nm) (b) 1T (KT)

FIG. 1. (a) Photoluminescence spectrum of a micron-size particle; (b) de-
pendence of the fluorescence ratio I5,q/ 155 with the inverse temperature.

© 2005 American Institute of Physics
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FIG. 2. Sketch of the experimental setup. The inset shows a scanning elec-
tron micrograph of a particle settled at the extremity of a tip.
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Microelectronic
circuit

where I5,; and 55, are the integrated intensity of the peaks,
AE is the energy separation of the levels, and & is the Bolt-
zmann constant. Therefore, the ratio of the peaks area allows
to determine the temperature T."> We have calibrated the
ratio Isy;/1s5) by measuring the fluorescence spectra of a
particle deposited on a heated substrate whose temperature is
known. More precisely, we have integrated the two peaks in
10 nm bandwidth zones: [515-525] for the lower peak and
[545-555] for the higher one because for the imaging experi-
ments that will be described later, the fluorescence intensities
will be detected in these spectral zones. A plot of the ratio as
a function of the inverse temperature is given on Fig. 1(b)
with an exponential fit that shows a dependence similar to
the one predicted by Eq. (1). The fitting coefficient in front
of the temperature is equal to 1010+90 K, a value which is
very close to the parameter AE/k(~1180 K) calculated with
Eq. (1). We have performed a similar study on several par-
ticles that have different sizes (from around 1 to 10 wm) and
have observed a similar dependence. In the case of particles
whose diameter is smaller than 100 nm, size effects might
occur and different temperature dependence could be
observed.

In order to develop a scanning probe, a particle is stuck
at the extremity of an atomic force microscope tip by a pro-
cedure described in Ref. 15. As represented in Fig. 2, the
light is collected by a microscope objective and split towards
two photomultiplier tubes (PMT). Two interferential filters
centered at 520 and at 550 nm (bandwidth ~10 nm) are
placed in front of the PMTs. After a scan, we obtain two
optical images that represent the fluorescence emitted at 520
and 550 nm, respectively. The thermal contrast is visualized
by dividing the image at 520 nm by the image at 550 nm.
The topography is also measured simultaneously in the tap-
ping mode with an oscillation amplitude of 10 nm at a 6 kHz
frequency. To allow a good thermalization of the particle, the
scan speed was very slow (ten points per second). The
sample studied is a polysilicon resistor stripe implemented
on a standard 0.8 um complementary metal-oxide-

Appl. Phys. Lett. 87, 184105 (2005)

Resistive stripe AFM__(0m) AFM__(m)

m,

(a) (b) i=0mA

Analyzed zone

(c)i=50mA

FIG. 3. (Color online) (a) Optical micrograph of the microelectronic circuit;
(b) topography and fluorescence ratio images of the structure when no cur-
rent is passing through the stripe; (c) topography and fluorescence ratio
images when a current of ~50 mA is passing through the structure. The
bright (hot) zones are clearly visible on the stripe. The image size is 45
X 60 um?.

semiconductor process. The 20 um width polysilicon resis-
tor is placed on top of the isolation oxide and is covered by
silicon dioxide and silicon nitride layers. A micrograph of the
chip is given in Fig. 3(a).

The topography and the ratio of the fluorescence images
(Isy0/Iss0) when no current is passing-through the resistor are
displayed on Fig. 3(b). For this experiment, the temperature
(~30 °C) is the same everywhere. However, by dividing the
two optical images, an optical contrast is visible between the
stripe and the substrate. To explain this difference, we must
understand that the fluorescence emitted by the particle can
reach the detector either directly, or indirectly after reflection
or scattering by the sample surface. Therefore, since the
sample is made of materials with different dielectric con-
stants, a contrast is visible between the different zones. In
general, dividing the two images at 520 and 550 nm does not
fully cancel the difference because the ratio of the reflection
coefficients at 520 and 550 nm is not the same for both ma-
terials. The units on the scale bar of Fig. 3(b) are arbitrary
and depend on the gain of the PMTs. Nevertheless, they are
directly linked to the temperature. The average values on the
substrate and on the stripe are, respectively, 14.3 and 12.6.

The images of Fig. 3(c) represent the topography and the
ratio of the fluorescence images when a current of 50 mA is
passing through the resistor stripe. One can see that the
scalebar values are twice higher than on the measurement
performed without current. This means that the temperature
of the whole structure has strongly increased. The electrical
current induces a Joule heating of the stripe and heat diffuses
in the structure. In addition to the global temperature aug-
mentation, we can also see that the temperature is not uni-
form on the resistor. A hot curved zone is visible all along the
middle of the stripe which corresponds to a locally higher
electron density. This behavior has also been observed on the
same sample by thermoreflectance.'®

The optical image of Fig. 3(c) clearly shows a contrast
related to the temperature of the surface. We have tried to
analyze it quantitatively and to link it to the real value of the
temperature. This can be done by comparing this image with
the one obtained without current. For this purpose, we have
normalized the image of Fig. 3(c) by the average value of the
contrast at room temperature (14.3 for the substrate and 12.6

Downloaded 13 Feb 2007 to 150.161.6.14. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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FIG. 4. (Color online) Reconstruction of the temperature map when (a) no
current is passing through the structure and (b) a current of ~50 mA is
circulating in the stripe. The contour of the stripe has been drawn in black
for clarity. The image size is 45X 60 um?>.

for the resistor, respectively). We obtain two images with
different scalebars: one is valid for the substrate and the
other one is valid for the stripe. These scalebars can then be
converted to temperature by using a law derived from Eq.
(1). Once the conversion has been performed, we can adjust
each image with an identical intensity scale, and superpose
them by only keeping the valid regions (the substrate for one
and the stripe for the other). This manual combination allows
to visualize the temperature distribution of the whole device.

The temperature maps obtained with and without an
electrical current are displayed in Fig. 4. For both images, a
noise of around 5 °C is visible. For the image acquired with
a current of 50 mA, the temperature distribution clearly
shows the hot zone in the resistor and the substrate. The
difference in temperature is approximately equal to 30 °C
between the hot zones of the stripe (near the angles) and its
cold zones. Note that we have a temperature discontinuity of
around 5 °C at the frontier of the stripe and the substrate. We
do not exactly know the origin of this discontinuity and par-
ticularly if it really has a physical meaning. It can be related
to a thermal drift of the collection optics. Another possible
explanation is that the temperature dependence of the fluo-
rescence is slightly different on the resistor and the substrate.
The thermal transfer mechanisms between the surface and
the particle might not be the same on different materials. All
these effects still have to be studied in detail.

Appl. Phys. Lett. 87, 184105 (2005)

In conclusion, we have developed a scanning thermal
microscope that utilizes a fluorescent particle as a probe. The
particle used had a diameter of around 1 wm, a size small
enough for the device studied for which the heat is diffusing
over several dozens of micrometers. Reducing the particle
size down to 100 nm is perfectly possible in order to study
smaller devices for which heat diffuses over smaller dis-
tances. A theoretical study of the heat transfer mechanisms
between the particle and a surface would also permit to de-
termine the limits of the method, and for instance to calculate
the time it takes for the particle to thermalize to the surface
temperature, a parameter that can be important for the
scanning speed of the measurements.
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support of the Centre National de la Recherche Scientifique
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1. Introduction and Historical Background

Before the 1960s, all anti-Stokes emissions, which
were known to exist, involved emission energies in
excess of excitation energies by only a few kT. They
were linked to thermal population of energy states
above excitation states by such an energy amount.
It was the well-known case of anti-Stokes emission
for the so-called thermal bands or in the Raman effect
for the well-known anti-Stokes sidebands. Thermolu-
minescence, where traps are emptied by excitation
energies of the order of KT, also constituted a field of
anti-Stokes emission of its own. Superexcitation, i.e.,
raising an already excited electron to an even higher
level by excited-state absorption (ESA), was also
known but with very weak emissions. These types
of well-known anti-Stokes processes have been re-
viewed in classical textbooks on luminescence.!

All fluorescence light emitters usually follow the
well-known principle of the Stokes law which simply
states that excitation photons are at a higher energy
than emitted ones or, in other words, that output
photon energy is weaker than input photon energy.
This, in a sense, is an indirect statement that
efficiency cannot be larger than 1. This principle is

© 2004 American Chemical Society
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valid, of course, only when one excited ion system is
considered.

In this review we will discuss anti-Stokes emissions
or upconversion processes for which emission is found
to exceed excitation energies by 10—100 times KT,
which is violating Stokes law in its basic statement.

It will be shown that coupled lanthanide and
uranide f ions and transition-metal d ions, when
embedded in solids, may deviate rather easily from
the above principle, producing upconversion emis-
sions of the anti-Stokes types under moderate to
strong excitation density.

A number of different mechanisms have been
recognized to be involved in upconversion either alone
or in combination.

Besides multistep excitation due to classical excited-
state absorption (ESA), there is the very efficient
process of upconversion by sequential energy trans-
fers which has been named by Auzel APTE effect (for
addition de photon par transferts d'energie;? this
effect was also later termed ETU for energy transfer
upconversion.® This last phenomenon has to be

Auzel

distinguished from a third process, namely, coopera-
tive upconversion either between two ions or between
a pair of ions and a third one. Though some aspects
of its theoretical behavior are rather analogous with
upconversion by energy transfers, its efficiency is
usually much weaker. This is because it involves
quasi-virtual pair levels between which transitions
have to be described in a higher order of perturbation
due to their double-operator nature.

A fourth process will also be considered: the photon
avalanche effect, also based on sequential energy
transfers but of the downconversion type (usually
called cross-relaxation), whereas the upconversion
step itself is due to ESA.

The various experimental techniques, which allow
distinctions between the behaviors of these various
processes, will be analyzed taking examples from the
literature.

With the advent of high energy density laser
sources, these processes have been observed in vari-
ous types of ion-doped solids such as crystals and
glasses in bulk, fiber, or waveguide form; the recent
advances will be encompassed and described there-
after.

The whole field of upconversion in ion-doped sys-
tems can be traced back to an idea of Bloembergen
in 1959,% proposing that infrared (IR) photons could
be detected and counted through sequential absorp-
tion (ESA) within the levels of a given ion in a solid,
that is using superexcitation as a detector. This was
a short proposal for a detector called an infrared
guantum counter (IRQC). In fact, because there was
little chance with incoherent pumping that the same
single doping ion would receive two photons in
sequence at its given position during the first excited-
state lifetime, the experimental demonstration of this
effect had to wait for laser excitations and fiber local
confinement. Some of the first experiments® have
been proved later to be due to energy diffusion
through energy transfers between identical ions.®

The role of energy transfers in upconversion pro-
cesses was not recognized until 1966, when it was
suggested by Auzel that energy transfers between RE
ions could take place between two ions, both of them
being in an excited state at the energy transfer initial
step.” Until then, all energy transfers were assumed
to take place from a first ion in an excited state to a
second one in its ground state.® Because upconversion
by sequential energy transfers or APTE effect is so
efficient, it could initially be obtained through black-
body excitation or spontaneous diode emission even
before laser sources became commonly available.?

Principles and applications of such upconversion
phosphors have already been presented in several
reviews up to the 1970s by Auzel,? Mita and Naga-
zawa,® Garlick,’® and Wright.® Since then, laser
excitation in the IR and/or the use of fibers have
become so easy that upconversion has become a
pervading effect in all RE-doped materials under
high-density IR excitation. Also, another type of
upconversion, namely, the photon avalanche pro-
cess,*12 has been widely investigated in recent years.

Limited aspects of recent progress have partially
been reviewed through the 1980s and 1990s,'3-8 but
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the general field has recently evolved from the rare-
earth (4f) consideration toward the use of actinide
(5f) and transition-metal (3d, 4d, 5d) ions with a
systematic use of laser excitation at precisely defined
wavelengths.

This evolution justifies the present review.

Because it appears that the language in the up-
conversion field is still not completely fixed, possibly
inducing misinterpretation, the basic processes of
energy transfers, cooperative processes, and their
application to upconversion together with their more
recent evolutions and selected examples of applica-
tions will be presented in reference to the accepted
vocabulary proposed by the pioneers. Some of the
original papers in this field were reprinted in 1998
in a collective edition.'®

2. Energy Transfers between RE lons: Role of
Energy Diffusion in Up- and Downconversion

In the following, the mutual interactions between
ions are the key feature.

When the concentration of active ions is increased,
long before the appearance of new lines due to pairs
or modifications in radiative transition probabilities,
a migration of energy between the centers is found.
We are going to study this now, assuming that
multiphonon decays and the radiative transitions
remain one-center processes.

As single f and d ions properties are supposed to
be known, multiion processes, namely, energy trans-
fers, are now dealt with. Energy transfer occurs in a
system where absorption and emission do not take
place within the same center. It may occur without
any charge transport. Then one may distinguish
between radiative and nonradiative, resonant, and
phonon-assisted energy transfer. Theoretical ap-
proaches start from a microscopic point of view with
a macroscopic result averaged over all the centers in
the sample. In fact, an energy transfer between two
given ions cannot by itself increase efficiency; it can
only provide a new excitation wavelength range with
a reduced efficiency since it consists of the product
of two processes with intrinsic efficiency less than or
equal to 1. Overall efficiency improvement by energy
transfers is gained only from the spatial averaging
due to the macroscopic process of diffusion.

2.1. Recall of Basics of Ener%/ Transfer with
Activator in Its Ground State?0:21

In a schematic way, the different microscopic
energy transfer processes between two ions can be
presented as in Figure 1. Following the traditional
vocabulary of the phosphor field, the ion being first
directly excited is called a senzitizer (S); some people
would call it a donor, but because f and d ions may
also be imbedded in semiconductors, such vocabulary
leads to confusion and is not retained here. The ion
to which energy is transferred and which emits the
output photon is called an activator; in a synonymous
manner, it is some times termed an acceptor. To
avoid any ambiguity with the semiconductor field,
this vocabulary is not retained in the following.
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Figure 1. Various basic energy transfer processes between
two ions considered before 1966: note that activator ion
(A) receiving the energy from the sensitizer (S) is initially
in its ground state. Cross-relaxation is the special case
where S is identical to A. Doubled arrows symbolize the
Coulombic interaction: (a) radiative resonant transfer; (b)
resonant nonradiative transfer; (c) phonon-assisted non-
radiative transfer; (d) cross-relaxation special case of
nonradiative transfer.

One usually distinguishes radiative transfer (Fig-
ure 1a), nonradiative energy transfer (Figure 1b), and
multiphonon-assisted energy transfer (Figure 1c). S
and A may also be identical ions, and nonradiative
transfer may give rise to self-quenching by cross-
relaxation (Figure 1d).

When energy transfer is radiative (Figure 1a), real
photons are emitted by the sensitizer ions (S) and
are then absorbed by any activator ions (A) within a
photon travel distance. As a consequence, such
transfer depends on the shape of the sample.

Moreover, according to the degree of overlap be-
tween the emission spectrum of the sensitizer (S) and
the absorption spectrum of the activator (A), the
structure of the emission spectrum of the sensitizer
will change with activator concentration. Since pho-
tons are emitted anyway, the sensitizer lifetime is
independent of the activator concentration. These
three facts are the criteria used to distinguish
between radiative and nonradiative resonant energy
transfer.

Probability for such transfer between two ions at
a sufficiently large distance R is found to be®

Op 1

R) =
pSA( ) 47[R2r5

S 9s()ga(¥) dv (1)

where 75 is the sensitizer lifetime and oa the absorp-
tion-integrated cross section. The integral represents
the spectral overlap between A and S. It should be
noted that the distance dependence goes as R2. Such
resonant radiative transfer may permit long-range
energy diffusion between identical ions and gives rise
to photon-trapping effects of the same type as the
ones observed a long time ago in gases.?? Trapping
effects increase the apparent experimental lifetime,
and 7s has to be measured on thin and lightly doped
samples. These effects are particularly strong in Cr3*
and Yb3+_23725

Let us consider the simple case of two ions, each
with one excitable electronic state separated from its
electronic ground state by nearly equal energy; it is
the case described in Figure 1b. With suitable



142 Chemical Reviews, 2004, Vol. 104, No. 1

interaction between the two electronic systems, which
is the case for nonradiative energy transfer, the
excitation will jump from one ion to the other before
one is able to emit a quantum of fluorescence. The
mutual interactions are Coulomb interactions of the
van der Waals type between the two ions. Forster,2®
who first treated such a case theoretically by quantum-
mechanical theory, considered the dipole—dipole
interaction. He assumed that the interaction is
strongest if for both transitions electric—dipole tran-
sitions are allowed.?® The interaction energy is then
proportional to the inverse of the third power of the
interionic distance and the transfer probability is
given by

2
Psa = T, [(S*A”IHsa | S"A%) e 0y

Hsa = electric dipole—dipole interaction Hamiltonian,
proportional to the inverse third power of ion separa-
tion,

pe = density of states provided by the vibrational
motion contributing to the line broadening of the
transition,

Psa is proportional to the inverse sixth power of the
ion separation. The wave functions to be considered
for the matrix element describe an initial state of the
system with the sensitizer in its excited state and
the activator in its ground state, the final state
having the sensitizer in its ground state and the
activator in its excited state.

Therefore, the transfer probability can be written
as

poa= 1) ©)

where ts is the actual lifetime of the sensitizer excited
state, including multiphonon radiative decay, and Rq
is the critical transfer distance for which excitation
transfer and spontaneous deactivation of the sensi-
tizer have equal probability.

However, Dexter pointed out?” that this theory
should be extended to include higher multipole and
exchange interactions. In fact, for an isolated atom,
one can consider the transition probability as de-
creasing as (ao/1)?", where ag is the Bohr radius, 1
the wavelength, and n an integer. However, in an
energy transfer process with a dependence on near-
zone interactions, the transition probabilities drop off
as (ao/p)®", where p is the separation of the interacting
ions. p can be as much as 3 orders of magnitude
smaller than 1, so that the energy transfer effect
tends to be more pronounced in systems with forbid-
den transitions.?” This holds true for ions for which
transitions to first order are forbidden, such as
transition-metal and lanthanide ions.

The energy transfer probability for electric multi-
polar interactions can be more generally written as®’

_ (RYRY

Ts

4)

Psa

Auzel

where s is a positive integer taking the following
values:

s = 6 for dipole—dipole interactions,

s = 8 for dipole—quadrupole interactions,

s = 10 for quadrupole—quadrupole interactions.

It should be noted that for dipole—dipole interac-
tions, the difference between radiative and nonra-
diative resonant transfer lies essentially in the fact
that for radiative transfer there is no critical Rg
depending only upon concentration. The variation
goes as R~? instead of R™%, and the sensitizer lifetime
does not depend on the distance R.

Now, to be able to calculate effectively psa(R), eq 4
is not very useful because Ry cannot be easily
obtained theoretically. Applying Racah’s tensorial
methods at the beginning of the calculation of Dexter,
eq 2, allows development of calculations analogous
to Judd’s theory for radiative transitions. The case
of the multipolar interactions was treated in this way
by Kushida?® and extended by Pouradier and Auzel?®
to magnetostatic and exchange interactions, showing
that a single general formula could be used for all
types of energy transfers.

The general form obtained is then

27
Psa(R) = — 2. 1C,,(s*1IU™)is?) x

h Os+Jp0 Lil,
(A°[U A%y 2 (5)

with

I = st(E)FA(E) dE (6)

where gs<(gac) is the degeneracy of the S*(A%) level,
ys(E)(T'a(E)) is the normalized line shape function of
emission (absorption) spectrum, U® are the tensorial
operators already seen for Judd's theory. |C,,,|? can
be considered as a parameter analogous to Judd T,
(€2,) for oscillator strength.

This expression of the transfer probability has the
following advantages.

(1) Radial and orbital parts have been separated.

(2) Only a few reduced matrix elements need be
calculated. They are the same for the three interac-
tions we consider (for any interaction leaving spins
unchanged).

(3) Comparison between two different interactions
can be made through comparison of Cy,, coefficients.
They are independent of the states involved in the
transfer, and we call them E,,,, My,,, and X, for
electrostatic, magnetostatic, and exchange interac-
tions, respectively.

(4) Forced electric—dipole transitions, as calculated
by Judd’s method, can be included in eq 5.

(5) This expression also gives a single mathemati-
cal form regardless of the interaction, which is a
convenient result. The somewhat complicated ex-
pressions for the different Cy,, of 4f electrons are
given in ref 29. However. we can note the following.

(a) For electrostatic interaction Ey,,, the I; =1 and
I, = 1 term, corresponding to dipolar—dipolar inter-
action, is zero in first order, which makes the
introduction of Judd’s T, parameters necessary. The
Ei,i, values are typically between E,; ~ 30 cm™! for



Upconversion and Anti-Stokes Processes

guadrupole—quadrupole intensities and Egs ~ 3 x
1071 cm™%, but all contain some dipole—dipole part
due to the T;.

(b) For magnetostatic interactions (My,,), only
terms with I; = 1, 3, and 5 are nonzero. They have
the order of magnitude My; ~ 1 cm~! and Mss ~ 2 x
1077 cm™1,

(c) For exchange interactions (Xj,,), we have 1 < I,
< 6, giving estimates of 1-10"! cm™! for the coef-
ficients.

These results show that exchange or magnetostatic
interactions can be found in cases of small dipole—
dipole and quadrupole electrostatic interactions if the
matrix elements allow them.

If now we consider two ions with excited states of
different energies (Figure 1c), the probability for
energy transfer should drop to zero when the overlap
integral fgs(v)ga(v) dv vanishes. However, it has been
experimentally found that energy transfer can take
place without phonon-broadened electronic overlap
provided that the overall energy conservation is
maintained by production or annihilation of phonons
with energies approaching k®y, where @4 is the
Debye temperature of the host matrix.3® Then for
small energy mismatches (100 cm™1), energy transfer
assisted by one or two phonons can take place.3!
However, for energy transfers between rare earths,
energy mismatches as high as several thousand
reciprocal centimeters are encountered. This is much
higher than the Debye cutoff frequency found in
normally encountered hosts, so multiphonon phe-
nomena have to be considered here.

Miyakawa and Dexter®? showed that it is still
legitimate to write the probability of energy transfer
in the form of eq 2, where p(E) is taken as Ssa, the
overlap of the line shape functions for emission by
ion S and absorption by ion A, including the phonon
sidebands in the line shape. It is necessary to
consider each partial overlap between the m-phonon
emission line shape of ion S and the n-phonon
absorption line shape of ion A. A physical meaning
to this mathematical assumption, criticized in ref 31,
has been given by Auzel's experimental demonstra-
tion? of the existence of multiphonon sidebands for
trivalent rare-earth ions. Their existence could be
revealed by laser excitation spectroscopy even though
they had not been seen by usual absorption spectros-
copy because of their very small electron—phonon
coupling.

Along the same lines as for vibronic sideband
studies, Ssa can be expressed as follows

(SOS + SOA)N
Sep = ze—(sos + Son) %
N N!
06a(0,0:E)0(N,AE/Aw) (7)

where Sgs and Soa are the respective lattice coupling
constants for the ions S and A, N is the order of the
multiphonon process with N = AE/Awm, AE is the
energy mismatch between both ions, and hwn, is the
phonon cutoff frequency. osa (0,0;E) is the zero-
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phonon overlap integral between S and A. Equation
7 contains a Pekar function of the Poisson type.?°

The expression for Ssa with an energy mismatch
of AE for small Sy constants and for an occupation
number i = (exp(hw/KT) — 1)71, not exceeding 1 at
the operating temperature, can be approximated with
Stirling’s formula by

Ssa(AE) = Sga(0)e 74® (8)

where Ssa(0) is the zero-phonon overlap between S
and A in the case where there is no energy mismatch
between the two ions. S is given by

S
B = (hw) log N/Sy(n + 1) — log (1 + ﬂ)
SOS

=o0g—y~og—log2 (9)

involving as the nonradiative decay parameters and
assuming identical electron—phonon coupling for ions
A and S. This exponential dependence on energy
mismatch is well substantiated by experiments.3*

Up to this point we have been dealing with the
microscopic case of two ions interacting with one
another. To discuss the case of real macroscopic
samples with many ions and to obtain a link with
experimental facts, a statistical analysis of the energy
transfer is necessary.

We have then to think about the overlap integrals
that arise in all transfers between two ions as already
seen. In the microscopic case we are sure that the
involved line shapes can be only due to some homo-
geneous broadening even for transfer between two
identical ions in different lattices sites.

In the macroscopic case, we can measure absorp-
tion and emission spectra taking into account all
broadening processes averaged over the whole sample;
for instance, the inhomogeneous broadening process
due to emission and absorption at centers in different
lattice sites. Then the overlap integral measured
experimentally from the usual spectra is a measure
in excess of the real overlap since we take into
account emission and absorption of centers at any
distances, even those which cannot interact. The
error is the largest for the processes occurring at
shortest interacting distances (exchange) and a con-
trario is certainly negligible for radiative transfer,
since photons can travel a much larger distance than
the spread of the spatial disorder. The error is also
smaller for systems with small inhomogeneous broad-
ening and having centers in only one type of lattice
site, that is, without disorder.

Fluorescence line-narrowing techniques (FLN) could
give some idea about the homogeneous part of an
emission line, but the statistical analysis for the
whole sample should still be performed. Supposing
only a sensitizer—activator interaction, an averaged
transfer efficiency can be calculated.?” This has been
studied in some detail by Inokuti and Hirayama.3®
They considered the number of activators located at
random in a sphere around a sensitizer in such a way
that the activator concentration is constant when the
volume of the sphere and the number of activator ions
considered goes to infinity. Then the averaged prob-
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ability for transfer from one sensitizer to any acceptor
is

Wsa =Np [ Psa(R)47R*dR (10)

Introducing eq 1 into the expression for the intensity
emitted by all sensitizers, each with different activa-
tor neighborhood, they obtained the following relation
for the intensity decay of the emission of the sensi-
tizer surrounded by many activators

oy — L (1 _3\C(
i) =exp — = F(l s) Co(rso )3/5 (11)

where 750 is the decay constant of the sensitizer in
the absence of activators; C is the activator concen-
tration; Cy is the critical activator concentration, and
s is the parameter of the multipolar interaction. The
comparison between experimental decay and this
theoretical expression has been widely used to de-
termine the index of the multipolar interaction
involved. However, because it is difficult to avoid
diffusion between sensitizers, fits of experimental
results using eq 11 have to be taken with great care.
For example, values of s larger than 10 have been
found and it has been shown that for large s values
the multipolar result has the same limit as the
exponential behavior of an exchange process.? Yet,
one cannot infer, as is sometimes done, that exchange
coupling®® is more likely than multipolar coupling.
In fact, eq 11 is valid only at the microscopic level
when there is neither sensitizer-to-sensitizer transfer
nor activator-to-activator transfer. This formulation,
therefore, has to be modified for high concentrations
of sensitizers and activators. Then, due to the perfect
resonance conditions in such cases, rapid energy
migration between sensitizers or between activators
is possible. The general result is complicated,” but
Weber has shown that for large t, I(t) decays expo-
nentially3®

I(t) = exp(— t_ i) (12)

s Tp

Then, two cases can be distinguished.

(i) In one case, spontaneous decay of excited
sensitizers, diffusion among sensitizers, and energy
transfer between sensitizers and activators are of
about the same order of magnitude.

For sufficiently long times and dipole—dipole in-
teractions one has®®

75 = VNN, (13)

where V = 82CY*Css¥*, Ns is the sensitizer concen-
tration, Na is the activator concentration, C is the
sensitizer—activator energy transfer constant, such
that C = (Ro)*/R, and Css is the sensitizer—sensitizer
transfer constant.

(ii) For high sensitizer concentration, the diffusion
rate can be faster than spontaneous sensitizer decay
or sensitizer—activator energy transfer. The limiting
step is no longer diffusion, and D appears to saturate
with increased donor concentration; each activator
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experiences the same excited sensitizer neighbor-
hood. R is taken as the minimum distance between
sensitizers as permitted by the lattice (R = Rpn). One
has

75 1 = UN, (14)

with U being a constant depending on the type of
interaction as discussed earlier in this section through
eq 5.

Another approach to the macroscopic case is the
use of the well-known rate equations that deal with
the population of ions in a given state. This was used
as a phenomenological approach in studies of lasers.
The applicability of those equations in relation to the
Inokuti and Hirayama statistics has been discussed
by Grant.®® The basic result of Grant is that the
energy transfer probability is proportional to the
activator concentration

W, = UN, (15)

This result is the same as that obtained in fast-
diffusion studies (eq 14). The practical interest in
considering diffusion is that the decays are again
exponential, as when ions are not interacting. This
validates the use of rate equations.

Cross-relaxation terminology usually refers to all
types of downconversion energy transfers occurring
between identical ions. In such a case the same kind
of ion is both sensitizer and activator.

As shown in Figure 1d, cross-relaxation may give
rise to the diffusion process already considered
between sensitizers when the involved levels are
identical or self-quenching when they are different.
In the first case there is no loss of energy, whereas
in the second case there is a loss or a change in the
energy of the emitted photons.

Theoretically, the same treatment is valid as in the
more general case of energy transfer. However, it
may be more difficult experimentally to distinguish
between sensitizers and activators. Thus, any of the
microscopic processes discussed above may happen
with a maximum overlap when an identical couple
of levels are involved. From the macroscopic point of
view, the diffusion-limited case predicts from eq 13

75 ' = VN? (16)
for Ns = Na = N, and in the fast-diffusion case
75 ' =UN (17)

A typical illustration of this is found for the self-
qguenching behavior of Nd3*(*F3). In weak quenching
materials, such as La;—xNdyxPs014, self-quenching is
found to behave linearly with ion concentration,
whereas for strong quenching ones, such as YAG, a
quadratic behavior is obtained. This, respectively,
reflects the fast diffusion before the quenching step
in the first type of materials and the limited diffusion
before quenching in the second type of materials.20:4°
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Figure 2. APTE basic step: energy transfer toward an
ion already in an excited state. Nonradiative energy
transfer is either resonant or phonon-assisted with energy
mismatch ¢y = 0.

2.2. Upconversion Processes by Sequential
Energy Transfers (APTE or ETU Process):
Comparison with ESA and Typical Examples

As said in the Introduction, up to 1966 all identified
energy transfers between rare-earth ions were of the
types summarized in Figure 1, that is the activator
ion receiving the energy from a nearby sensitizer (S)
was in its ground state. Then Auzel proposed to
consider cases where activators (A) were already in
an excited state’ as shown in Figure 2. Because
activator ions usually have several (n) excited states
but a single ground state, one can understand why
n-photons may be summed up through this new
consideration. This becomes obvious when one real-
izes that only energy differences and not absolute
energy can be exchanged between ions.

The reason for proposing such upgoing transfer was
to point out that energy transfers then used*! to
improve the laser action of Er3tby pumping Yb3*in
a glass matrix could also have the detrimental effect
of increasing reabsorption.”?* The simple proof of
such an effect was to look for an upconverted green
emission (from “4S;, of Er") while pumping Yb3*
(°F72—2Fspp) transition, which was effectively ob-
served.”#2 Of course, the situation in Figure 2 could
repeat itself several times at the activator. This
meant that n-photon upconversion by energy transfer
was possible as demonstrated by the three-photon
upconversion of 0.97 um into blue light (0.475 um)
in the Yb®*—Tm?3" couple.” Independently this IR to
blue upconversion was interpreted by Ovsyankin and
Feofilov*® as a two-photon effect connected with two
excited Yb3®" ions and a cooperative sensitization of
Tm3t initially in its ground state. This interpretation
originated from the law for output versus excitation,
which was quadratic instead of cubic as found in ref
7 and because energy transfers between excited
states were only being recognized independently at
the time.” The experimental discrepancy aroused
probably from a saturation in an intermediate step
in the APTE process.*

Recently a systematic analysis of the power law
governing the APTE (or ETU) process has been
performed by Pollnau,*® generalizing by rate equa-
tions what had been discussed for the Yb—Tm
couple:2 a P" law can be found for an n-photon process
when Wapre, the APTE (ETU) upconversion prob-
ability, is weak, whereas a P! law can be asymptoti-
cally obtained when Wapte is large in front of other
processes depopulating the metastable state.

To make the terminology clearer, a schematic
comparison between the APTE (ETU) effect and other
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Figure 4. Simplified energy level scheme and symbols
used in egs 18—22.

two-photon upconversion processes, namely, two-step
absorption, cooperative sensitization, cooperative
luminescence, second-harmonic generation (SHG),
and two-photon absorption excitation, is presented
in Figure 3 together with their respective typical
efficiency.

Since we are dealing with nonlinear processes,
usual efficiency, as defined in percent, has no mean-
ing because it depends linearly on excitation inten-
sity. Values are then normalized for incident flux and
given in cm?W units for a two-photon process. More
generally, for an n-photon process it should be in
(cm?/wW)n-1,

A simple review of the energy schemes shows that
they differ at first sight by the resonances involved
for in- and outgoing photons: for highest efficiency,
photons have to interact with the medium a longer
time, which is practically obtained by the existence
of resonances. As shown, the APTE (ETU) effect is
the most efficient because it is closest to the full
resonance case.

However, reality is sometimes not so simple, and
different upconversion processes may exist simulta-
neously or their effects can be tentatively made to
reinforce each other. For instance, a combination of
two-photon absorption and cooperative absorption
has been theoretically investigated.*® Also, SHG and
cooperative luminescence have been considered si-
multaneously in order to increase SHG by the partial
resonance of cooperative luminescence.*”48

Let us consider now the role of macroscopic energy
diffusion in both APTE (ETU) and ESA upconversion
second-order processes.

The probability for ESA in a two-step absorption
(Wq3) connecting a state E; to E; by the intermediate
state E; is just given by the product of the prob-
abilities for each step (Figure 4)

Wi =W,;,"Wp, (18)
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To obtain the same result by an APTE effect, we also
have to consider the product of two energy transfer
probabilities and calculate the equivalent rate for
populating E; by APTE (ETU); we get (Figure 4)

NaW;3 = (NANg*Wgp)Ns*Wsp, (19)
or
W3 = Ng*Wgp1Wgp, (20)

where Wsp are the energy transfers probabilities for
each step and Ns* is the concentration of excited
sensitizers which is given by

Ng* = NgWj,

Assuming all Wj; have the same magnitude and all
Wsa also, as is typical for rare-earth ions, we have to
compare

W5 ~ W,,° for single-ion ESA  (21)

with

Wi3 & Ng**We,® = Ng"W,,°We,?
for two-ion APTE (22)

Clearly, the APTE (ETU) gain over one ion ESA
comes from the product Ns?Wsa?, which has to be as
large as possible. However, this simple quadratic
behavior with sensitizer concentration for a two-
photon upconversion though observed in the past?
can be questioned in some practical case as recently
shown by Mita;*® for Yb—Tm:BaY,Fg, a quadratic
behavior is first observed for a three-photon case and
then a linear one (probability is constant) at Yb
concentration above about 10%.

In any case, this points to an increase in sensitizer
concentration (Ns) which leads to fast diffusion®® and
allows the use of rate equations in such multiion
systems.®® This validates a posteriori the implicite
use of the rate equation for establishing eqs 18—22.
Now the behavior is different for certain hosts where
ions are clustered into pairs even at low average
concentration. This has been shown by Pellé and
Goldner® for CsCdBr3:Yb, Er for which an Yb opti-
mum concentration of 1% has been demonstrated, a
significant difference with the usual 15% for other
materials.5!

Besides nonradiative diffusion at the sensitizer
level, it has been observed that radiative diffusion
plays also a role in APTE (ETU) upconversion. The
measured time constants for the Er®* or Tm3* emis-
sion have been observed to be correlatively length-
ened by the photon-trapping lengthening of the Yb3*
lifetime, reflecting the radiative diffusion at the
sensitizer level.5? Also, reducing single crystals doped
with Yb—Er or Tm to powder form usually produces
an intensity reduction when the grain size is less
than 100 gm. This shows that the effective radiative
diffusion length is of this order of magnitude in this
experiment. Recently, studies on nanometric size
upconversion phosphors with crystallites of Y,03:Yb,-
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Er, ranging from 75 to 200 nm in grains between 600
and 800 nm have shown that the maximum intensity
for the blue and green emission under 632.8 nm
excitation is obtained for the maximum size of 800
nm.5354 This effect is also most probably in connection
with diffusion within Yb ions which, though not being
directly excited, plays a role in an intermediate relay
step of the APTE (ETU) process.

Many times in the literature, when ESA is not
advocated, upconversion involving coupled ions is
referred to as cooperative effects or cooperative
energy transfers without proof when in fact APTE
(ETU) effects are involved as can be guessed from
their relative efficiencies and from the provided
description. The fact that the APTE (ETU) effect and
cooperative ones are often mistaken is due to a
number of common properties.? For instance, for two-
photon upconversion, both processes show quadratic
increases on excitation and on absorber concentra-
tions; both show an emission lifetime equal to one-
half the absorber lifetime. However, they show
different rise times; cooperative rise time is instan-
taneous as for ESA or any absorption, whereas APTE
(ETU) rise time reflects the population accumulation
at the sensitizer excited state. However, as shown
below, the difference is more basic, though sometimes
difficult to establish experimentally except in special
cases where single-ion resonances clearly do not exist
or where diffusion between ions is prohibited by a
too small concentration with still an interaction as
in clusters.

The basic distinction between both upconversion
processes (ETU or ESA) within a single-ion state
description and cooperative pair states is the purpose
of the next section.

3. Upconversion in a Single-lon Level Description
for APTE (ETU) or ESA and in a Pair-Level One
(Cooperative Effects): Theoretical and
Experimental Discrimination

Because in the field of upconversion pair states or
more recently dimer states are advocated to explain
some of the observed processes, it is felt appropriate
here to precisely define the vocabulary, which is done
in the next subsection.

3.1. Three Different Kinds of Pair States

In fact, when active ion concentration is increased,
besides the occurrence, at first, of changes in prob-
abilities for lower concentration as already pointed
above, its value may reach a point where clusters
may be formed and new levels may be experimentally
observed. We think it is useful to distinguish between
three types of pair levels, according to their different
origin and shift from their parent single-ion level.
When two resonant systems are coupled, it is a basic
physical phenomenon that their degeneracy is re-
moved. This may be called a dynamic shift, and for
rare-earth ions it is typically 0.5 cm™® 5 up to a
maximum of a few cm™%; it is 2.7 cm~?! for Nd®* in
CdF,% and 3 cm™ in the stoichiometric compound
Cs,Yb,Brg with built-in pairs with a distance of 3.9
A 57 In a stoichiometric material this would give rise
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to a Frenkel excitonic band, though for rare-earth
ions it has been shown to be rather limited by the
weakness of the interaction.>® Now in divalent ma-
terials or even in trivalent hosts,>® when the active
trivalent ion concentration is increased, one may
understand that the local static crystal field is
modified by the replacement of a divalent cation with
a trivalent one or even by the ion size modification.
This gives rise to a spectral shift on the considered
single-ion levels when its concentration is increased.
Such a shift may reach up to 10 cm~. Though still
often called a pair level,% this new single-ion level
is of completely different origin from the previous one;
it is sometimes also called a new site or a static pair
state due to the active ion concentration increase.>®
It must be stressed here that one-center operators
just as for transitions between single-ion states
govern any transitions between such pair states.

Now, the third type of pair levels coming from what
are called cooperative processes are very different
from the two previous types because, as we are going
to see, they involve two-center operators and are
second order with respect to the transitions between
pair levels of the two previous types. As we will see,
the shift from the single parent states is the sum of
the energy of the parent states; it is several hundreds
or thousands of cm~1,%% which does not represent the
interaction strength inside the pair. The cooperative
pair levels will be dealt with in more detail below
(sections 3.2 and 3.3).

3.2. Fundamental Difference for Transitions
between Single-lon States, Dynamical and Static
Pair States, and Cooperative Pair States

When active ions are situated at sufficiently short
distances for interactions between them to take place,
two types of upconversion processes may occur:
summation of photon energy through energy trans-
fers? (APTE (ETU) effect) and/or cooperative effects
either by sensitization*® or emission as found by
Nakazawa and Shionoya.®! Both APTE (ETU) effects
and cooperative ones are often mistaken for the one
another because both present several similarities and
may simultaneously occur in a given system for a
given excitation. In particular, both processes reflect
the n-photon order versus excitation density and
sensitizer concentration in the same manner.

As seen in the Introduction, upconversion by
energy transfer is a generalization of Dexter’s energy
transfer?’” to the case where the activator is in a
metastable state instead of being in its ground state;
this requires the interaction between S and A (Hsa)
to be smaller than the vibronic interaction of S and
A, so that both ions can be described by single-ion
levels coupled to the lattice. It is generally the case
since for fully concentrated rare-earth crystals or for
clusters, pair level splitting is of the order of 0.5
cm™1;%%62 in host with smaller concentrations, this
interaction can be even weaker, whereas one-phonon
or multiphonon sidebands may modulate the level
positions by several hundreds of cm~*. Further,
upconversion requires the transfer probability for the
second step (Wsa) to be faster than radiative and
nonradiative decay from the metastable level, that
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is Wsa > 771 with 7 measured intermediate state
lifetime for ion A. Wsa is obtained from

27
Wsp = | <WS W O H W WL P0(E)  (23)

where the wave functions are simple products of
single-ion wave functions; p(E) describes the dissipa-
tive density of states due to the coupling with the
lattice. Hsa is the interaction Hamiltonian, the origin
of which may be multipolar or exchange interactions
as discussed above in section 2.1.

All cooperative processes, including the simple
cooperative absorption in PrCls first observed by
Varsanyi and Dieke®® and the cooperative Stokes
emission as observed by Van der Ziel and Van Uitert
in EUAIO3:Cr3* 84 from pair states and called exciton-
(Eu) sidebands of localized excitons(Cr) or cooperative
upconversion emission,®! have to be considered as
two-operator transitions between pair levels for both
ions as a whole. A one-center dipolar electric transi-
tion would be strictly forbidden for a two-center
transition, and as a difference with energy transfers
for which plain product wave functions are used, one
needs product wave functions corrected to first order
to account for interaction between electrons of dif-
ferent centers®

Wi = WO(S)WOA) —
Ty (s”a”|Hga|00) WS (24)
s”=0 a=0 65” - 0 + Ga// _ 0 s @

as given, for example, for the ground state; s”, a”
denote intermediate states for S and A and 0s,€a
denote their corresponding energies. Then any one-
photon transition in the cooperative description
involves already four terms in the matrix element,
which cannot be reduced to eq 5 that contains only
single-ion wave functions and not pair wave functions
as in eq 24:

APTE (ETU) upconversion or ESA, even between
static or dynamic pair levels, corresponds to a lower
order of perturbation than cooperative processes,
which involve cooperative pair states; the latter have
to be considered practically only when the first type
cannot take place.

Such is the case when real single-ion levels do not
exist to allow energy transfer; it is the case for Yb3"—
Th3" upconversion®6667 or when the concentration
is too small to allow efficient transfer by energy
diffusion between sensitizers. Then cooperative up-
conversion is likely within clusters.5? One may also
look for crystal structures where the pair clustering
is built-in.57.62.69

Because cooperative transitions are of second order
with respect to transitions between other pair states
or single-ion states, they are very weak, about 3—4
orders of magnitude less than one-center transitions,
and consequently they can usually be observed on
small samples only in excitation and emission spec-
tra. For example, a direct absorption spectra for a
cooperative process between Yb and an allowed OH
transition has only been observed on very long
samples of about 5 cm and high Yb concentration
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Figure 5. Cooperative (a) and APTE (b) energy scheme for n-photon (n = 1—5) upconversion in Er3*-doped hosts.

(from 1.6 x 10% to 4.3 x 10% cm %)% with an
intensity ratio to single-ion transition of about 1072.
Very recently similar results have been obtained for
cooperative Yb—Yb pairs on 1—12 cm long Yb-doped
laser crystals.”® The intensity was found to be 1.3 x
1075 of the single-ion one for a 1 cm long crystal of
Y203:Yb(10%), that is with a concentration of 2.8 x
10%*cm~3. Such very weak ratios demonstrate the role
of the double-operator nature of the transition. The
2 orders of magnitude difference, in both ratios given
above, reflect in part the fact that Yb—Yb pairs are
forbidden—forbidden pairs whereas Yb—OH are for-
bidden—allowed pairs.

Generally, experimental discrimination between
APTE (ETU) and cooperative processes is not straight-
forward apart from the trivial cases where no real
intermediate energy level exists for the APTE (ETU)
effect to take place, even from unwanted impurities.
The weak ion concentration level alone is not a good
argument to eliminate APTE (ETU) upconversion,
knowing that RE ion clusters may exist, for instance,
in glasses, even at a doping level as low as 70 ppm.™

To illustrate the experimental difference between
APTE (ETU) and cooperative upconversion, we will
discuss an example of excitation line-narrowing effect
in n-photon summation as a mean to distinguish
between both processes.”>”® Irradiating Er®*-doped
samples with IR radiation at 1.5 um leads to various
visible emissions.

Room-temperature IR F-center laser excitation
between 1.4 and 1.6 um of 10% Er®*-doped vitroce-
ramics and of YF3:Er leads to emission bands from
the near-IR to the UV. Such emission may be
ascribed to multiphoton excitation, respectively, of
order 1 to 5, either of the APTE (ETU) or of the
cooperative type as depicted, respectively, with en-
ergy levels of single-ion (APTE) or cooperative pair
levels (Figure 5).7273

Successive absorptions in Figure 5a involve a
combination of several J states. APTE (ETU) effect,
because of self-matching by multiphonon processes,
involves (Figure 5b) only J = 15/2 and 13/2 states.”

Excitation spectra in Figure 6 show a striking
behavior: each spectrum presents the same spectral
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Figure 6. Excitation spectra for n-photon (n = 1-5)
upconversion in Er-doped YFs.

structure with clearly an increasing narrowing with
process order. The structure reproduces the Stark
structure of the #l,5,—*113) first excited terms as can
be obtained by a diffuse reflectance spectrum.

The spectral narrowing can be understood by a rate
equation treatment where higher excited populations
are neglected in front of the lower ones in order to
obtain a tractable development (weak excitation
assumption).

The emitted power from an n-photon summation
is then given by

n...W2

Pal®) = (w(nfl)'"wz)

P,"(%) (25)

with symbols of Figure 5b and P;(4) the line shape
of 4|;|_5/2—4|;|_3/2 absorption.72

The obtained excitation spectra are direct proof of
the validity of the APTE (ETU) explanation, since a
cooperative effect should show the convolution of all
J states involved in the multiple absorption between
pair levels.”

Until the 1980s, few unquestionable experimental
examples of cooperative upconversion were demon-
strated besides the Yb—Tb cooperative sensitization
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Figure 7. Cooperative luminescence and APTE (activator
ion already in an excited state) cooperative sensitization
in LaF3:Pr3+ system. (Reprinted with permission from ref
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quoted above and the cooperative luminescence in
Yb®* described in detail below.5! Since then, many
more cases have been described:

The cooperative luminescence in the UV (from 405
to 270 nm) comes from two (°Pg)Pr3* excited ions in
PrFs’* and LaFs:Prét; the APTE (ETU) cooperative
sensitization of the 1Sy state of one Pr3* ion is already
in its excited state (°Po) from the energy annihilation
of two other Pré* ions also in their 2P, excited state
as for the cooperative luminescence case.”® Overall,
this is a three-ion, three-photon effect which, from
477 nm blue excitation, gives an upconversion in the
UV region (400—250 nm). Figure 7 describes the
energy schemes and mechanisms for both processes.
However, for some unknown reason, the cubic law
which should be present for emission intensity versus
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excitation is not observed for the Sy level emission™
and a quadratic law is obtained as for the cooperative
luminescence case. The cooperative effects were
clearly discriminated from other processes through
excitation spectra investigations.

Very recently, Valiente et al. obtained upconversion
from near-IR Yb®" excitation with visible emission
from Mn2?* ions in stoichiometric materials, CsMnCls
RbMnCl;, CsMnBr3, and Rb,MnCl,, respectively at
690, 630, 680, and 625 nm.”5~7° Explanations were
based on sequential absorption between dimer states
built from Yb and Mn single-ion states which are in
fact the cooperative pair states discussed above and
shown, for instance, for Er®* in Figure 6a in a
cooperative hypothesis. This explanation is coming
from the fact that emission of Mn?* is instantaneous,
as it would be for ESA between the dimer states,
which have to be considered since both ions are
involved. Along the same lines, the Yb—Tb case has
been reconsidered in SrCl, and Cs,Th,Bro:Yb(1%),8081
and the cooperative effect is found to be ESA between
cooperative pairs states and Yb cooperative lumines-
cence with 107¢ efficiency®! (at 5.6 kW/cm? excitation)
for T < 100 K instead of the usual cooperative
sensitization as in ref 66 found at larger T. As rarely
given, efficiency for the cooperative sensitization
process has been determined to be 10~* under 2.4 10*
Wi/cm? at 300 K for SrCl,,® that is 4.2 x 10™° at a
normalized excitation level of 1 W/cm? for compari-
son, see Figure 3 and Table 1, with the values for
cooperative sensitization of 107 in Yb,Th:YF; and of
1078 for cooperative luminescence in YbPO,.

The Yb—Tb cooperative effect has also been revis-
ited by Strek’s group in KYb(WQ,),:Th.8? Besides the
cooperative upconversion process itself, the interest-
ing feature of a lifetime depending on the excitation
level has been observed. It has been attributed to the
inverse of cooperative sensitization, first predicted a
long time ago by Dexter®® and only recently identified
experimentally for the first time by Basiev et al.?* in
La;—xCexFs. This is different from quantum cutting,

Table 1. Available Measured Normalized Absolute Efficiencies for Various Upconversion Processes

matrix ions process order n temp (K) efficiency (cm?/W)"-1 ref
YF; Yb3t—Erst APTE (ETU) 2 300 =103 2
SrF; Erst ESA 2 300 =105 2
YF; Yb3t—Th3+ coop. sensitiz. 2 300 =106 2
YbPO, Yb3+ coop. lumin. 2 300 =1078 13,61
KDP SHG 2 300 =101t 2
CaF; Eu?* two-phot. absorpt. 2 300 =10"18 2
YF3 Yb3t—Erst APTE (ETU) 2 300 2.8 x 1071 201
vitroceramics Yb3t—Erst APTE (ETU) 2 300 2.8 x 107* 51
NaYF,4 Yb3t—Tms*" APTE (ETU) 3 300 3.4 x 1072 158
YF; Yb3t—Tms3+ APTE (ETU) 3 300 4.25 x 1072 158
vitroceramics Yb3t—Tms*" APTE (ETU) 3 300 8.5 x 1072 158
NaYF., NayYsFi1 Yb3t—Erst APTE (ETU) 2 300 1072to2 x 10 191
NaYF, Yb3t—Erst APTE (ETU) 2 300 25 x 107 16
NaYF, Yh3t—Tma+ APTE (ETU) 3 300 5.5 x 1072 191
NaYF, Yb3—Tms*" APTE (ETU) 3 300 3 x 1077 16
fluorohafnate glass Yb3t—Tms3* APTE (ETU) 2 300 6.4 x 1073 129
fluorohafnate glass Yb3t—Ho%" APTE (ETU) 2 300 8.4 x 107 129
vitroceramics Yb3t—Tms3* APTE (ETU) 2 300 3.5 x 107 157
vitroceramics Yb3+t—Tm?s* APTE (ETU) 3 300 3.6 x 1078 157
ThBry U4t ESA 2 300 2 x10°® 161
SrCl, Yb3t—Yh3+ coop. lumin. 2 100 1.7 x 10710 80
SrCl, Yb3+—Th3* coop. sensitiz. 2 300 8 x 1078 80
SrCl, Yb3+—Th3* coop. sensitiz. 2 100 1.8 x 1078 80
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considered by Wegh et al.,®8 which is just the
reverse of the APTE effect. Both quantum cutting
and cooperative quenching can produce quantum
efficiency larger than 1 but not with the same energy
efficiency.

Along analogous lines, cooperative upconversion
and downconversion processes mixed with mul-
tiphonon processes have been investigated in KYb-
(WO4)2:EU,Tb90 and in KYbo.gEUo.g(WO4)g.91

A more complicated case of cooperative explanation
has been given by Orlovskii et al.>%% for Nd®* in
CaF,, CdF,, and SrF; at 4.2 K. There the three kinds
of pair states discussed in section 3.1 are simulta-
neously involved in a qualitative description through
both APTE (ETU) and ESA processes. Unfortunately
no quantitative analysis with respect to the mixing
of first-order and second-order transitions has been
given.

3.3. Application of Cooperative Luminescence;
Theory, and Examples

Because cooperative processes are less effective
than APTE (ETU) ones by 4—5 orders of magnitude,
very few applications of such processes exist except,
as we will see, the detection of RE ion clusters. We
proposed that the simplest cooperative process, the
cooperative luminescence of Yb3",61 be used as a
probe of the existence of Yb3" ions clusters in
glasses.58

Cooperative luminescence (or its opposite coopera-
tive absorption) is the simplest cooperative phenom-
enon, and the corresponding two-center matrix ele-
ment is

<Ippairg| Dl(l) + D2(1)|lppaire> (26)

where the operator is the sum of the electric dipole
operators for ion 1 and ion 2. The wave functions for
both ions in their excited state Wy, and in their
ground state Wy,;/? are derived from expressions given
by eq 24. The calculation of eq 26 gives four terms
that are represented in Figure 8; terms Il and IV
provide the cooperative emission at twice the energy
of the single-ion excited state.

Since along the RE series nearest neighbor ions
have analogous chemical properties, we assumed that
Yb3* would chemically behave for the clustering
process ion the same way as for Er®*, the ion
generally used in optical amplifiers. Because Yb3*
ions have only two spin—orbit states, they are good
examples of the simple situation schematized in
Figure 8. This is one of the reasons for its use as a
cluster probe. The other reason is as follows:

In optical amplifier applications, the basic limita-
tion linked with the existence of the so-called cluster-
ing of RE ions was addressed. Clusters of RE dopant,
as found in the literature from direct fiber amplifica-
tion experiments,’-93.%4 are related to what could be
called interaction clusters which are much larger
than chemical clusters. Because of spatial diffusion
as shown in section 2.1, such interaction clusters
could have a spatial extension of more than 20—100
A for nonradiative interaction clusters and up to 100
um for radiative ones. Clearly, such clusters have
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Figure 8. Four terms for cooperative luminescence in a
two-level ion system (the Yb3* case).
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Figure 9. Normalized cooperative emission spectra for

Yb3* in a phosphate glass for two doping precursors with

different Yb—Yb shortest distance Rnin.

nothing to do with chemical clusters, which depend
only on the chemical processes of the glass prepara-
tion. The existence of chemical clusters of spatial
extension of a few Angstroms would increase tre-
mendously ion—ion interactions of any kind. One
need to obtain a signature of such clusters that is
the only one that chemistry could eventually modify.
Cooperative luminescence of Yb®* has been proposed
as a signature of the existence of chemical clusters
in glasses.®®

Cooperative luminescence®®-97 is a phenomenon
which, requiring very close proximity of interacting
RE ions in order to be seen in experiments, is a very
good signature of clusters constituted by ions at
distances of less than about 5 A. Such distances, or
shorter ones, between interacting ions are also the
order of magnitude of the size of chemical clusters.
Figure 9 presents the cooperative luminescence of
Yb3* in a phosphate glass doped with Yb3" introduced
through various precursors with different Yb—Yb
shortest distances.®® It has been shown that the
normalized cooperative intensities depend on such
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distances. Also, it can be noted that unwanted
impurities (Er®f, Tm3") introduced with Yb3" oxide
are revealed at ppm level by the much more efficient
APTE (ETU) effect.%®

4. Experimental Results and Their Implications in
Various Fields

4.1. Recent Upconversion Studies in Lanthanide
(4f) and Actinide (5f) lon-Doped Solids with APTE
(ETU) and ESA Processes

(Cooperative processes have been discussed in
sections 3.2 and 3.3 above.)

Most of the more recent published results on
upconversion under various laser pumpings have
aimed, besides cooperative effects already discussed,
at distinguishing the processes involved and mainly
at separating APTE (ETU) from plain ESA. Most of
the examples treat cases of upconversion in the now
classical 4f ion-doped solids and few in the 5f ones.

4.1.1. Pr3* (49 lon

When doping fluoride glasses of the ZBLAN type
in either fiber or bulk form, Pr3* shows blue upcon-
version both of the ESA (two photon) and APTE
(ETU) (three photon) types from the 3P, state when
pumping into the 1G4(*D,) state.'°® Analogous results
are obtained for LiKY;_4PriFs crystals,’®? but the
process is mainly APTE (ETU). ldentifying the
process is based on the presence of an excitation
delay.

Germanate of general formula 60Ge0O,-25PbO-
15NbOs as well as chalcogenide glasses of general
formula 50GeS,:25Ga,S3:25CsX with X = Cl, Br, and
1,192 doped with Pr3* have been investigated. IR to
blue upconversion is obtained under both ESA and
APTE (ETU) processes as revealed by the absence
or the presence of an excitation delay. The excitation
sequence is 3H, to 'G,4 then G, to 2Py (ESA) or/and
D, (ETU). 3Py gives the blue emission and D, the
orange one. In BisGe301,:Pr3* crystal red, green, and
blue upconversion is obtained with mainly ESA and
a less important APTE (ETU) process.’®® From a
dynamic study of a Pr3*-doped tellurite glass, ESA
is proposed to explain the %H, to D, followed by a
multiphonon process connected to a *Hg to %Py se-
guence.’® An analogous process is proposed for
LiYF4:Pr3+105 whereas a two-photon absorption is
proposed for an IR to blue upconversion in a 60ZrF,:
33BaFz-7LaFz glass doped with Pr3*;19% however,
because a two-photon process is likely to be less
probable than a sideband absorption,® this explana-
tion may be questioned.1%

In KYb(WO,),:Pr(0.42%),1°” blue upconversion un-
der red and IR excitation is obtained along now
classical APTE (ETU) schemes.

4.1.2. No*+ (4f%) lon

Probably due to the availability of Nd3*-doped
materials for laser research, many investigations in
Fernandez's group with Nd3®" in various kinds of
hosts have been recently performed. In germanate
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glasses of composition 60GeO,-25Pb0-15NbOs doped
with Nd3*,1%¢ the APTE (ETU) process has been
observed under CW IR excitation in the #lg; to *Fs
absorption. Green, red, orange emissions have been
detected from “G7, due to the following upconversion
energy transfer (*Fs, *Fa2 gives *Gyp, “l13). ESA has
also been observed with the sequence “lg;, to *Fsp,
nonradiative decay to “Fs,, followed by ESA to 2Py,
decaying to *G;. In a fluoride glass of composition
25CdF,+13.5CdCl,-30NaF-20BaF,-1.5BaCl, doped with
0.5%Nd3*",199 mostly APTE (ETU) is observed as
revealed by the delay in the emission wavelengths
ranging from red to UV and the analogy between the
absorption and their excitation spectra. The output
slope for P" with n = 1.7 indicates a two-photon
process.

In fluoroarsenate,*'° fluoroindate,*'* and in chal-
cogenide glasses,*? upconversion by Nd3" ions has
been studied too, taking advantage of the weak
energy phonons of such glasses. It is mostly APTE
(ETU), with some ESA for the “G7, emission, that
have been observed from 2Py, as shown by the similar
spectral features in the excitation and absorption
spectra for two-photon processes.

In PbsAlzF10:Nd®" crystals,'*® at 300 and 4.2 K,
APTE (ETU) is observed for visible (from *Gyj, with
n = 1.5) and UV emission (from 2P, with n = 2.2)
as indicated by similar excitation and absorption
spectra.

In the stoichiometric laser material KsNd(MOy)s,
IR to visible, blue (from G, with n = 1.6), and UV
(from 2P3, with n = 2.4) emissions have been studied
with the very high Nd concentration of 2.37 x 10%
cm~3.14 The studies, conducted in or outside the IR
lasing phases, show that the laser metastable state
is depopulated during the lasing phase as shown by
the stronger blue and orange emission. Again, up-
conversion is essentially of the APTE (ETU) type as
shown by comparing excitation and absorption spec-
tra.

In LiYF4:Nd(0.1-3%),'%S upconversion is found to
be due to ESA, the first step being a one-phonon
sideband absorption situated at 16563—15919 = 644
cm~! above the ?Hjy,, state followed by the ESA step
populating “Dsp,. In the same type of fluoride crystal
as well as in YAG, the following APTE (ETU) steps
have been observed: (*Fap, *Fs2) giving (*lis2, *Gsp);
(*Fap, *Fap) giving (*lisp, “Grp2), and (*Fsp, “Fai) giving
(“l1112, 2Gop2) 16117 to some extent similar with the high-
intensity quenching of the *F;, state.!® Balu;Fsg:
Nd3*(0.6%) crystals have also been studied.'*® Yellow
to blue and green upconversion has been observed
due to ESA, whereas under IR excitation, green
upconversion is due to APTE (ETU) when site selec-
tion is involved at low temperature. Also, KLiYFs:
Nd®* has been investigated, and upconversion through
ESA from “F3); has been observed.'?® With CaF, thin
films on LaF; crystalline sample in waveguide form,
three-photon APTE upconversion (n = 2.9) can be
easily observed through pumping confinement.'?
Very interestingly, emission at 381 nm in the UV
from “D3j, ends on “l3,, thus providing good hope for
a UV four-level scheme laser.
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4.1.3. Gd** (4f7) lon

Due to the fact that its lowest excited state (6P;)
is at very high energy (32 000cm™1), this ion is mainly
considered for downconversion studies and is in-
volved in fewer upconversion studies than the two
previous ones. However, upconversion has been
considered in the stoichiometric material with cen-
trosymmetric sites Cs,NaGdCls.'?? ESA has been
advocated (maybe with some direct two-photon al-
lowed absorption) for the emissions between excited
states from the 5d to °l; and ®P; bands at 578 and
755 nm under excimer laser excitation into the éP;
lines. Another stoichiometric material, K,GdF3, has
also been investigated in upconversion.*?* Pumping
is into the 6P, state at 312 nm. Three anti-Stokes
emissions attributed to G, and l;, down to the
ground state®S;,, at 204.7, 242.0, and 2798 nm have
been observed and attributed to an APTE (ETU)
process.

4.1.4. Dy** (4) lon

This ion had the reputation of being a poisonous
center even at trace levels for APTE (ETU) in usual
Yb—Er and Yb—Tm or Ho upconversion matrices.?
For this reason it was banished from the laboratory.
This could explain why so few studies exist about the
upconversion properties of this ion. It is probably also
because the proximity of the lower excited states
requires low-energy phonon matrices. The level struc-
ture is also somewhat analogous to the situation for
Eu and Tb for which essentially cooperative upcon-
versions have been observed (see section 3.2). Yet
recently CsCdBr;:Dy3t (0.2%) has been studied in
upconversion.’?* Both APTE (ETU) and ESA pro-
cesses have been observed at 10 K. Near-IR excitation
is by absorption into ®Fs, at 12 338 cm™ and into
8F3, at 13 200 cm~*. Emission is from 4Fg; to ®Hyzp
at 17 341 cm~1. Two APTE (ETU) schemes are likely,
the more probable being (6Fs;, 8Fsp) giving (*Fo,
6H135). At higher temperature (295 K) and large
concentration, ESA is operative from 6Fg, to “Fgp. At
lower concentration, ESA appears to be from éFz, to
N PEVS

4.1.5. Ho®" (4f19) lon

Though this ion is among the first studied in
upconversion? with Yb codoping, it has later been
studied alone. First, some years ago,'?® red to blue
upconversion was observed as well as a red (He—Ne
laser) pumped IRQC for 2 um detection at 300 K was
demonstrated in HoxY1-xF3 (x from 0.005% to 1). An
APTE (ETU) process, (°Fs, °l7) giving (°Fs, Slg),
provides the 5F3; emission at 485 nm. Much more
recently, CsCdBr3:Ho0%*(0.035% and 2.25%)'%® has
been studied, this host differing from the previous
one by its lower phonon maximum energy (163 versus
560 cm™1) and its pair building ability. A two-photon
process has also been found for the blue emission
from 5F; with slope n = 1.8. ESA is advocated at a
higher temperature (T > 100K), whereas APTE
(ETU) isfound at T < 100K. Comparison of excitation
spectra with absorption and delay in the emission
help to separate the processes. Ho®*" has also been
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excited in the red at 647 nm from a gas Kr laser in
LiTaO3:Ho(0.3%).1?” At 15 K, a green emission with
n = 2 is observed; it is attributed to the 5S; to °lg
transition excited by an ESA process. In a more
classical experiment, Ho is excited via Yb in YVOu:
Yb,Ho.?8 The near-IR excitation at 1 um provides
both a red emission from °Fs by an ESA process (n =
1.6) and a faint green one from 5S, (n = 1.6)
attributed to an APTE (ETU) process. Interestingly
and along the same lines in Yb, Ho-doped fluoro-
hafnate glasses,’?® APTE (ETU) IR to green upcon-
version has been measured to give an absolute
efficiency of 8.4 x 107* cm?W, a value directly
comparable to the one of Figure 3 and Table 1, with
1073 cm?W for YF3:Yb,Er.

4.1.6. Er3* (4f11) lon

(See also section 4.2.)

Er3t was the first ion showing upconversion,? and
it seems that the numerous previous studies have not
exhausted its upconversion properties. It still appears
as the most studied ion in recent times, as will be
shown in the following.

With the availability, in the 1980s, of efficient laser
diodes (LD) and tunable Ti—sapphire lasers in the
800—1100 nm range, the field of upconversion studies
with Er3* has been renewed. In particular, Er®* has
demonstrated its capacity as a laser ion just as Nd3*
did a long time ago, and consequently, all kinds of
upconversion emissions have been observed and
studied. The role of upconversion on the CW func-
tioning of the LiYF4Er and ZBLAN fiber lasers at
2.7 um*30-132 has recently been confirmed,'*® and a
cascade laser at 1.72 and 2.7 um laser have been
optimized, in particular, in a ZBLAN glass doped
with Er(0.25—8.75%) alone or with Pr(0.25—1.65%)—
Er'34 using the APTE (ETU) process for optimizing
the 4111 and #1143, lifetimes. Even classical laser hosts
have been investigated: YAG:Er,'3® YSGG:Er,'3 and
YAIO3'%” for which either ESA or APTE (ETU) have
been observed.

In a more fundamental approach, CszLu,Clg, Cs3-
Lu,Brg, and Cs,Luzlg doped with Er®*(1%) as well as
the stoichiometric material CszEr,Xq (X = ClI, Br, 1)
have been investigated!3®13° under 1.5 um excitation.
As in ref 72, an APTE (ETU) process describes the
observed four-photon upconversion process at higher
Er concentration, though the process is called coop-
erative energy transfer.t3

In BaLuyFg:Er(1%; 4.5%), IR (0.97 um) to green
upconversion from #Sg; is observed.'*° Both APTE (at
all temperature) and ESA at lower temperature from
41112 and “*lg, are identified by the transients of the
upconversion emission. Ba,YCIl7:Er (1-100%) has
been studied'*! under 800 nm excitation of the *lg;
state. Depending on excitation energy and concentra-
tion, both APTE (ETU) (for Ba,ErCl;) and ESA are
observed. In RbGd,Br;:Er (1%),*? under 980 nm
excitation of “ljyp, both APTE (ETU) and ESA,
discriminated by the excitation transients, are ob-
served with a ratio depending on excitation energy
and temperature. Besides the above studies, the
Gudel’s group in a systematic manner also studied
BaY,Fg:Er and Cs;Er,Bre'*® in order to compare the
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upconversion properties from near-IR to green in two
hosts differing by their highest phonon energy,
respectively, 415 and 190 cm™t. In CszLu,Brg:Er-
(1%),'44 a lattice with built-in pair structure, both
ESA and APTE (ETU) processes are observed but
mostly ESA when exact matching between levels and
laser excitation is obtained. Energy migration is
noted even at the relatively low 1% doping.

Similar studies have been performed in CasAl,-
Gez012:Er, where both ESA and APTE are observed
depending on the excitation wavelength.**® In LiYF,:
Er(3%), Yb(20%),5 five-photon near-IR to UV has
been observed with APTE (ETU) processes similarly
to’? for Er alone.

A rather original and interesting result in a clas-
sical Yb(0.5%)—Er(0.1%) system is the optical am-
plification in an upconversion-pumped chalcogenide
glass (70Ga,S;—30La,03).1*” Pumping is at 1.06 um
in an anti-Stokes two-phonon sideband at 2 times 425
cm~! from the YAG:Nd laser photon energy. Ampli-
fication, which is maximum at 165 °C is at 555 nm
with a gain factor of 10. This corresponds to an
amplification efficiency of 0.012 dB/mW in the bulk
glass sample without optical confinement. Also, in the
same aim of amplification in the green spectral region
with near-IR pumping, LiYF4:Er has been studied in
detail under an InGaAs LD pumping.**® LiNbO3:Ti,-
Er waveguides*® have been studied for upconversion-
pumped laser either at 550 nm or 2.7 um. Both APTE
(ETU) and ESA are observed. For a 550 nm laser,
APTE (ETU) is necessary and can be obtained
essentially in Er clusters which have to be increased
at Lit and Nb%" sites. Here Er clusters are looked
for, in contrast to the situation in Er-doped optical
fibers for 1.55 um amplification, see section 3.3.
LiNbOs:Er waveguides, carefully pumped in a site-
selective manner'®® have shown ESA and APTE
(ETU) upconversion according to the pumping photon
energy. When weaker than 12450 cm™!, ESA is
observed; otherwise APTE (ETU) is obtained. A two-
photon process exists in both cases as shown by the
observed n = 1.92 value. Pumping is into *lg;; at 800
nm, and emission is from 4Sz,. ESA is from 413, to
2Hj1» with some involved nonradiative decays. For
APTE (ETU), after a nonradiative decay to *l115, the
following takes place: (*log, *l112) gives (*lisp, *Fap)
providing the %Sz, excitation reached by a nonradia-
tive decay from “F3p,. In the same kind of waveguide,
traces of avalanche (see section 4) have been identi-
fied.?5!

4.1.7. Tm3* (412) lon

Tm?3* is known to be one of the first ions having
shown upconversion either alone or with the help of
Yb3*.2 As for other ions, the advent of lasers has
renewed its interest. Also, research of upconversion-
pumped lasers has also been an impulse to the
research. LiYF,:Tm has been studied from its spec-
troscopic parameter point of view for laser applica-
tions!?® with codoping with Pr3* as well.15? After a
3H; to 3H,4 excitation at 12 643 cm™?! (791 nm) in the
Tm3* ion, a double excitation, *Hg to G, then to 3P,
by an APTE (ETU) process in the Pr3t ion, as
revealed by a delay in the built-up transient, allows
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emission from 3Py to 3Hg (600 nm) and 2H, (490 nm)
in the Pr3* ion.

Upconversion has been studied in the stoichiomet-
ric crystal TmPs0,4 as well as in the amorphous
Tmo1LagePs014,.1% Under red pumping, UV and blue
emission are observed from D, with n = 2, respec-
tively, to 3Hg (360 nm) and 3F,4 (450 nm). 1G4 emission
at 480 nm is quenched at a concentration of 100%
down to 10%. Comparing excitation spectra, stepwise
APTE (ETU) and ESA are conjectured. The amor-
phous sample provides the largest intensity at 450
nm. An emission at 347 nm from ®°lg to 3F, can be
observed with n = 2.5.

In garnets Y3Sc,Gaz01,, Gd;Gas0;, and in GAAIO;
doped with Yb(10%) and Tm(0.1%),'>* upconversion
to 460—500 nm can be observed under Ti—sapphire
excitation at 790 nm corresponding to the 3Hg to 3H,
transition in Tm3*. Then a back transfer to Yb allows
the 2Fs, Yb3" population and the subsequent APTE
(ETU) process from 3H, to 'G,. This behavior is
different from the classical Yb—Tm case under a first
Yb excitation.

In Cs3Yb,Clg: Tm, a matrix with low-energy phonons
(<280 cm™1), up to five-photon APTE (ETU) process
is observed with a scheme analogous to the one of
Figure 6b, however, with a nonradiative step replaced
by an internal APTE (ETU) step within the Tm3*
itself.’®> The slopes, respectively, observed are n =
1.4, 2.0, 2.6, and 3.4 for emissions from 3H,, 3F3, 1Gy,
and 'D,. The respective excitation spectra are the Yb
absorption narrowed by the power law as shown in
Figure 7 for the Er case, also proving the APTE
(ETU) process. The difference here is that because
of the internal APTE (ETU) process in Tm3*, the
power law to be considered for ‘G, and D, are here,
respectively, 3/2 and 4/2, as already explained for the
n = 3/2 slope mentioned in one of the red upconver-
sion processes of Yb—Er2.

Fluorohafnate glasses doped classically with Yb
and Tm have been investigated,’?® and absolute
efficiency has been shown to be 6.4 x 1072 cm?/W for
the 804 nm emission. This two-photon upconversion
efficiency is similar to the one given for Yb—Er, see
Figure 3 and Table 1.

In a silica fiber 3.5 m in length doped with Tm
alone, visible and UV upconversions at 650, 470, and
366 nm all with a slope of n = 3 have been ana-
lyzed.™8 Absorption is at 8300 cm™! in the 3Hg to 3Hs
transition. Upconversion is thought to be enhanced
by the first and second Raman transitions observed
at 1120 and 1180 nm. Above a threshold at 10 mW,
line narrowing is observed and is considered as an
indication of superluminescence.

Along the same directions as in ref 51, lead ger-
manate vitroceramics doped with Yb(15%)—Tm(0.1%)
have shown APTE (ETU) upconversion with a two-
photon process at 779 and 698 nm, a three-photon
process at 478 nm(*G,), and a four-photon one at 363
nm(*D,).’%” Measured absolute efficiencies were 5.8
x 107% at 779 nm and 1078 at 478 nm under a 16.5
mW/cm? excitation. In normalized units it gives
respectively for the two-photon and the three-photon
processes 3.5 x 1071 cm?/W and 3.6 x 1072 (cm?/W)?2.
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Interestingly this IR to IR two-photon process is
much more efficient than the IR to green process in
Yb—Er. On the other hand, the IR to blue transition
is about 20 times less efficient than the efficiency
obtained in the first Yb—Tm-doped vitroceramics (8.5
x 1072 (cm?/W)?,158 see Table 1). In the fluoride glass
BiGazYbTZr:Tm?3",1% a crossover from cooperative
sensitization to APTE (ETU) is concluded from the
time behavior changes with pulse excitation length.

4.1.8. Tm>* (4f3) lon

This ion is considered for the first time in upcon-
version. It is isoelectronic with Yb®* and as such has
the same level structure: two spin—orbit states 2F,
and 2Fsj, separated by about 8840 cm~! and parity-
allowed 4f—5d bands above 15 000cm™1. The presence
of Tm?* is not common due to its propensity to
oxidation, but here due to the considered SrCl,
divalent host, 2% of Tm?" has been successfully
introduced?®®® without the presence of any Tm3*. The
level structure is such that the 4f—5d bands are at
about twice the energy of the first 2Fs;, excited state
and has prompted Gudel’s group to investigate this
new ion for upconversion at 15 K under a filtered 80
W lamp excitation at 8840 cm~! and with a pulsed
Nd:YAG laser for the transient study. The absence
of delay in the upconversion signal indicates an ESA
process.

4.1.9. U** (5f) lon

This is the first 5f ion in which upconversion has
been observed!®! in ThCl; and ThBr,:U*" (0.05%). The
first observation was fortuitously found at CNET on
a supposedly undoped ThBr,; sample. Under a Nd:
YAG pulsed excitation, a green SHG signal at 532
nm was looked for in order to detect the crystal
eventual noncentrosymmetry. In fact, instead of the
green spectrally narrow signal at 532 nm, we es-
sentially observed a broad red one at a luminescence
emission wavelength known for U**. This observation
indicated that upconversion was active in U** at very
weak concentration levels. A derived conclusion was
that the oscillator strengths were very large and
probably the energy transfers too. This induced the
first determination of U*" oscillator strengths that
showed values of =1074162 about 2 orders of magni-
tude larger than for Ln3" and one order larger than
then known values for U3*. Recent results for U3,
introduced for the first time by a pure chemical way
in a ZnCl,-based glass, indicate values of =10—6
which is about the same as that for Ln3" 163 and 2
orders of magnitude less than that for U**.

With the 1 KW tungsten iode filtered lamp experi-
ment already used for the first Yb—Er and Yb—Tm
investigations (see Figure 17 in section 4.2), several
emission lines in the red and green have been
attributed to ESA either for excitation at 950 and
1170 nm separately or for excitation at 950 plus 1170
nm.*1 The involved levels are connected by absorp-
tion from the ground-state 3H, to ®Hs, 3F3, and 3Hs
and then ESA from these states to 3Pg, Py, and l,
see Figure 10. The linear behavior with concentration
showed that upconversions were not due to APTE
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Figure 10. Energy scheme for various ESA upconversions
involved in ThBr,:U*t.

(ETU) processes. On the other hand, as shown for
Yb—Er and Yb—Tm,?! photon trapping was present
as indicated by the grain size effect on lifetimes and
on the upconversion efficiencies. It shows that radia-
tive diffusion plays an important role also in ESA
upconversion. Normalized efficiency is found to be 2
x 1078 cm?/W, see Table 1, for ThBr4 grains doped
with 0.05% U*" and of 0.2—0.3 mm optimized size.6!

4.1.10. U+ (5f%) lon

Though there has been one publication on the
upconversion properties in trihalide-doped Cm3+,164
most of the upconversion studies with trivalent
actinides are with U3* from Strek’s group. In LaCls:
U3t and LaClz:U3t, Pr3*,1%5 under Nd:YAG laser
excitation, ESA is found to give the 2Kys; to *lg; green
emission in U%* alone. When coupled to Pr3*, a cross-
relaxation process allows a second ESA within the
Pr3* ion giving its 3P, excitation. A refined study
indicates a more complex upconversion process with
back transfer to U™ and APTE (ETU) process within
U3*.166 Under red laser pumping in the “lg;, to 2Kz
transition, green emission from 2Kjs; to *lg;, can be
observed. This upconversion is attributed to two
processes:*®’ (i) a sequential absorption within one
U3* ion where the second photon populates the 5f°~6d
bands and thus the energy is transferred to the 2Ks,
emitting state and (ii) an APTE (ETU) process within
an U3* pair of ions following the sequence (*Fes2, *For2)
= (°Hoyp, ?Hi12) —35 cm™! (a weak phonon energy).
Other paths for excitation have also been investi-
gated in LaCls:U3",1%8 and green and red emissions
have been obtained with slopes, respectively, equal
to n = 1.97-25 and 1.7-1.85, according to the
precise excitation wavelength.

In centrosymmetric elpasolites Cs;NaYBrg and in
Cs;NaYClg doped with U3",1%° due to multiphonon
guenching, ESA upconversion has been observed only
in the bromide type.
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4.2. Recent Upconversion Studies in
Transition-Metal (3d, 4d, 5d) lon-Doped Solids
with APTE (ETU), ESA, or Cooperative Processes

The first consideration of d ions in upconversion
can be found in the work of Cresswell et al.*"® in 1978,
where in Cs;NaYClg they considered Re*", a 5d2 ion,
as a replacement for Yb in the IR to blue upconver-
sion in Yb—Tm systems, with the idea of having an
APTE (ETU) two-photon process instead of a three-
photon one. This was supposed to improve overall
efficiency in diode-pumped anti-Stokes visible light
sources. Unfortunately this system proved itself to
be surprisingly inefficient. The second example was
obtained in Auzel's group at CNET in the tunable
laser material MgF,:Ni2*.11 Due to the strong Stokes
shift experienced by d ions in solids caused by a
medium crystal field strength inducing itself medium
electron—phonon couplings, resonant diffusion is not
as effective as in lanthanides. Under a krypton gas
laser excitation at 752.5 nm, green upconversion at
80 K was observed at 500 nm coming from the 1T,-
(*D) to 3A,(°F) transition, see Figure 11. It was
attributed to the 3T;(°F) to 3T;(®P) ESA transition. A
cross-relaxation, (*T,, 3A;) giving (°T,, °Ti), was
observed to self-quench the green emission. The
determined microparameter values for this energy
transfer were consistent with an exchange interac-
tion. This upconversion was not studied in order to
improve upconversion itself but because it was seen
as a drawback to be reduced in the IR laser function-
ing of Ni%*,

Following these two pioneering works one can say
that the field of upconversion in d ion-doped solids
has been developed by the systematic work of Gudel’s
group in recent years. Presentation of this field is the
subject of the following paragraphs.
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42.1. T+ (3d?) lon

In NaCl- and MgCl,-doped (0.1—0.2%)Ti?" crystals,
the near-IR (9400 cm™?) to visible upconversion is
analyzed at 15 K in these two hosts.’’? Spectral
analysis of these two crystals reveals that NaCl and
MgCl; have crystal field strength on both sides of the
spin crossover point for the first excited metastable
state. For NaCl it is 3T, with the same spin as the
ground-state 3T, whereas for MgCl it is 1T, i.e., it
gives a spin-forbidden transition to the ground state.
This dramatically changes the metastable state
radiative lifetime from, respectively, 1.4 to 109 ms
and consequently the relative efficiencies of the ESA
processes observed in both crystals.

4.2.2. Cr¥™ (3d® lon

In YAG'® and YGG (Y3GasO1,)'7417 codoped with
(2%)Cr3* and (1%)Yb®*, upconversion of Cr3* through
a near-IR pumping of Yb3* is observed at 10 K with
an efficiency of 6% under 150 mW of excitation'’3-175
but at undefined energy density. The presence of a
delay in the transient of the emitted signal indicates
the presence of an energy transfer. Because there is
no metastable level below the 2E Cr3t emitting state,
a cooperative sensitization process can only explain
the whole process. Further, the cooperative lumines-
cence of Yb®" is simultaneously observed. The role
of the efficient diffusion of energy among the Yb3*
ions is stressed as is generally the case with this ion.

Even three ion systems have been studied one of
them being Cr3" in YAG: (5.76%)Tm?3", (0.36%)Ho°",
and (1%)Cr3*,176 a well-known 2.1 um laser material.
Under near-IR (720—790 nm) and red excitation
(610—660 nm), a blue emission from G, (Tm) at 486
nm and from 5F; (Ho) at 486, 489, and 497 nm can
be seen; an upconverted emission is obtained also
from the 2E (Cr3") level at 688.7 and 687.6 nm, the
R; and R; lines. All such emissions are losses for the
laser process. They come from cross energy transfers
between the three ions and ESA excitation.

4.2.3. Ni** (3d® and Mn?* (3d) lons

Besides Ni?" in MgF,,'"* already mentioned, Ni%*-
(0.1—-10%) has been investigated as an upconversion
ion either alone in RbCdCl;,*"” CsCdCl3,17® and Rb,-
CdCl4,*%r coupled with Mn?" in RbMnClI;,*®°
CsMnCl3, and RbMnCl;,17® and in Rb, MnCl,.17°

Under near-IR excitation at 15 K, Ni?* alone is
found to produce a green upconversion by an ESA
process as explained above for MgF,:Ni?* 17! but with
different level attributions, maybe due to the fact that
crystal field strengths are different and that zero-
phonon lines have not been considered. Here, the
ground-state absorption is from 3A; to 'E and ESA
from 3T, to 1T,; emission is the same transition T,
to 2A,. In RbCdCl3, a pressure study modifying the
crystal field strength shows an increase in upcon-
version due an increase in the spectral overlap
between ground-state absorption and ESA.

With the Mn?t presence, a strong increase in
upconversion is observed, though Mn?* has no meta-
stable level below 1T, (Ni?*). On the contrary, the
metastable state 4T, of Mn?" is in resonance with T,
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Figure 12. Tanabe and Sugano diagram for the d®
configuration of Cr3* and corresponding energy schemes
involved in upconversion by ESA processes for Mo®* and
Re**. (Reprinted with permission from ref 181. Copyright
1998 American Chemical Society.)

(Ni?") and in CsMnCl; is found to emit slightly at
the expense of 1T, which is then slightly quenched.
An explanation is given by a strong enhancement of
the E absorption intensity due to a stronger spin—
orbit interaction linked to the proximity of the 3T,
and E state. The upconversion enhancement also
found in RbMnCl; cannot be of this type because this
proximity does not exist. It is attributed to a strong
exchange coupling®”® between Ni?" and Mn?*, remov-
ing the spin selection rule for the 3A;, to 'E absorption
from AS = 1 to 0, and coming from the mixing of both
Ni?* considered states with the Mn?* ®A; ground
state.

4.2.4. Mo** (4d3) lon

This ion has been studied in Cs;NaYClg and Cs;-
NaYBrg'8182 at 2% doping concentration. Under
near-IR excitation from a Ti—sapphire laser, red
upconversion is observed from 10 to 150 K. Under
one-wavelength excitation, both ESA and APTE are
observed. Under two-wavelength excitation, essen-
tially ESA provides upconversion with a better ef-
ficiency. ESA upconversion implies a ?T1/°E to T,
absorption preceded by a “A, to °Ti/°E from the
ground state, see Figure 12. APTE is provided by the
(°T1/PE, °T1/?E) to (*A2,*T2) energy transfer, giving the
emission from “T,. In the chloride host, the ratios for
upconversion processes are estimated to be APTE
(15%) and ESA (85%). For the bromide, it is, respec-
tively, 35% and 65%. This ion is characterized by a
very long lifetime of 67.5 ms coming from the
relatively weak oscillator strengths; it can be noted
that electron—phonon parameters are weak (S =
0.05) for the intermediate states ?E/°T; and strong
(S = 4.5-5.7) for the final excited state very near
the emitting state (S = 0.05). This explains the
necessity of the low temperature for the upconversion
emission.

4.2.5. Re*t (5d° lon

This ion, also being a d® configuration ion, has
roughly the same Tanabe and Sugano energy dia-
gram?® as other better known transition metals (TM)
such as Cr3* and Mo®*. It has been studied in Cs,-
ZrClg'84184 and Cs,GeFs.18® Though Re*" has the same
level structure as Cr3* and Mo®*, as shown in Figure

Auzel

12, it has been the first TM ion to show upconversion
at room temperature.'81184 Contrary to other TM ions,
Re** shows an efficient APTE (ETU) process because
selection rules on spin are relaxed by a larger spin—
orbit coupling. The main difference with Mo3" can
be traced back to the larger oscillator strength for
the *A,(T'g) to 2T, (T's) by a factor 10?2 with respect to
‘A, to 2TPE in Mo®". The upconversion energy
transfer involved being (?E/?T1(T's), 2E/?T1(I's)) gives
(*Ax(Tg), 2T2(Ts)). Thus, excitation into ?Ty(I's) at about
1.1 um (Nd:LiYF,4 laser at 1.047 um) provides a red
emission at about 725 nm.

In a solution-grown Cs,GeFs:(2%)Re*t crystal,'®
the upconversion luminescence decreases down to 2%
when temperature is increased from 15 to 300 K. This
is explained only partially by the larger maximum
phonon energy, 600 versus 350 cm~? in chlorides and
220 cm~t in bromides, which increases nonradiative
transitions, and mainly by a decreasing absorption
cross section at the laser excitation wavelength.
Upconversion is here also mainly an APTE (ETU)
process as shown by the time transient measure-
ments.

4.2.6. Os** (5d%) lon

This 5d TM ion has been found to have also the
right sequence of levels to show upconversion, see
Figure 12. An APTE (ETU) effect is observed in Cs,-
ZrCls:0s*(1%)185:18” below 80 K; in Cs,ZrBrs:Os*t two
ESA processes lead to upconversion;8” and in Cs,-
GeFe:0s*t, no upconversion is detected.'®” Such dif-
ferences are traced back, in the fluoride host, to the
strong nonradiative decay from the 'A;(I';) state,
which would emit the visible light at about twice the
excitation energy. In the bromide's® and chloride®®
the level sequences allow both resonant and out of
resonance ground-state absorption, which contribute
to APTE (ETU), ESA, and avalanche upconversion
(see section 4).

In the double-doped Cs;NaYClg:0s*", Erd*,1%0 up-
conversion is observed under a scheme similar to the
pioneer work" involving a TM ion for absorption and
a lanthanide for emission. The green emission from
4S3(Er®") has been found to be both of the APTE
(ETU) and ESA types (though called cooperative)
with some back-transfer from Er®* to Os**.

4.3. APTE (ETU) for Display and IR Detection
Applications

In display technology the light-emitting material
is always in powder form, traditionally called a
phosphor. Because of various inclinations of the
crystallite external surfaces reducing total internal
reflection, more light output is extracted in a wider
view angle from crystallites than from the equivalent
single crystal. The upconversion phosphor field has
recently been reinvestigated'®*~1% for the now well-
known two-photon and three-photon phosphors based,
respectively, on Er—Yb and Tm—Yb codoped materi-
als. Beyond the older light-emitting incoherent
sources,? the renewed interest stems from potential
applications ranging from simple handheld devices
used to find IR laser heams'%~1% to visible enhanced
detection of IR emissions, X-rays reusable memory
plates,'* and 3-D display technologies.?®



Upconversion and Anti-Stokes Processes

Y3t T "

164

3F;
\LLl 3F,
04Tk | AN~ Emission
Transforts 3He

Excitation H“
*Ha

AN
AN

LRz

NN
0,36 p

2Ff *He

Figure 13. Three-photon APTE upconversion energy
scheme in Yb3*—Tm?3* couples.

In particular, with now available tunable lasers
and fiber beam homogenizers, the various efficiencies
have been recently revisited in Krupke's group®®!
with more refined experiments than pioneering
ones.158:201202 Regylts essentially confirm the previ-
ously measured efficiencies below saturation; nor-
malized efficiencies of 1072 and 2 x 10 *cm?/W, for
two photons, have been obtained, respectively, for the
fluoride hosts NaYF, and Na,Y3Fi;, instead of 1073
cm?/W as shown in Figure 3 and in Table 1 for YFa.
In the case of the Yb—Tm couple, the initial energy
level diagram depicting the involved processes, as
shown in Figure 13, is confirmed!®! against the
cooperative sensitization scheme*® of Figure 3. In
NaYF,, efficiency as high as 2% is reached under
pump excitation of 6 W/cm? at 960 nm, though a
saturation density of 4 W/cm? is estimated for the
first intermediate step (*Hg). In the Yb—ETr case, the
saturation is found at about 100 W/cm? for fluoride
hosts NaYF, and Na,Y3F;1;1° observed saturation is
explained by an excitation trapping into the long
lifetime 113, state. These more recently obtained
results actually confirm the theoretical prediction’31%°
that fluorides should be the ideal hosts for green and
blue emissions with the Yb—Er and Yb—Tm couples,
see Figure 14.

In this respect, Quimby et al. studied heavy-metal
fluoride glasses?®® and Auzel et al.%! proposed and
studied particularly efficient composite APTE (ETU)
upconversion materials in which the RE ions were
substituted into a crystalline matrix (PbF,) itself
embedded into an oxygen-based glass material. By
such means, the multiphonon processes were opti-
mized in the fluoride crystals whereas the overall
sample was obtained through classical oxygen glass
techniques. Silver nanometric particles have been
shown to couple to lanthanide in glasses,?** and such
coupling has been used in Er—Yb-doped vitroceram-
ics as a way to study this coupling inside a scattering
medium.?% As expected, it shows a quenching of the
APTE process. The vitroceramic pioneering work has
recently been extended to transparent glass ceramics
by Ohwaki’s group.?° Transparency was obtained by
reducing the crystallite (Pbo05CdoosF2) size down to
about 20 nm.

The same group also recently investigated Er3*-
doped BaCl, and ErXs; (X = Br, 1)?°7 polycrystalline
phosphors for 1.5 um detection cards,'*® which follow
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Figure 15. APTE scheme for 1.3 um to visible upconver-
sion in Dy3 —Er3"-doped BaCL,. (Reprinted with permis-
sion from ref 208. Copyright 1994 American Physical
Society.)

the upconversion processes described in Figure 5b.
More recently, they demonstrated?®® a 1.3 um to
visible detection in a Dy**—Er3* codoped BacCl,
phosphor. The involved APTE (ETU) scheme is given
in Figure 15. As can be seen, Dy3" is the sensitizer
while Er3* is the activator. It should be noted that
some back transfer from Er to Dy is taking place and
will be a basic limitation as it has been known for
years that Dy®" is a quencher for the Er®* emissions.?

Besides equal energy photon summation as just
seen, different energy photons may be summed up
by APTE (ETU), so producing an effective IRQC with
visible-enhanced IR detection.?®® Again, with the Yb—
Er couple, embedded in vitroceramics of general
composition, PbF,—GeO,—YbF;—ErF;, an IRQC has
been obtained for 1.5 um, using an additive pump flux
at 0.96 um. Final detection at 0.66 um is obtained by
summation as shown in Figure 16a. The experimen-
tal test scheme is presented in Figure 16b; the pump
flux is produced by an IR GaAs:Si light-emitting
diode (Mullard GAL-10); the signal is produced by a
filtered tungsten lamp; a GaAs photocathode photo-
multiplier provides the final detection at 0.66 um. A
noise equivalent power of 107 WHz~%2 has been
obtained for 3 mW of pumping at 0.96 um and useful
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concentration of 10%(Yb3*) and 5%(Er3*). As always
in APTE (ETU) effects, it can be noted that the
sensitizer concentration is larger than the activator
one, as predicted by eq 22. Of course, if instead of a
photomultiplier the detection is made through an
electronic image intensifier, an imaging IRQC can be
obtained for IR visualization purposes. This approach
has recently been systematically considered in
Smirnov's group?® in order to make an IR image
converter at wavelengths beyond the usual S1 or
GaAS photocathode limits. Here, IR(1.5—1.6 um) to
-IR(0.8—0.9 um) upconversion phosphors have been
developed with the addition of microchannel image
intensifiers. On the basis of Yqg5Er01502S phosphors
and an image intensifier with a GaAs photocathode,
an IR sensitivity of 107* W/cm? is anticipated for an
image converter screen illuminance of 0.1 cd/m?2.211

In another direction, reusable X-ray memory detec-
tion plates have been made from screens based on
the same type of vitroceramics as mentioned above.
X-rays are then the source of defect centers, which
reduce the Yb lifetime, which in turn reduces the
APTE upconversion efficiency. After an X-ray ir-
radiation through the object to be investigated, the
X-ray latent image is revealed in the visible spectrum
by an IR irradiation at 0.96 um, the Yb3" excitation
wavelength. The sensitivity is increased with the
higher order upconversion processes. An image so
produced in the blue spectrum is shown in Figure
17 for a three-photon APTE (ETU) process in a Yb—
Tm-doped vitroceramic screen revealed under IR
after a 90 KV, 5 mA, 1 min 45 s X-ray irradiation.%°
The screen may be reused after a heating procedure,
which bleaches the defect centers.

The inherent nonlinearity of the APTE (ETU)
process had been considered as an incoherent optical
amplifier since the first days of APTE.” Its principle,
given in Figure 18, is based on a two-beam scheme;
one of them, the pump beam, is at broad band and

Auzel

Figure 17. Latent X-ray image of a tooth in a Yb—Tm-
doped vitroceramic, revealed by the blue emission under
an IR irradiation at 960 nm.
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Figure 18. Incoherent amplifier scheme with an APTE
sample.

CW,; it fixes the bias point of the sample. The other
beam (narrow band and modulated) is the signal
beam which is tuned through the excitation band to
be investigated. Practical gain of a few factors of 10
can be so obtained. This procedure has been ef-
fectively used to obtain the excitation spectra for
upconversion both in 4f systems” and 5f systems (U**
in ThBr, and ThCly),*! in the absence, at the time,
of synchronous electronic amplifiers.

The first proposed use of APTE (ETU) phosphors
has been the handheld laser mode visualization
screen'®® since then proposed again for visualization
of both 0.96 and 1.5 um spectral regions.1%7:1%8

In ending this section, it may be useful from an
applied point of view to summarize in Table 1 the
various values for measured normalized efficiencies
as they have appeared in the literature. As it may
have been noticed, such values are rarely given but
are important in showing the relative practical inter-
est of the various proposed upconversion schemes.

4.4. General Negative Roles Brought up by
Undesired APTE (ETU) Effects

APTE (ETU) being an anti-Stokes process does
induce reabsorption from excited states. Because it
is so efficient when concentration and excitation
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Figure 19. (a) Energy scheme for cluster quenching in
an Er-doped amplifier. Reprinted with permission from ref
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density are high, it is sometimes an undesired
pervading effect. Historically this effect takes its roots
in a study on reabsorption from a population-inverted
state in Yb—Er laser glass studies:?* all visible light
is obtained by upconversion at the expense of the 1.5
um laser transition. In high-concentration Nd3* laser
materials, the so-called stoichiometric lasers, APTE
effect may induce reabsorption.’® Because upcon-
verted energy feeds nonradiative states, this is a
direct loss for the laser output. In NdPsO;4 such an
effect begins when population inversion reaches 10%,
whereas in YAG:Nd®** where the concentration of RE
ions is much lower, it cannot be seen even at high
pumping levels.?'2

This type of APTE effect is also just the process
that has been advocated to take place within Er3*
clusters and which limits the gain in optical fiber
amplifiers,”%93%4 providing the so-called nonsaturable
ground-state absorption (see section 3.1 above). Its
involved energy scheme is given in Figure 19a.

Ina CW 2.7 um Er3" laser, it had first been thought
that APTE had the positive effect of emptying the
final “113, laser state, avoiding a self-terminating or
self-saturation behavior?*? due to the long lifetime of
this final laser state.?* An investigation of the
various upconverted emission in LiYF4:Er during the
laser action at 2.7 um brought some proof that APTE
(ETU) was in fact emptying the laser emitting level
411152, thus being a drawback rather than an advan-
tage.’®® Thus, the laser CW action was essentially
linked with a direct reabsorption from “*l3, of the
pumping laser toward higher states.

Another important field in the phosphor domain
is the availability of a high-intensity projection
cathode-ray tube, which is presently universally used
for large-screen television displays. At high excita-
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tion, density saturation appears that has been par-
tially attributed to APTE (ETU) for higher doping
concentration;?'>216 the clear analogy with the cluster
role in Er-doped amplifiers is shown in Figure 19b.
It has been the explanation for Zn,SiO4:Mn, Y,0,S:
Eu, and YAG:Tb. Furthermore, in electrolumines-
cence phosphors such as ZnS:Mn, upconversion has
been proposed to explain saturation.?’

4.5. APTE (ETU) and ESA Pumped Lasers

Very early, APTE (ETU) effect has been demon-
strated to be a new way for laser pumping. For
example, in Ba(Y,Yb);Fs:Er and Ho, even with IR
flash pumping,?'® respective pulsed emissions have
been obtained at 0.67 and 0.55 um as shown in Figure
20 in a three-level laser configuration at room tem-
perature. The availability now of powerful CW IR
laser diodes has rejuvenated this field. Because
powerful blue laser diodes are still lacking for Stokes
laser pumping, there are still many openings for
APTE (ETU) anti-Stokes pumping.

By using the first two steps described in Figure 21,
APTE (ETU) has been used to excite the #l11, of Er
in CaF; to obtain a pulsed laser at 2.8 um between
that level and #113,.2%° Shortly afterward and for the
first time, a CW upconversion laser in the green for
the 4Sz,—*115, transition of Er at 0.551 um has been
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obtained in LiYF, under laser diode pumping at 0.791
um at 40 K;??° this was followed by obtaining the
laser blue emission at 0.470 um with a 10 mW
threshold under the same conditions.??

Upconversion, attributed to the ESA type, has even
provided violet emission at 0.380 um in LaF3:Nd3*
by summing an IR and a yellow laser pump or two
yellow dye laser pumps,??> however, only at low
temperature (at 90 K). Low temperature has been a
general drawback for CW upconversion lasers. In
solids, a three-level scheme at room temperature
generally becomes a quasi-four-level scheme at lower
temperature. This explains why the first upconver-
sion lasers were working in a pulsed mode at room
temperature and continuous operation could only be
obtained at lower temperature. This drawback has
recently been overcome by using glass fibers or/and
higher density laser pumping, so providing ground-
state quasi-saturation. In particular, the versatile
tunable Ti—sapphire laser has helped a lot in this
matter.

In recent years, Huber’s group in Hamburg has
obtained many new upconversion laser results. After
an initial pulsed laser operation in KYF4:Er at 0.551
um at room temperature,??® the CW functioning has
been reached,??* in both cases with an attributed ESA
upconversion pumping by a Ti—sapphire laser; for
CW operation, the laser threshold has, however, the
large value of 2.2—2.4 W. On the other hand, a very
efficient CW laser effect has recently been achieved
in a 3 mm long single crystal of LiYF4:Yb(3%)—Er-
(1%); the pumping at 0.966 um at a level of 1.6 W
was provided by a Ti—sapphire. An upconversion
laser threshold of 418 mW was obtained, and the
nature of the pumping was proved to be of the APTE
type both by the laser excitation spectrum analysis
replicating the Yb absorption spectrum and by a
nonlinear narrowing as described in section 3.2. The
laser useful output at 0.551 um is 40 mW with 5%
output coupling.??®

Research on upconversion-pumped laser materials
continues to be active, and groups of laboratories
have considered GdAIO;, LiGd(Mo00O,),, Y3Sc,Gaz01y,
and GdsGasOs,, doped with Yb, Tm, not in the usual
scheme with Yb pumping, but with Tm excitation by
the 3Hg to 3H, absorption with forth and back transfer
with Yb.'® The conclusion is that for G, (Tm?3")
emission at 480 nm, the Y;Sc,GazO1, host would be
better than the LiYF, one.

Because of their inherent small core diameter,
glass fibers easily allow one to obtain high pumping
density over long lengths. Such high densities over
long lengths cannot be provided by any lens focusing
system. Ground-state depletion of any doped fiber can
be easily reached with less than 100 mW pumping.??’
In particular, fluoride fibers favor anti-Stokes lasers
for three reasons:

(i) the existence of long-lived metastable states

linked with the low-energy phonons of the fluoride
matrix;

(i) ground-state saturation allowing a CW laser
functioning even in a three-level laser energy scheme;
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Figure 22. Energy scheme for the first visible CW
upconversion Ho-doped fiber laser. (Reprinted with permis-
sion from ref 230. Copyright 1991 Institute of Electrical
and Electronic Engineers.)

(iii) the advantage of a nonlinear pumping linked
again with the optical confinement of the fiber
medium.

Since the first demonstration in 1986228 of the
feasibility of CW room-temperature three-level lasers
in the Er3*-doped glass fibers, one could think that
an upconversion-pumped three-level scheme could
also be used in CW operation at room temperature
for Er®t emission at 540 nm.*32 After preliminary
results, obtained first at 77 K with Tm3"-doped
fluorozirconate fiber, lasing at 455 and 480 nm,??° the
very first CW, room-temperature upconversion laser
was demonstrated at CNET by Allain et al.?%° in a
three-level scheme of the Ho®**-doped fluoride fiber
laser (Figure 22). Because of the weak Ho®" concen-
tration (1200 ppm), it was believed that within the
single-ion level system ESA was taking place. How-
ever, since clustering with subsequent APTE (ETU)
effect may sometimes occur at much lower concentra-
tion (70 ppm in ref 71), some doubt is cast about the
effective pumping process, as in many of the subse-
quent upconversion-pumped fiber lasers.

Er3*-doped glass fibers have also shown CW room-
temperature three-level laser emission at 540 nm
when pumped at 801 nm.?3! Because the pumping
wavelength is in the diode laser range, there was
some hope that a compact fiber laser could be
obtained.

Besides these two-photon upconversion-pumped
lasers, a three-photon pumped one has been demon-
strated in a Tm3*-doped ZBLAN fiber:22 pumping at
1.12 um, a room-temperature CW laser emitting at
480 nm, with a differential efficiency of 18%, has been
obtained with the rather low threshold of 30 mW.

Prit-doped fluoride fibers, because of their low
phonon energy with respect to Pr3t-emitting level
energy differences, have allowed CW room-temper-
ature anti-Stokes lasers at blue, green, and red
wavelengths in a single fiber.?®3 More detailed results
on such upconversion laser recent evolution may be
found in ref 234.

However, before closing this section, it is worth
mentioning the possibility of upconversion laser with
multiphonon pumping in the electronic rare-earth ion
sideband transitions mentioned in section 3. It pre-
sents the advantage of the self-adaptation of the ESA
absorption to a single pump wavelength. Upconver-
sion pumping is successful through multiphonon
sideband pumping with energy mismatches as large
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as 1000 cm™2. This is the case for the Tm3* fluoride
fiber laser pumped at 1.06 um in a three-photon ESA
process and lasing at 1.47 um.?%® This provides an
efficient four-level scheme laser that allows CW
oscillation with a differential efficiency of 27% at
room temperature. On the other hand, this opens the
door to long (kilometer) distributed amplifiers where
the losses per unit length would be compensated at
each point by the gain; the transmission line would
then be turned into a lossless line.

Multiphonon pumping is also one of the processes
involved in the avalanche upconversion process de-
scribed in the next section.

5. Cross-Relaxation and the Photon Avalanche
Effect

The most recently discovered upconversion process
is the photon avalanche effect.* Since it has not been
considered in the review of 1973,2 more detailed
attention will be paid to it here.

While looking for two-step absorption (ESA) in
Pr3*-doped LaCl; and LaBr; at low temperature (<40
K) as a means to detect an IR photon by its energy
summation with a more energetic photon (IRQC) so
performing excited-state absorption (ESA), it was
found that the higher energy photon alone could, in
the same time, give rise to upconversion and reduce
the transmission of the sample above a given inten-
sity threshold;** see Figure 23. The effect was at-
tributed to an increase of population of an excited
state resulting from a cross-relaxation process. The
starting process was initially not completely deter-
mined. In the Pr3* case, the 3Hs 3P; absorption is
initially very weak at low temperature because 3Hs
is about 2000 cm~* above the ground state (see Figure
24); however, above about 1 mW of excitation, this
transition is increased; the cross-relaxation process
(®Hs, %H4) (®Hs, °Hs) increases the *Hs population
which in turn reduces the transparency of the sample
at the (°®P1—%Hs) energy. Since the more the (°P1—
3Hs) energy is absorbed the more the Hs population
is increased, the process was termed photon ava-
lanche.!* It is clearly a way to increase ESA in a
sample.

Afterward, similar effects have been observed in
Sm3*-, Nd®*-, Ni?*-, and Tm3*-doped halide crys-
tals.?36-2%9 Recently the photon avalanche effect has
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emission terms.

been obtained at room temperature for the Er3* ion
in a ZBLAN glass both in bulk and in fiber form?240-243
and in a LiYF, crystal.?#

The photon avalanche process is characterized by
three distinct nonlinear behaviors:

(i) transmission, (ii) emission, and (iii) rise time on
the pump power intensity with generally the exist-
ence of a critical pump threshold.

Particularly long rise times, from seconds to min-
utes,?*4245 have been observed.

At this point it is worth discussing the notion of
threshold for avalanche. Because of the complexity
of the phenomenon, it has been usually modeled by
a simplified three-level system.246-248

5.1. Avalanche Process as a Positive Feedback
System?#

Using the three-level simplified model of ref 246
or 247 and adding to the initial ground-state absorp-
tion (01® = R;) an auxiliary direct feeding into the
metastable state (0o®ir) we may write the following
set of equations (see Figure 25 for explanation of
symbols which except for the trigger oo®r are the
same as in ref 246).

Being interested in the steady-state initial step of
avalanche, we assume

. dn; dn, dn;
Og =gt~ at  °

@i)n,=1-n,—ny~1
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Figure 26. (a) Positive feedback model for avalanche. (b)
Gain behavior of the model versus R;; positive feedback
condition is b > CWS3; the asymptote Ry corresponds to the
avalanche threshold.

Then the rate equations are simplified to

0=(1—-bW;n; —W,n,+2Cn; + R, +
0o®@r — RyN, (28)

with C being the cross-relaxation parameter and b
the branching ratio, the following relationships exist
between the transition probabilities

(1 = D)W; = W3y, bW5 = Wyy; W3 = W3, + Wy
Equation 29 can be written as

R,

Nay,+c- M (30)

Considering amplitude and using the symbolic rep-
resentation for feedback systems, eq 30 gives block
A of Figure 26a.

In the same way, eq 27 is written

Ry +0y®r  C— bW,
B W2 WZ

n; N3 (31)

which can be symbolized in Figure 26a by block
and an adder with input source

(Ry + 0g® )W,

Combining egs 31 and 30 gives the classical feedback
systems scheme of Figure 26a.

Such a system is known to be unstable for A = 1.
One can define a gain of the closed loop feedback
system, G, by the ratio between the green output to
a pump related input signal (R;) plus an eventual
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Figure 27. Third-level normalized population, R = ns-
(B.R2)IN3(B = 1,R2 = Ry), versus pumping term (R,) with 3
as a parameter. (Reprinted with permission from ref 248.
Copyright 1995 Elsevier.)

external trigger (®r)
ns

G=
(Ry + 09®R)/W,

(32)

It is well-known that in terms of the A and f of
Figure 26a, one has

_ A
G= 1-A3 AB (33)
The stability condition is then written as
R, C—DbW, 1 34
<

Its limit is just the threshold condition given by
Joubert et al.?* obtained here in a simplified way as

 W,(W; + C)

RZC C — bW3 (35)
with C > bWj; for a positive feedback.

The behavior of our feedback system below thresh-
old can be described by the behavior of G(R,), Figure
26b.

The feedback black box approach has also been
considered in studying the dynamics of the above
three-level system.?*° It is based on the fact that the
general feedback linear theory may solve algebra-
ically time variable differential equation systems by
using the Laplace transform of the time-dependent
functions.

5.2. Conditions in Order To Observe an
Avalanche Threshold?#.2%0

Neglecting the first nonresonant absorption step
(R,) and taking into account only the second resonant
absorption step (R;) when calculating the population
of the third level (n3) versus R, (the pumping excita-
tion) leads to a well-defined nonlinearity in n; for the
asymptotic curve (R1/R, = 0), as shown in Figure 27.

When the first step (R;) is explicitly taken into
account,?*® the threshold nonlinearity is progressively
smoothed out while increasing the ratio R;/R, as
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shown in Figure 24. This corresponds to a progres-
sively more resonant first step. As shown by Goldner
and Pellé,>*8 practically a clear avalanche threshold
can be expected only for Ri/R, < 10~

Some of the features of the avalanche effect have
been observed at room temperature in Tm3":YAIO32%°
and in Pr3* in silica glass fibers.?! The lack of a clear
threshold in these two systems can certainly be
related to the above prediction.

The region in Figure 24, where 107 < Ry/R; < 1,
corresponds to cases for which the losses in the
feedback loop may exceed the loop gain for R, values
below Ryc, so that after a number of loopings of the
excited population between level 3 and the meta-
stable level 2, the system would neither diverge nor
maintain nz independently of R;. Such cases have
been called a looping mechanism.?>? We believe that
some of the reported cases of quasi-zero threshold
avalanche cases in the literature®'2>3 pelong to large
1078 < Ry/R; < 1 cases for which, as shown in Figure
24, it is very difficult to distinguish between ava-
lanche and sequential two-photon absorption (ESA)
which occurs strictly for § = 1. Sometimes such cases
have been termed quasi-avalanche.?*® This interme-
diate behavior has been well studied in YAIO3:Er3*
under 790—810 nm excitation.?®* The three kinds of
upconversion, ESA, APTE(ETU), and quasi-ava-
lanche, are simultaneously found to exist according
to the precise excitation wavelength. For a 796 nm
excitation, the blue-green upconversion is attributed
for 23% to ESA and for 77% to the looping effect
(quasi-avalanche).

Erdt, with (Ri/Ry) = 107%, has shown at room
temperature all three characteristic features of ava-
lanche when doping a LiYF, crystal or a ZBLAN
fluoride glass both in bulk and in a fiber shape (see
sections 5.3 and 5.4); even a long delay of several
seconds to a minute was observed.?*2=2* For com-
parison, the following values for the critical param-
eter (5 = R1/R,) have been found for Nd*"—LiYF,, (R./
R2) =1.7 x 10~ for avalanche at T = 40 K;?37246 for
Tm3+—H03+—Gdea5012, (R1/R2) = 3.6 x 102 for the
two-ion looping process;?*® for a Tm3*—BIGazZYTZr
glass, (Ri/R;) = 1.2 x 1072256 for what was claimed
to be avalanche at 100 K.?7 In this last case since
the delay reaches only 16 times the metastable state
lifetime (W, 1), it looks more like a looping process
case. In Er®*, as can be seen from sections 5.3 and
5.4, the avalanche delay reaches 6 x 102 to 10* times
W1, respectively, for Er-doped fluoride glass and
crystal.

For Tm3* ions, in divalent fluorides, SrF,, CaF,
BaF,, and CdF,, avalanche has been studied?® in a
red to blue upconversion scheme. Avalanche is char-
acterized by the slow build-up of the signal and the
spatial spreading. In Y,SiOs:Tm?3",25% avalanche, as
shown by a kick in the output slope, n, for 100 mW
excitation, is believed to explain G, emission, whereas
upconversion from D, is attributed to ESA and
APTE (ETU).

In a ZBLAN glass, doped either with (0.1—5%)Ho3*"
alone or with Ho®" and (3%)Tm3",260 clear avalanche
threshold is obtained at about 140 W/cm? of 585 nm
laser excitation for the codoped sample, at both 77
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Figure 28. Energy scheme of Er3*, and principal mech-
anisms responsible for photon avalanche cycles under
excitation at 579 and 690 nm.

and 300 K. Establishing times, which are the signa-
tures for avalanche, are, respectively, 250 and 30 ms.
Upconverted emission from Ho3' is at 545 nm from
5S.PF4. The nonresonant first step is in a mul-
tiphonon sideband and for the second resonant step
in static pair levels induced on Ho®" by Tm3* as
reveled by the excitation spectrum.

As for other types of upconversion, the advent of
research with d ion-doped crystal has shown that
avalanche could also be obtained with such ions. Csz-
ZrBrg:Os* 187,188, 261 has shown clear signs of an
avalanche process: slowing of the upconversion
establishment from a few milliseconds up to 1.5 s at
a threshold of 3.8 mW and nonlinearity (higher slope)
in the slope 2 line of the two-photon upconversion
process when excited aside the resonant ground-state
absorption. From the information given, one can
estimate the R1/R; ratio to be in that case 5 x 1072,
This is weak in principle to show a marked threshold,
yet one can compute that the number of feedback
loops is about 1.2/1.6 x 1073 = 750, which is as large
as in an Er-doped ZNLAN glass (see above). In Cs;-
ZrClg:(1%)O0s**,18 signs of avalanche with a weak
threshold of 2.6 mW have also been found from 15 to
50 K. The fitted Ry/R; ratio is given to be 3.3 x 1073,
which also is weak for a marked threshold. Here the
number of looping cycles is only about 0.5/20 x 1073
= 25. This is a quasi-avalanche or looping effect.

5.3. Er**—LiYF, as an Avalanche Model
Experiment

In the case of Erd*, the first step for photon
avalanche has been clearly identified and attributed
to anti-Stokes multiphonon sideband absorption240.241
(see Figure 28). Calculating the Ri/R; ratio from
mutiphonon absorption allows one to estimate a
value of 5 x 1076,243244 a5 shown in Figure 29, which
displays the multiphonon sideband absorption in the
avalanche excitation region. As observed, this ex-
perimental situation provides a marked threshold
behavior in the erbium case.?4°

The simple theory of section 5.1 has been verified
by experimentally measuring G(Rz). This was done
using the following method (see the experimental
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Figure 31. Experimental G(R;) for three temperatures:
30, 220, and 163 K; residual signal near R, = 0 comes from

direct upconversion under 0.94 um excitation.

setup in Figure 30): having obtained a given green
output for a pump R, with &gk = 0, R, is reduced
while increasing @ in order to maintain a constant
green output. @z is an infrared signal at 0.94 um in
resonance with the metastable state 2 (here *l115)
absorbing with a cross-section oo.

Each point is obtained after waiting for a steady
state. Because of the large ratio for oo/o;, this
experiment provides a good description of G(Ry), as
shown by the results in Figure 31 for three temper-
atures. One can define an R,c asymptote only at 300
and 220 K, respectively, 120 and 240 mw. At 163 K
one cannot reach an asymptote (threshold) in that
experiment at the maximum available power of 250
mw. Thus, the effect of lowering temperature is
essentially to increase Rac.

The part in Ryc which is most sensitive to temper-
ature is C because it is related to the phonon energy
of only 100 cm™1, whereas W, and W3 are related to

Auzel

phonons covering the energy gap below levels 3 and
2, that is energies >2000 cm~'. However, this re-
quires C to be of the same order as W3 or bWs;
otherwise, as long as C > W3, bWjs, one has Ryc = W»
and its temperature dependence is just the same as
Wo.

Comparing the theoretical threshold as given by
eq 35 with experimental conditions, one can verify
the simple feedback model.

Assuming level 1 to be #1155, level 2 to be *114,,, and
level 3 to be the aggregation of levels between 2Gg),
and 4Sz, with the emission properties of %Sz, (see
Figure 28) and taking the room-temperature data
given by ref 256 and 257, the following parameters
are found: W3 =2500s"%;b=0.5;C=0.5 x 108s71;
W, = 140 s7!, because corresponding oscillator
strengths are about equal (0.4 x 1075),%62 one can also
assume oz = gg = 4 x 1072t cm?2,

Using reduced population units (pure number), it
becomes Roc = 140(2500 + 510%)/(510° — 1250) = 141
s~ = W, (at room temperature) from which it can be
estimated

@y reshong = 14114 x 1072 = 3.5 x 10%s™ cm ™2

At 0.578 um it gives, for a 50 um diameter spot, a
threshold power of Py, = 222 mW; this value is of
the same order as threshold values observed for 0.578
um pumping.

G(R2) shows (Figure 26b) that the Er®*-doped solid
constitutes a marginally stable positive feedback
system: even below the Ryc asymptote, it is known
from feedback theory that a strong input signal can
drive a system that is otherwise stable into its
instability state (existence of a gain stability margin).

To experimentally verify this behavior, a pulsed
trigger of amplitude oo®r/W; is added to the input
signal R./W, given by the pump; the experimental
setup is again the same as that presented in Figure
30.

The results at room temperature are given in
Figure 32a—c. In the absence of a trigger, with Pp =
114 mW at 578 nm incident on sample, the threshold
is reached after a very long time (>50 s) (Figure 32a).
With the same pump intensity (Pp = 114 mW) and
with a short trigger of 0.6 s, the avalanche state is
obtained quickly and maintained after trigger extinc-
tion (Figure 32b). With the same trigger but with a
reduced pump (Pp = 99 mW), the avalanche state
cannot be reached. This behavior, as depicted in
Figure 32a—c, is obtained down to 180 K.

Below 180 K, the observed threshold increases as
shown in Figure 31. However, due to the temperature
scan cycles relatively short time constant (3 s/K from
10 to 50 K, then 21 s/K from 50 to 150 K), it is not
sure whether or not the threshold could be reached
for an avalanche delay time >50s.

From this experiment, it is understood that mea-
suring an avalanche threshold depends on the time
one is ready to wait before its observation. This time
depends not only on the excited-state pumping but
also on the ground-state absorption conditions. In any
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Figure 32. Avalanche behavior just below threshold
without (a) and with (b) a trigger feeding the metastable
state and (c) much below threshold.

case, below 180 K, being then limited by the pump
laser at a much lower power than the threshold, the
result of Figure 32c is obtained. This triggering effect
constitutes an optical analogue of a thyratron provid-
ing an intrinsic material-based optical bistability.

The time delay behavior of the avalanche process
has been studied theoretically quite recently within
the general model of Landau for phase transition.>®
The time delay at threshold, in fact a critical slowing
time, t;, proved itself to be the most sensitive experi-
mental data when looping or avalanche takes place.
It has been shown to be given by?56:263

t, = Kyo,lo; (36)

where K depends on other spectroscopic parameters.
Equation 36 is rather well verified in the above
experiments for which avalanche delay times have
been determined for two different excitation wave-
lengths of known multiphonon anti-Stokes cross
sections: at A = 688 nm, with o; = 10724 cm?, delay
is found to be 0.4 s; whereas at 4 = 579 nm, with o;
=2 x 10726 cm?, the observed delay is 4 s. Assuming
for o, the same value in both cases of excitation, the
ratio of the delays is 0.1, which is in agreement with
the value of 0.14 as given by eq 36.
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Figure 33. Upconversion emission at 550 nm showing the
existence of the avalanche threshold in a ZBLAN:Er3+ fiber
observed from its extremity.
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Figure 34. Time delay for the avalanche establishment

versus incident pump power at 579 nm in a ZBLAN:Er3*
fiber.

Above the threshold, the delay for avalanche has
been given by ref 264 as

t, = kW, (/D — 1) (37)

with k = W3 /(1 + b)(2C + W3) and where @, = R./2
is the pumping flux at threshold and @ the effective
pumping flux.

5.4. Photon Avalanche in Er**—Fluoride Glasses
in Fiber and Bulk Shape

Recently, the photon avalanche effect has been
observed at room temperature in a Pré*-doped silica
fiber?5! and in an Er®*-doped fluoride glass fiber.?41:243
In the first case, only a nonlinearity of the transmis-
sion is observed and not the upconversion emission
threshold. It was believed that the threshold was so
low that it could not be observed.We think that this
is explained by the too large nonresonant to resonant
absorption ratio as mentioned in section 5.2. On the
other hand, in the second case, clear thresholds at 5
and 4 mW of incident power at, respectively, 579 and
690 nm?* are observed because in these last two
cases the first step is a weak anti-Stokes multiphonon
absorption giving again a Ry/R; ratio of about 107,
much below the critical value of 1074. The involved
energy scheme for both excitations is essentially the
same as that in Figure 28; it shows both pumping
routes and the two types of involved cross-relax-
ations. In Figure 33, the typical threshold behavior
for the avalanche upconversion emission is presented.
The long delay behavior is displayed in Figure 34,
showing, near threshold, the very long time (3.5 s),
widely in excess of any of the lifetimes of the
metastable states of erbium. The observed delay
follows rather well the behavior predicted by eq 37.

As for glass fibers, the same results can be obtained
in bulk samples.?*9241 Because the first absorption
step, being of a multiphonon nature, is featureless,
the excitation spectrum for avalanche directly pro-
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Excitation spectrum for avalanche at 549mm
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Figure 35. Excitation spectrum for the avalanche emis-
sion at 549 nm in a ZBLAN:Er®* glass showing the
spectrum for the #111,—2Gg, ESA transition.
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50 pm

Figure 36. Spatial domains observed along the fiber above
the photon avalanche threshold: (a) dot separation about
1 mm. (b) Microscope view of a 1 mm avalanche dot. The
scale is 100 um per division.

vides the ESA spectrum of the resonant second
absorption with a single excitation beam as shown
in Figure 35 for the *111,-2Gg; transition of Er3™; this
gives a new method?*? to reach ESA spectra otherwise
difficult to obtain without a double-beam excitation.

The main difference with a bulk sample is that in
the fluoride fiber case upconversion spatial domains
appear with periodic structures with periods ranging
from a few centimeters to millimeters themselves
containing substructures with a period of about 100
1m,?1243 a5 shown in Figure 36. This behavior has
been explained by the high contrast provided by the
avalanche effect; it then optically reveals the internal
electric field mode structure of the fiber wave-
guide.241:265

5.5. Avalanche in Codoped Systems

Up to this point, avalanche has been described
within a single type of ions. As far as energy transfers
in general are considered, the sensitizers and the
acceptors may be either of the same or of a different
nature. Thus, in the avalanche process, instead of
having two ions of the same nature participating in
the cross-relaxation step, as described to date, the
cross relaxation has also been considered between
two ions of a different type. This was the case of the
first study by Brenier et al. of the avalanche involving
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Figure 37. Energy scheme and mechanism for looping
effect in the Ho3*—Tm3" codoped system. (Reprinted with
permission from ref 255. Copyright 1994 Elsevier.)

Tm3T—Ho03".2% A complex process of cross-relaxation
within two Tm3* ions together with a back transfer
from Ho®*" to Tm3* has been proposed. The first
excitation step is out of resonance with the 3H¢—3H,
absorption of Tm3*; it is followed by a cross-relaxation
within two Tm3* ions; which populates the 3F4(Tm?3")
state, itself transferring its energy to the °1;(Ho®")
state from which the resonant second step of excita-
tion toward 5S,(Ho®") takes place. Then another
cross-relaxation (energy back-transfer) between Ho®"
and Tm?3* of the type 3Hg(Tm?3") + 5S,(Ho®") = 3Hy-
(Tm3%) + 317(Ho®") provides the feedback loop, see
Figure 37. However, the avalanche threshold is not
reached, and calculating the R,/R; ratio from the data
in ref 255, the critical parameter

f=6.16 x 10 %/1.73 x 10 *° = 3.6 x 102

is determined. This clearly confirms, what the au-
thors have found, that the behavior of this system is
in the looping region of Figure 27. The looping process
is different from avalanche in the sense that it has a
reversible character that real avalanche does not
have. In the case of the codoped Yb—Pr system, real
avalanche has been reached.?®® In this system, see
Figure 38, the first nonresonant excitation step is in
the Yb®* ion, which transfers to the metastable state
1G4(Pr3*) from which the resonant second step up to
3Po(Pr3*) takes place. The cross-relaxation step within
two Pr3* ions feeds the metastable state 1G4(Pré*) and
the back transfer to Yb®" again feeds the 1G4(Pr3")
metastable state. The ratio g from the nonresonant
to resonant pumping was estimated to be from 1076
to 1078266, well within the condition to observe a real
avalanche threshold.

In YalO3:(10%)Yh, (1%)Ho,%6” a green emission from
5S,(Ho) is obtained under 750 and 840 nm excitation.
Yb plays a role in the back transfer which helps to
populate the metastable state °lg (Ho). A slight
nonlinearity found in the output signal slope is an
indication of a looping mechanism.

The Ho—Tm codoped ZBLAN glass system?%° ob-
served in section 5.2 does not seem to enter into the
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Figure 38. Energy scheme and mechanisms for the
codoped Yb3"—Pr3*+ avalanche system: pumping at 0.85 um
into Yb3" sideband and in resonance by ESA into Pr3t;
cross-relaxation within Pr3*; Yb3*—Pr3* cross-relaxation;
Pr3*—Yb3* back-transfer. (Reprinted with permission from
ref 266. Copyright 2000 Elsevier.)

avalanche codoped category since the Tm ion does
not seem to play a role in the feedback loop but only
in the R, excitation term.

In analogy with the previous case, avalanche in
La;—«CexCl3:Nd3* 268 shows that for x > 0.1, Ce plays
a role in increasing the avalanche output signal. This
effect is attributed to the presence of undefined pair
states in clusters.

Other systems with codoping with 4f and 5f ions
have been investigated: In LaCl3:(1%)Pr3*, (0.1%)-
U3t 269 under a dye laser excitation between 615 and
617 nm, the blue emission from 3P, to 3H, in Pr3* is
observed at the very low level of 2 mW and is ascribed
to a double excitation: the first one from the ground
state in U3" and the second one between excited
states in Pré*; cross relaxation between U3+ and Pr3*
provides the population of the metastable level He-
(Pr3*) from which takes place the resonant ESA to
3Po(Pré*). However, because the matching is probably
too good between excitation and ground-state absorp-
tion, no real threshold is observed and a looping
mechanism is advocated to explain that the presence
of U3t increases the blue output of Pr3* by 3 orders
of magnitude.

5.6. Upconversion Laser with
Multiphonon-Assisted Pumping Scheme and
Photon Avalanche

Besides pumping in the electronic RE ions transi-
tions, we have also seen that upconversion laser
pumping could be attempted in multiphonon side-
bands with energy mismatch as large as 1000 cm ;2%
see section 4.5.

Of course, most of the avalanche-pumped lasers
also enter this category because of the required weak
first step absorption. It is worth mentioning the first
avalanche laser in LaClz:Pr3+.20 A CW emission in
a four-level scheme was obtained at 0.644 um through
an upconversion avalanche process under 0.677 um
pumping which corresponds to an ESA pumping for
the second step and probably to multiphonon absorp-
tion for the first step, as recently observed for
amplified spontaneous emission at 0.850 um in a
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ZBLAN:Er3* fiber in an avalanche-pumped regime.?’*
Powerful avalanche-pumped upconversion lasers have
been obtained in a CW regime, first at low temper-
ature (7 K) in YAIO:Er3*;272273 33 mW of output at
0.549 um has been reached with an optical efficiency
of 3.5%. Interestingly, the same crystal system may
provide laser under APTE (ETU) upconversion pump-
ing simply by tuning-in the first excitation step
(0.8069 um). The laser threshold is then lowered
(~100 mW) in comparison with the avalanche regime
(~380 mW at 0.7913 um); the output law is quadratic
versus pumping in the APTE (ETU) regime, while
for the avalanche regime it has a much higher power
law above threshold saturating toward a square law
at about 1 W of incident pump power. In the APTE
(ETU) regime, the laser output is 166 mW with an
optical conversion efficiency of 17%.

As already mentioned in section 4.5, fiber optical
confinement may allow one to obtain CW three-level
lasers even at room temperature. This has also been
the case for avalanche-pumped lasers. A high-power
upconversion laser has been demonstrated in a
ZBLAN:Pr,Yb double-clad fiber under avalanche
pumping.?’* The energy scheme and avalanche pro-
cesses, which are involved, are the ones described in
the previous subsection for the avalanche process
with Yb—Pr codoping.?%® Laser emission is from the
3Po—3F, transition of Pr3* at 0.635 um with a record
output of 1020 mW. The pumping is from two Ti—
sapphire lasers providing 5.51 W at 0.850 um. This
last wavelength, being detuned from the maximum
Yb3* absorption at 0.96 um but tuned with the 'G,—
¢ Pr3t absorption, provides the condition for the
avalanche regime of a weak 5 (10 to 10°8) as seen
above.

6. Perspectives and Future Advances

From the most recent studies and their respective
aims as described in the above sections and from
some emerging new research, one can try to derive
some future trends and perspectives to better under-
stand some of the observed features. In the following
they will be divided into the five main directions that
can be anticipated:

(i) upconversion pumped lasers;

(i) new materials for low-level IR visualization;

(iii) intrinsic material optical bistability;

(iv) hot emission and avalanche-like codoped sys-
tem; and

(v) biological applications.

6.1. Upconversion UV-Tunable Lasers

Because optically pumped lasers are originally
based on a Stokes pumping process, one basic prob-
lem is to obtain a high-density pumping source at a
shorter wavelength than their emitting wavelength.
With the tendency to go all solid state, there will be
a continuous race between the shortest wavelength
of the pumping semiconductor-based source and the
shortest solid-state laser-emitting wavelength.

Few years ago the anticipated pumping diode
emitted only in the near-IR; now that blue semicon-
ductor lasers have begun to appear, one can theoreti-
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cally anticipate that, sometimes, blue diodes could
pump visible solid-state lasers. However, because
powerful red semiconductor lasers do not exist yet
that could be used for solid-state laser pumping, one
can also anticipate that for many years to come no
UV CW semiconductor or even frequency-multiplied
semiconductor laser will not exist that will be power-
ful enough to usefully pump tunable a CW UV solid-
state laser.

Clearly, upconversion pumping of a tunable UV
solid-state laser has a role to play. So much the better
that presently available gas UV laser are not tunable.
Recent results give hints for that. As already shown
in section 4.5, UV emission has been obtained from
LaF3:Nd®*t at 380 nm through a somewhat compli-
cated anti-Stokes pumping scheme.??® On the other
hand, a very efficient tunable UV laser from LiLuF,:
Ce®*t has recently been obtained from 305 to 333 nm
under Stokes pumping provided by a frequency-
doubled copper vapor laser;?’® the slope efficiency was
51%. This particular result has to be connected to
other recent results?’® on upconversion and energy
transfers from Pr3* (4f—5d) to Ce 3*(5d) to see that a
tunable UV laser by anti-Stokes pumping can be
imagined. The recently issued collection of selected
papers on upconversion lasers?3? certainly comforts
this trend.

6.2. New Materials for Low-Intensity IR Imaging

As pointed out in section 4.3, an interesting point
of view is the IR—IR upconversion for low-intensity
IR viewing. Though it is basically the old IRQC
concept to upconvert IR out of the photocathode range
to the photocathode detection range (GaAs and S1,
from 760 to 1200 nm), little research has used the
more recent understanding of RE-doped materials for
this application. It has been recently proposed to use
low-phonon energy glasses such as chalcogenide
glasses (GeS,—GasS3) as 1500—1000 nm converters,
with most of the upconverted energy at the latter
wavelength.?”” Of course, other low-phonon energy
materials such as the stable CsCdBr; which is well-
known in this respect together with strong RE—RE
pair coupling could be designed for still farther IR
ranges.

6.3. Upconversion Material Intrinsic Bistability

This is certainly the most recent fundamental
subject in the upconversion field. A few years ago it
was found in Gudel's group?”®57 that the cooperative
luminescence (see section 3) of Yb®":Cs3Y,Bry and Csz-
Yb;Brg in the visible as well as the usual Stokes
emission in the IR clearly displayed an hysteresis
loop under variable excitation density and fixed
temperature between 11 and 31 K. Correlatively a
hysteresis loop was also observed when excitation
was kept constant and the temperature was varied
as shown in Figure 39. The physical explanation was
given in the framework of the optical coherent field
coupling between two ions in a solid that had been
theoretically proposed?7®28° by Heber. The problem
with this model is to what extent it can describe a
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RE-doped system physical reality. This can be ques-
tioned.

It has been recognized for a long time now that
optical bistability within a cavity could originate from
optical cooperative coupling between cavity modes
and the atomic system in a way similar to the optical
cooperative coupling between atomic systems giving
rise to superfluorescence.?®* However, superfluores-
cence in RE-doped systems is very difficult to observe
because it requires long dephasing times (T,) which
are impossible to obtain in a solid at high doping
concentration due to ion—ion and ion—phonon dephas-
ing. Observation of superfluorescence in LiYF4Er
requires both low T (<30 K) and very weak concen-
tration (<0.3%)%®? and a threshold of 842 W cm~2. The
rather high concentration used here in the Yb3*
experiment certainly imposes that the Rabi frequency
be less than the ion line width at the considered
excitation density of 800 W cm~2, which is also about
the threshold for the observed hysteresis loop.?’8 This
forbids any sizable coherent field coupling.

Interestingly, in the very first experiment on APTE
upconversion, thermal hysteresis loops were observed
at high temperature,?®® see Figure 40. Clearly, at
such high temperatures it has nothing to do with
coherent field coupling. Also, the bistability observed
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Figure 41. Yb3* simplified energy scheme according to
the simplified three-level energy scheme of Figure 25 for
avalanche with a thermal cross-relaxation process explain-
ing the thermal hysteresis loop of 285. The external
triggering term corresponds to the temperature variable
of the experiment.

in avalanche systems (see section 5.3) has been
described within the framework of population rate
equations. Then it appears more in accordance with
physical reality not to consider coherent field coupling
as the root of observed bistability. This is implicitly
recognized for Cs3Y2Brqo:Yb in a later paper?®* point-
ing out the analogy with avalanche bistability and
describing the effect through population rate equa-
tions. As the temperature changes, so do the overlap
integrals ruling the RE—RE energy transfers, which
provide the necessary nonlinear feedback effect.
Clearly, it can also be the only explanation for the
high-temperature (430 K) hysteresis loops that had
been initially observed in WO4NagsYbgs:2%Er.283
From this result and the fact that the hysteresis
behavior is produced at the Yb®t ion, it can be
predicted that all upconversion systems with Yb as
a sensitizer could show thermal hysteresis. For the
last 2 years, the thermal explanation has clearly been
retained as explained by Gamelin et al. 28 and said
to be due to the variable thermal absorption proper-
ties of Yb3". It is described as a thermal avalanche
with a thermal cross-relaxation in analogy with the
photon avalanche described above in section 5.1.
According to Figure 41, the equivalent of Ry, the weak
ground-state absorption, is a nonresonant absorption
between 2F, to ?Fs;,. The resonant absorption term
R, is from a Stark level of ?F;;, to a Stark level of
°Fs2; the cross-relaxation term, Cninz of Figure 25,
is produced by the heat released within the Stark
levels of 2Fsj, by the phonon emission, which in turn,
by absorption of phonons, populates a higher Stark
excited state of 2F,. This is the loop of this thermal
avalanche. An external thermal triggering term,
equivalent to oo®r of Figure 25, is provided by the
external temperature variable T of the experiment.

As seen in section 5.1, one can predict that the
threshold and the hysteresis will be steeper and the
time constant longer for weaker Ri/R; ratios. Con-
sequently, we can propose here that a large crystal
field should be better for higher temperature obser-
vations and that it should be the case for hard oxides
and YAG in particular.?8

At any rate, the thermal avalanche convincing
explanation certainly describes in a correct way the
published observations including the one of 1967,%82
which was was thought to be due to the thermal
behavior of the overlap integral between coupled Yb—
Er ions and had been unexplained until now!
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Figure 42. Upconversion power law indexes versus energy
gap between emitting states and “Fz, (Nd3*) in Yb,Nd:YAG.
(Reprinted with permission from ref 287. Copyright 2002
Institute of Physics Publishing.)

6.4. Hot Emission and Avalanche Like Co-Doped
Systems

Here, it is interesting to discuss a not yet com-
pletely elucidated new phenomena recently observed
by Bednarkiewicz and Strek?®” in an upconversion
study of Nd3*—Yb®* codoped YAG nanocrystallite
ceramics. Under laser diode pumping at 976 nm into
the Yb absorption, visible orange antiStokes emission
is observed at 300 K with broadened features at 579
nm from 4Gs;;—*Gz,2, 690 nm from “Fg2, 757 nm from
4F75—4S3p, and 813 nm from 4Fs,—2Hgp, all transi-
tions to the Nd3' 4lg, ground state. These emissions
decrease with decreasing temperature. Those visible
emissions are described by a, P", law for output
versus excitation with, n linearly depending on the
energy gap above “F3, as shown in Figure 42 There
is also an establishing time constant increasing with
the order parameter, n, reaching 1.5 s for n = 4. It
was recognized that because the metastable charac-
ter of “Fz, is reduced by back transfer to Yb, the
multiphonon process shown which could have ex-
plained the result of Figure 42 cannot be retained;
moreover, dividing the energy gap between “Fs, and
emitting states by n provides virtual phonon energies
not existing in YAG.

No real explanation is presented in ref 287, and
this result is still a question. Though not mentioned
by the authors, we think, however, that the long time
transient is the clear signature of avalanche pro-
cesses which have yet to be analyzed in detail.

6.5. Biological Applications

Very recently upconversion applications of the
APTE (ETU) systems Yb—Er and Yb—Tm have been
devised by Zilmans et al.?® for detection of cell and
tissue surface antigens as luminescent bioassays.
Submicrometer-sized phosphor crystals (200—400
nm) of the usual oxysulfide, fluoride, gallate, and
silicate types doped with Yb—Er and Yb—Tm couples
are considered. The main advantage is that IR-
upconverting phosphors are excited by wavelengths
that cannot excite the natural biological materials,
so providing a better detection contrast with respect
to autofluorescence than the more usual luminescent
bioassays working in the Stokes emission mode. The
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upconversion method overcomes many of the limita-
tions of the common reporters used in immunocy-
tochemical applications.

A still more recent result that could be connected
to previous application is the dissolution of nanopar-
ticles (6—8 nm) of Yb—Er- and Yb—Tm-doped LUPQO,
as colloids in chloroform solutions.?®® Because of the
inherent high efficiency of the APTE (ETU) effect,
such colloids can show green, red, and blue upcon-
version in the liquid phase for the first time.

7. Conclusion

The general principles of upconversion have been
presented in a self-contained way together with
typical examples. Because these effects are now so
generally observed with the general use of laser
excitations, it was thought to be important to distin-
guish them in precise ways in order for future
researchers to start from well-established definitions
and to speak a common language.

Besides a didactical approach, | tried to present
most of all the recent important results if not in an
exhaustive way at least in a complete way for all
important turning points.

If there was some general philosophy to derive from
this review, it would be that upconversion is an
endless field and that some features are becoming
as common as plain Stokes luminescence. Some
aspects of this reviewed field though not really
exploited at some time may become important with
more refined experiments and availability of new
technologies. Also, the implied processes may help
understand other aspects of optical processes in RE-
doped solids.

An example could be the presently considered
photon-cutting effect,®*~8 just the opposite of APTE
(ETU) upconversion, which may open the way to new
efficient lighting systems. The opposite of cooperative
luminescence, cooperative quenching, recently dis-
covered, may explain some of the yet not understood
features of concentration quenching.®

From an applied point of view, it is observed that
with the general use of lasers and the easiness in
observing visible to the naked eye upconversion, too
few people have found it necessary to measure
efficiencies in order to be able to compare quantita-
tively the various proposed upconversion systems.
This should be done to push upconversion beyond the
qualitative approach that still too often characterizes
it. Most of the recently proposed systems can be
observed only at low temperature and no efficiency
values are provided. One can also verify through this
review that, as is often in science, the most efficient
systems are the ones discovered at first, here the Yb—
Er and the Yb—Tm systems.”
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Abstract — Rare-earth-doped optical amplifiers have a great potential for broadband Wavelength-Division-Multiplexed (WDM)
telecommunication by tailoring host glass compositions. In order to design the emission spectra of doped rare-earth ions, it is
important to understand the relationship between the local ligand field and various optical properties of specific 4f-levels, such
as the radiative transition probability, the nonradiative decay probability, which dominate the spectral line width and gquantum
efficiency of amplification transitions. For the Er*:1.55 um transition, the role of the Judd-Ofelt Q4 parameters is presented,
which is correlated to the Er-ligand bond covalency in glasses. The Tm®*: 1.46-um transition shows quantum efficiency over
90% high enough for the S-band application, in heavy metal oxide glasses with moderate phonon energy and wider spectra than
fluorides. A way to improve population inversion by selective energy transfer with codoped lanthanide ions is presented. Finaly,
the energy level structures and resultant spectral properties of Pr3*, Nd®** and Dy3* ions, 1.3-um-active ions, are compared. The
hypersensitivity of Dy3* transitions appears especially in chalcogenide glasses, where the nonradiative loss due to multiphonon
decay is also minimized. In conclusion, glass materials have opportunities to vary the radiative cross section, quantum efficiency,
and gain flatness, which are important for novel amplifiers in the future DWDM system. To cite this article: S. Tanabe, C. R.
Chimie 5 (2002) 815-824 © 2002 Académie des sciences/ Editions scientifiques et médicales Elsevier SAS

rare earths/ glass/ optical amplifier / telecommunication / Wavelength-Division Multiplexing / optical fiber

Résumé — Les télécommunications a large bande basées sur le multiplexage en division de longueur d’onde (WDM) font appel
a des amplificateurs optiques dopés avec des terres rares. Le spectre d' émission de ces terres rares peut étre gjusté en modifiant
la composition du verre. Il faut pour cela connaltre la relation entre le champ local et les caractéristiques optiques des niveaux
concernés, en particulier les probabilités de transition radiative et de désexcitation non radiative, qui déterminent la largeur
spectrale et le rendement quantique des transitions. Le rdle du paramétre de Judd—Ofeld Q4 dans la transition de I’erbium a
1,55 um est corrélé a la covalence de la liaison Er-ligande dans le verre. Les transitions du Tm3* pour la bande S et celle des
ions Pr3*, Nd®* et Dy3*" a 1,3 pm sont également abordées et discutées. Dans les matériaux vitreux, on peut ainsi faire varier la
section efficace radiative, le rendement quantique et la constance du gain, ce qui peut se révéler important pour les nouveaux
amplificateurs dans les futurs systemes DWDM. Pour citer cet article : S. Tanabe, C. R. Chimie 5 (2002) 815-824 © 2002
Académie des sciences/ Editions scientifiques et médicales Elsevier SAS

terresrares/ verre/ amplificateur optique / télécommunication / Wavelength-Division Multiplexing (WDM) / fibre optique

1. Introduction

The growing demand and future potentials of an
advanced information society stimulate research for
devices composing a network system with excellent
flexibility and larger information capacities at much
faster rates. Instalation of broadband Wavelength-

* Correspondence and reprints.

E-mail address: stanabe@gls.mbox.media.kyoto-u.ac.jp (S. Tanabe).

Division-Multiplexing (WDM) optical network system
is indispensable and novel amplifier materias, which
would overcome the performance of the present silica-
based erbium-doped fiber amplifier (EDFA), can be a
key to enable more number of channels. Among sev-
erad possible choices of devices, rare-earth-doped
amplifiers have implied high-power conversion effi-
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ciency than Raman and scalability of gain spectra by
tailoring the host-glass composition. In telecommunica-
tion systems, the invention of the EDFA [1] can be
likened to that of the transistors in electronics in terms
of its technological impact. The technology to amplify
the light signal directly without the conversion of
light/electricity/light has been achieved by stimulated
emission of 4f optical transition in rare-earth-doped
fibers [2], which realizes ideal amplification with high
gain and low noise. The technological development of
optical telecommunication is based on the growth of
technologies of fiber fabrication and those of laser
diodes (LD). In fact, the invention of efficient I11-V
LD has also enabled efficient pumping of Er3* with its
three-level system [3-5]. In addition, there exists the
history of technological transition from passive fibers
to active fibers [2], in which we can find a quite
interesting relationship between active ions and the
host glasses. Although the fiber amplifiers are aready
playing crucia roles in the optica networks both at
155um and a 1.3wm bands, there exist further
requirements to fully utilize the window of optica
fibers with superior performance. The reguirements are
wide and flat gain spectrum around 1.53~1.65pm
(C+L band) in a novel EDFA and around
1.45~1.51 um (S-band) in Tm3" (TDFA) for the WDM
systems [6], greater gain per pump-power at 1.31 um
in Pr3*- [7, 8] or possibly Dy®*-doped glasses [9-11].
According to the report of the Japanese Photonic
Network Research Committee, the DWDM system
will require 3000 channels in the year 2010 [12]. To
enable 3000-channel WDM, we need more various
amplifiers as well as a transmission fiber with a win-
dow from 1 to 1.65um. Fig.1 shows a typical loss
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Fig. 1. Loss characteristics of silica fiber and emission bands of
some rare-earth ions.
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spectrum of the present silica fiber and emission
bands of severa rare-earth ions.

Not only in fiber forms, planar waveguide forms
will also play a role in photonic devices, since inte-
gration of optical circuits improves functions with
fewer components [13]. Because a shorter device
length is usually expected for these waveguides, it
might suffer from the problem of concentration
guenching and new solutions of host materials would
be required, due to the need of greater doping concen-
trations of rare-earth ions. In devices of either form, it
is necessary to understand the 4f transitions of the
ions, the structure of their sites in glass to design
amplifier materials with better properties. This paper
reviews some studies on the spectroscopic properties,
radiative and nonradiative processes, and site structure
of rare-earth ions in glasses at each wavelength.

2. Research scheme for rare-earth laser
glasses

An optical amplifier works by the principle of light
amplification by stimulated emission of radiation,
nothing different from that of lasers. It requires a
pump to create a population inversion in the amplifier
medium. When an incoming signal photon stimulates
an excited electron, the electron relaxes back into a
lower energy state and emits a second signal photon
with the same phase as the incoming photon. This
process of stimulated emission amplifiers the signal.
The success of the first generation silicarbased EDFA
is that the energy level of Er3* ions can cause ampli-
fication to emit a photon with precisely the wave-
length at which the network operates, with high effi-
ciency, even in silica hosts having high phonon
energy and poor RE solubility. The erbium was really
a lucky boy to be the first, with an ideal energy level
structure workable in silica and several pumping LDs
available. Anyway, it is not a surprising idea to apply
a research scheme for various rare-earth laser glasses
to the design of novel amplifiers. To quantitatively
comprehend optical phenomena of rare-earth ions in
glasses, it is important to evaluate radiative and non-
rediative decay process of related 4f levels. The Judd-
Ofelt theory is usually adopted to aobtain the radiative
transition probabilities including emission by utilizing
the data of absorption cross-sections of several f—f
electric-dipole lines, especialy for four-level emis
sions. The physical and chemical implement of three
Q, parameters (t=2,4,6) are becoming clearer by
combining the information of the local ligand field of
doped ions by other spectroscopic techniques such as
the 1™Eu-Mossbauer effect [14]. In some cases, the
isomer shift and quadrupole splitting give us more
discrete information about the rare-earth environment
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Fig. 2. Research scheme for efficient laser materials.

in glass, bond covalency and symmetry [15]. The
nonradiative decay rate can be evaluated experimen-
tally by combining the lifetime measurement, which
include contributions of multiphonon decay, energy
transfer such as cross relaxation, cooperative upcon-
version, etc. In order to distinguish each contribution,
systematic studies on concentration dependence of the
rates are necessary. The phonon sideband spectra of
Eu®* ion can be supplementary to inclusive under-
standing of local structure in glass hosts, where the
stretching vibrationa mode of the network former
bond often plays an important role [16] in the decay
as well as in the phonon-assisted energy transfer [17].
The above-mentioned research scheme is shown in
Fig. 2. In many cases, the site selectivity of doped RE
ions cannot be predicted in multicomponent glasses.
However, we can feed back the several characteristics
obtained for selected glasses toward a better material
design based on logica direction.

3. The 1.55-um band in Er3*"-doped
glasses for broadband amplifiers

There is now a worldwide consensus that the WDM
networking has superior functions and applications for
future telecommunication systems [18] to the single
channel TDM only at 1.55um. It offers not only
large-scale information capacity, but aso flexibility
and transparency by utilizing the properties of light.
Among various properties of EDFA, such as low-
noise, broad bandwidth (not broad enough now!!) and
efficient gain, the ability to amplify more than one

wavelength at a time has replaced the regenerator for
each channel. Although the excellent performance of
the present silica-based EDFA can be used for a
WDM system, but with fewer channels, there exists
requirement for a larger number of channels, which
could be possible by using an EDFA with a wider
gain spectrum [6]. From a practical standpoint, the
flatness of the gain is aso critically important because
the light intensity for different channels would be var-
ied by the multi-step amplifications if the gain of the
amplifier were not independent of wavelengths. There-
fore, the design of a host for Er®* for wide and flat
spectra of the ‘3,5, transition at around
1.5-1.6 um is a target at present.

For the transitions between the states with the dif-
ference in the total angular momentum by AJ=1,
there exists the contribution of the magnetic-dipole
transition [19] in the “l,5,~%l;5,. The spontaneous
emission probability of this transition is given by:

- _par'e 3{[n(n2+2)2]xsed+n3xsmd} (@)
3h@JV+1) 4 9

where h is the Planck constant, m and e are the mass
and charge of the electron, c is the velocity of light, n
is the refractive index at the mean wavelength, 4, S*
and S™ are the line strengths of the electric-dipole
and magnetic-dipole transitions, respectively. The S™
is characteristic of the transition and thus a constant.
Thus the second term is not varied with ligand field
and dominated only by the refractive index, which has
usualy about 30% contribution in silicate glasses.
That is part of the reason why the Er®* ions in silicate
glasses have a narrow 1.55m spectrum [20]. In order
to get flat emission spectra, it can be effective to
increase the relative contribution of the electric-dipole
transition, the spectra of which can be varied due to
the variations of width of the Stark splitting (J + 1/2),
inhomogeneous broadening in amorphous structures
and also to sensitivity to the loca fields [21-23].
While the line strength of the magnetic-dipole transi-
tion is independent of ligand fields, whereas that of
the electric-dipole transition is a function of them [20,
21]. According to the Judd-Ofelt theory [24, 25], the
line strength of the electric dipole components of the
1.55-um transition is given by [26]:

ed .
S Mgl = D < g VO g, >
t=24,6

=0.019 Q, + 0.118 Q, + 1.462 Q; (2)

Ay

where the three coefficients of Q, are the reduced
matrix elements of the unit tensor operators, U®, cal-
culated in the intermediate-coupling approximation,
and Q, (t=24,6), are the intensity parameters. Since
the<SLI|U®| SL'J> of other transitions are aso a
constant characteristic of each transition, three inten-

817



S. Tanabe/ C. R. Chimie 5 (2002) 815-824

Normalized intensity

1400 1450 1500 1550 1600 1650
Wavelength (nm)

Fig. 3. Fluorescence spectra of Er®*-doped glasses; (a) Bi-silicate,
(b) Bi-borate, (c) Tellurite and (d) Al-silica

Sity parameters Q, (t=24,6) can be obtained from
more than three measured absorption cross-sections by
using the method of least squares fitting [27]. What
varies depending on the host composition and struc-
tures is the eectric-dipole transitions, where the Qg
parameter is dominant. Excellent spectra with larger
cross-section are observed in tellurite [6] and bismuth-
based oxide glasses [28] (Fig. 3), than aluminosilicates
[20]. The higher bond-ionicity is confirmed for the
glasses with a large Qg of Er®* by S'Eu Mossbauer
spectroscopy, which can be explained by the largest
contribution of the overlap integral of 4f and 5d orhit-
as [14, 21]. Also there may be another possible rea-
son. The relative ratio of the field correction factors
(n2+2)%/9n? takes a minimum a n=1414 and
increases monotonically with increasing n; i.e.,, under
constant S* and S™9, the relative contribution of ED
transition should increase with increasing n of the host
glass, which is not practically the case, because these
values are not independent. However, it is empirically
true that many glass hosts with a large n show broad
Er®* emission spectra. There are few exceptions from
the tendency that the Er3* ions in those glasses take a
large Q4 vaue, since the electron polarizability and
bond covalency are strongly correlated.

4. Tm-doped glasses for S-band amplifier

4.1. Background of S-band reguirement

Due to the rapid increase of information traffic,
great research effort has been paid to development of
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telecommunication devices for the WDM network sys-
tem [29]. Because the silica-based transmission fiber
has a wide and low-loss window from 1.4 to 1.65 um,
there is an emergent demand for optical amplifiers,
which can be used around 1.4 and 1.6 um, in addition
to the present silicabased EDFA. Tellurite-based
EDFA was reported to have 80-nm-wide gain up to
1.6 wum (L-band), which also shows various excellent
material properties [30, 31]. For the 1.45-1.49-um
band (S"-band), the fluoride-based Tm-doped fiber
(TDF) [32] can be used as an amplifier, athough it
still presents difficulties compared with the use of
EDFA. One of the reasons for inferior performance of
TDFA is a longer lifetime of the termina °F, level
than that of the initid 3H, level [33]. The perfor-
mance of the TDFA is improved by use of an upcon-
version pumping scheme with a 1.06-um laser, which
produces a population inversion. Codoping of other
lanthanide ion, such as Ho®*', was also found to
improve the population inversion by means of the
energy transfer from the 3F, level [34]. In addition, a
larger branching ratio, p of the 3H,—°Hg band at
0.80 um than that of the 1.46 um make it difficult to
realize amplification, because the fiber can easily lase
a 0.80um, resulting in the gain saturation [35].
According to the Judd-Ofelt calculation, 3 of 0.80 um
is nearly 90%, which is 11 times larger than that of
1.46 um emission in most glasses [36, 37]. Therefore,
the suppression of the 0.80 um amplified spontaneous
emission (ASE) is desirable to avoid lasing at unex-
pected wavelength for improving the amplifier perfor-
mance. In either case, in spite of difficulty as practical
materials, nonoxide-fiber hosts with lower phonon
energy have been used, because the 3H, level is more
easily quenched in high-phonon-energy environment,
due to its small energy gap. However, the energy gap
of the ®H, level is not so small as that of the Pr:1G,
for 1.3-um amplifiers and thus good performance can
be expected in some oxide hosts with low phonon
energy and better fiberizability.

Fig. 4 shows the relation between the multiphonon
decay rate, W, of the Tm:*H,, Pr:'G, levels and the
inverse phonon energy of various glass hosts. We can
see the lower W,, of the Tm:®*H, in tellurite than that
of the Pr:’G, in ZBLAN, even with higher phonon
energy.

In this chapter, the tellurite glass was chosen as a
host because it has relatively low phonon energy, excel-
lent properties for fiber fabrications [30, 38], and thus
can be considered as a candidate material for TDFA.

4.2. Spectroscopy of singly doped glass

4.2.1. Fluorescence spectra

Fig. 5 shows the Tm®" energy level and a fluores-
cence spectrum in the tellurite glass, excited at
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Table 1. Spontaneous emission probability and branching ratios of
Tm3*:3H, level in the tellurite glass.

Phonon Energy (cm")
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tration. On the other hand, that of 1.46 to 1.80 um
was largely changed with these factors, which is due

>

Multiphonon decay rate, W, (s

102 \\_; to the effect of the nonradiative relaxations.
3+3 Zr-F %
Tm™ : H4 q 3 4.2.2. Judd-Ofelt analysis and quantum efficiency in tellurite
10° AE=4300cm . The obtained Judd—Ofelt parameters of Tm®* in the
e o L1 13 present glass were. Q,=4.69pm? Q,=1.83pn?,
0.5 1.0 1.5 2.0 Qs=114pm?% Tablel shows spontaneous emission
1000/ ho (cm) probabilities, A and 8 from the ®H, level of Tm"
Fig. 4. Relationship between multiphonon decay rates of Tm3*:2H,, ions in the tellurite glass. The § of 0.80-um emission
Pr3+:1G, levels and inverse phonon energy. is 11 times larger than that of 1.4-um emission, which
is amost similar to the case in fluoride and other
oxide glasses. The calculated 7z was 366 us, while the
790 nm. The emission bands at 0.80 um, 1.46 um, and mesasured lifetime was 350 us. This indicates that the
1.80um are due to the *H,—3%H, °H,—°%F, and quantum efficiency of the 3H, level is 96% in tellurite
3F,—3Hg transitions, respectively. The wavelength glass, which is comparable to that in ZrF,-based fluo-
region longer than 1.3 um is multiplied by 10 times. ride glasses (~100%).

The area integration was carried out after converting

the wavelength into wavenumber scale, which is 4.2.3. Concentration dependence of emission

directly proportional to the energy. The relative inten- Fig. 6 shows the Tm,O5-concentration dependence of
sity ratio of 0.80 to 1.46 um was about 11, almost ratios of the 7;(°F,)/7(°H,) and the integrated intensity
unchanged with glass compositions and Tm-concen- of (1.80 um)/(1.46 um) of fluorescence spectra. Both
N 301
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Fig. 5. Fluorescence spectra of Tm3*-doped tellurite glass. Energy level of Tm3* ion is also shown for assignment.
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ratios increase drastically with increasing the Tm,O,
content. These phenomena are well understood by the
so-caled ‘Two-for-One Process [31], which is a
result of the cross relaxation between two Tm3" ions;
[*H,,2Hg) — [3F43F,] and unfavorable for population
inversion between the ®H, and °F, levels. Therefore, a
low concentration is desirable to keep a high quantum
efficiency of the °H, level for 1.4-um application.

4.2.4. Temperature dependence

Fig. 7 shows temperature variation of the fluores-
cence spectra. The peak intensity of the 1.46-um band

 Fe T T y T y T

—
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Temperature

e
N
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Fig. 7. Temperature dependence of fluorescence spectra of
72 TeO,~20 ZnO-5 Na,0-2.9 Y ,05-0.1 Tm,O; glass.
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Fig. 8. Temperature dependence of the integrated area of the
1.4-um and 1.8-um band in the 0.1 Tm,O; glass.

300

increases with lowering temperature, while the line
shape of the 1.8-um band becomes sharp. It can be
seen that the mean wavelength of both bands shift to
the longer side. The temperature dependence of inte-
grated intensities of both bands is plotted in Fig. 8.
The integrated area of the 1.46-um band is amost
unchanged at lower temperature and drops with tem-
perature above 150 K. On the other hand, that of the
1.8-um band increases slightly and decreases above
250 K. The tendency of the 1.46-um emission can be
explained by considering the temperature dependence
of the nonradiative decay from the 3H, level, which
has smaller energy gap to the next lower level. The
increasing tendency of the 1.8-um band is ascribed to
the improved population from the upper level by non-
radiative processes. Therefore, the lower the tempera-
ture is, the better the population inversion becomes.
Another advantage of the lower temperature can be
the much-improved intensity at 1.50-1.52 um, which
is hardly obtained by conventional EDFA, though not
impossible by TDFA [39].

4.3. Effect of codoping of Ho, Th, Eu

One of the possibilities to improve the population
inversion can be a selective quenching of the termina
level by codoping of other lanthanide [34, 40], because
nothing is better than to pump directly the 3H, with
0.79-um LD of AlIGaAs rather than upconversion
scheme [35, 41]. The role expected for a codopant is to
quench the °F, level selectively without quenching the
3H, level. From this viewpoint, the Eu®*, Tb*" and
Ho®* can be a candidate among 13 4f-active lanthanide
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ions. The energy level diagrams of these ions are
shown in Fig. 9. The Ln-concentration dependence of
the lifetimes of the Tm®*":3H, and 3F, levels is plotted
in Fig. 10. Among three codopants, the Eu®** ion
quenches both levels most significantly and the Ho®*
ion shows the best selectivity; i.e., the least effect on
the 3H, lifetime with a large quenching effect on the
3F,. The variation of the fluorescence spectra of
Tm—Ho codoped tellurite glasses are shown in Fig. 11.
The spectra are normaized by the intensity of
1.46-um band, because it showed the least change.
We see a drastic decrease of the 1.8-um band and a
rapid increase of the Ho®*:°l, — %I emission intensity
a 2um. This result is an evidence of the
Tm:3F, — Ho:®l, energy transfer.

" et OB
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Fig. 10. Effect of codopant on the lifetime of Tm** levels.

5. Activeionsat 1.3 um
5.1. Comparison of candidates

The world land-based optical networks installed are
composed of 1.3 um zero-dispersion silica fiber. How-
ever, no practical amplifiers have sufficient performance
at 1.3-um like EDFAs a 1.55-um band. Fig. 12 shows
the energy levels of Pr3*, Nd**, and Dy3* ions, which
are active ions at 1.3 um. Based on the huge amount of
data on laser glasses for 1.06-um applications [42], the
Nd®* ion was extensively studied as a candidate at first

—X=0.00 ——X=0.10
i X=0.20 —X=0.40

Tm**F,—*Hg

Emission intensity (arb. unit)

il RPN I TP SRS G
1200 1400 1600 1800 2000 2200 2400
Wavelength (nm)
Fig. 11. Fluorescence spectra of 72 TeO,—20 ZnO-5 Na,0—2.9 —x)
Y ,05x H0,05-0.1 Tm,O5 glasses.
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Fig. 12. Energy level of Pr3*, Nd** and Dy®* ion.

in many glasses. However, the excited state absorption
from the #F5, and the resulting gain shift to 1.35 um
were found to be a problem as well as a small branch-
ing ratio compared with that of 1.06 um, which is a
cause of intense amplified spontaneous emission (ASE)
[43]. The Pr3* ion is probably most often studied in
fluoride [7] and chalcogenide glasses [8] and practical
devices have aready been produced [44]. The branch-
ing ratio from the G, level is usually more than 60%
in most glasses [45]. The nonradiative loss due to the
small energy gap limits the choice of host to nonoxide
glasses. In addition, the small absorption cross-section
of the only pumpable level (*G,) at 1.02 um must be
overcome by high-power pumping laser. Nonradiative
population from the upper D, level cannot be expected
due to its larger energy gap. Since it is difficult to get
high-quality lasers at 1.02um with semiconductor
lasers, an 0.8um-LD- pumped Nd:YLiF, solid-state
laser (A = 1047 nm) is often used as a pumping source

[45]. Among various glasses, the Ga-Na-S system has
the highest quantum efficiency of 62% and the largest
gain per pumping power at 1.34 um [8]. However, the
gain a 1.31um is dill low partly due to the peak
shift to longer wavelength in sulfides [8].

Compared with these two ions, the Dy®* has unique
properties, though it is also affected by multiphonon
loss. The Dy3* ion can be pumped by 0.8 um, 0.9 um,
1.1um or 1.28um with large cross sections, for
which the high-power LD’s can be used. Table?2
shows the reduced matrix elements of 1.3-um emis-
sion transitions for Pr3*, Nd* and Dy*' ions [11].
While the transition probabilities in Pr3* and Nd®*
ions depend most largely on Qg, that in Dy3* is domi-
nated by the 2, parameter, which is most sensitive to
the local symmetry and thus to the glass composition.
The transition, the cross section of which is very
sensitive to the local structure, is caled ‘hypersensi-

Table 2. Reduced matrix elements of 1.3-um emission transitions for Pr*, Nd®* and Dy3* ions [11].

Ln3* 4N al bJ <U@>2 <U@x2 <U®©x2 A (um)
Pr3* 2 G, SHg 0.0307 0.0715 0.3344 132
Nd* 3 Fy, Y 1gn 0 0 0.2117 1.35
Dy3* 9 Hgp+Fry,  Hiepo 0.9394 0.8465 0.4078 1.32
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tive transition’ [46]. The 615-nm emission of the Eu®*
ion, used for red-phosphor, is a typical example,
where the<|U®@|>2 is the largest among the
three <|UO|>2 [47].

5.2. Spectroscopy of dysprosium in glasses

5.2.1. Judd-Ofelt parameters and optical transitions

Absorption spectra of Dy3* in the fluoride and
tellurite glasses are shown in Fig. 13, where the
assignment of transitions is also indicated [11]. We
can see that the absorption coefficients of transition
peaks in this near-infrared region are not so distinct
from each other for the fluoride glass. On the other
hand, in the tellurite glass the intensity of
F,12+%Hg» band is the largest among all transitions.
The Q, parameters obtained for the glasses are shown
in Fig. 14. The Q, value is the largest in the sulfide
and tellurite glasses and decreases in the order
Ga,S; > TeO, > ZrF, > InF;, whereas Qg increases in
this order. The change in the absorption cross-section
of the ®F,;,,+®H,/, band due to glass compositions can
be ascribed to the set of the reduced matrix elements
[11]. The<SF;,JUPPH,5,>2 is the largest among
three <|U®[>2 (t =2, 4, 6), thus the S;; of this band is
dependent on the Q, of Dy*' ion in the host.
The <|U@|>2 of other transitions are small or zero and
the S;; of them is dependent mainly on Qg . It is
known that Q. is affected by the local symmetry of
ligand field and bond covalency [15]. The electrone-
gativity of the anions is as follows, S<O<F [48].
Therefore, the chemical bond covalency between the

Table 3. Lifetime and quantum efficiency of the Dy3* level for
1.3-um emission in several glass systems.

Host Lifetime (us) Quantum efficiency
Pb-Bi-Ga-O 5 1.5% [53]
Ge-Ga-S 38 17% [12]
GalasS 59 19% [13]
Ge-As-Se 300 90% [49]

Dy and the ligand varies with compositions:
Ga,S; > TeO, > ZrF, > InF;. Therefore, the opposite
tendency of Q, and Qg against glass compositions
can be understood in terms of the differences in the
bond covalency in the glasses [37].

5.2.2. Can dysprosium be a candidate?

Because of the large branching ratio and cross sec-
tion of 1.3 um, an efficient amplifier can be expected
if the nonradiative loss were reduced. Table 3 shows
the lifetime and quantum efficiency of Dy®* in several
glasses. A selenide glass host can give 90% quantum
efficiency [49], which is mainly due to the phonon
energy being much smaller than even sulfides. This
efficiency seems high enough for practical devices.
Moreover, smaller electron-phonon coupling strength
in chalcogenides [50] seems more promising for
smaller multiphonon loss at levels with a small energy
gap than in a host with comparable phonon energy,
such as chlorides.

One more problem of Dy is bottlenecking at
lower levels with longer lifetimes resulting in depres-
sion of pumping efficiency and large emission intensi-
ties at longer-wavelength side [51], because the
energy gap of the lower levels is larger than that of

T T
I 1JL3“m Dy3+ I the 1.3-um level. If the quantum efficiency of the
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Fig. 13. Absorption spectra of Dy3*-doped glasses.

Fig. 14. Q, parameters of Dy®* ions in glasses.
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1.3-um level is large enough, the effect of bottleneck-
ing a lower levels would be negligible, since the
excited initial state relaxes directly to the ground state
due to the branching ratio of more than 90% [52].
There seems a great potential in Dy®*-doped chalco-
genides. Further progress in the fabrication of low-
loss single-mode fiber is expected.

6. Conclusions

The broad and flat spectral features of Er®*:1.55 um
transition can be obtained in novel glass compositions
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Abstract

In this paper, the basic limitation for optical amplifiers linked with the existence of the so-called clustering of rare-
earth (RE) ions is addressed. Clusters of RE dopant are related both to what could be called “interaction clusters’” and
to “chemical clusters”. Such interaction clusters do not depend on the chemical processes of the glass preparation and
cannot be reduced through it. However, the existence of chemical clusters of spatial extension of a few A can tre-
mendously increase ion—ion interactions of all kinds. The physical process of co-operative luminescence is closely re-
lated to chemical clustering. Using this effect with Yb™ as a probing ion, clear signatures of RE clusters can be obtained
for different glass compositions and RE concentrations. Developing this approach, a new doping principle is proposed.
It is based on the recognition that introducing the doping RE into the glass composition through given precursor
crystals with large RE-RE distances, allows some control of the clustering of RE ions and of their self-quenching. So
even after complete melting of the precursor and independently of the final glass composition the glass is shown to keep

some memory of the doping procedure. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Rare-earth clusters; Co-operative luminescence; Doping process; Er-doped glasses

1. Introduction

Though one of the recent major application
breakthroughs in the rare-earth (RE) field is the
general use of erbium-doped fibre amplifiers
(EDFA) for optical communications, such ampli-
fiers are still bulky and expensive which limit them
to terrestrial long trunk and under-sea cable ap-
plications. In order to obtain compact amplifiers
for the distribution network, doping concentration
has to be increased up to the chemical and physical
limits.

It has been recently proposed that the physical
process of co-operative luminescence be closely
related to chemical clustering and that using this

' Corresponding author.
E-mail address: auzel@cnrs-bellevue.fr (F. Auzel).

effect with Yb*" as a probing ion, clear signatures
of RE clusters could be obtained for different glass
compositions and RE concentrations [1-3]. In
addition, a systematic study has been performed
on silica and boro-silica glasses, confirming the
clear influence of the composition on co-operative
emission intensity [4].

Along these lines, a new doping principle has
also been proposed [2,3]. It is based on the simple
recognition that during crystal growing, the vari-
ous atomic forces at the atomic scale are able to
define the atomic positions of atoms with the
crystal cells’ regularity. In particular, in the case of
a crystal with RE as constituents, the RE-RE
distances are automatically fixed by the crystal
nature. It is shown that introducing the doping RE
into the glass composition through such precursor
crystals allows some control of the clustering of
RE ions even after complete melting of the

0925-3467/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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precursor. This is found to be independent of the
final glass composition which keeps some memory
of the doping process. It is also found that mas-
tering the clustering process allows some reduction
of the self-quenching process for the useful tran-
sition at 1.5 pm of Er**.

In this paper, the basic limitation linked with the
existence of the so-called clustering of RE ions is
addressed. It is first shown that the “clusters” of
RE dopant, as found in the literature from fibre
amplification experiments [5-10], are related to
what could be called “interaction clusters” with
size much larger than for “chemical clusters”. Such
interaction clusters could have spatial extension of
more than 20-100 A for non-radiative interaction
clusters and up to millimetres for radiative ones.
Clearly such clusters have nothing to do with
chemical clusters which are the only ones depend-
ing on the chemical processes of the glass prepa-
ration. The existence of chemical clusters of spatial
extension of a few A would increase tremendously
ion—ion interactions of all kinds. One needs to
obtain signature of such clusters which are the only
ones that chemistry could eventually modify.

In glasses, we have shown [1] that co-operative
luminescence [11-13] is a phenomenon which, re-
questing very close proximity of interacting RE
ions in order to be experimentally observable, is a
very good signature of clusters constituted by ions
at practical distances of less than about 5 A. Such
distances, or shorter, between interacting ions are
also the order of magnitude of chemical clusters.
Then if we are able to observe, even on bulk
samples, a signature for clustering, it is worthwhile
to propose new ways to introduce the doping ions
inside the considered vitreous materials. In the
following, using lattice cells as spacers fixed by
nature, we show that the clustering of ions can be
controlled to some extent.

2. The concentration of active ions in the vitreous
medium and their limitations
2.1. The chemical limitation

As for the concentration increase, the limita-
tions are first at the chemical level; either because

one-constituent glass leaves too little space to the
large RE ions (1 A), which are rejected by the
glass; this is the case for pure silica glass, where
concentration is chemically limited to about
100 ppm (0.7 x 10" cm—3) and this directs us to-
wards multicomponent glasses; or because the RE
elements behaving usually as glass modifiers and
not as glass formers tend to devitrify glasses when
they are incorporated at too high concentrations.
We believe that it is this chemical limitation which
for silica glasses has led to the useful introduction
of Al in the glass composition [9,14] making more
easier the homogeneous introduction of the RE
even at low level concentration. On the other
hand, multicomponent glasses, such as phosphate,
allow high RE content before devitrification may
occur; the highest chemical concentration we know
for such a glass reaches 3 x 10° ppm (2.2 x
10*! cm™?).

However, a high amount of active ions are in
the glass does not mean that it could be used
usefully because then the physical limitation takes
place.

2.2. The physical limitation

The concentration limitation takes place also at
the physical level usually before the maximum
chemical concentration is reached. This is due to
the ion—ion interactions giving rise to ‘‘concen-
tration quenching” which is excitation indepen-
dent. The ion-ion transfer helps the excitation
energy to be then diffused through the sample until
some energy sink is encountered such as (OH)~
radicals which are very effective. There is also the
clustering of ions as revealed by energy transfers
towards one of the both considered ions being
already in an excited state; this effect giving rise to
APTE up-conversion [12] is excitation dependent.
Energy transfers by dipole—dipole interactions can
take place at distance reaching 30 A, whereas the
chemical cluster effect, by definition, exists for
nearby ions separated by distances less than a few
A and for such a reason is very effective. There is
also the radiative energy transfer when ions are in
resonance; they can exchange real photons and
this process can take place of course at macro-
scopic distances as revealed by the role of the
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sample geometry on the lifetime measurement [15].
It means that millimeter or centimeter distances
can be involved in diffusion between ions. This
may also help in concentration quenching and up-
conversion by energy transfers.

3. Clusters of active ions in doped glasses
3.1. “Physical” or interaction clusters

Most of the information on clusters of RE in
glass fibre for amplifying systems comes from
amplifier studies and as such are macroscopic de-
scriptions based on microscopic hypothesis about
interactions between RE ions [5-10]. Besides self-
quenching, the fact that there exists non-saturable
absorption in Er-doped fibre below an excitation
level of 1 W, together with a relative gain reduc-
tion when concentration is increased, leads to the
consideration of the so-called pair-induced
quenching or PIQ. It is in fact caused by a pair of
ions connected by up-conversion energy transfers
(APTE effect [12]). When both ions are in their
intermediate excited state, they relax rapidly; one
ion stays in its ground state (the origin of the non-
saturable absorption), the other one in its doubly
excited state relaxes losing useful energy.

In such a model nothing limits the clusters to a
chemical cluster of limited size. In fact such de-
scription may involve clusters of size reaching even
millimeter in the case of radiative diffusion or at
least of several tens of A size, far from what can be
viewed as a chemical cluster. We would like to
term such clusters observed by macroscopic mea-
surements in fibre experiments: interaction clus-
ters.

3.2. Chemical clusters and their physical signature
by a co-operative luminescence probe

APTE up-conversion (up-conversion by se-
quential energy transfers) does not correspond to
the same order of perturbation as co-operative
processes [12]. These last have to be considered
only when the first cannot take place. Such is the
case when energy levels do not exist to allow en-
ergy transfers, for example in Yb*" doped systems

[11]. Then co-operative up-conversion is likely
within chemical clusters with distances between
ions in the 5 A range or less [1-3].

Fig. 1 presents the energy scheme and the typ-
ical up-conversion efficiencies for APTE effect and
co-operative luminescence. Assuming that the ion—
ion interaction between the two considered RE
ions be of the same nature in both processes (e.g.,
dipole—dipole), APTE and co-operative lumines-
cence could be observed at the same detectivity
level only when the two involved ions are at very
different distances of one from the other. On the
average we shall have for the ratio of the critical
distances R, of both processes

1/6
Rooon) <”A"TE> ~ (10°)"° ~ 6.8

RO(APTE) ncoop

where it is assumed that the ion—ion interaction is
of the dipole-dipole type with an R~ distance
dependence. As typical Ry for such interaction
ranges from 6 [15] to 30 A [16], Ro(coop) should be:
30/6.8<4.5 A. In case of shorter range interac-
tion, for instance of the dipole-quadrupole type
which varies as R~%, even shorter distances could
be probed [13]. From this consideration, we had
proposed that the co-operative luminescence of
Yb*" ions be used as a probe for the chemical
clustering of RE ions, assuming an analogous
chemical behaviour for all ions in the RE series
[1,2].

4. Proposition for a new doping principle: consider-
ation of the crystalline doping precursor

From the literature, one finds that doping oxide
glasses with RE ions is usually performed by
chemically introducing RE in the form of its oxide
RE,O; or for fluoride with the RE fluoride REF;
or by one of both for fluorophosphate glasses. A
good sample of such a general principle is found
for instance in the review book ‘“Nd-doped laser
glass, spectroscopic and physical properties” [17],
where for 250 various compositions of glasses
from 11 different industrial origins, all presented
glass examples make use of the above way in in-
troducing the doping RE ion. For concentrations



96 F. Auzel, P. Goldner | Optical Materials 16 (2001) 93-103

APTE effect

YF,:Yb:Er
n = 10° (cm*/W)

!

cooperative
luminescence

Yb PO,
n =10* (cm’/W)

Fig. 1. Energy scheme for APTE and cooperative up-conversion for Yb—Er and Yb ion system and their respective efficiencies [3].

below 10%® cm™3, such a usual method does not

show its drawback which we believe is that, during
the dissolution process of the glass melting, some
ions stay aggregated at the initial minimum inter-
ionic distances. For RE,O; and for REF; these
distances are, respectively, 3.5 and 3.6 A. These
distances are evidently much shorter than the av-
erage distance given by statistics for an homoge-
neous distribution

Ry = 6.17 x 107 (ces)™?

from which at 10 cm™, one obtains
R; =13.4 A, much larger than the minimum dis-
tance of the doping species. It is quite likely then
that in the melted glass some oxide or fluoride-rich
zones still exist where the RE-RE minimum dis-
tance is the one of the doping RE oxide or fluoride,
that is much shorter than 13.4 A. From such hy-
pothesis we have proposed [2,3] that the doping
ion be introduced from precursor crystallites with
already large minimum RE-RE distances. During
the crystallite synthesis the very existence of well-
defined crystal cells ensures that even in case the
dissolution of the RE doping is not homogenised

by the melting process, the large initial minimum
distance between the RE ions is somewhat kept.
From such hypothesis crystalline precursors with
large RE-RE shortest distances have to be looked
for.

One can make a choice from among the fol-
lowing list (Table 1), for which the minimum RE-
RE distances are all larger than 4.5 A.

Modifying only the RE doping precursor does
not change the linear absorption spectra of the Yb-
doping ion, as revealed by Fig. 2. It shows the
classical *F;,—?Fs/, absorption transition of an
Yb*"-doped phosphate glass (P) of fixed overall

Table 1
Doping precursors with large RE-RE minimum distances®

Doping crystalline RE-RE minimum

precursors distances (A)
LnK5Li2F10 6.7

Na5 LH(WO4)4 6.45
LHA13B4012 59
LnLiP4012 and LHKP4012 5.6

LnP;0y 5.2

LHP5014 52

#Ln stands for the considered RE ion.
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Fig. 2. Absorption spectra of the phophate glass (P) doped at the same Yb*" concentration with various doping precursors. Spectra

-1

have been arbitrarily shifted by 0.5 cm

composition  (P,Os = 80.99%; MgO = 7.65%;
Li,O = 11.36%) (percentage in weight) doped with
various precursors in such a way that all glasses
are Yb’"-doped at the same level of 5.2 x
10%° ¢cm—3. However, it should be noted that when
the doping precursor contains ions which are not
already in the glass composition is such as Yb-
LaOs, YbOF, or YbFj; in the phosphate glass, the
final doped-glass composition is slightly modified.
The emission spectrum of the laser diode used for
the co-operative luminescence excitation is also
shown for information. It can be remarked that
neither the shape nor the intensity of the absorp-
tion spectra are really modified by the doping
procedure; the IR emission spectra are not modi-
fied either.

On the contrary, Fig. 3 reveals that the corre-
sponding co-operative luminescence is largely
modified in intensity by the doping precursor
types. The co-operative signal is normalised by the
coefficient: [x(2)tP(2)]> to take care of any even-
tual changes in the ?Fs, lifetime, or absorption,
a(A), at the excitation wavelength of the laser di-

in order to distinguish them more easily. The narrow lines show the laser diode emission.

ode giving an excitation power density P(1). The
variations of this coefficient are usually small be-
cause neither 7 nor a(1) are much modified by the
nature of the precursor.

The less intense normalised co-operative signal
is given by the precursor with the largest Yb-Yb
shortest distance (YbP3;0y:5.2 A), and the more
intense by the precursors with the smallest shortest
distances (Yb,05:3.5 A). The fact that the glass
doped with YbLaO;, which has a slightly larger
Yb-YDb distance (4.2 A), is found too near the one
doped with Yb,0s, is attributed to the change in
the overall composition due to the large amount of
La introduced by the precursor and not present in
the base glass. Its effect is not seen on the linear
absorption spectrum. This again shows the higher
sensitivity of the non-linear spectra to the doping
process.

As an indication, the self-convolution shape of
the IR emission spectrum is also plotted in Fig. 3
revealing the spectral zone where the co-operative
signal is to be expected. Some emissions coming
from the APTE emission of Er’' and Tm’"
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Fig. 3. Normalised blue co-operative emission from Yb*" in the phosphate glass (P) doped with various doping precursors and Yb*"
IR emission self-convolution showing the spectral range for the clusters’ emission against Er** and Tm*" impurities up-conversion

regions.

impurities can be observed, though their concen-
tration (about 3 ppm) is a factor 10~ less than the
Yb*" one. This reflects the much larger efficiency
of the APTE effect with respect to the co-operative
one.

The influence of the Yb*"-doping precursor on
the co-operative signal has also been studied for a
fluorophosphate glass (VF) of the following base
composition before the dopant introduction:
MgF, = 21.9%; CaF, = 14.8%; BaF, = 33.41%;
A1F3 = 21.9%; P205 = 11.80/0; La203 = 0.85(%);
Na,03 = 4.66% (weight percentages).

The various doping precursors are introduced
in such a way that the total composition of the
glass is kept identical with an Yb*" concentration
of 8.8 x 10* cm™ (equivalent to 8% weight of
Yb,0;3).

Fig. 4 presents the co-operative emission spec-
tra for three precursors. Again the less intense
emission is for the precursor with largest RE-RE
shortest distances. The intense APTE parasitic
spectra from Tm and Er impurities are linked to
the fact that the APTE effect is more sensitive to
non-radiative multiphonon transition within the

emitting impurity than the co-operative effect
linked only with Yb and its two IR levels separated
by a large gap.

Besides the precursor list given in Table 1, the
range of new precursors can still be extended by
the following remark.

When minimum RE-RE distances are not
available for encompassed doping crystalline spe-
cies, we propose to look for weak crystal field
materials as defined by their scalar crystal field
parameter Nv [18], because it has been shown that
weak crystal field materials are generally those
with large RE-RE distances [18]. They correspond
to materials with Nv< 1800 cm~!. From such a
consideration, the above list of doping precursors
can with reasonable certainty be extended to

1\18,211152Pb6(1)04)()(3127 Na5RE(MO4)4,
RETa7019, K2REL1F67 REC];

When pure fluoride and fluorooxide glasses are
considered, fluoride precursors shall be used for
fluoride glasses and/or oxide precursors for oxide
and fluorooxide glasses.
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Fig. 4. Blue co-operative emission for the Yb*"-doped fluorophosphate glass (VF) for different doping precursors.

It is worthwhile to recall here a particular result
which could be a special case of the above doping
procedure though different in its approach. In or-
der to obtain low quenching Nd phosphate glasses,
it has been proposed in [19] to look for glasses with
chemical formulas in the neighbourhood of the
ultraphosphate region that is near the pentaphos-
phate crystal composition which is known for its
low Nd concentration quenching. However, the
doping precursor is still here Nd, O3 [20]. Because
of the weak concentration quenching found for
such glasses, we believe that during the glass
making procedure of these phosphate glasses, at
some initial step, the quasi-pentaphosphate Nd-
microcrystal structures exist in the melt providing
the large minimum RE-RE distance. It so pro-
vides a low Nd self-quenching through the lower
ligand field at the Nd sites [18]. As shown below,
concentration quenching can still be reduced by
starting, even for such glasses, from REPsOy4 or
REP;0y precursors instead of RE,O3 ones as in
[19]. A systematic study of the co-operative signal,
the signature for our ion-clustering definition, has
shown it to be reduced by a factor 1.4 near the

ultraphosphate region and 2.4 in the metaphos-
phate—-orthophophate one by using the YbP3;Oy
precursor instead of Yb,Oj; [21]. This shows that
even when the composition is favourable to a re-
duced ion-clustering, the proposed precursor ap-
proach can still reduce it further.

5. Co-operative emission and self-quenching of Er*"
for different doping precursors

Though as stated in Section 2.2, the whole of
concentration quenching is not due to the exis-
tence of clusters but also due to the diffusion to
sinks (OH or other impurities) or due to other RE
ions even far away from each other. We can
however try to see what amount of such self-
quenching may be linked to the existence of
chemical clusters. We shall consider the phosphate
glass (P), the fluorophosphate glass (VF) described
above, and a tellurotungstate glass (TT), of the
following composition: (molar percentages:
TeO, = 58.73%; Li,O = 14.67%; Na,O = 10.24%;
WO; = 16.36%).



100 F. Auzel, P. Goldner | Optical Materials 16 (2001) 93-103

The Er’" self-quenching properties are charac-
terised by the reduction of the emission lifetime of
the Er** *I;3/ level with the doping Er’* concen-
tration. The various types of glasses described
above have been studied for a each glass compo-
sition with an increasing Er concentration intro-
duced either by Er,O; or by a large nearest
distance precursor, here ErPsOy4 or NaEr(WOy),
(see Table 1).

Fig. 5 shows the lifetime behaviour of VF. The
improvement brought about by the largest nearest
RE-RE distance precursor is clearly observed. It is
also the case for the TT glass (Fig. 6). However,
for the phosphate glass, Fig. 7, no strong im-
provement can be found for the large nearest RE—
RE distance precursor.

Comparing Figs. 5 and 7, one can see that for
the P glass, there does not exist any plateau for the
lifetime decay, contrary to the VF case; here, even
at a weak concentration of 10" cm™3, already a
strong self-quenching is revealed by the much
lower lifetime value at weaker concentrations: 5 ms
against 9 ms for VF.

Comparing the P and VF glasses, near-IR ab-
sorption spectra in the hydroxyl absorption spec-
tral range reveal that VF glasses contain much less
(OH) " ions than P ones (see Fig. 8). From this, it
can be understood that in P glasses most of the
self-quenching process is mainly due to diffusion to
(OH) sinks through long distance Er-Er energy
transfer more than to shorter Er—Er intra-cluster
steps. The advantage of fluorophosphate over
phosphate glasses has been known for a long time
[22]: the Er lifetime is usually higher though using
the same type of preparation because some de-
struction of (OH)™ takes place through the fol-
lowing reaction:

2(0OH)” +2F — O, + 2HF.

Whatever the involved self-quenching process, it is
interesting to quantify self-quenching by its rate,
Ry, for the various glasses and doping precursors
of Figs. 5-7

1 1
Ry = — ,
Tlarge Tweak

94 b . [ o Er,0,
] = . - m EPO,
°
~ 8
»
\E, 1 Fluorophosphate glass I
Q =
£ 74
=
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« —
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1019 1020 1021
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Fig. 5. Er’* (*I;; s2) lifetime variation versus Er** concentration for two doping precursors in the fluorophosphate glass (VF).
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Fig. 7. Er** (*Li3)2) lifetime variation versus Er** concentration for two doping precursors in the phosphate glass (P).
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where Ty is the measured lifetime (*1j3,, — 15/
at 1.54 m in Er’") at a concentration of 1.5 x
10" cm™ of Er, and T is the same at 6 x
10% ¢cm=3.

Doping the above compositions by the usual
Er,O; precursor provides the above weak and
large concentrations of Er in glasses P, VF and
TT, respectively, called samples A, C, E. The same
concentrations are obtained by introducing crys-
tallised ErPsOy4 giving samples B and D and by
introducing Er in glass TT by the crystallised
precursor NasEr(WOQO,),, giving sample F. The
self-quenching rates obtained for these various
samples are given below in Table 2.

Table 2
Self-quenching tate (R,) of Er *1;5, according to precursor type
for different glasses

Phosphate glass (P) Ro(s™")
A(EI'Z 03) 918
B(EI'P5OI4) 596
Fluorophosphate glass (VF)

C(Erz 03 ) 88
D(ErP50y4) 41
Tellurotungstate glass (TT)

E( Erz 03 ) 470
F(Na5 Er(WO4)4 172

By the new doping process, self-quenching is
shown to be still reduced by a factor of 1.5, in the
phosphate glass P, though both types A and B are
already of the ultraphosphate type according to
Van Wazer definition [23].

Defining a ratio R as M,0/P,0s, where “M is
an equivalent of any cation or organic radical in a
phosphate”, for 0 <R <1, one has the ultraphos-
phate class, for R = 1 the metaphosphate one, for
2 < R <3, the pyro-orthophosphate class and for
R = 3-4, the orthophosphate one. In Table 2 both
glasses A and B having R = 0.9 are in the ortho-
phosphate class which by Denker et al. [19] should
be of the weak quenching type; yet doping by our
precursor principle still improves the self-quench-
ing reduction obtained by the ultraphosphate
composition choice. This behaviour is confirmed
by the co-operative luminescence signature [21].

Other glasses have reduced self-quenching by
factors from 2.1 for the fluorophosphate to 2.7 for
the tellurotungstate. The differences between the
average self-quenching rates of the phosphate glass
and the two others come from the larger water
content of the former, which tends to reduce the
contrast of the doping precursors’ role. Present
results confirm the self-quenching improvement
due to the use of the new doping precursors:
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factors of: 1.6, 3.2 and 1.8 had been, respectively,
found for phosphate, fluorophosphate and phos-
photungstate glasses [3]. The observed systematic
in the self-quenching behaviour for the various
precursors is a good proof of their role.

6. Conclusion

We have introduced a new doping principle,
based on crystallised precursors with large mini-
mum RE-RE distances or with low scalar crystal
field values. This principle allows to reduce the
chemical clustering effect as analysed from co-op-
erative luminescence, independently of the glass
compositions. It is also shown that this doping
principle allows a reduction in the self-quenching
processes for the part which can be attributed to
clustering. We have presented here the effect of in-
organic precursors. In organic molecules, still
larger RE-RE minimum distances are available, of
the order of 10 A. This has induced us to consider
organic doping precursors under crystalline powder
form. Along this line, an RE-bipyridine precursor
[24], has brought about a reduction of both the co-
operative signature of Yb*" and the self-quenching
of Er'" in a fluorophosphate glass, so bringing
further support to our new doping principle.
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In this article we review some of the basic aspects of rare earth spectroscopy applied to vitreous materials. The characteristics of

the intra-atomic free ion and ligand field interactions, as well as the formalisms of the forced electric dipole and dynamic coupling
mechanisms of 4f—4f intensities, are outlined. The contribution of the later mechanism to the 4f—4f intensities is critically discussed,
a point that has been commonly overlooked in the literature of rare earth doped glasses. The observed correlation between the
empirical intensity parameter €, and the covalence of the ion first coordination shell is discussed accordingly to the theoretical

predictions.

Keywords: rare earth ions; photoluminescence spectroscopy; 4f-4f intensities.

INTRODUCTION

Glass materials containing trivalent rare earth ions have been
widely studied due to their potential applications as optical devices
(lasers and fibers for optical amplifiers, among others) or as the active
component in photonics'?. For instance, high-power terawatt lasers
(10 W is equivalent to 1000 joules released in a nanosecond pulse)
incorporating Nd** ions are currently used for thermonuclear fusion'.
Recently there has been also a great deal of interest in the conversion
of infrared into visible light by energy up-conversion, due to the
potential application in photonics, including optical data storage,
lasers, sensors, and optical displays>®. The rare-earth doped glasses
have indeed a great advantage over crystalline systems since generally
they can be easily prepared with high optical quality and in a large
variety of chemical compositions. They can be used either in large
bulk devices or in optical fiber waveguides to confine the pumping
light with a high density over a long interaction length.

The optical properties of these materials are directly related to
the 4f—4f transitions in a 4fN electronic configuration. In our days,
the theoretical background for the rationalization of these
intraconfigurational transitions, both radiative and non-radiative, is
well established™". The standard Judd-Ofelt theory’® has been used
to evaluate absorption and emission cross-sections in the great
majority of the works on these rare earth doped glasses. The so-
called intensity parameters Q, (A=2, 4 and 6) have been used to
give information on covalency, quality and mechanical properties of
the medium'. Nevertheless, a certain number of problems still exist,
related to the application of the theory and to the interpretation of
results obtained from it, particularly in the case of glasses, as one
may note from the literature. Among these problems we may
emphasize the systematic neglect of the dynamic coupling mechanism
contributing to the 4f—4f intensities''*!°.

We wish here to outline the main aspects of the aforementioned
theoretical background and to discuss briefly some rather problematic

*e-mail: omlm@npd.ufpe.br

points concerning the use of the theory and the interpretation of
results.

SOME CHARACTERISTICS OF THE RARE EARTH IONS
The Hamiltonian for the free ion

The Hamiltonian, H,, for the rare earth free ion is composed by
one part due to the central field, H, and by several other interactions,
which are generally treated as perturbations. Among these interactions
the interelectronic repulsion, H , and the spin-orbit interaction, H_,
are the most relevant.

H,=H +H +H_ (1)

The magnitudes of these interactions follow the order H, > H_>
H.
In the diagonalization procedure of the Hamiltonian H, the spin-
spin, spin-other-orbit and orbit-orbit interactions are in general of
much less importance. Thus, in a first step, the eigenfunctions of H_|
may be constructed from the eigenfunctions of the angular momentum
operators L%, 8%, J* and J,. L is the total orbital angular momentum,
S the total spin angular momentum, J the total angular momentum,
J =L+8S, J, the z component of J, with L = ZQiand S=2s, 0 and s
being monoelectronic orbital and spin angular momentum,
respectively. The quantum number J (MJ = -J, -J+1, ...,+J) must
satisfy the condition |L-S|<J<L+S. For rare earth ions, an
adequate scheme to represent a basis of eigenfunctions is the well-
known L-S coupling scheme |(4fN)OLSLJMJ>. This notation implies
that these eigenstates are pure 4fN states, or, in other words, no
configuration interaction (CI) via H,, is taken into account. Cl effects,
for each given case, have been considered without increasing the
dimension of the matrix [H] through the use of effective operators
acting within the 4f N configuration.
In the construction of the eigenstates |(4fN)ocSLJMJ) one
frequently finds that they are not unambiguously defined by the
quantum numbers S, L, J and M,. This problem can be solved by the
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use of group theory. Racah'® has demonstrated that the irreducible
representations of certain sub-groups of the GL(4{ +2) continuous
group may be used as quantum numbers to classify these eigenstates.
This is due to the fact that they form bases for these irreducible
representations. Thus, in the above scheme a represents the set of
additional quantum numbers necessary to specify the eigenstate. A
common procedure in the literature has been to diagonalize the
Hamiltonian H_ on a basis formed by the above eigenstates. The
usual form of H is'**:

Hpy = Ep(4f™M+ Y EYep +84,37; 5 +Cl )

=0,1,2,3 i

where E, is the energy of the baricenter of the 4f ™ configuration
(eigenvalue of the central field Hamiltonian). The second and third
terms in the right-hand-side of this expression correspond to the
interelectronic repulsion and spin-orbit interaction, respectively. The
last term contains configuration interaction effects. Matrix elements
of the components in equation (2) are evaluated by irreducible tensor
operator techniques'**. The radial quantities in equation (2), E, and
€, the Racah and spin-orbit parameters, respectively, may in
principle be calculated from ab initio methods (the E° parameter can
be absorbed by E,). However they are commonly treated as adjustable
parameters, for which the input data are the experimentally observed
energies of the baricenters of the J manifolds. The great advantage
of this latter procedure is that, after diagonalization, one gets usually
much more reliable free ion wavefunctions, what is essential to the
evaluation of properties of rare earth ion doped materials.

The eigenfunctions in the intermediate coupling

Taking into account the fact that the interelectronic repulsion is
not diagonal in the quantum number o and that the spin-orbit
interaction is not diagonal in the quantum numbers 0., S and L, these
latter are no longer good quantum numbers. As a consequence, after
diagonalization of H, the eigenstates will be given by a linear
combination of the states | (4fN)0(SLJMJ>, that is,

(4w IM,) = 3 C(oSL)| (4 )oSLIM, ) A3)

in which the C(aSL) coefficients of the linear combination satisfies
the condition

Y |c(esL) =1 “)
oSL

Equation (3) expresses the so-called intermediate coupling
scheme. The eigenstates given in this scheme, as mentioned before,
are essential to describe the behavior of rare earth ions. A good
example is the case of transitions between multiplets of different
multiplicities, which otherwise cannot be described. A typical case
is illustrated by the transitions between the °D, and ’F, multiplets of
the Eu** ion. Labeling a multiplet by the usual notation **'L, is a
mere indication of the dominant component in the summation in
equation (3). An interesting and useful aspect is that, since a rather
weakly chemical environment affects the 4f orbitals, for each rare
earth ion the eigenstates in the intermediate coupling scheme are
essentially the same for different environments.

THE LIGAND FIELD
The usual form of the ligand field Hamiltonian

Although weak, the interaction between 4f electrons and the
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chemical environment is responsible for the most interesting
spectroscopic features of rare earth ions. The non-spherical even parity
part of this interaction, responsible for the Stark splitting of 4f levels,
is commonly written as:

Hie = 3 BiCH () )
K,q.i

where the B:’s (k =2,4 and 6) are the so-called ligand field parameters
of even rank and C® is a Racah tensor operator of rank k'**%. The
values of k are restricted by parity and triangularity rules for f
orbitals'**. The allowed values of q depend on the symmetry of the
ligand field around the rare earth ion, and in this expression the index
i runs over the 4f electrons.

The Hamiltonian H, _ as given by equation (5) is a one-particle
operator. A relevant point here is that the form of equation (5) has a
more general character than it might be supposed, in the sense that
all one particle ligand field models lead to this form of H, . Despite
the fact that the B‘;’s, for a given point symmetry, can be calculated
from theoretical models, it has been a common practice to treat them
also as adjustable parameters called phenomenological or experi-
mental Blk]’s. As for the case of the free ion radial parameters in
equation (2), the input data are the observed energies of the 4f levels
under the action of the ligand field. The total Hamiltonian to be
diagonalized is now

H=H_ +H_ (6)

The ligand field interaction is also of fundamental importance
for the case of 4f—4f transition intensities. These transitions are in
principle electric dipole forbidden by Laporte’s rule. However,
provided that the site occupied by the rare earth ion does not present
a center of inversion, Laporte’s rule is relaxed due to odd parity terms
in the ligand field Hamiltonian. The more general form of H,  is
actually

H, . =H,(even) + H,; (odd) @)

It is important to note that if the diagonalization of the total
Hamiltonian H in equation (6) is restricted to a basis formed by the
states | (4fNaSLIM,), due to parity selection rules, the component
H, (odd) will have no effect on the final results. This odd component
is generally expressed as:

Hp(odd) = Y v, r C (i) (8)
t.p.i

where r, is the radial coordinate of the i-th electron, y;’s (t=1,3,5
and 7) are the so-called odd rank ligand field parameters, and C" is
a Racah tensor operator of rank t. The values of t are restricted by
parity and triangularity rules involving f, d and g orbitals’®. Now the
index i runs, in principle, over all electrons of the rare earth ion. As
for the values of q in equation (5), the allowed values of p depend on
the symmetry around the rare earth ion. In the case of intensities the
role of H,, (0dd) is to connect (mix) states belonging to electronic
configurations of opposite parity. It follows that transitions between
4f levels become partially electric dipole allowed.

The ligand field and symmetry

As previously mentioned, the values of q and p in equations (5)
and (8), respectively, are restricted by the symmetry of the site
occupied by the rare earth ion. Thus, for example, in a C,;, symmetry
the allowed values are: k=2,q=0;k=4,q=0,+4;k=6,q=0, =
4;t=1,p=0;t=3,p=0;t=5,p=0,+4;t=7,p=0, £ 4. This is
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a consequence of the fact that the ligand field parameters are actually
a summation over the individual contributions from the surrounding
atoms. Each individual contribution behaves as the spherical
harmonics and the summation vanishes in a given symmetry for
certain values of q and p. A detailed work on this subject may be
found elsewhere??,

One of the consequences of the action of H, . (even) is that J is no
longer a good quantum number. This produces the so-called J-mixing
effect (a rather small effect due to the weak interaction between the
4f orbitals and the chemical environment), and as a result of the
diagonalization of the total Hamiltonian H in equation (6) the final
eigenstates have the general form:

(4fT) = > A0S, L.JM,:T)| (4" )asSLIM, ) )

o,S,L,J,M,

with the condition

> A(eLS, LI, M ;D) =1 (10)

o.S,L,JM,;

Each eigenstate given by equation (9) is now labeled by an
irreducible representation, I', of the symmetry point group.

In the case of glasses, since there is a variety of different sites
that can be occupied by the rare earth ion, we cannot talk about a
well-defined set of ligand field parameters. The Stark splitting is in
general not well determined in this case, what makes it difficult to
define even an average set of ligand field parameters.

In Figure 1 a schematic representation of the intra-atomic and
ligand field interactions previously discussed is presented.

4fV'54
ZSML
10°cm’’
4N N 10*cm’
' ZSMLJ
Hi‘. 10°cm’’ .
. 2s: 1|—J(MJ)
10%cm”
Ho HC HSO HLF

Figure 1. Schematic representation and order of magnitude of the effects of

the intra-atomic and ligand field interactions acting on a 4f" configuration

4F—4F INTENSITIES
Mechanisms of 4f—4f intensities

The characteristic absorption and emission spectra of rare earth
compounds in the visible, near ultraviolet and near infrared is attributed
to transitions between 4f levels, as they present sharp lines, mainly at
low temperature, with oscillator strengths typically in the order of 10
¢, These transitions are forbidden to first order by electric dipoles, but
are allowed by the electric quadrupole, vibronic, magnetic dipole and
forced electric dipole mechanisms. It has been noticed, since more
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than fifty years ago, that among these only the magnetic dipole and
forced electric dipole mechanisms could account for the observed
intensities™. The magnetic dipole character of the °D — F, transition
of the Eu* ion was demonstrated in 1939 by Deutschbein®. The
coefficient of spontaneous emission between two manifolds J and T,
due to the magnetic dipole mechanism, is given by:

_4d’w’
3 hc’

where the magnetic dipole line strength S_ (in units of e?, where e is
the electronic charge, e = -4.8x10"%.s.u.), is

s = <(4f“) T L+28|(4t™) J>2 ! (12)
™ 4m ¢ v VI o

In the previous equations, w is the angular frequency of the J — J
transition (® = 21co, G being the transition energy in cm™), n is the
refraction index of the medium and the angular momentum operators
L and S are in units of h. The eigenstates in equation (12) are
calculated using the intermediate coupling scheme. The magnetic
dipole mechanism cannot account for most of the 4f—4f transitions
in the rare earth series, not only because the predicted oscillator
strengths are in general smaller than 10 but also due to the restrictive
selection rules on the J quantum number (AJ =0, +1), as far as J is
considered a good quantum number.

Judd’ and Ofelt® treated the forced electric dipole mechanism in
detail for the first time in 1962 through the powerful technique of
irreducible tensor operators'®?2. Two years later Jorgensen and Judd*
studied the influence of an additional 4f-4f mechanism. It was
originally referred to as the pseudoquadrupolar mechanism, due to
inhomogeneities of the dielectric constant. The authors proposed that
itcould be as operative as, or, for some transitions, even more relevant
than the forced electric dipole mechanism. These two processes will
be briefly described in the next two sub-sections.

n’S,, (11)

1Ly

The Judd-Ofelt theory

The electric dipole strength, S_; (in units of €?), of a transition
between two states ¢ and ¢’ is given by

2 F
i

If the states ¢ and ¢ are pure 4f N states, as those given by
equations (3) and (9), then by the parity selection rule (Laporte’s
rule) the dipole strength S | is identically null. However, provided
that there is no center of inversion in the site occupied by the rare
earth ion, this selection rule is relaxed by the odd component of the
ligand field Hamiltonian, H, , (odd), which mixes states of electronic
configurations with opposite parity. Thus, since H, . (odd) is a one
particle operator, the configurations that can be mixed with the ground
4fN configuration are those of the type 4f¥'nd, 4f"'ng (n>5) and
n’d *“*14f! (d =2, n” =3 and 4, corresponding to core excitations).
In the standard Judd-Ofelt theory the initial step is to consider this
mixing by means of perturbation theory up to first order in the
wavefunctions. If we take the perturbation on the eigenstates given
by equation (9), then we may write:

2

13)

S = (0" 0)

BB|H ; (odd)| (4f™)T
‘¢>:‘(4fN)F>+z< B‘ (o )‘( ) >‘BB> (14)

Bp E(I)-E(BP)
where B designates an excited configuration of opposite parity and

B its states. The state | ¢’) has a similar expression. The matrix element
in equation (13), abbreviated as [i,, is consequently given by:
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ed

<(4fV )I"\Zﬁ\ BR)(BBH,, (odd)‘ 4y )l‘> <(4f“ )l—‘"Hu (odd)| BB><BB\Z?,\(4N )l“>}

o E(D)-E(BP) E(T)~E(BB)

15)

An interesting estimation of the 4f—4f oscillator strengths can be
made from equation (15). For an electric dipole allowed transition
the oscillator strength can be as high as 1. For rare earth ions the
ligand field interaction is typically of the order of 100 cm™ and the
interconfigurational energy differences for the lowest excited
configuration of opposite parity (4f™! 5d) is typically of the order of
10° cm!. This gives a factor of 107 in equation (15), which squared
leads to the typical order of magnitude of 4f—4f oscillator strengths
(109).

The summation over B and B in equation (15) reminds the
possibility of using a closure procedure, and indeed this is the next
step in the Judd-Ofelt treatment. This summation becomes much more
treatable if one assumes that the intraconfigurational energy
differences are much smaller than the energy differences between
the baricenters of the ground and excited configurations. Or, in other
words, if one assumes that E(I') - E(BB) = E(I") - E(BB) = E, (4f™) -
E (B) = AE(B). The main point now is to use the following relation
involving two irreducible tensor operators x * = Zixq‘k’ (i) and zq,‘k" =

> Zq[(k’) aQ)s.

i

D (@O X BR)(BB| 20| (4£™)T) =

B
) ol (K kA
%(—I)Q(2X+1)<4f”x()‘|n€><n£”z( )|4f>(ql . _Q)

£k 0,
{k’ f x}<(4f r

In this equation the quantities in ( ) and { } are 3-j and 6-j
symbols, respectively'>?2. The monoelectronic reduced matrix
elements involving x® and z* contain the radial part corresponding
to these operators, and U™ is an irreducible unit tensor operator'-?.
In the case of core excitations ({ = d, n = 3 and 4) a minus sign
appears in the right-hand-side of equation (16). In our case, the ranks
kand k’ are equal to 1(from the dipole operator) and t (from H, ,(odd)),
respectively. Thus, it may be shown that the only difference between
the two terms in the right-hand-side of equation (15) is in the 3-j
symbols, which are related by

(1 t x) 1 ,\(t 1 x)
:(_1)+t+
q p —Q p q -Q

Since t is odd only even values of 1 will lead to nonvanishing
values of [i . From the triangularity rules for the 6-j symbol in
equation (16), it follows that A < 2f, i.e. A < 6. The unit tensor operator
U is a scalar and cannot contribute to transition probabilities.
Therefore, the operative values of A are 2, 4 and 6.

The matrix element [i_, may then be put in the form:

Uy|ar) (16)

1 A .
= (—1)0(2k+1)( JB{‘fp<(4fN)1“’ U |@atr)e, (17)
AtQ.p.q q _Q
where the spherical unit vectors satisfy the condition Eq* €y = 1) 9q’>
and the quantities B5* , are given by:
By, =2(LM)y, (18)

where
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E(t,X)ZZ;{f . i}<ﬁ‘C“)H,€><£HC‘”Hf><4f\r\n[><n,€\r‘\4f> (19)

AE(n/)

If one is not interested in the transition intensities between Stark
levels (T, T”) but rather in the integrated intensities between J and J/
manifolds, to a first approximation the J-mixing effects may be
neglected and the 4f N eigenstates in equation (17) may be replaced
by the eigenstates in the intermediate coupling scheme defined in
equation (3). Thus, the total electric dipole strength is a sum over M,
and M, divided by 2J+1, assuming that the components of the initial
J manifold are equally thermally populated. Using the Wigner-Eckart
theorem and the orthogonality relation between 3—j symbols, it may
be easily shown that the total electric dipole strength in equation
(13) is then given by:

L Sy |ut ey @)

C20+1,4,

ed

where
ed
‘ B Atp

2t +1

‘ 2

Qf =2r+D)Y @1)
tp

An alternative way of performing the summation in equation
(15) has been the use of the average energy denominator method,
introduced by Bebb and Gold®. The advantage is that one has to
deal with a single average energy difference in equation (15). It has
been shown that the predicted values of the so-called intensity
parameters B;dtp and Q5 are very similar to those given by the
standard Judd-Ofelt treatment!*. The coefficient of spontaneous
emission taking into account both the forced electric dipole and the
magnetic dipole mechanisms, is then given by:

_4e’0’ | n(n® +2)°
3hc? 9

A,y S +n’S,, (22)

It should be noted, however, that the previous equation is valid
as far as the J-mixing is neglected. Otherwise a cross term between
the electric dipole and magnetic dipole transition moments may
appear. The corresponding expression for the oscillator strength may
be obtained from the relation:

C20+1 md
27 +12mw%e’n’

Iy

I 23)

The dynamic coupling

This mechanism was originally proposed by Jorgensen and Judd?’
in an attempt to explain the uncommon intensity variation of certain
4f-4f transitions denominated hypersensitive transitions. A simplified
visualization of this mechanism is shown in Figure 2.

The incident radiation field induces oscillating dipoles in the
surrounding atoms and, as a consequence, an additional oscillating
electric field is produced. This electric field, being produced close to
the rare earth ion, has large local gradients and may induce 4f—4f
transitions with oscillator strengths in the order of, or even greater
than 10°. To a first approximation the induced oscillating dipoles
depend on the isotropic dipolar polarizabilities of the surrounding
atoms, 0., as indicated in Figure 2. The interaction energy with the 4f

electrons, H, is given by:
_ (-R)
Hye = eZHJ- : :

= 24)
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Figure 2. A pictorial representation of the dynamic coupling

H,. must be added to the interaction, with the incident field, that
leads to the forced electric dipole mechanism. When expanded in
terms of irreducible tensor operators'*?, the even rank components
of H. lead to a transition moment (in units of e) that has exactly the
same form as the transition moment given in equation (17), that is:

fipe = 2, (-D°1+ 1)(; * )Bﬁ%(@f“ I’ UQ | (48T ), * (25)

A.t.Q.p.q _Q
where
B = AFDOAI i (1 (f ) T, (26)
Atp (2>\'+1) A p YA+l
and

4T|: 1/2 o B}

=2 L yrQ. 27
P (2t+1) ;R;*l p ) @7

Y:: is a spherical harmonic and (1-G,) in equation (26) is a shielding
factor, due to the filled 5s and 5p sub-shells of the rare earth ion'.
The total intensity parameter is now B, = B;d[p + Bﬁcp , which is the
quantity to be used in equation (21) to obtain the total {2, parameters.
Several interesting aspects may be discussed about the forced
electric dipole and dynamic coupling mechanisms. An analysis from
typical values of the quantities that appear in equations (18) and (26)
indicate that these two mechanisms contribute to the total transition
moment with opposite signs'®. Both the odd rank ligand field
parameters, Y, and the polarizability dependent quantities l"; contain
generally the same type of sum over the surrounding atoms. Therefore,
they carry out the same symmetry information. The only difference
is that r does not depend on the spherical harmonic of rank 1 (Y}‘))
as it may be noted from the Kronecker’s delta in equations (26).
As the site occupied by the rare earth ion becomes more
symmetric, the lower rank v, and 1"; tend to vanish more rapidly than
the higher rank ones, or in a more general way, the former quantities
are more sensitive to changes in symmetry than the latter, though the
higher rank v, and I'’ are more sensitive to changes in distances. This
goes in the correct sense towards the rationalization of the so-called
hypersensitive transitions, which are normally dominated by the
effective operator Q, U®. On the other hand, this also seems to agree
with the empirical suggestion that the effects involving slight changes
in the positions of the ligands belonging to the second coordination
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shell could be reflected in the Q, U® and Q, U effective
operators®2*3. However, it has been observed that the symmetry
alone cannot account for the enormous variation sometimes observed
in the intensities of those hypersensitive transitions for different
chemical environments. Theoretical estimates have shown that the
dynamic coupling contribution is able to account for this enormous
intensity variation through the polarizabilities of the surrounding
atoms, or groups of atoms.

Thus, for example, in going from the gaseous compound NdF,
to gaseous NdI, there is a change in polarizability, from the ion F" to
the ion I, of almost one order of magnitude. This might produce a
change of almost two orders of magnitude in the intensities dominated
by Q, U®. Abnormal changes in the intensities dominated by Q, U
and W, U may not occur, since for these cases the remarkable
increase in the distance Nd-X (X = F and I) may compensate for the
increase in the polarizability values. This can explain the fact that
nearly all glass materials containing trivalent rare earth ions (and
also the aqua ions and other complexes in solution) show a moderate
variation of both Q, and Q, parameters, between 1 and 5 x 10™ cm® 2,
contrarily to the changes in the Q, values, which vary from less than
1 to 40 x 10?° cm? in condensed matter (table 1 of Ref. 1) and even
up to 275 x 10* cm? for NdI, vapor.

A point that should be stressed here is that, in contrast with a
common procedure found in the literature in the case of rare earth-
doped glasses, the dynamic coupling mechanism cannot, in any
circumstances, be neglected. When the €, intensity parameters are
phenomenologically determined from experimental intensities, the
forced electric dipole and dynamic coupling mechanisms are absorbed
simultaneously and cannot be distinguished. Therefore, when treating
energy transfer processes between rare earth ions, one should bear in
mind that in the dipole-dipole or dipole- quadrupole expressions for
the transfer rates the €, ’s which appear refer only to the forced electric
dipole contribution, that is, Q;d. This is one of the reasons that
motivate the theoretical calculations of the individual B;‘ip and Bffp
contributions. These theoretical calculations in vitreous materials turn
out to be an enormous problem, due to the large variety of different
site symmetries occupied by the rare earth ion, unless a model system
with a well defined statistical distribution of site symmetry types is
available. In this case the Q, parameters represent average values
over all types of sites.

INTENSITY PARAMETERS IN VITREOUS MATERIALS

One of the effects of a distribution of different symmetry sites
occupied by the rare earth ion is to produce the inhomogeneous line
broadening. The Stark levels overlap in such a way that, in most
cases, even the fluorescence line-narrowing technique cannot help
to identify a particular site occupied by the rare earth ion. Figure 3
shows the emission spectrum of the Eu** ion in fluoroborate glasses®,
where this effect can be clearly noted, particularly in the °D, — F,
hypersensitive transition at ~ 612 nm.

As already mentioned, the €2, intensity parameters in vitreous
materials correspond to statistical average values over all sites, and
these values, determined experimentally, incorporate both the forced
electric dipole and the dynamic coupling contributions. The
dependence on the polarizabilities of the neighboring ions confers to
the latter mechanism a stronger dependence on the nature of the
chemical environment. For the sake of comparison, in a 100% ionic
model of the ligand field interaction, the charge of the fluorine and
chlorine ions, for example, is —1, in units of the electronic charge,
while their dipolar isotropic polarizabilities are, respectively, 1 A3
and ~ 3 A3. This may account for the hypersensitive behavior of certain
4f—4f transitions, which are generally dominated by Q, U®.
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Figure 3. Luminescence spectrum of the Eu’* ion, in the presence (a) and in
the absence (b) of silver particles, in a fluoroborate glass

A correlation has been noticed in the sense that compounds
expected to have a higher degree of covalency tend to present higher
values of Q, ', suggesting that in these cases the dynamic coupling
mechanism dominates. This correlation can be clearly seen from the
€, values collected in table 1 of Ref. 1 and in Ref. 32, where the
oxides and chalkogenides present higher values for this intensity
parameter than the fluorides, which are known to have the least
covalent bonding with the rare earths.

The case of the fluoride phosphate Eu** and Tb** glasses, for
instance, is another example that nicely illustrates this correlation. In
these glasses, €, increases linearly with the increase of the phosphate
content, due to the replacement of fluoride ions presenting lower
electron polarizability by the oxygen atoms having higher
polarizability*. Another correlation has also been noted between the
Q, and Q, parameters and the amplitudes of localized vibrational modes
involving the rare earth ion', giving an indication of the rigidity of the
material. It is, however, rather difficult to rationalize this correlation in
terms of the quantities that appear in equations (18) and (26).

An interesting and controversial case of intensity parameters is
the Pr** ion. In many compounds with Pr** it is found that the
phenomenological Q, parameter is negative, what, from the definition
of the Q, [equation (21)], is not acceptable. It has been argued’ that
for this ion the lowest excited configuration of opposite parity, 4f 5d,
is too close (~ 50000 cm™) to the ground configuration (4f ?),
invalidating the approximation made on the energy denominators in
equation (15).

There are different ways in which corrections could be introduced.
One is to take into account the 4fN wavefunctions up to higher than
first order in perturbation theory'>. Another one is, for example, to
make appropriate expansions on the inverse of the energy differences
in equation (15), as it has been done in Ref. 35. In either way one
finds that the odd rank effective operators Q “ U*(A =1, 3 and 5)
may be of significance when DE(5d) is small, as in the case of the
Pr¥* ion. However, one should bear in mind that even in this case,
depending on the chemical environment, the dynamic coupling
mechanism may dominate, what would make more difficult to
evaluate precisely the effect of the odd rank effective operators. There
are evidences in the case of the isoelectronic ion U*(5f?), found by
Auzel®, indicating a rather independent behavior of the 5f-5f
transition intensities with the position of the 5f 6d excited levels of
opposite parity, suggesting a dominance of the dynamic coupling
mechanism.

Quim. Nova

Another aspect about Pr** compounds concerns the statistical
procedure, which is usually adopted for extracting the €2, intensity
parameters from experimental oscillator strengths (least-squares
method). It is possible that in this case the set of linear equations is
particularly sensitive to very small variations, within experimental
errors, in the oscillator strengths. A method in which branching ratios
are included in the least-squares procedure was proposed by Quimby
and Miniscalco®, and a method in which the standard deviation for
each individual oscillator strength is introduced in the minimization
procedure has been used by Goldner and Auzel®, both leading to
reliable intensity parameters.

CONCLUDING REMARKS

Some very basic aspects of the theory of 4f—4f transition
intensities applied to vitreous materials have been discussed above.
The characteristics of the intra-atomic rare earth free ion and ligand
field interactions, as well as the formalisms of the forced electric
dipole and dynamic coupling mechanisms of 4f—4f intensities, have
been outlined. One of the main points was to call attention to the
contribution from the dynamic coupling mechanism to the intensities,
a point that has been commonly overlooked in the literature of rare
earth doped glass materials. Not taking into account this mechanism
is equivalent to assume that the phenomenological €, intensity
parameters coincide with Q,*, corresponding to the forced electric
dipole contribution alone. This would be a clear misinterpretation of
the theory. From the theoretical expressions given in equations (18)
and (26) it is possible to rationalize the correlation between €2, and
covalence, as discussed in Ref. 1. However, the same is not evident
concerning the correlation between €, and €, and the rigidity of the
medium. The case of the Pr** ion has been briefly discussed under
the light of the forced electric dipole and dynamic coupling
mechanisms, and attention has been called to the fact that for this ion
statistical problems may arise when determining phenomenological
intensity parameters from experimental oscillator strengths.
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Upconversion in Er**-Doped Fluoroindate Glass

G. S. Maciel, L. de S. Menezes, A. S. L. Gomes, Cid B. de Aratjo,
Y. Messaddeq, A. Florez, and M. A. Aegerter

Abstract—We describe the characterization of a temperature
sensor based on the infrared-to-visible frequency upcenversion
process excited in a sample of Er**-doped fluoroindate glass.
The present results demonstrate the feasibility of constructing
a compact practical device using a low-power CW 1.48-ym diede
laser as the excitation source.

1. INTRODUCTION

ARE-earth (RE) doped materials are of interest for tem-

perature sensors because their absorption and emission
properties are temperature dependent. To date a number of
such sensors has been presented and the most successful
approach is based on the study of RE fluorescence whose
decay-time is a function of the sample temperature. For
this kind of application the fluorescent material is excited
by a pulsed light source of an appropriate wavelength and
the fluorescence signal decay-time is determined by a time-
resolved processing circuit. This method was introduced about
ten years ago [1] and has been employed by several authors
[1-5].

More recently a new approach also based on the temperature
dependence of the RE fluorescence was proposed in [6].
The authors used a fluoride glass codoped with Er*t and
Yb3* and measured the sample’s temperature by determining
the signal ratio of two fluorescence lines of a Boltzmannian
population associated to excited states. The signal processing
was simplified since the temperature was determined from the
ratio of two line intensities, instead of time-resolved mea-
surements. However, an important requirement for practical
application of the new method is the selection of an appropriate
material that must present a large upconversion signal while
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excited with low-power laser diodes. The use of oxide glasses,
for example, is not practical because the large nonradiative
relaxation suffered by the RE ions when incorporated:in- this
class of host makes them poor upconverters. On the other hand,
fluorozirconate glasses are not appropnate elther because of
their sensitivity to humidity.

In the present paper we report the use of a newclass -
of fluoroindate glasses ‘doped with Fr®t as a temperature
sensor based on the method introduced in [6], Accordingly; the
efficient infrared-to-visible upconversion process is achieved
using a 1.48-um CW low-power (5 mW) laser diode that ex-
cites a signiﬁcant population to the thermalliy coupled excited
levels 2Hy, 2 and 48, /2, which generate the double frequency
fluorescence signal required.

The samples used were prepared followmg the procedure
given in [7] and have the compositions (mol %). 39 — x
InF3-20ZrF5—16BaF;—20S1F,-2GdF3~2Nab-1GaF3-zErFs
(x = 2, 3). These fluoroindate glasses present high trans-
parency from the ultraviolet to the middle-infrared and large
resistance to atmospheric moisture. Moreover, our Tecent
studies [8]-[11] have shown their large potential for photonic
applications because their phonons -have small energies
(<507 cm™1), they present large frequercy -upconversion
efficiency and it is possible to incorporate lamge concentrations
of RE ions to the matrix. :

Fig. 1 shows schematically the exc1tat10n‘ and decay chan-
nels related to the states Hyq/p and *Ss/3, whose fluores-
cence intensity ratio is the basis of our sensor. As indicated
by the solid arrows, the pump diode laser resonant with

115 /2 — 113 /2 transition initiates the upconversmn process.
The upconverted fluorescences at ~522 nm and /543 nm are
quite strong and readily visible by the naked eye. The spectra
obtained for 23 °C and 175 °C are presented in Fig. 2. We
have observed that when the glass temperature is raised, the
intensities of both fluorescence lines at 522 pm and ~543 nm
decrease as well as their ratio. On the other hand, their peak
positions did not change in the temperature range of ‘our
measurements (23-175 °C). The behavior of the fluorescence
signal, [, with the laser 1ntens1ty, I, was‘ also' determined
and the dependence, I, IV, with N ~ 3 was verified.
This result indicates that three laser photons participate ‘in
the upconversion process. For the Er3* concentrations and
laser wavelength used, frequency upconversion is mainly
due to energy transfer processes and the contribution of
excited state absorption is negligible [11]. Accordingly, after
excitation to the *I;3 /2 State, energy transfer between three

1041-1135/95$04.00 © 1995 IEEE
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Fig. 1. Simplified energy levels scheme of Er®+. The downwards arrows
indicate the upconverted fluorescence and the curved arrows on the right side
stand for energy transfer.

excited Er3* ions at that level will take one ion to the states
?H,, J2 Or 484 /2. The energy transfer can be resonant or
nonresonant with phonon emission or absorption compensating
the energy mismatch. Afterwards, radiative transitions to the
ground state give rise to the observed green fluorescence at
~522 nm (2H11/2 —)4115/2) and ~543 nm (433/2 —-—)4115/2).
The temperature behavior observed is consistent with previous
reports for fluorozirconate glasses [12]. Because of the small
energy gap (~750 cm™!) between the levels ?Hyq / and 4S5,
the state 2Hy1 /> may also be populated from *S /5 by thermal
excitation and a quasithermal equilibrium occurs between the
two levels. As a consequence of the quasithermal equilibrium,
the ratio of the two fluorescence intensities may be written
as R = I522/I543 =C exp{—AE/kT}, where AF is the
energy gap between the levels *Hjq/o and 4S3/o, k is the
Boltzmann constant, and C' is a parameter that depends on the
levels lifetime -and their electronic weight.

To determine the temperature behavior of the R-ratio un-
der conditions similar to the ones required for a practical
temperature sensor, the laser light was delivered to the glass
sample through a single-mode-fiber. The fluorescence intensity
was measured using an optical spectrum analyzer and for the
signal capture the sample was butted to a two-meter-long
multimode fiber. Thus, the temperature transducer was very
compact. The behavior of the R-ratio is shown in Fig. 3 for
the sample with z = 3. The exponential dependence of the R-
ratio with temperature was asserted from the best fit presented
in Fig. 3(a), which gives C = 11.2 and AE = 769 cm™L.
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Fig. 2. Green upconverted fluorescence (normalized to the stronger
line) corresponding to the transitions 2Hj, /2 -4 /2(z522 nm) and
48y/5 —11;5/2(~543 nm): (a) 23°C; (b) 175 °C. Sample concentration:
z = 3
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For the sample with z = 2 we have obtained C' = 7.39 and
AE = 742 cm™!. From the C values we obtain the ratio
between the levels lifetimes 7(*Hyy/2)/7(*S3/2) = 2.36, and
3.59 for x = 2, and x = 3, respectively. The different values
obtained are due to the dependence of the levels lifetime with
the Er®t concentration [9]. From Fig. 3(b) we calculated the
sensor sensitivity as 0.004/°C.
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The present results for the upconversion efficiency can be
favorably improved if Yb®* /Er’* codoped samples are used.

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 7, NO./'12, DECEMBER 1995

Another important aspect to consider is the suitability of the
fluorcindate glass to be fibered, and the possibility to the use
the doped fiber as the active sensing element.

Finally, we mention that a practical device will require a
simple and inexpensive electronic circuit to process the ratio
between the two signals instead of the elaborate circuitry used
in the devices based on the analysis of decay-time temperature
dependence. From the calculated sensor sensitivity, a precision
>+1 °C can be obtained if the electronic | circuitry allows
division with four digits or more. Moreover, the temperature
sensor is insensitive to light intensity variations of the pumping
source as well as possible fluctuations and losses of the optical
signal during propagation through the addresslmg fiber coupled
to the sensor.
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Abstract — Glass ceramics are a known class of polycrystalline ceramic materials, where, depending on the glass matrix and the
particular crystalline phases, one can obtain materials with improved mechanical, thermal, electrical or optical properties. The
characteristics and applications of optical glass ceramics are reviewed, with particular emphasis on rare-earth-doped transparent
glass ceramics for photonics, including the search for new transparent glass ceramic compositions and the development of
suitable methods to process such materials into functional devices. To cite this article: M. Clara Gongalves et al., C. R. Chimie
5 (2002) 845-854 © 2002 Académie des sciences/ Editions scientifiques et médicales Elsevier SAS
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Résumé— Les vitrocéramiques constituent une classe bien connue de matériaux céramiques polycristallins qui, selon la matrice
vitreuse et les phases cristallines, possédent des propriétés mécaniques, thermiques, éectriques ou optiques améliorées. Les
caractéristiques et les applications optiques des vitrocéramiques sont passées en revue, avec une insistance particuliére sur les
vitrocéramiques transparentes et dopées en terres rares pour application photonique, incluant les recherches effectuées sur les
compositions de nouvelles vitrocéramiques transparentes et le développement des méthodes appropriées pour inclure de tels
matériaux dans des dispositifs possédant une fonction particuliére. Pour citer cet article : M. Clara Gongalves et al., C. R.
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1. Glass ceramics— historical view

Glass ceramics, discovered by S.D. Stookey (Corn-
ing Glass Works, USA) in the mid-1950s [1-4], are
polycrystalline ceramic materials, formed through the
controlled nucleation and crystalisation of glass,
where the amount of residua glassy phase is usualy
less than 50%. The precursor glass is melted,
gquenched and shape-processed and is then thermally
converted into a composite material formed by a crys-
talline phase dispersed within a glass matrix. The
basis of controlled internal crystallisation lies in effi-
cient nucleation, often enabled by a small amount of a
nucleating agent, that alows the development of fine,
randomly oriented grains, in a ceramic generally with-
out voids, microcracks, or other porosity [5].

* Correspondence and reprints.
E-mail address: rui.ameida@ist.utl.pt (R.M. Almeida).

The development of practically useful glass ceram-
ics is relatively recent, but the first attempts in this
direction may be referenced to Réaumur [6], as long
ago as 1739, who produced polycrystalline materials
from sodadime-silica glass; yet the control of the
crystallisation process was not achieved. Further, the
crystallisation was initiated at the surface, resulting in
weak and brittle articles. Only some 200 years after
Réaumur’s work, a directed research program started
at Corning Glass Works, leading to the discovery of
photosensitive glasses [1-4] and to the first glass
ceramics patents, PYROFLAM® [7] and VISIONS®
[8]. These contain small amounts of copper, silver or
gold, which can be precipitated in the form of very
small crystals during heat treatment of the precursor
glasses. Stookey [1-4] successfully made use of col-
loidal particles precipitated within the glass, as nucle-
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ation sites for its controlled crystallisation. Stookey
developed a wide range of glass compositions that
contained titanium dioxide as the nucleating agent,
which promoted phase separation. Since then, many
different types of nucleating agents for glass-ceramic
production have been reported [5].

From the early times of glass fabrication, the
emphasis has been on preventing devitrification from
occurring. Devitrification implies the growth of crys-
talline materia and, if this occurs during the later
stages of melting or during the shaping of glass, it
has a very harmful effect. Therefore, many studies of
devitrification have been carried out, in order to
develop an understanding of the phenomenon and to
enable it to be suppressed or controlled. Although
some glass compositions are self-nucleating and vol-
ume nucleation occurs, crystallisation or devitrification
in vitreous systems occurs most readily from the sur-
face, where crystals are nucleated by flaws or other
defect sites. Two kinetic processes are well known to
precede devitrification: phase separation by nucleation
and growth, the latter is generally or by spinodal
decomposition. So far, only nucleation—growth has
been shown to lead to optically transparent glass-
ceramic material. Spinodal decomposition is generally
viewed as a negative effect, since there is loss of
glass transparency [9].

Depending on the glass host and the crystal phase
compositions, one can obtain materials with improved
mechanical, thermal, electrical or optical properties.
The applications of glass ceramics have covered six
major categories up to now — cook-top panels, dinner-
ware, electronics, medicine and dentistry, tough glass
ceramics and optical materials. Low thermal expan-
sion cook-top panels, woodstove windows and fire
doors, represent today the commercialy most attrac-
tive glass-ceramic product. In electronics, glass ceram-
ics have found major application in microelectronic
packaging and products like Fotoform® [10], Fotoce-
ram® [10] and Foturan® [11] have been registered. In
dentistry and medicine, where bioglass ceramics found
wide use as implants for dental and bone prostheses, a
series of new products have been developed and pat-
ented under the trademarks Bioglass® [12], Fluoride
Bioglass® [13], Ceravital® [14], and Cerabone® [15].
Natural bones and teeth are multiphase materials with
specific properties very difficult to simulate, where
glass devitrification appears to be a very effective way
to achieve improved properties, including machinabil-
ity. Tough glass ceramics have been developed since
the first well-known Macor® product [16], in which
the easily cleaved crystalline mica decreased the sen-
sitivity to flaw propagation to such an extent that it
could be machined with norma metalic tools. At
Corning Glass Works, a variety caled Dicor® [17]
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was developed for use in dental restoration and, at the
Otto Schott Ingtitute in Jena [18], similar products
have been developed. Special optical materials, where
the dimensional stability, luminescence, or photosensi-
tivity characteristics of glass ceramics can be
exploited in a variety of new applications, including
photorefractivity, non-linear optical behaviour or opti-
cal amplification, have also been fabricated. The best-
known commercial optical glass-ceramic is Zerodur®,
produced by Schott [19], first designed for large tele-
scope mirror blanks, but now routinely used for laser
gyroscopes in airplanes. The key property reguirement
in al these glass-ceramic applications is an extremely
low coefficient of thermal expansion in the tempera
ture interval of work.

The state-of-the-art in a new class of transparent
glass-ceramic (TGC) materias will be discussed in the
present paper, in connection with photonics. Two main
aspects are related to the development of a new opti-
cal technology, the first being the search of novel
material properties and the second, of egual impor-
tance, being the development of suitable methods to
process these materials into functional devices. Both
aspects are reviewed in the sections below, with
emphasis on the first one.

2. Transparent glass ceramics

TGC can be obtained under severa conditions,
where the achievement of low optical absorption and
scattering is essential. According to the Rayleigh—
Gans theory, crystal sizes well bellow the wavelength
of the incident light present negligible attenuation due
to scattering, which, for visible light, represents par-
ticle radii lower than ~15nm [20]. A refractive index
difference between the amorphous and crystaline
phases of less than 0.1 is also required [20]. However,
according to Beall and Pinckney [20], based on Hop-
per's model [21], crystal sizes of 30 nm and differ-
ences in refractive index of 0.3 may be acceptable,
provided the crystal spacing is not more than six
times the average crystal size TGC can adso be
obtained for even larger crystal sizes, if optical isot-
ropy is achieved within the glass ceramic. In fact,
p-quartz  crystals up to 10um, in the
SiIO,~AlL,O;~MgO-2Zn0O-ZrO, system, ill provide
good transparency in the glass ceramic [20].

Some of the most promising applications of TGC
are; large telescope mirror blanks, liquid crystal dis-
plays, solar cells and photonic devices. Precision opti-
cal equipment, such as telescope mirrors, requires
extremely low expansion coefficient and high trans-
mission. Glass ceramics such as Zerodur® — an alumi-
nosilicate glass with 50-nm -quartz crystals and with
70% of crystalline phase— has amost zero thermal
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expansion (0+0.02x 10°K™) in the temperature
range of 0-100°C and ~ 90% transmittance between
0.6 and 2.0 um [5, 9].

Liquid crystal displays for laptop computers are
based on TGC of lithium aluminosilicate composi-
tions, with -quartz solid solution as the crystal phase,
as developed by Nippon Electric Glass Co. (Japan),
under the name of Neoceram® N-0 [22].

Solar cells and photonic devices require high trans-
mission and efficient luminescence, respectively. TGC
containing Cr-doped mullite can be used both in laser
applications and solar concentrators [5].

2.1. Photonics applications

Photonics may be defined as the technology of
information transfer by means of light [23]. Optica
non-linearity of materials forms the basis of this ulti-
mate technological revolution, which follows the elec-
tronics era

2.1.1. Laser emission

A laser is a source of monochromatic radiation of
high intensity, coherence and directionality, in the
ultraviolet, visible or infrared optical regions. The
laser mechanism is based on the radiative process of
stimulated emission. A requirement of laser action is
the existence of a metastable excited state with a long
lifetime, as the starting level of stimulated emission.
Another requirement is the existence of a larger popu-
lation in this initial metastable state than in the fina
state, corresponding to the phenomenon of population
inversion [24].

Three or four energy-level schemes are used to
reach these emission processes, responsible for laser
action. The energy levels involved belong to rare-earth
(RE) or transition-metal ions. Of special concern for
laser action are the non-radiative transitions that lead
to undesirable energy dissipation. In glass, the non-
radiative transitions of RE ions are accomplished by a
series of different mechanisms— multiphonon relax-
ation, cross-relaxation and co-operative up-conversion.
Multiphonon relaxation occurs by a simultaneous cre-
ation of several phonons, which suffice to equa the
energy of the transition between the excited level and
the next lower level; when this is larger than the
highest vibrational energy of the solid matrix, severa
phonons may have to be created in order to bridge the
energy gap. Since the probability for multiphonon
decay decreases exponentially with the number of
required phonons [25], it is desirable to surround the
active ion by a matrix that possesses low vibrationa
energies. In glasses, the highest energy vibrations are
stretchings of the anions against the glass forming
cations, whose frequency varies with the glass compo-

Table 1. Highest vibrational energies, hv (cm™), in inorganic
glasses [26].

Glasses hv (cm™)
Silicate 1000-1100
Germanate 800975
Tellurite 600-850
Fluoride 500-600
Chalcogenide 200-300
LaBr, 175

sition. The highest vibrational energies in various
types of glasses are listed in Table 1 [26].

The presence of residua OH species in the glass
host increases the non-radiative decay rates, because
of coupling between the RE states and the high
energy stretching vibrations of the OH groups
(~3200 cm™). This contribution to non-radiative decay
is very important in the case of the Er3* ion, since
two OH phonons are sufficient to bridge the energy
gap between the 4,5, and 4,5, levels. Therefore, the
residual OH content of the glass must be controlled to
be as low as possible [24].

The other two dissipative processes — Cross-
relaxation and co-operative up-conversion — both
involve RE ion-on interactions, wherein the intensity
of fluorescence decreases as the concentration of the
active ions increases. Cross-relaxation may take place
between any two closed spaced RE ions that happen
to have two pairs of energy levels separated by the
same amount. One of the ions, in an excited state,
gives half of its energy to a ground state ion, so that
both ions end up in the intermediate level. From this
level, they both relax quickly to the ground state, via
multiphonon relaxation. The cross-relaxation process
is believed to be the dominant factor in the concentra-
tion quenching of Nd® in glass matrices [24]. The
spontaneous co-operative up-conversion process may
occur when two neighbouring ions are in an excited
state: one of them, A, gives its energy to the other, B,
thus promoting B to a higher level, while A relaxes to
the ground state. From this higher energy level, the B
ion relaxes rapidly, radiatively or non-radiatively. This
co-operative up-conversion process is believed to be
the major cause of concentration quenching in Er®*-
doped glasses. Er®* has no intermediate states between
the 41,5, metastable level and the ground state, thus
cross-relaxation between an excited ion and one in the
ground state cannot occur [24].

RE ions of the lanthanide series have been the most
extensively used active ions for laser operation,
because there are a large number of fluorescing states
and wavelengths to choose among the 4f electron con-
figurations, as illustrated in Fig. 1, for some of the
more commonly used RE ions. Nevertheless, one of
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Fig. 1. Simplified electronic energy level diagrams of three different RE ions and relevant transitions for pumping and emission. (Adapted from

ref. [24].)

the obstacles to the use of RE ions can be a short
lifetime of the excited states and non-radiative decay
paths, which depend on the local environment of the
ion and on the matrix vibrational energies. Thus, the
efficiency of the radiative decay in oxide glasses is
generaly low, compared with halide and sulphide
glasses (cf. Tablel1). Of the many RE ions, Er®* is
well known for its favourable characteristics for laser
transition. Er®* ions operate as a three-level system,
through the “1,5,~,5, transition [27-30]. They can
be pumped directly into the metastable upper lasing
level 4,3, (L49um), or into higher levels, from
which non-radiative decay occurs to the metastable
413 level. The lower lasing level, in this casg, is the
ground state (*l,5,). Absorption of lasing photons
from the ground state directly to the upper lasing
level may take place, causing competition with the
emission of lasing photons, a phenomenon known as
self-absorption, typical of three-level systems [24].

2.1.2. Frequency up-conversion

At present, there is great interest in luminescent
materials for efficient frequency conversion from
infrared to visible radiation, mainly because a visible
source pumped by a near infrared laser is useful for
high-capacity data storage optical devices. This stimu-
lated excitation process is designated by
up-conversion and is a particular type of laser action.
Therefore, both the fluorescence lifetime and the
stimulated emission cross-section of the RE excited
level should be maximised, whereas the non-radiative
decay mechanisms should be minimised. The glassy
host is required to possess a minimal absorption coef-
ficient within the wavelength region of interest, plus
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the capability of incorporating large RE concentra-
tions, low vibrationa energies and a high refractive
index. Er®* is the most commonly used RE dopant
that can provide up-converted visible fluorescence,
both in fluoride crystals and glasses. In conventional
oxide glasses, there is no report of the up-conversion
phenomenon, because of large non-radiative losses,
due to high-energy vibrations, e.g. Si—-O (~1100 cm™)
and B-O (~1400 cm™), which couple to the Er3* ions.
Up-conversion pumped fluorescence expectation has
therefore been placed on non-traditional oxide glass
systems, with lower vibrational energies. In the stimu-
lated up-conversion processes, excited state absorption
(ESA) and energy transfer (ET) involving RE ions in
the solid matrix are important mechanisms. Much
work has been devoted to up-conversion lasers involv-
ing Er3* ions, to produce green and red up-conversion
output, respectively. The sensitisation of Er3* with
Yb®* may aso be favourable for infrared
up-conversion [31-33].

2.1.3. Amplification at 1.3 and 1.5 gm

A driving force for research in RE doped fibres and
integrated optics waveguides has been their use for
amplifying weak signals in optical communications
systems at 1.3 and 1.5um. This may be achieved by
simply splicing a section of RE-doped fibre into the
transmission one and injecting pump light through a
fibre coupler. The signal generated within the RE
emission band stimulates emission of radiation at the
same frequency, amplifying the optical communication
signal with high gain, high efficiency and low noise,
which is highly advantageous for optical communica
tions [24].
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There are five main RE candidates for use as
dopants in fibre or waveguide amplifiers for optical
communications systems: Er®*, Tm>, Nd**, Pr3* and
Dy3*. Er®* and Tm® are the choice for the
1.4-1.6-um window centred at 1.5um, based on the
#1515, transition of Er®* and the *H,—F, transi-
tion of Tm*. The “F5,~*,5, emission of Nd**, the
1G,~°Hg transiion of Pr3* and the °F,
(°Hg»)-*H,5, transition of Dy** are al potentially
useful for the 1.3-um telecommunication window.

As with the laser mechanism, the major problems
concerning amplification efficiency are related to dissi-
pative processes. In addition to al the non-radiative
relaxation processes already mentioned — multiphonon
relaxation, cross-relaxation and co-operative up-conver-
sion — other dissipative processes may decrease the
amplification efficiency. The phenomena of excited-
state absorption (ESA) and amplified spontaneous
emission (ASE) are two of the most compromising
processes, which can be partially eliminated by chang-
ing the glass composition.

2.2. Glass ceramics for photonics

2.2.1. Silicate oxyfluoride glass ceramics

Glass can play many varied roles in RE laser sys
tems, namely as the laser host medium. Fluoride
glasses and crystals are highly transparent materials,
from the near-UV to the middle IR, with excellent RE
ion solubility and low vibrational energies, making
them excellent candidates as laser host materials [34],
when compared to oxide glasses such as the silicates,
which have limited transparency (from ~300-3000 nm)
and RE solubility. The combination of high optical
transparency, large stimulated emission cross-section
and low non-radiative relaxation rates enhances the
probabilities of observing fluorescent emissions that
are normally quenched in oxide glasses. Nevertheless,
fluoride glasses have less favourable chemical, thermal
and mechanical properties, compared to oxide glasses
and, as a result, are difficult to prepare and to handle
[34]. In fact, most oxide glasses are much more
atractive from the point of view of chemical and
mechanical stabilities and are easier to melt and to
fabricated as rods, optical fibres, or planar waveguides
than fluoride glasses.

Early in 1975, Auzel et a. [35] reported a class of
partially crystaline infrared up-conversion materias
which were prepared from classical glass forming
oxides such as SiO,, GeO, and P,0O5;, mixed with
PbF, and a RE oxide, which showed a luminescence
efficiency nearly twice as high as the LaF;:Yb:Er
phosphor. Since these materials were formed by a
glass matrix and a crystal phase as large as 10 um,
they were not transparent.

More recently, in 1993, Wang and Ohwaki [36]
reported for the first time a transparent and optically
isotropic oxyfluoride glass-ceramic, based on a cubic
fluoride crystal phase, containing Er* and Yb®* ions,
dispersed throughout a continuous aluminosilicate base
glass. This TGC was shown to combine the optical
advantages of RE-doped fluoride crystals with the
ease of forming and handling of conventional oxide
glasses. From the X-ray diffraction peak widths and
the Scherrer formula, 20-nm nanocrystals, tentatively
identified as cadmium lead fluoride, Pb,Cd,_F,, were
found to precipitate from the precursor aluminosilicate
glasses through a suitable heat treatment. The resonant
energy transfer between ytterbium and erbium was
used to produce up-conversion and fluorescence in the
red—green region. With an excitation wavelength of
0.97 um, the measured up-conversion emission inten-
sity from the glass-ceramic was 100 times that of the
precursor oxyfluoride glass and 2-10 times that of a
fluoroaluminosilicate glass [36], indicating excellent
up-conversion efficiency and strongly suggesting the
segregation of Yb®*" and Er** ions within Pb,Cd,_F,
nanocrystals. The authors attributed this enhanced
up-converted (anti-Stokes) fluorescence to a more effi-
cient energy transfer from Yb®" to the *Fg, and 4S,,
states of Er®*. These oxyfluoride glass ceramics have
potential application in blue-green laser devices and
aso as hosts for Pr3*, in amplifiers for the 1.3-um
telecommunication window. However, the crystals
have a cubic lattice structure and this limits the con-
centration of some of the trivalent RE elements,
which can be incorporated into the crystal phase.
Another problem with these materials is that they
require cadmium in the formulation; so this type of
glass might not be desirable for a large-scale manu-
facturing operation.

Tick et al. [37] fabricated ytterbium-free oxyfluoride
glass ceramics containing yttrium and zinc fluorides
and praseodymium-doped nanocrystals of cadmium
lead fluorides. The crystallite sizes were estimated
from the X-ray line width of the strongest two peaks
and the volume fraction of crystalline phase was esti-
mated by integrating the area of the peaks and com-
paring it to the total area of the glassy halo, indicat-
ing that these glass ceramics contained 15-30% by
volume of crystals, with sizes between 9-18 nm.
Since these nanocrystals were believed to correspond
to a Cd—Pb-rich fluoride composition, with a refrac-
tive index as large as 1.8, and the residua host glass
had to be an aluminosilicate, with a refractive index
as low as 1.5, the scattering Hopper model [21] indi-
cated that the essential condition for high transparency
was a structure comprised of uniformly dispersed
nanoparticles, with interparticle spacing of dimensions
comparable to the particle size. As long as both the
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Fig. 2. Normalised photoluminescence spectra of Er®* (4l 15,150
transition) in the precursor oxyfluoride glass (thick solid line) and

in a developed glass ceramic heat treated at 440 °C for 5h (dashed
line). (Adapted from ref. [38].)

particle size and interparticle spacing remained of the
order of a few tens of nanometers or less, refractive
index matching was not essential in achieving high
transparency, within this quasi-continuous solid
approach.

Kukkonen et a. [38], based on high resolution
transmission electron microscopy, have discussed the
crystallisation mechanism of the above oxyfluoride
glasses upon heat treatment and have proposed that
the oxyfluoride phase separates to a mainly PbF, crys-
talline phase, hosting the Er3* dopant and not to a
more complex solid solution of CdF, with PbF,, i.e.,
Pb,Cd, ,F,. The broadest and flattest emission spec-
trum of Er®* for the %l,3,— g, trandtion was
recently reported for a cerammed SiO,~Al,O;—CdF,—
PbF,—ZnF, glass precursor composition, where
2-12-nm B-PbF, crystals, hosting Er** dopant ions,
had developed [39], whose photoluminescence spectra
are shown in Fig.2. This glass ceramic may be
important for the reduction of self-absorption and the
respective noise in EDFA's. These authors reported

aso a new glass-ceramic type, denominated quasi-
crystal, with a typical size of nanocrystals (or
embryos) of 2-3 nm. The emission intensity of Er3*-
doped quasi-glass ceramic was flat across the
1530-1560 nm range, which falls in the most often
employed C-band of Dense Wavelength Division Mul-
tiplexing (DWDM) systems [39].

Meéndez-Ramos et al. [40] reported the optical prop-
erties of Eu®* ions in oxyfluoride glass ceramics with
the precursor glass composition 30 SiO,—~15 Al,O5—
29 CdF,—22 PbF,~1.5 YF; (in mol%). The ceramming
process in these oxyfluoride glasses produced a glass
ceramic where EuF; crystals were initially produced
and then acted as a nucleating agent for Pb,Cd,_.F,
crystal formation. A lifetime of 5.4 ms, obtained for
the °D, level of the Eu®* ions in EuF; crystals, was
close to the value of 4.5ms, measured in the glass
ceramic.

Fibres can be drawn from these TGC materials, for
amplifiers operating at 1.3um. A Pr3* fluorescence
band wider than in fluorozirconate glasses has been
found [41]. Tick et al. [42] measured the passive scat-
tering losses in near single mode fibres, with TGC
composition cores [37]. Using difference spectra,
those authors showed that the incremental intrinsic
losses in these glass-ceramic structures were in the
neighbourhood of 100 dB km™ [42].

It is not necessary to have all the RE ions inside
the crystalline phase. For certain applications, such as
gain-flattened amplifiers for DWDM systems, for
example, a combination of Er®* ions in the glass
matrix and in the crystalline phase may be optimal.
The quantum efficiencies, obtained from the ratio of
the measured lifetime to the radiative lifetime calcu-
lated using the Judd—Ofelt theory [43, 44], have been
given by Quimby et al. [45] and later by Méndez-
Ramos et a. [46], for the two glass ceramics reported
by Tick et a. [37], with values between 8-9%, as
shown in Table 2.

Another family of oxyfluoride TGC, based on
15-nm crystals of LaF; in a sodium auminosilicate

Table 2. Composition and properties of some glasses and corresponding transparent oxyfluoride glass ceramics (adapted from refs [20, 37]).

Y. Wang and J. Ohwaki [36]

PA. Tick et al. [37]

M.J. Dejneka [48]

Y. Kawamoto et al. [51]

Base glass composition (mol%) 30 SIO,~15AlO, ¢
24 PbF,—20 CdF—

10 YbF,—1 ErF,

Glass host SiO,~AlLO4
Crystal phase Pb,Cd, ,F,
Cubic lattice parameter (nm) 0.572
Crystal dimension (nm) 20
Volume fraction (vol%)

Refractive index —
CTE (x 107 °C?) —

T, (°C) 400

30 SI0,~15AlO, o~
17 PbF,~29 CdF—

48,5 Si0,—25.1 AlO, o

13.1 LaF;2.5AlF4—

50 Si0,-50 PbF,—x ErF,

4YF5 Z0F, 10.7 Na,0-0.1 ErF, x=4and5)
SI0,-AlLL0, SI0,~Al,0,-Na,0 S0,
(Cd, Pb, Zn,Y) F,, LaF,-0.1 ErF, [B-PbF,:Ers*
0575 — 0.582
918 15 13
20-30
175 155 —
110 — —
305 570 —
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glass, has been proposed by Dejneka [47, 48]. LaF; is
an idea low-phonon host for RE cations [49], due to
its ability to form extensive solid solutions with all
the RE ions [50]. Emission spectroscopy showed a
partition of the Eu®* ions between the low-phonon-
energy LaF; crystal and the glass host material. In
fact, Eu*-doped glasses emit only red luminescence
from the °D, level, but, after a suitable heat treat-
ment, they emit blue and green luminescence as well,
indicative of a low phonon energy RE environment.
Er3* fluorescence and lifetime measurements in this
material showed a large width and flatness for the
1530 nm emission, suggesting a good amplifier perfor-
mance.

Kawamoto et al. [51] found that oxyfluoride glasses
can be obtained in the SIO,—PbF,—ErF; system and
heat treatment of these glasses yielded TGC in which
B-PbF,: Er®* crystallites were dispersed in the glass
matrix. The Scherrer equation yielded an average
crystallite diameter near 13 nm. The diffraction peaks
of the crystalline precipitate could be indexed in terms
of the fluorite structure (space group: Fm3m), with a
lattice constant a = 0.582 nm. The lattice constant of
the B-PbF, crystal, with the fluorite structure, is
a=0.594 nm [52]. The dightly smaller lattice constant
of the present crystalline precipitate indicated that it
was a solid solution of the type B-PbF,:Er®*, in which
the Pb?* ions, with an ionic radius of 0.129 nm, were
partially substituted by Er3* ions, with an ionic radius
of 0.100 nm. These glass ceramics had highly efficient
up-conversion luminescence, under 800 nm laser exci-
tation.

The composition and properties of the oxyfluoride
glass ceramics are summarised in Table2. Clearly,
three main types of optically transparent, silica-based
glass ceramics have been achieved: (i) those prepared
by Wang and Ohwaki [36] and Tick et a. [37], based
upon the formation of a (Pb, Cd)F, cubic phase,
incorporating Er¥*/Yb®* or Pr¥*, in an aluminosilicate
base glass; (ii) a second type, formed by LaF; crystals
in a sodium aluminosilicate base glass, reported by
Deneka [47]; finaly, (iii)) a third type, where
B-PbF,:Er®* crystallites are dispersed in a silica glass
matrix, as reported by Kawamoto et a. [51].

All the above transparent silica-based glass ceram-
ics are not only very stable, but also all melting and
processing can be done in platinum crucibles in air, at
temperatures between 1000 and 1200 °C. Afterwards,
the precursor glass is thermally treated at a tempera-
ture that is usually that of a crystallisation peak that
lies just above Ty The optimum ceramming tempera-
ture normally lies between the onset and the peak
maximum of the crystallisation exotherm.

It has been found that the presence of the RE €ele-
ments is needed in order to obtain a low temperature
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-«

0 200 400 600
Temperature /°C
Fig. 3. DTA curves of the glass compositions 50 SO~

50 PbF,~x ErF;, (@) x=3 and (b) x=5 (in mol%). (Adapted from
ref. [51].)

crystallisation peak in these silicate-based systems, as
illustrated in Fig. 3. The corresponding XRD patterns
for the composition with 5% Er are shown in Fig. 4.
Braglia et al. [41] pointed out that primary crystallisa-
tion is of paramount relevance in these oxyfluoride
systems, since the photoluminescence intensity
increased as the transformation to the nanocrystaline
phase progressed. This finding was an indication that
the surroundings of the RE ions were changed by the
formation of crystalites, because of the ion migration
either into these crystals, or toward the nano-
crystal/glass boundaries.

The high-temperature properties of all these oxy-
fluoride glass ceramics, in which the optically active

Intensity (a.u.) —

20 40 60 80
Diffraction angle, 26 (deg)

Fig. 4. XRD patterns of 50 SiO,—50 PbF,—5 ErF; (mol%) glass, heat
treated at the first crystallisation temperature, T,, for (a) Oh, (b)
0.5h and (c) 6 h. (Adapted from ref. [51].)

851



M. Clara Gongalves et a./ C. R. Chimie 5 (2002) 845-854

RE ions partition into a fluoride crystal phase, are
more like those of an oxide than a fluoride glass.
Oxyfluoride glass ceramics offer an economic aterna-
tive, with substantial performance improvements, over
purely fluoride glasses. They combine the attributes of
the fluoride crystal phase with those of a conventional
silica-based glass matrix. A patent has already been
registered with some of these glass compositions [53].

2.2.2. Germanate-oxyfluoride glass ceramics

Lead germanate oxyfluoride TGC were obtained in
1995 by Hirao et d. [54], in the GeO,PbO—
PbF,—~TmF; system, containing ~16 nm B-PbF,:Tm3*
crystals. Bueno et al. [55] and Mortier and Auzel [56]
studied the GeO,PbO-PbF,~CdF, and GeO,
PbO-PbF, Er**-doped systems, respectively. Both
groups  obtained cubic  B-PbF,:Er¥*nanocrys-
tallites~5-10 nm and ~8-20 nm in size, respectively,
in TGC materials. Mortier et al. [56] measured the
lifetime of the #l,,,, — *l,5, transition of Er®* around
27um, in germanate glasses of composition
50 GeO,—40 PbO-10 PbF, (mol%) doped  with
14 mol% ErF;, before and after heat treatment, and
found an increase from 360us to 3ms with the
nanocrystallisation, for 3 mol% Er3*, which was ill
less than the 7ms of crystaline PbF, doped with
1 mol% ErF; [56, 57], suggesting that only some of
the Er®* ions were incorporated into 3-PbF, crystals.

Germanate oxyfluoride TGC were also obtained for
higher  concentrations of PbF, and infrared
up-conversion to the visible and near UV regions was
observed in  Yb-doped PbF,~GeO,~Al,0;~Tm,O4
glasses and glass ceramics [58], as shown in Fig. 5.
Improved fluorescence was also obtained for Tm3*
precipitated in PbF, nanocrystals, upon cerammisation
of germano-silicate oxyfluoride glass [59]. When com-
pared with the glasses, the lifetime of the TGC com-
positions increased from~400 to~500us at 1.4 um
and remained unchanged at ~5.0 ms at 1.8 um.

2.2.3. Tellurite oxyhalide glass ceramics

The search for other glass precursors for TGC has
been motivated by the limited RE solubility and small
non-linear behaviour of silica-based compositions, as
well as the low chemical durability of purely fluoride
compositions. Tellurite glasses have the lowest vibra-
tional energies (~ 700 cm™) among oxide glasses (cf.
Table1), large refractive indices (n~2), large RE
solubility and low melting points [60], thus suggesting
their high potential as new optical functional materi-
as, for optical amplifiers, frequency up-converters and
lasers.

Although RE doped TeO,-based glasses have been
extensively studied by several authors [61], there is
very little information on TeO,-based TGC. Devel-

852

----- (PbF,/Ge0,)=1.50
- - - (PbF/Ge0,)=1.64
------- (PbF,/Ge0,)=1.72
—— (PbF,/Ge0,)=1.80

1

Intensity (a.u) —

T b T hf T ¥ T ’ T b T

350 400 450 500 550 600 650 700
Wavelength /nm

Fig. 5. Up-conversion emission spectra of Tm3*/Yb3*-co-doped
PbF,—GeO,—Al,O; glass ceramics, containing 3mol% Al,O;, as a
function of the PbF,/GeO, ratio. (Adapted from ref. [58].)

oped by Shioya et a. [62], the first TeO,-based TGC
consisted of an unknown cubic crystalline phase with
an average diameter of ~20-40 nm, crystallised from a
70 TeO,—15 Nb,0O5—15 K,O glass composition (mol%).
This glass ceramic presented better optical and dielec-
tric properties than those of the parent glass and
second-harmonic generation (SHG) was achieved [62,
63]. Oishi et a. [64] doped this composition (modi-
fied with MgO), with 1.2mol% Er®** and Eu®* and
optically TGC could be obtained, presenting higher
up-conversion fluorescence intensity around 550 nm
than the corresponding TeO,-based glass precursors. It
was also shown [65] that cerammisation of these
glasses raised their Vickers hardness values, improv-
ing their mechanical properties. Hirano et al. [66]
introduced severa RE ions in the same system and
obtained up-conversion fluorescence intensities about
20 times higher than in the corresponding
70 TeO,~15 Nb,Os—15 K,O glass composition, with
1 mol% Er,0s,.

Recently, tellurium oxyfluoride TGC have also been
obtained [67] with the composition 80 TeO,—
10 PbF,—10 CdF, (mol%), whose crystaline phase
was identified to be PbTe;O,, by XRD and EXAFS,
but no information was given concerning their lumi-
nescence properties. Erbium-doped tellurium oxyhalide
TGC have aso recently been obtained in the
TeO,~ZnO-ZnCl, system, for the 60 TeO,—
20Zn0-202ZnCl, and 40 TeO,—20 ZnO-40 ZnCl,
(mol%) compositions doped with 1-10 mol% ErCl,
[68]. The precursor tellurite glasses, modified by zinc
or lead oxide plus the corresponding halides, have
been investigated [69] and the corresponding glass-
forming regions were determined. Compositions in the
TeO,~Zn0O-ZnX, and TeO,—PbO-PbX, glass systems,
in particular with X =Cl, yielded stable glasses of
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good optical quality. TeO,~ZnO—-ZnCl, glasses with
20 mol% ZnO were selected as hosts for ErCl;, up to
10 mol%. The 1.5-um photoluminescence spectra and
metastable level lifetimes of Er3* in these glasses,
especially with~3-5mol% ErCl;, suggest that they
may be suitable for optical amplifier applications [69].
A measured lifetime of ~ 7 ms, was obtained for the
M 132 = Y45, trangition of Er3*, in these tellurite glass
ceramic [68].

2.2.4. Other glass ceramic compositions

Purely fluoride TGC have been prepared by Jewell
et a. [70] in a ZrF,-doped CLAP (CdFLiF-
AlF;—PbF,) glass. According to the authors, more than
80% transmission in the visible was achieved, even
for 95% crystallisation. Mortier et a. [71] dso pre-
pared TGC in a fluoride system (ZrF,—LaF;—ErF,—
GaFs-AlF;), by liquiddiquid phase separation, result-
ing in spinodal decomposition. Good transparency was
obtained for a high crystalisation level (90%), due to
a good refractive index matching between the glass
and crystal phases.

Fluorescence was observed in europium-doped fluo-
robromozirconate TGC [72], where Eu?* ions were
believed to precipitate in BaBr, crystals.

Recently, lithium-borate-oxide-based TGC have
been synthesised in the Li,B,0,-Bi,WO, [73] and
Li,B,0,—SrO-Bi,03—Nb,0O5 systems [74], comprising
spherical ferroelectric nanocrystalline phases: Bi,WQsg,
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The development of ultraminiaturized identification tags has ap-
plications in fields ranging from advanced biotechnology to secu-
rity. This paper describes micrometer-sized glass barcodes contain-
ing a pattern of different fluorescent materials that are easily
identified by using a UV lamp and an optical microscope. A model
DNA hybridization assay using these “microbarcodes” is described.
Rare earth-doped glasses were chosen because of their narrow
emission bands, high quantum efficiencies, noninterference with
common fluorescent labels, and inertness to most organic and
aqueous solvents. These properties and the large number (>1
million) of possible combinations of these microbarcodes make
them attractive for use in multiplexed bioassays and general
encoding.

E ncoded bead bioassays are emerging as an attractive alter-
native to traditional slide-based microarrays because bead-
based bioassays offer multiplexing of both probes and samples
(the “analyte”), and they have significantly fewer drawbacks
related to mass transport-limited binding of analytes to the
immobilized probes. Several approaches have been described for
the fabrication of encoded beads: those in which the coding
material is randomly distributed in the bead (1, 2) and those in
which the coding material is present in a defined pattern on the
bead (3). Because different patterns of the same coding mate-
rials (e.g., position and thickness of metal stripes on cylindrical
particles) result in distinguishable beads (3), a larger number of
uniquely encoded beads can be obtained relative to beads with
randomly distributed coding materials (e.g., polymer beads
infused with mixtures of quantum dots) (2).

Current methods for fabricating encoded beads are limited in
terms of either the number of possible codes or the compatibility
of the beads with bioassays and fluorescence detection. The most
widely used method for making encoded beads, infusing polymer
microspheres with mixtures of fluorescent dyes in predefined
ratios, is not well suited for the fabrication of large (>10°)
numbers of uniquely distinguishable beads. Trau and coworkers
have used silica microspheres containing fluorescent dyes for
encoding polymer beads by using split-pool methods, and have
also described the formation of dye-doped concentric silica
layers around core silica particles (4). There are only a limited
number of spectrally well-resolved dyes that do not also interfere
with commonly used biological labels. Moreover, measurements
of intensities and their ratios are inherently difficult, which limits
the number of levels at which a dye can be incorporated to give
distinguishable beads. Mixtures of quantum dots embedded in
polymer microspheres offer significant advantages over conven-
tional fluorescent dyes because they are relatively more photo-
stable and have narrow emission linewidths (2). However, quan-
tum dots are made of toxic materials (e.g., CdS, CdSe, CdTe) (5),
and difficulties distinguishing between codes based on different
amounts of the same quantum dots are similar to those for
organic dyes. For both organic dyes and quantum dots, the use
of polymer beads as a host matrix raises issues related to
background fluorescence and poor compatibility with organic
solvents (1). The use of cylindrical beads with metal stripes as
codes described by Natan and coworkers (3) overcomes many of
the limitations described above. Nevertheless, there are signif-
icant limitations. Decoding of beads based on differences in

www.pnas.org/cgi/doi/10.1073/pnas.0236044100

reflectivity can be challenging (6). The use of particles consisting
of several different surfaces (e.g., Au, Ag, Pt) and lateral widths
(for each stripe) requires careful consideration of the surface
chemistry and results in different surface areas for immobiliza-
tion of the probe and binding of the analyte. Although the use
of chemistries based on monolayers of alkanethiolates on gold is
well established, gold-based surfaces significantly compromise
the sensitivity of detection by fluorescence because of quenching
by the gold (7).

Rare earth (RE) ions in a silicate glass matrix are an ideal
material for the fabrication of encoded beads. REs are a
spectroscopically rich (8) species (Fig. 1), a property that facil-
itates their use as optical codes in a spectral window distinct from
fluorescent dyes used for labeling biological samples. The lan-
thanide 4f orbitals are buried beneath the 6s, 5p, and 5d orbitals;
hence, spectra arising from f—f transitions are narrow and
insensitive to their environment, unlike transition metal (3d)
spectra (9, 10). Triply ionized RE ions in glassy hosts typically
have emission line widths of ~10-20 nm (FWHM, full width at
half maximum) in the visible portion of the spectrum, which is
about half that observed for quantum dots (25-40 nm) and much
narrower than that observed for organic dyes (30-50 nm) or
transition metal ions (=100 nm) (2, 11, 12). This feature allows
more resolvable bands to be packed into the same spectral
bandwidth, which enables a larger number of distinct combina-
tions. Because RE emissions involve only atomic transitions,
they are extremely resistant to photobleaching. The energy level
structure in RE ions also creates the possibility for large shifts
between the excitation and emission bands. This shift can be
several hundred nanometers containing discrete gaps with zero
absorption. By comparison, the HOMO-LUMO (highest occu-
pied molecular orbital-lowest unoccupied molecular orbital)
transition in organic dyes typically results in overlapping exci-
tation and emission bands and a Stokes shift of only 10-30 nm
between the absorption and emission maxima. Thus, multiple
RE ions can be simultaneously excited in the UV and conve-
niently decoded by observing their emission in the visible,
without interfering with organic tags that have excitations in the
visible. The silica-based glass matrix itself offers significant
advantages relative to polymer-based materials: lower phonon
energies that alleviate issues with nonradiative decay, readily
available silane chemistries that facilitate the immobilization of
biomolecules, compatibility with organic solvents that enable
procedures requiring nonaqueous solvents, and low background
fluorescence that provides lower limits of detection. In addition,
glass preforms can be efficiently drawn down into miles of very
thin fiber or ribbons whose structure is an exact miniature of the
parent preform, allowing large complex structures to be repli-
cated down to the desired size.

Materials and Methods

Glass Fabrication. RE-doped alkaline earth aluminosilicate glass
compositions for a particular “color” were mixed, melted in a
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Fig. 1. Energy level diagram of trivalent RE ions with dominant visible emission transitions observed in silicate glasses designated by arrows representing the

approximate color of the fluorescence. Horizontal lines extending across the diagram designate the location of common organic label excitation sources labeled

by wavelength in nm. The 365-nm line was used to excite the RE ions.

platinum crucible at 1,650°C, cast into 10-mm-thick patties, and
annealed for 1 h at 750°C. The optimal doping levels were
obtained by maximizing the relative fluorescence intensity as a
function of RE (RE;O3) concentration. Ce, Dy, and Tm exhib-
ited optimal brightness between 0.25 and 0.5 mol % RE;Os,
which corresponds to ~10%° RE ions per cm? and an average RE
ion separation of 2 nm. Because emission intensity from the 3D
level in Tb3* is free of concentration quenching and continues
to increase above 1 mol % RE»Os;, a level of ~0.2 mol % was
chosen as optimal to match the intensities of the other dopants
and to avoid overwhelming them with the strong fluorescence
from Tb3*.

Fabrication of Barcodes. Conventional optical fiber draw methods
were used to fabricate the encoded fiber ribbons. First, the
optimized glasses were melted and cast into 25 X 25 mm square
bars and annealed for 1 h at 750°C. These bars were drawn into
lengths of square (3.5-mm sides) canes and stacked in a prede-
termined order to define a barcode pattern. The assembly was
then fused in a graphite press in a furnace at 900°C under N». The
fused preform was drawn at 1,200°C into a ribbon fiber (20 wm
thick, 100 um wide). The ribbon fiber was scribed every 20 um
at a rate of 5 mm/s with 800-nm femtosecond laser pulses (100
mW average power) by using a computer-controlled stage. The
scribed ribbon fiber was then sonicated for 60 s in water to break
the ribbon along the scribes into individual barcodes.

Hybridization Assay. The HSPCB gene (human heat shock 90-kDa

protein, B1) and the ybac gene (from Bacillus subtilis) were
obtained by PCR amplification. The cDNAs were immobilized
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on y-aminopropylsilane (GAPS)-coated beads by incubating the
beads with the DNA suspended in 50% DMSO/~5 mM sodium
citrate buffer (pH 5.5) for 30 min, at a concentration of 0.25
mg/ml. Excess DNA was removed by washing the beads with
water. Hybridization with complex human lung probe (Cy3
labeled) was carried out in buffer (pH 7.2) containing 50%
formamide, 2X SSC (1X SSC = 0.15 M sodium chloride/0.015
M sodium citrate), and 0.1% SDS at 42°C for 40 min, with
shaking. After hybridization, the beads were sequentially washed
with 2X SSC, 0.1% SDS (10 min), 0.1X SSC/0.1% SDS (5 min),
and 0.1X SSC (twice, 2 min each), and 0.1 SSC.

Barcode Decoding and Fluorescence Reading. The barcodes were
decoded and imaged by using a spectral imager (SpectraCube,
Applied Spectral Imaging, Migdal Haemek, Israel) mounted on
a fluorescence microscope (Olympus AX 70) equipped with a
mercury lamp (100 W). A dichroic filter was used to select the
excitation wavelength, a 420-nm long-pass filter was used for
observing the RE fluorescence, and a 570-nm bandpass filter
was used to collect the Cy3 fluorescence.

Results and Discussion

Considerations for Choosing REs. The ideal RE ions for microbar-
codes should have nonoverlapping, bright visible luminescence
for ease of detection, a common excitation source for simulta-
neous interrogation of all barcode elements, and no overlap of
excitation (and/or emission) with commonly used fluorescent
labels (e.g., FITC, Cy3, Cy5, and Texas red) to enable their use
in quantitative bioassays. Our choice of candidate REs and

Dejneka et al.



excitation and emission wavelengths was based on a consider-
ation of these desired properties.

Energy Levels. For a RE ion to emit in the visible, there must be
an energy gap between an upper excited state and a lower excited
state (or the ground state) that is between 14,000 and 25,000
cm™~! (corresponding to visible emission wavelengths ~700-400
nm). The parasitic nonradiative relaxation rate is exponentially
dependent on the integer number of phonons required to bridge
the gap between the upper excited state and the next lower level.
In practical terms, this gap must be at least 4 phonons wide to
prevent quenching by nonradiative multiphonon decay (13).
Silicate glasses have a maximum vibrational or phonon energy of
~1,100 cm~! (14); therefore, any candidate emitting levels in a
silica-based glass must be >4,400 cm~! above the next lower
lying level. For example, upon excitation at 365 nm, Eu3* ions
in a silicate glass nonradiatively relax from the °Lg absorbing
level to the metastable Dy level, because all of the intermediate
levels are separated by fewer than 3 phonons, which is why
emission from these levels is absent from silicate-based materials
(15). The gap between the Dy and next lower lying level, the 7Fg,
is >10 phonons, so relaxation from the Dy is nearly 100%
radiative to the 7Fj levels, resulting in fluorescent emission
centered at 610 nm.

Examination of Fig. 1 suggests that the following seven
transitions should emit in the visible and be reasonably efficient:
Pr3*, 1D, —3Hs, *Hy; Sm®™*, *Gs;, — °Hy; Eu®*, 5Dy — 7Fj; Tb37,
5Dy — "Fy; Dy**, “Fop, — ©Fisp, Fi3; Tm3*, D, — 3F,; and
Tm3*, 1G4 — 3F,, 3Hg. While Nd3*, Ho3", and Er3* have visible
transitions, they are all quenched in silicate glasses because of
multiphonon decay. Even though Ce3* does not have any intra-f
transitions in the visible, the lowest lying 5d orbitals are ~24,000
cm~! above the ground state; therefore, the Ce3* 5d — 2Fsp,,
’F;,, transitions provide an eighth possibility for encoding,
although these transitions are much broader than intra-f
transitions.

To enable multiplexed excitation of the barcodes, we used a
UV source. Mercury lamps are cheap, efficient, and powerful
UV sources that emit at 254 and 365 nm. We chose the 365-nm
line because Ce3™, Sm3*, Eu’*, Tb3*, Dy3*, and Tm3* all have
absorption bands that overlap with the 365-nm Hg emission line
and because damage to biological samples would be minimized
relative to illumination at 254 nm.

Determination of Spectral Interference. As mentioned earlier, a key
requirement for a good RE marker is low spectral interference
with fluorescent dyes commonly used in bioassays. Relative to
fluorescent dyes, lanthanide ions are typically more efficient
emitters and also have significantly longer fluorescent lifetimes.
If there were overlap, these properties would make deconvolu-
tion of the fluorescence emission from the organic label and the
RE difficult and would compromise the sensitivity of fluores-
cence assays. The background contribution of the RE ions was
evaluated by fabricating microscope slides from RE-doped
glasses and comparing their fluorescence to that of a regular
glass slide (Fig. 2). Laser-based microarray scanners optimized
to be maximally sensitive to FITC, Cy3, Texas red, and Cy5 were
used for detection. The experiment showed that Eu?*, Sm3*, and
Pr3*-doped glasses exhibit higher background counts than the
bare glass slide, whereas the Dy3*, Tm3*, Ce3*, and Tb3*-doped
slides have backgrounds that are equal to or lower than that of
a conventional glass slide. The high Pr3* background is due to
excitation overlap of the 488-nm (FITC) and 594-nm (Texas red)
pumps with the 3Py and D, levels that radiatively relax to the 3Hy
and 3Hjs levels, respectively. The unexpected excitations of Eu3*
on the Cy3 (532 nm) and Cy5 (632 nm) excitation channels are
due to absorption tails arising from the feebly thermally popu-
lated 7F; and 7F, states to the °D; and °Dg excited states,
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Fig. 2. Background fluorescence of RE-doped glasses relative to a bare

microscope slide.

respectively. Sm3* is similar to Eu3™ in that it is absorption from
the thermally excited °H7,, (not the ground state) to the *Gsy,
that creates absorption overlap with the 594-nm pump and a high
background in the Texas red band. While the *lo and “Fs;
energy levels in Sm3* exhibit excitation overlap with the 488- and
532-nm pumps, these absorptions are weak, and its emission
bands do not strongly overlap with the FITC and Cy3 emission
filters, although they are extremely close and could change
dramatically with different filter sets. Pr3*, Eu?*, and Sm>* were
therefore eliminated as potential RE markers for fluorescence-
based bioassays, but they are potential candidates for other
applications.

Spectral Properties of Candidate REs. Because of their low back-
ground fluorescence, we investigated the use of Dy**, Tm3*,
Ce3*, and Tb3*-doped glasses as candidate microbarcodes. Fig.
3 shows fluorescence spectra of glasses doped with Ce3*, Tm3*,
Tb3*, and Dy*"; the spectra are well resolved and easily distin-
guished with the naked eye. UV excitation makes the Ce3™",
Tm3", Tb3*, and Dy3*-doped glasses glow cyan, blue, green, and
pale orange/yellow, respectively. The electronic transitions cor-
responding to these emissions can be deduced from Fig. 1.
Excitation at 365 nm pumps the Ce?* ion into an upper 5d level,
which nonradiatively relaxes to the lowest 5d level. Thereafter,

\ ' Tm+Dy

Fluorescence Intensity {arbitrary units)

Wavelength (nm)

Fig. 3. False-color image of two 100 X 20 um barcodes (Inset) and corre-
sponding fluorescence spectrum barcode elements. The same color scheme is
used for the spectra and the image [e.g., the yellow band in the barcode
corresponds to the yellow (combination Tm+Dy) line spectrum].
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the ions radiatively relax to the ?Fs, and 2F;p, levels, creating
broad 5d — 4f peaks at about 390 and 430 nm, respectively. The
Tb3* transitions are the most complex. Excitation at 365 nm
populates the °Gs and 3L levels resonant with the Hg emission.
The excited ions quickly cascade down to the metastable >Dj
state. Some light is emitted from the *Dj3 to the ’Fy manifold as
evident in the weak peaks at 380, 415, 435, and 450-470 nm.
However, most of the energy is transferred to the D, state by
pairwise cross-relaxation, which leads to emissions at 490, 540,
585, and 620 nm, caused by transitions to the ’Fg, ’Fs, ’F,, and
7F; levels, respectively. Tm3* emits directly from the pumped 'D,
excited state at 455 nm (*D, — 3F,) with a small shoulder at 475
nm (‘G4 — 3Hg). Dy*" is excited to the ®Ps, level, which
nonradiatively cascades down to the *Fq;, level, resulting in
4F9/2 — 6H15/2 and 4F9/2 — 6H13/2 transitions at 480 and 575 nm,
respectively. All of the ions have emissions near 480 nm;
therefore, this region of the spectrum is impractical for readout
as barcodes. Diagnostic peaks at 400, 455, 540, and 575 nm for
Ce3™, Tm3™, Tb3*, and Dy3*, respectively, offer the best spectral
separation and quantum yield, and are therefore optimal wave-
lengths for readout.

Increasing Microbarcode Combinations. The maximum number of
possible bar code combinations in a ribbon-shaped fiber with N
members and C colors is given by CV. The actual number of
nondegenerate barcodes is ~CV/2 (when N is even, number
of codes = [CN + CN2]/2; when N is odd, number of codes =
[CN + CWVFD2]/2). For example, a six-member ribbon with a
palette of four colors will yield a maximum of 4% or 4,096
combinations and 2,080 nondegenerate combinations. Although
it is possible to increase the number of barcodes by varying the
scribe-length of the ribbon, the number of bands in a ribbon, and
the concentration of the candidate lanthanide, the most conve-
nient option for decoding involves a simple yes/no determina-
tion of color and sequence within a ribbon. With this objective
in mind, we created five “combination colors”: binary combi-
nations of Ce3"-Tb3*, Ce3*-Dy3*, Tm3"-Tb3*, Tm3>"-Dy3*,
and Tb3*-Dy3*. These doped glasses were observed to have
clearly resolvable fluorescence and negligible quenching. The
emission spectrum of the Tm3*-Dy3" combination is illustrated
in Fig. 3; the spectrum is a sum of the spectra of the individual
ions. The expanded nine-color palette brings the number of
barcode combinations to 9 or ~530,000 (or ~265,000 nonde-
generate). The Ce**-Tm3* combination was not used because
the Ce3* emission tail overlaps with the Tm3* emission at 454
nm, which could complicate the readout. Triplet combinations of
Ce3"-Tb3*-Dy**, and Tm3*-Tb3*-Dy?** are also possible.
Given these encoding options, fabricating >10° uniquely distin-
guishable barcodes by using RE-doped glass fibers is theoreti-
cally achievable.

Microbarcode Assay. The use of the barcodes in a fluorescence
assay was demonstrated by using a DNA hybridization experi-
ment. After silanization of the barcodes with y-aminopropylsi-
lane (GAPS), one set of barcodes (Tb-DyTm-Tb-Dy-Tb-DyTm;
set A) was treated with DNA corresponding to the human
HSPCB gene; the second set of barcodes (TbTm-Tm-TbTm-Tb-
Ce-TbTm; set B) was treated with DNA corresponding to the
Bacillus subtilis gene ybac. The immobilization of DNA on GAPS
(and other amine-presenting surfaces such as polylysine) is
primarily attributed to polyvalent electrostatic interactions be-
tween the negatively charged DNA backbone and positively
charged amino groups on the surface (16). We chose to fabricate
barcode B because it represents a particularly difficult scenario
for decoding. TbTm (shown as purple in Fig. 4C) is present in
three positions of the six-member bead, sandwiched between Tb
(green) and Tm (blue), and next to Ce (cyan), which has a similar
light-blue emission. The barcodes were pooled and hybridized
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Fig. 4. Fluorescence false-color images of barcode particles A and B used in
aDNA hybridization assay using Cy3-labeled DNA. (a) “White light image. (b)
Cy3 channel image. (c) RE images obtained by using a 420-nm long-pass filter.

for 40 min with a sample consisting of Cy3-labeled cDNA
obtained by reverse transcription from human lung poly(A)*
RNA (1 pmol of Cy3 per wl). This sample, which represents the
expression of all of the genes found in the human lung, was used
because it simulates a real hybridization experiment and pro-
vides a higher stringency test for nonspecific binding relative to
hybridization with only the PCR-amplified DNA corresponding
to the HSPCB gene. After the assay, the barcodes were dispensed
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onto a microscope slide for observation. Fig. 4a shows images of
the barcodes illuminated with white light; the barcodes are
indistinguishable. When illuminated at 530 nm and monitored at
570 nm (conditions corresponding to the detection of Cy3), only
some of the beads fluoresced (Fig. 4b). Fig. 4c shows the same
beads illuminated with 365-nm light and viewed through a
420-nm long-pass filter. Two sets of beads are clearly revealed.
Matching Fig. 4 b and ¢ shows that there is an exact correspon-
dence between beads comprising set A and beads that exhibit
positive Cy3 signals (from Fig. 4b). These data demonstrate the
expected specific hybridization of the labeled probe to beads
presenting the HSPCB gene and the lack of nonspecific binding
under the conditions of the assay.

We have also carried out experiments in which biotin (deri-
vatized with a terminal NH, group) was covalently attached to
epoxide-functionalized barcodes and demonstrated specific
binding of Cy3-labeled anti-biotin to these beads (data not
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Abstract

Efficient conversion of photons from high energy radiation (e.g. ultraviolet or X-rays) to lower energies (visible) has been optimized
by using luminescent materials based on the optical properties of lanthanide ions. Presently, luminescent materials with efficiencies close
to the theoretical maximum are applied in e.g. fluorescent tubes, X-ray imaging and color television. Contrary to the mature status of
luminescent materials in these fields, areas requiring new luminescent materials are emerging. There is great challenge in research on up-
and downconversion materials and lanthanide ions are the prime candidates to achieve efficient materials. Here downconversion pro-
cesses will be discussed for VUV phosphors with Pr*". The efficiency of resonant energy transfer of the 'So—'I energy from Pr** to
Eu*tand Mn?" is investigated. The aim is to convert the 405 nm photon of the first step of the well-known cascade emission of Pr*"
into a more useful visible photon. For co-doping with Eu*" it is observed that the Pr*" emission is quenched, most probably through
a metal-to-metal charge-transfer state. The energy transfer from Pr’* to Mn?" is found to be inefficient.

An alternative for downconversion through resonant energy transfer is the non-resonant process of cooperative sensitization. For the
Tb-Yb couple efficient cooperative energy transfer from the *Dj level of Tb*" to two Yb*" neighbors is observed with a transfer rate of
0.26 ms™'. This corresponds to an upper limit of 188% for the conversion efficiency of visible (490 nm) photons to infrared (~1000 nm)

photons.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The lanthanides occupy a special place in the periodic
table of elements. They are situated at the bottom of the
periodic table, one row above the actinides. The word lan-
thanide has a Greek origin (“Zavfaverv”’) which means “to
liec hidden”. This may seem appropriate in view of the posi-
tion of the lanthanides in the periodic table and the fact
that it took more than a century to separate and discover
all the lanthanides. Nevertheless, at present lanthanides
are prominently present in a wide range of products related
to e.g. the catalytic, magnetic and optical properties of the
lanthanide ions. Especially in optical applications the lan-
thanides have become (literally) visible in the past decades.
The applications of lanthanide ions in the field of optical
materials is related to the unique energy level diagrams of

* Corresponding author. Tel.: +31 30 253 2202; fax: +31 30 253 2403.
E-mail address: a.meijerink@phys.uu.nl (A. Meijerink).

0925-3467/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.0ptmat.2005.09.055

the lanthanides which are known as the Dieke diagram.
The rich energy level structure make that lanthanide ions
are perfect “photon managers” that can be used to effi-
ciently convert radiation into light of any desired wave-
length [1]. In the past four decades the use of lanthanide
ions as photon managers has rapidly increased.

The first commercial luminescent material based on lan-
thanide luminescence was YVO4Eu®". This material was
discovered in the early 1960s and found to efficiently con-
vert the energy of high energy electrons into visible (red)
light in a color television. The high luminescence efficiency
triggered the application of lanthanide luminescence in
other areas, for example in luminescent materials for fluo-
rescent tubes and X-ray imaging. The fluorescence tube is
based on a mercury discharge and research has resulted
in luminescent materials (phosphors) for the conversion
of 254 nm ultraviolet (UV) radiation into visible light. With
the introduction of lanthanide-based luminescent materi-
als, the quantum efficiency for the conversion of 254 nm
UV radiation into red, green or blue light has reached
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the limit of close to 100%. Further research on lamp phos-
phors is mainly aimed at cost price reduction and marginal
improvements of the efficiency or stability. Due to the
mature status of the product, research on luminescent
materials for mercury discharge fluorescent tubes has
strongly decreased in the past decades. The same is true
for luminescent materials used in cathode ray tubes and
X-ray imaging. The efficiency of these materials is close
to the theoretical maximum and research on new lumines-
cent materials for these applications has decreased due to
the ideal photon management qualities of lanthanides.

On the other hand, new areas of research have emerged
in the past decades. Extensive research is conducted for e.g.
(upconversion) lasers based on lanthanides, lanthanide
doped fiber amplifiers for telecommunication, 3-D televi-
sion with lanthanide doped crystals or glasses, scintillators
and optical switches [1,2]. Lanthanide doped photonic
materials research has become a prominent area of
research. Two specific areas in the field that have recently
emerged are the search for more efficient and stable lumi-
nescent materials for the conversion of high energy UV
(vacuum ultraviolet, VUV) radiation into visible light (for
xenon-based fluorescent tubes and plasma display panels)
and the conversion of low energy UV or blue light (for
white light GaN diodes). The search for new luminescent
materials for the conversion of vacuum ultraviolet radia-
tion from a xenon discharge (around 172 nm) into visible
light involves research on finding ways for the generation
of two visible photons for a single VUV photon [3,4]. This
so-called quantum cutting process is possible using the
energy level structure of lanthanide ions. After an introduc-
tion into the VUV spectroscopy of lanthanides, this paper
will discuss recent developments in the field of quantum
cutting. Subsequently, efficient quantum cutting by cooper-
ative energy transfer is demonstrated for the Tb—Yb couple
converting one visible photon into two infrared photons.
The visible to infrared downconversion with quantum
yields close to 200% may be used to increase the efficiency
of solar cells.

2. Experimental
2.1. Sample preparation

In all experiments measurements are performed on
microcrystalline powders synthesized by common solid
state synthesis. Fluorides were prepared by mixing starting
fluorides in stoichiometric ratios, adding ~2 g of ammoni-
umfluoride and firing the intimate mixture in a nitrogen
atmosphere at typically 600 °C. Powder samples of
Yb,Yo99_,Tbg o POy were prepared from stock solutions
of Yb** and Y**, both containing 1% of Tb*", prepared
by dissolving rare earth (RE) oxides in concentrated hydro-
chloric acid. The rare earth ions in the mixed solution were
precipitated by adding a solution with an excess of oxalic
acid. The precipitate was washed thoroughly to eliminate
chloride ions. Heating the compound to 1050 °C under an

oxygen atmosphere converted the oxalates to oxides. The
powder obtained was mixed with diammoniumphosphate
(10 mol% excess) and fired again at 1350 °C under a 1:3
H,:N, atmosphere. All samples were checked for phase pur-
ity using powder-XRD and found to be single-phase.

2.2. Optical measurements

Emission and excitation measurements were performed
using a SPEX DM3000F spectrofluorometer with a
450 W Xe-lamp as excitation source. The excitation light
was dispersed by a double-grating 0.220 m SPEX 1680-
monochromator (1200 1/mm) blazed at 300 nm. The light
emitted by the sample was focussed on a fiber guiding the
light to a monochromator where the emission light was dis-
persed by a 1501/mm grating (Scientific Spectra Pro)
blazed at 500 nm with 0.300 m focal length and detected
using a Princeton Instruments 3001 CCD camera. VUV
spectroscopy was done at a SPEX DM3000F spectrofluor-
emeter adapted for the VUV and at the HIGITI beamline
of the DESY synchrotron in Hamburg. Time-resolved
measurements were performed using a Lamba Physic
LPD3000 tunable dye laser filled with a Coumarine 307
dye solution. It is pumped by a Lambda Physic LPX100
excimer (XeCl) laser. The typical pulse width of this setup
is ~20 ns. The emission was detected using a Hamamatsu
R928 PMT and monitored as a function of time using a
Tektronix 2440 digital oscilloscope.

3. Vacuum ultraviolet spectroscopy and quantum cutting

The vacuum ultraviolet region of the electromagnetic
spectrum covers the region between 50 and 200 nm
(200000-50000 cm '). Research on the VUV energy levels
of lanthanides has been very limited until recently. Exten-
sive research in this area was triggered by the need of
new phosphors for VUV excitation for mercury free fluo-
rescent tubes and plasma display panels. In these devices
the VUV radiation generated in a Xe discharge (around
172 nm) needs to be converted into visible light. For the
intraconfigurational 4f" levels the VUV research has
resulted in the extension of the Dieke diagrams into the
VUV [5]. For the 4f"~'5d levels high resolution excitation
VUV spectra were measured and a model was developed
explaining the 4f"~'5d energy level structure [6]. In addi-
tion to the increased fundamental understanding of the
VUYV energy levels of lanthanides, an efficient process for
the conversion of one VUV photon into two visible pho-
tons was found in gadolinium fluorides doped with Eu*".
A two-step resonant energy-transfer process starting from
the °G level of Gd*" results in the emission of two visible
(red) photons emitted by two Eu*" ions [3]. An alternative
quantum cutting process involves a cascade emission from
the 'Sy level of Pr** [7,8]. Albeit efficient, the photon emit-
ted in the first step has a wavelength around 405 nm which
is not favorable for lighting applications. In order to con-
vert this 405 nm photon into a more useful wavelength,
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two couples of luminescent ions were investigated, viz. Pr—
Eu and Pr-Mn.

For the Pr-Eu couple efficient energy transfer through
the cross-relaxation process Pri('S;— 'Is) and
Eu3+(7F0W1 — °Ds, °Lg) is expected. Zachau and coworkers
tried to transfer the energy of the Pr’*!S, — I, transition
to the Eu®" ion [9]. Despite the presence of good spectral
overlap between the Pr’* emission and Eu®" absorption
lines no Eu®' emission was observed upon excitation of
Pr*". Based on these observations it was concluded that
the expected energy transfer does not occur. This is
remarkable, since an important condition for energy trans-
fer, the presence of resonance between the PritlS, —
transition and absorptions of the Eu®" ion is fulfilled. In
this case energy transfer can occur through exchange inter-
action or multipole-multipole interaction.

Calculations of the energy-transfer rate assuming
dipole—dipole interaction show that energy transfer between
nearest-neighbor Pr*t!Sy — 'Is and Eu*t 7F0’1 — D3, L
has a similar probability as radiative decay from the
Prit!S, level. As a result, energy transfer and subsequent
Eu’" emission should occur. To investigate the observed
absence of Eu®" emission upon excitation in the 'S, level
of Pr*" luminescence spectra and time-resolved lumines-
cence signals were measured for YF3:Pr'" 1%, Eu*" x%
(x =0, 5 and 10) as shown in Fig. 1. The experiments show
a strong quenching of the Pr** 'S, emission in the presence
of Eu*" ions. This quenching process is attributed to non-
radiative relaxation via a Eu’'—Pr*' metal-to-metal
charge-transfer state. Quenching of the Pr’*'S, emission
by Yb*" confirms this quenching mechanism.

An alternative to transferring the 'So—'I¢, *P; energy to a
lanthanide ion (like Eu*") is to include a 3d transition
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1s 1| 3P 3+
07> 6 5 T 5% Eu
L N — 10% Eu®*
c
o}
£
S .
Pl
g7
g
£ P—>"H,
(0]
=
©
E _ J
ONJK ' L AN . ‘\IJ\J'K& | |
300 400 500 600 700

wavelength (nm)

Fig. 1. Emission spectra (RT) of YF5 doped with 1% Pr*" and co-doped
with Eu>" plotted on a relative intensity scale. The concentrations of Eu®"
are indicated in the figure. Excitation is into the Pr** 4f> — 4f5d band at
190 nm. The Pr**'Sy — I, *Py and *P, — >H, transitions are indicated in
the figure. Note the quenching of the Pr*" emissions when Eu’" is co-
doped.
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Fig. 2. Schematic of the Pr*" cascade emission (left hand side) and the
desired energy-transfer process between Pr’*('Sy) and Mn®" (right hand
side). Solid lines denote radiative transitions. CT stands for charge
transfer. The energy-transfer process is depicted by dotted lines. The zig-
zag line denotes non-radiative relaxation. After the energy-transfer process
both Pr*" and Mn?" each emit one photon.

metal ion as an acceptor. In particular, energy transfer to
Mn>" (3d%) is promising. The Mn>" ion has narrow
absorption bands around 400 nm due to transitions from
the ®A; ground state to *A; and “E excited states. The
cross-relaxation scheme is shown in Fig. 2. In view of the
spectral overlap between the 'Sy — 'I, *P; emission and
the Mn”" excitation lines around 400 nm, energy transfer
is expected to occur. To investigate if energy transfer from
Pr’" to Mn>" does occur, a number of fluoride host lattices
in which Pr** shows cascade emission (high energy fd state)
have been co-doped with Pr’* and various concentrations
of Mn?*. To determine whether or not the desired spectral
conversion of the 405 nm emission occurs by energy trans-
fer to Mn”', luminescence spectra are recorded and
analyzed.

For the downconversion of one VUV photon into two
visible photons using Pr’** and Mn?* several conditions
have to be met: (1) there should be a cascade emission orig-
inating from the 'S, level of the Pr*" ion (i.e. the lowest-
energy fd state has to be higher in energy than the 'S,
state), (2) there should be spectral overlap between the
Pr’*t!S, — I emission lines and absorption lines of the
Mn?" ion in the fluoride host lattice and (3) the distance
between the Pr and Mn ions needs to be small to allow
for interaction between ions.

Optical spectroscopy experiments on singly doped (Pr or
Mn) systems provide information to show whether or not
the first two conditions are met. If this is the case, measure-
ments on doubly doped systems (Pr and Mn) can be done
to investigate if the interaction between neighboring ions is
strong enough to give rise to efficient energy transfer. For
all fluoride host lattices investigated in this section, the first
two conditions are met. As a typical example, only the
results for SrY,Fg are discussed in detail.

In Fig. 3 luminescence spectra are shown for SrY,Fg
samples doped with a single type of ion (Pr or Mn) and
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Fig. 3. (top) Excitation (10K, /,,=401nm) and emission (RT,
/=186 nm) spectra for SrY,Fg:Pr’t 0.05%, (middle) Excitation (RT,
Jom=555nm) and emission (RT, A, = 161 nm) spectra for SrY,Fg:Mn>"
1%, (bottom) emission spectra (RT, 1, = 185 nm) for SrY,Fg doped with
0.05% Pr** (drawn line) or with 0.05% Pr*" and 5% Mn?".

for a doubly doped sample. The emission spectrum of
SrY,Fg:Pr** (Fig. 3(top)) upon excitation in the 4f5d band

(190 nm) shows a number of sharp lines in the UV and vis-
ible part of the spectrum. The spectrum is dominated by
the strong 1Sy — I emission line around 405 nm. In the
higher energy region weaker lines corresponding to other
'S, emissions are observed and in the visible range there
are °P, emission lines. The observation of 'S, emission
from Pr*" shows that the 4f5d state is situated above the
IS, level. The excitation spectrum of the Mn?" emission
(Fig. 3(middle)) shows a sharp line around 400 nm and
some weaker lines at shorter wavelengths. The 400 nm line
is assigned to the 6A1g — 4A1g, 4Eg transitions within the
3d°® configuration of Mn**. The emission spectrum of the
Mn?" ion in SrY,Fg consists of a broad band around
560 nm. The luminescence spectra of SrY,Fg:Pr*t and
SrY,Fg:Mn?" show that the first two conditions for energy
transfer are met: the 4f5d state is at higher energy than the
1S, and the 'Sy — 'I emission line of Pr** has a good spec-
tral overlap with the 6A1g — 4A1g, 4Eg absorption lines of
Mn*".

To investigate if the energy-transfer process (cross-relax-
ation) shown in Fig. 2 can occur, the luminescence proper-
ties of doubly doped (Pr and Mn) SrY,Fg were
investigated. In Fig. 3 (bottom) the emission spectra of
SrY,Fg:Pr*" are shown for samples with the same Pt
concentration (0.05 mol%) and two different Mn** concen-
tration (0% or 5%). The emission in the visible spectral
range shows that the spectra do not change upon adding
Mn?*. If the energy-transfer Prif('Sy— 'Iy) to
Mn2+(6A1g — 4A1g, 4Eg) occurs, one would expect to
observe a Mn~" emission band around 560 nm that
increases in intensity upon raising the Mn concentration.
The absence of a Mn*" emission band indicates that energy
transfer does not occur. The observation that the Pr emis-
sion spectrum does not change is further evidence for the
absence of cross-relaxation. Clearly, there is no energy
transfer from Pr and Mn in spite of the favorable spectral
overlap and a considerable number of nearest-neighbor
pairs of Pr-Mn. From this observation one can conclude
that even in the nearest-neighbor pairs the energy transfer
cannot compete with radiative decay from the 'S, state.
Similar research on Pr and/or Mn doped YF3, CaF, and
LiBaF; provided similar results: no evidence for energy
transfer from Pr to Mn is obtained.

The absence of energy transfer is not well-understood.
Calculations of the energy-transfer rate for dipole—dipole
interaction show that the critical distance for energy trans-
fer is approximately 3.5 A, which is slightly smaller than
the nearest-neighbor distance but small enough that some
energy transfer and thus Mn”>" emission should be
observed.

4. Cooperative sensitization

The idea for the two quantum cutting systems discussed
in Section 3 is based on resonant energy transfer. Splitting
of the energy is achieved by population of an intermediate
energy level of the donor. If overlap between donor emis-
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sion and acceptor absorption is absent, second-order
downconversion may become the dominant relaxation pro-
cess (competing with spontaneous emission). In this pro-
cess a donor excites two acceptors simultaneously. The
resonance condition is fulfilled if the sum of the energy of
the absorption transitions of the two acceptor centres
equals the energy of the emission of the donor.

This cooperative sensitisation process was predicted in
1957 by Dexter [10] but it was only recently that a paper
has been published in which the occurrence of cooperative
sensitisation (or second-order downconversion) was pre-
sented [11]. A promising system to study second-order
energy-transfer processes is the combination of one Tb>*
and two Yb®' ions: the Tb>"°D, — "F¢ transition is
located at approximately twice the energy of the
Yb*"2Fs/, — *F), transition and Yb*" has no other levels
up to the UV region (see Fig. 4).

The purpose of this section is to study second-order
downconversion in Tb-Yb compounds and to elucidate
its efficiency and energy-transfer mechanism. Energy trans-
fer in powders of Yb,Y(; PO, doped with 1% Tb>" is
studied by emission, excitation and time-resolved lumines-
cence measurements. The time-resolved luminescence mea-
surements are compared with theories for phonon-assisted
energy transfer [12] and second-order downconversion
through a cooperative or an accretive energy-transfer
mechanism [13] by exact calculations and simulations using
Monte Carlo methods.

To investigate whether energy transfer from Tb*" to
Yb*" occurs, an emission spectrum upon excitation in the
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state A parity state parity
"R N
Excitation Excitation
3 source 2 source ! N
Fin =g Fy, =g E, Fo,
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Fig. 4. Schematic representation of the cooperative and accretive path-
ways for energy transfer from Tb®>" to Yb>". The bold arrows indicate
excitation of Tb*>' into the D, state, after which energy transfer may
occur. The energy-transfer processes are depicted by the dotted lines. In
both mechanisms a virtual state is involved. For the cooperative
mechanism, the virtual state is located on Tb>". For the accretive
mechanism, the virtual state is located on Yb>". Since the total amount of
energy is unchanged after the energy transfer, the resonance condition
implies that the transition energy of Tb>" balances the sum of the

transition energies of the Yb>" ions.
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Fig. 5. Visible/near infrared emission spectrum of Y 74Ybg 25Tbg .01 POy
upon Tb**7Fg — °Dy excitation (489 nm). The spectral region between
900 and 1100 nm is amplified by a factor of 50.

Tb*" 3D, level was recorded. Fig. 5 shows the emission
spectrum of Ybg25Yg74TbgoPOs4 at room temperature
upon Tb*"7F¢ — D, excitation. In the region of 500—
700 nm a series of lines is observed while in the 900-
1100 nm region an emission band of much lower intensity
appears (multiplied 50 times in Fig. 5). The lines in the vis-
ible part of the spectrum are due to Tb*"°Dy — ’F; multi-
plet emissions. They are similar to previous measurements
on YPO, doped with Tb*>" [14]. Transitions to different
ground state terms with J ranging from 5 to 0 are clearly
resolved in the spectrum. The Tb>*°D4 — "F¢ emission line
is absent because of the use of a 540 nm cut-off filter. This
filter was used to prevent second-order Tb*>" emissions in
the wavelength region of 900-1100 nm, since these emis-
sions would obscure the detection of Yb*" emission lines.
The features in this part of the spectrum are attributed to
the Yb”zFS/z — 2F7/2 transitions. Compared to the Tb>*
emission, the intensity of the Yb>" luminescence is weak.
This is due to the low response of the grating and the
~15. In addition concentration quenching (the migration
of excitation energy over Yb’' ions to quenching sites)
reduces the luminescence quantum yield.

Excitation spectra of Tb®" and Y emission in
Ybg15Y0.74Tbg o PO4 were recorded to give convincing evi-
dence for the presence of Tb>" — Yb*" energy transfer.
Fig. 6 shows the wavelength region where the
Tb*" "Fg — D, transition is located. The solid line depicts
the excitation spectrum of the Tb>"°D, — "F; emission.
The dotted line shows the excitation spectrum of the
Yb3 ' 2F5/2 — 2F7/2 emission. In both spectra lines are
located around 485-495 nm. For the spectrum monitoring
the Tb>"°D, — ’F; emission, the excitation lines are
ascribed to the well-known ’Fg — D, transitions. The
excitation spectrum of the Yb*" emission is very similar
to the Tb>" °D, — "F; excitation spectrum. The observa-
tion of the Tb>"7F¢ — Dy lines in the excitation spectrum
of Yb>* shows that energy transfer from Tb>" to Yb** is
present.

b3+
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Fig. 6. Excitation spectra of the Tb>"°D, — "F emission (615 nm, solid
line) and the Yb*" 2F5/2 — 2F7/2 emission (1000 nm, dotted line) in
Y0.74Ybo 25Tbo 01PO4.

The results discussed above provide evidence for the
presence of Tb*" — Yb®* energy transfer. It is interesting
to investigate the mechanism and efficiency of the energy-
transfer process. An alternative for an energy-transfer pro-
cess involving two Yb*" ions is mentioned in the literature
as phonon-assisted energy transfer [15,16]. On the basis of
emission and excitation spectra this competing process can-
not be excluded. Analysis of the transient luminescence
curves provides insight in the energy-transfer mechanism.

In Fig. 7 the decay curves of the Tb*"°D, — "F, lumi-
nescence (544.0 nm) are plotted for Yb>" concentrations
of OOA), 5%), 15%), 25(%, 50%), 75% and 99%. The Tb3Jr emis-
sion in YPO4Tb*" 1% shows a nearly single exponential
decay as expected (only radiative decay). A mono-exponen-
tial fit yields a decay time of 2.3 ms. A decay time between
2 and 3 ms is a typical value compared to Tb>* D, emis-
sion in oxides where the site of Tb*" lacks inversion sym-
metry [16]. When the Yb>' concentration is increased,
the decay curve decreases more rapidly and it becomes
non-exponential. For YbPO,:Tb>* 1% the fastest decay is
observed and the curve is again nearly single exponential.
The faster decline as a function of Yb*" concentration
may be explained by the introduction of extra decay path-
ways due to the Yb*"-doping: energy transfer from Tb>"
D, to Yb>" enhances the Tb>" °D, decay rate.

The presence of Yb*" ions also explains the non-expo-
nential behaviour at intermediate doping concentrations
and the single exponential behaviour for 99% Yb*". At
intermediate doping concentrations the Yb** and the Y>*
ions are randomly distributed over the RE*" lattice sites.
Thus, the environment of every Tb*" ion is different, lead-
ing to a variety of transfer rates. At an Yb®>" fraction of
99% the Tb*" ions are surrounded by Yb*" ions only, lead-
ing to a single decay component. Therefore, the 99% Yb>*
decay curve in Fig. 7 is again nearly single exponential. Fit-
ting this curve with a single exponential function yields a
decay time of 0.25 ms.

Assuming that the radiative rate of the Tb*>" °D, emis-
sion does not change when Y** is substituted for Yb*",
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Fig. 7. (a) Luminescence decay curves of the Tb>*°D, emission for
various concentrations of Yb>" plotted with simulation results. The dots
are the experimental results. The solid lines are simulated curves using a
cooperative dipole-dipole model. Dashed lines are simulated curves using
an accretive dipole-dipole model (see Fig. 4). (b) Simulated decay curves
for the phonon-assisted dipole-dipole model. For both figures the Yb>*
concentrations are indicated in the figure.

the energy-transfer rate in YbPOy, can be calculated by sub-
tracting the Tb>" °D, radiative decay rate from the decay
rate in YbPO,. This results in an energy-transfer rate of
35x10%s~'in YbPO,: Tb*" 1%. This is roughly an order
of magnitude faster than the radiative decay rate of Tb>"
and indicates that the energy-transfer process is efficient.
To distinguish between the three energy-transfer mecha-
nisms the decay curves were compared to the decay behav-
iour predicted by Monte Carlo simulations. Experiments
and simulated results for the cooperative, the accretive
and the phonon-assisted dipole-dipole models are shown
in Fig. 7 (see Ref. [4] for further details). To obtain the
computed curves, the radiative decay rate and the energy-
transfer rate in YbPOy (as determined from single expo-
nential fits to the decay curves of YPO, and YbPO, in
Fig. 7) were used as input parameters. Therefore, at 99%
Yb*" concentration, the three simulated curves all match
the experimental curve. However, the cooperative model
matches the experiments for all Yb*" concentrations while
the accretive and phonon-assisted energy-transfer model
deviate substantially. At all intermediate Yb*" concentra-
tions, the decay profiles of the phonon-assisted model
and the accretive model fall off faster than the cooperative
model. The excellent agreement between the experimentally
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measured luminescence decay curves and the calculated
curves for cooperative energy transfer via dipole-dipole
interaction provides strong evidence that this mechanism
is operative in the (Y, Yb)PO4Tb*" system.

The energy-transfer efficiency is shown to be 88% for
YbPO,Tb>" 1%. This means that 88 out of 100 Tb>" ions
each transfer their energy to two Yb*" jons. This makes a
quantum efficiency of 188% possible. Materials exploiting
Tb-Yb cooperative quantum cutting may be useful to
increase the efficiency of silicon-based solar cells by down-
converting the green-to-UV part of the solar spectrum to
~1000 nm photons, with almost complete doubling of the
number of photons. The weak IR emission of the presently
studied materials (see Fig. 5) shows that, although the
physics of the energy-transfer process allow for efficient
quantum cutting, the actual quantum efficiency in the IR
is still low. In order to obtain a material with an actual
quantum efficiency close to 200%, two drawbacks should
be overcome. First, due to the high Yb*>" concentration
needed for efficient downconversion, concentration
quenching of the Yb*" emission is a major issue. To over-
come this problem, incorporation of ions with an excited
state at slightly lower energy than the *Fs), state of Yb*"
ion (but still higher than the bandgap of silicon) may be
used. These ions will function as traps for the energy in
the *Fs, state so that migration of excitation energy to
quenching sites is suppressed. Another possibility is the
use of one-dimensional systems in order to localize the
energy migration. The second obstacle is the low absorp-
tion cross section for green-to-UV light of Yb/YPO, doped
with Tb>". The absorption cross section may be enhanced
in two ways. First, a bulk material with a lower bandgap
may be used so that the host itself would absorb part of
the solar spectrum, after which energy transfer to a Tb>"
1on should occur. Second, sensitizer ions could be used to
absorb the desired part of the solar spectrum and transfer
the excitation energy to the D, state of Tb>* for the Tb—
Yb downconversion process.

5. Conclusion

The possibility of efficient visible quantum cutting has
been investigated for materials in which Pr** shows a cas-
cade emission from the 'Sy level. In order to convert the
405 nm photon emitted by Pr** in the first step into a more
useful visible wavelength, two types of co-activators were
added, viz. Eu*" or Mn?*". In the case of Eu*" a quenching
of the 'S, emission from Pr** is observed. The quenching is
ascribed to relaxation through a metal-to-metal charge-
transfer state. Upon adding Mn?" as a co-activator, no

energy transfer is observed even at concentrations as high
as 5%. The origin of the absence of energy transfer is
unclear. In the second part of the paper second-order
downconversion in Yb,Y_PO4Tb™ 1% is studied.
Emission, excitation, and time-resolved luminescence mea-
surements reveal the occurrence of energy transfer from the
D, level of Tb>" to two Yb>' ions. Monte Carlo simula-
tions of the luminescence decay curves are shown to be a
useful tool for the determination of the energy-transfer
mechanism. When a cooperative dipole—dipole model is
assumed, the simulated and the experimental curves show
an excellent agreement for all Yb>* concentrations. Based
on the poor agreement between simulated and measured
luminescence decay curves, it is possible to exclude an
accretive dipole-dipole mechanism and a phonon-assisted
energy-transfer process. The efficiency of the quantum cut-
ting process is 88% in YbPO,:Tb*" 1%. This allows for an
overall quantum efficiency (VIS + IR) of 188%, which is
close to the limit of 200%.
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Summary. — Rare-earth elements are of interest in several high-tech and envi-
ronmental application areas, the two major ones concerning magnetic and optical
devices. In the latter field, one can exploit the unique photoluminescence properties
of rare-earth ions to develop novel or advanced lasers and optical amplifiers. Glasses
have been known for a long time as a convenient host for rare earths and have been
widely used for the fabrication of solid-state lasers. Recently, guided-wave format
has added several advantages, namely the small size, the high pump power density,
and the larger flexibility in design and fabrication. Thus, in the last few years, due
to the great development of optical communications, an increasing research and de-
velopment activity has been focused on the design and manufacture of fibre optic
and integrated optic lasers and amplifiers, especially of those based on Er®*-doped
glasses. The aim of the present paper is to highlight the application of the spectro-
scopic techniques to the characterization of rare-earth—doped glasses and to present
a brief overview of the efforts and progresses made in the area of micro-optic and
integrated-optic lasers and amplifiers. A brief summary of the fundamentals of the
photoluminescence properties and of the measurements techniques is also provided.
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1. — Introduction

Photoluminescence (PL) is the emission of light from a material under optical exci-
tation. It is one of the kinds of the more general phenomenon of luminescence, namely
the emission of optical radiation resulting from various types of excitation: chemical or
biochemical changes, electrical energy, subatomic motions, reactions in crystals, or stim-
ulation of an atomic system. Accordingly, one can speak about bio-, chemi-, electro-,
thermo-, radio-luminescence, and so on.

When light of sufficient energy is incident on a material, photons are absorbed and
electronic excitations are created. Eventually, the electrons return to the ground state:
if this relaxation is radiative, the emitted light is the photoluminescence signal. The
intensity of this signal gives a measure of the relative rates of radiative and nonradiative
recombinations.

Often one can also refer to fluorescence or phosphorence: the latter is a type of lu-
minescence that occurs naturally in many minerals and metallic compounds, in some
organic compounds, and in some living organisms such as marine fauna and insects (the
most familiar one being the firefly, whose light flashes are produced by biochemilumines-
cence). Phosphorescence is distinguished from fluorescence for two main reasons: a) in
phosphorence there is a longer time period between the excitation and the emission of
light; b) phosphorescence may continue for some time (even hours) after the exciting
source has been removed, while fluorescence ceases when excitation is off.

Photoluminescence effects have been observed for thousands of years; the oldest known
written observations on bioluminescent phenomena in nature were made in China, dating
roughly from 1500 to 1000 B.C. regarding fireflies and glow-worms. Only during the 16th
and 17th centuries, in Europe, the first efforts were made to understand and apply such
phenomena. Indeed, the first object of scientific study of luminescent phenomena was
a natural stone, subsequently referred to as the “Bolognian Phosphorus” or “Bolognian
Stone” or “Litheophosphorus”, which had been discovered in 1602 on Monte Paderno,
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Fig. 1. — Position of the rare-earth elements in the periodic table of elements.

just outside of Bologna, Italy, by Vincenzo Casciarolo, an amateur alchemist [1]. The
beginning of luminescence science, however, can be dated to 1852, when George Stokes
interpreted the light-emitting phenomenon and formulated the law (the Stokes Law or
the Stokes Shift) that the fluorescent light is of longer wavelength than the exciting
light [2]. It was Stokes who coined, in 1853, the term “fluorescence” from fluorspar
(calcium fluoride), the name of the mineral where he first noticed the phenomenon, and
the ending -escence analogous to opalescence, phosphorescence, etc.

Nowadays, photoluminescence is mostly exploited for materials’ characterization: from
the analysis of the PL signal one can derive much information on the emitting material,
and PL may be particularly useful in surface diagnostic, because the phenomenon often
originates from the surface layers of the material. A noticeable advantage of PL analysis
is that it is a simple, versatile, and non-destructive technique. Obviously, PL depends
much on the nature of the optical excitation, as the excitation energy selects the initial
photoexcited state and governs the penetration depth of the incident light.

Among the materials that can be usefully investigated by using PL techniques, an
important class is that of rare-earth—doped glasses. Their impact is mostly related to
the development of optical communications and to the recent request of increasing the
bandwidth capacity of optical fibre systems.

The rare-earth elements (REEs) form the largest chemically coherent group in the
periodic table (fig. 1); though generally not so well known, because of their specificity,
REEs have many high-tech and environmental applications. Europium, for instance, is
used as the red phosphor in colour cathode-ray tubes and liquid-crystal displays. Alloys
containing one REE (such as Nd, Sm, Gd, Dy, Pr) have revolutionized the permanent
magnet technology. Forefront research is now looking at the properties of the unique
magnetic-martensitic phase transformation in R5T4 materials (where R is Gd and other
rare earths and T, for instance, is Si, Ge, or Sn) in order to understand the underlying
electronic structure and the microscopic interactions bringing extremely strong coupling
of the magnetic moments with the lattice [3]. A better understanding of this phase trans-
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Fig. 2. — Transmission curve in the near-infrared region of a typical single-mode fibre for optical
communication systems.

formation and other basic phenomena may lead to the development of novel material sys-
tems exhibiting extremely large magnetocaloric, magnetostrictive, and magnetoresistance
responses to small changes of magnetic field, temperature, and pressure. Even environ-
mental applications of REEs have grown significantly over the past decades. REEs, for
instance, are essential constituents of automotive catalytic converters. Widespread use of
new energy-efficient fluorescent lamps (using Y, La, Ce, Eu, Gd, and Tb) may alleviate
energy consumption. Large-scale application of magnetic-refrigeration technology, based
on a “giant magnetocaloric effect” near room temperature exhibited by the Gds(Si2Ges)
alloy, also could significantly reduce energy consumption and COy emissions.

Coming to the field of optics, cerium, the most abundant and least expensive element
in the group, is very much appreciated as polishing agent for glass. Neodymium is very
well known as the active dopant of glass or YAG (yttrium aluminium garnet) for solid-
state lasers. The most popular application of REEs over the last decades, however, has
been that of the development of fibre and integrated-optics lasers and amplifiers [4, 5].

Erbium (alone or together with ytterbium) in glass or other dielectric materials (such
as lithium niobate) has become one of the key materials in photonic systems. Its relevance
is due to two factors: i) the optical amplifier (OA) is a key enabling technology to achieve
the high-speed and high-volume transmission required in current optical transmission
systems [4-6]; and ii) the photoluminescence peak of Er is at a wavelength around 1.5 ym,
just inside the so-called third window of fibre communication systems. The broadness
of the amplification band is of particular concern nowadays; let us refer to fig. 2, which
shows the typical transmission curve of a single-mode commercial silica fibre for optical
communications. The low-loss window (if we choose the 0.3dB/km threshold) is over
200nm wide (= 25THz); by exploiting this entire band it would be easy to achieve
multi-Th/s transmission. In fact, by using a 0.4nm (or &~ 50 GHz) channel spacing—
as is done currently in DWDM (dense wavelength division multiplexing) systems—one
could allocate 500 communication channels, each one with a transmission speed over
10 Gb/s, thus making system bit rates over 5 Th/s possible. Not only erbium, however, is
important for communication systems; for instance, the first 10 Th/s WDM transmission
in single fibre was demonstrated in 2001 by using a gain-shifted thulium-doped fibre
amplifier in a system using 273 50-GHz—spaced channels, each with 40 Gb/s capacity [7].
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This paper is intended to serve both as an introduction to the field of photolumi-
nescence techniques applied to rare-earth—doped glasses and as a review of recent works
aiming, on the one hand, at the characterization of novel glasses and, on another hand,
at the development of integrated optical devices exploiting such properties. By necessity,
this review is not exhaustive, and we have only attempted to offer the non-specialized
reader a brief overview of the ongoing activities and of the problems to be faced in this
field.

2. — Rare-earth—doped glasses

Oxide glasses are well known as excellent hosts for rare-earth ions: one of the first
solid-state lasers was demonstrated in 1961 in Nd3*-doped glass [8]. Lasing in a Nd**-
doped multi-component glass fibre was reported three years later [9]. The same material
structure was exploited to demonstrate the first thin-film waveguide glass amplifier, in
1972 [10], and the first integrated optical glass laser, in 1974 [11]. The interest for Er3*-
doped glasses arose quite later, in the late 1980s, when the main operational wavelength
for optical-fibre communication systems shifted towards the 1.5 um band [12]. Since
then, many remarkable results in the development of more efficient glass matrices and
in the actual fabrication of rare-earth-doped (RED) glass integrated optical amplifiers
have been achieved.

RE (lanthanide) ions are characterized by [Xe].4f12.6s? electronic configuration; all
of them have the same outer-shell configuration, namely 5s25p%6s2. The most stable
ionisation state is the trivalent one, with the 5s and 5p electrons remaining untouched
and acting to screen the energy levels of the 4 f electrons from the effect of the surrounding
environment. The transition probabilities between 4 f states, however, are sensitive to
the ions surrounding the rare earth, and the design of a proper RED glass involves the
study of a number of spectroscopic parameters. The Judd-Ofelt theory [13,14] is usually
adopted to calculate, by assuming certain approximations, transition probabilities from
the data of absorption cross-sections of several f-f transitions. According to this theory,
the strength of an f-f transition may be expressed by the sum of the products of three
intensity parameters ; (i = 2, 4, 6) times the squared matrix elements U (i) between
the initial J-states and the terminal J’ state. Once the phenomenological parameters §2;
have been calculated, it is possible to derive the strength of any absorption or emission
transition, as well as the stimulated emission cross-section, the fluorescence branching
ratio from level J to J’, and the radiative lifetime of an excited level. Radiative lifetime,
however, may be calculated even in a simpler way, by using Einstein relation for the
transition probability between absorption and emission coefficients; this issue will be
treated in more detail in the following section. The energy levels of the RE ions are
shown in fig. 3.

One of the major limits to the quantum efficiency 7 of a given transition in a RE
ion in a glass, defined as the ratio between the measured fluorescence lifetime Tyeas and
the radiative lifetime 7,,q of the excited state, is constituted by nonradiative relaxations,
that in turn may be classified as a) multiphonon relaxations; b) cross relaxations; and
¢) cooperative upconversion processes. Phonon relaxations correspond to the collisional
decay of an excited energy level, due to the crystalline lattice vibrations or, in other words,
to the rapid short-range movement of the closely spaced atoms. Multiphonon relaxations
between two energy states occur by the simultaneous emission of several phonons that are
sufficient to conserve the energy of the transition. Table I reports typical phonon energies
of different glass matrices; the probability of multiphonon relaxation may be assessed by
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Fig. 3. — Energy levels of trivalent rare-earth ions. Electronic energies were determined on the
basis of published data [100].

using a simple energy gap model [15]. The multiphonon decay rates as a function of
energy gap to the next lower level have been measured experimentally for silicate glasses
doped with Nd3*, Er3t, Pr>+ and Tm?*; it was found that an approximately exponential
dependence holds, independently of the RE ion or electronic level [16].

Cross relaxations and cooperative upconversion processes, on the other hand, lead
to fluorescence quenching, i.e. to the decrease of fluorescence intensity when the RE
concentration is increased. One has to consider, in fact, that, with increasing concen-
tration of RE ions, the ion spacing decreases and may be small enough to allow them

TABLE 1. — Mazimum phonon energy of various glass matrices.

Glass Phonon energy

(cm™1)
Borate ~ 1400

Phosphate 1100-1200
Silicate ~ 1100
Germanate ~ 900
Tellurite ~ 700
Fluorozirconate ~ 500

Sulfide (Ga, La) ~ 450
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to interact and transfer energy. Cross relaxation may occur between RE ions of the
same type if they have two pairs of energy levels characterized by the same energy gap
AE. An excited ion A (donor) transfers half of its energy to a ground-state ion B (ac-
ceptor), so that both ions move to a same intermediate level, from which they decay
non-radiatively to the ground level. It appears that this kind of dissipative phenomenon
is the major responsible of concentration quenching of Nd3* through the energy trans-
fers Nd**(*F;3,5 | *I15/2) = Nd*T(*Fy/o 1 “I15/2); subsequent relaxation from *Iy5,,
to 4F, /2 occurs via phonons. Co-operative up-conversion process occurs between two
excited ions A and B: A gives its energy to B, so that A relaxes to ground state, while
B goes to a higher energy level. From this higher level B can relax either emitting a
photon with higher energy (i.e. higher frequency and lower wavelength) than the excit-
ing photon—it is this case which gave the “up-conversion” label to the process—or via
phonons and a lower-energy photon. In any case, at least one exciting photon is lost for
the amplifying process, and fluorescence quenching in Er>* may be primarily attributed
to this process.

The interested reader is referred for further details to the many precious books pub-
lished on the physics of glass lasers [5,17-21].

3. — Spectroscopic techniques for optical materials assessment

The aim of this section is to recollect some basics concerning the use of spectroscopic
techniques such as absorption, luminescence, Raman and Brillouin spectroscopy for the
study of optical materials. Particular attention is being paid to their application to thin
films and planar waveguides activated by various optically active elements, in particular
rare-earth ions; some interesting aspects related to massive systems will be discussed
as well. The interest of absorption and luminescence spectroscopy is obvious in pho-
tonics. These two techniques, in particular, allow one to determine the spectroscopic
properties of the optical species imbedded in a matrix [22-24]. The spectroscopic and
optical techniques are currently used for optimization and pre-competitive fabrication
of innovative devices. The fundamentals of optical spectroscopy, both theoretical and
experimental, can be found in several textbooks and scientific papers, e.g., in [22-27] and
references therein. The spectroscopic properties, namely emission quantum efficiency,
lifetime of the excited electronic states, dynamical processes, etc., of systems activated
by luminescent ions are investigated by luminescence spectroscopy. The typical experi-
mental configuration used to study the spectroscopic properties of a planar waveguide is
shown in fig. 4. This set-up is practically the same one used in m-line spectroscopy, where
the light is injected into the film by prism coupling [28,29]. This configuration allows
an appreciable increase of contrast, as well as selectivity of both mode and polarization.
Detailed discussions about the waveguiding geometry are reported in several books and
review articles [30-32].

3'1. Absorption measurements. — Absorption spectra are fundamental to determine
the factors governing several properties of optical materials, such as losses, absorption
cross-sections and refractive index. The simplest schema is to measure the decrease of
the optical intensity of the beam travelling the material as a function of the wavelength .
In the linear behaviour, the absorption coefficient « for a sample of thickness L is given
by the Lambert-Beers law:

(3.1.1) I(\) = Io(\) exp|—a(N) L],
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Fig. 4. — Experimental set-up used for luminescence measurements in waveguide configuration.
The laser light is injected into the guide by prism coupling, as in the typical arrangement used
for m-line spectroscopy: slits (S); grating (G); lens (L); mirror (M); beam splitter (BS); reference
diode (D). Adapted from [77].

where [ is the intensity measured after an optical path length L, and I is the intensity
incident on the sample. Because L has the dimension of a length (L), the absorption
coefficient o has dimension L~' and it is usually measured in cm~'. The absorption

coefficient is related to the imaginary part of the refractive index n;(\) by
(3.1.2) a(A) = —n;(N).

In the discussion of the absorption spectra, other quantities are currently used:

Transmission:
)
3.1.3 T\ = .
(3.1.3) N =155
Optical density or absorbance:
(3.1.4) OD()\) = —log(T(\)) or T(\) =10"9PW),

Extinction coefficient:

(3.1.5) e(\) = =—
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where C is the concentration measured in mol1~!. The units of the extinction coefficient
or molar absorptivity are mol=*1lem™1!.

Absorption cross-section:
(3.1.6) o)) = —22

where N is the density of the absorbing centres given in cm =2 unit. The absorption cross-
section quantifies the ability of an ion to absorb light and is one of the most common
values used in photonics for sample characterization. The amount of power absorbed by
an ion when light is incident upon it at wavelength X is given by

(3.1.7) PO = (NI,

where I is the intensity of the light incident upon the ion, given in Watt cm™2. The
dimension of ¢ is that of an area. The cross-section can be thought of as a sort of target
area that can intercept a light flux by catching the photons that flow through it.

The extinction coefficient and the cross-section are related by

Na 2
>~ .2.6154 - 1
g ZLo(V) 26154107,

(3.1.8) e(A) =a(N)
where Ny = 6.0221367 1023 mol ! is Avogadro’s number.
The absorption coefficient can be measured in dBcm ™" by the equation

(3.1.9) I(\) = Ip(A\)10~ 1L,

where « is the attenuation coefficient expressed in dBcm™'. Comparing the expressions
used for v (dBem™!) and o (cm™1), it results that the two values are related by

(3.1.10) v =4.343 .

An exhaustive presentation of the optical theory applied to infrared absorption spec-
troscopy is reported in [33].

3'1.1. Absorption spectroscopy for OH™ content assessment. Let us now refer to some
applications where absorption, transmission and reflectance spectra play an important
role in characterization of materials. Absorption spectroscopy is largely employed in
chemical sensing, often in conjunction with optical fibres or planar waveguides [34-37]. An
important example, where infrared absorption measurements can give useful information
on optical materials, concerns the estimation of OH™ content in rare-earth—activated
glasses. The O-H stretching vibration affects the fluorescence decay of Er®* ions at 1.5 um
because two O-H vibrations are enough to bridge the gap of about 6500cm ™! between
the ground state, 4115/2, and the first excited state, 4I13/2, of the Er3* ion [22,38-41].
The consequence of the presence of residual OH™ species in the material is a strong
reduction of the quantum efficiency of the 4I;5 /2 level. Although the presence of OH™
group is the main determinant of the performance of sol-gel-based devices, because it is
intrinsic to the sol-gel processing, the detrimental non-radiative relaxation channel due
to vibrations of OH™ groups is effective also in melt-derived glasses.
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Fig. 5. — Room temperature FTIR absorption spectrum of a Er®T-activated silicate glass (77.29
SiO4: 11.86 K20O: 10.37 PbO: 0.48 Sb20Os3) in the IR region [42].

Figure 5 shows the absorption spectrum of a glass produced at Cristallerie Bac-
carat by a conventional melt-quenching technique with the following molar composi-
tion: 77.29 SiOy: 11.86 K20: 10.37 PbO: 0.48 SbyO3 and activated by Er* ions [42].
The spectrum shows the multiphonon tail of the absorption edge, which partially over-
laps the wide band (3000-3700cm~!) assigned to the presence of hydroxyl groups in
the glass matrix, centred at about 3570cm™! [43,44]. The amplitude of this funda-
mental OH™ stretching band allows the estimation of the OH™ concentration by the
Beer-Lambert law C' = (« x 0.434)(1/¢), where C' is the concentration of the bonded
species whose vibrations induce the IR light absorption, « is the absorption coefficient
and ¢ is the extinction coeflicient. A rough estimation of water content is obtained as-
suming that the value of the extinction coefficient is comparable to what it is found
for aluminosilicate glasses (€3520nm = 40 lglass/Molon cMyglass) [43] and andesitic glasses
(€3570nm = 70 £ 0.7 lgjass/molon Cglass) [44,45]. Taking a value of the extinction co-
efficient €3570nm ~ 70 lglass/Molon CMglass and « ~ 1em ™, the resulting Con concen-
tration is as low as 6 x 107%molcm ™2, which corresponds to an OH™ content of about
3.6 x 10'¥ cm 3.

Another well-established procedure to determine the hydroxyl content is the so-called
“baseline absorbance method”, developed by Heigl et al. at Esso Laboratories in 1947 for
the analysis of hydrocarbon mixtures [46]. The intensity of absorption of the individual
peaks associated with the specific chemical species, which are chosen in order to minimize
the interference between two or more compounds, is expressed as “base-line” optical
density. This is calculated from the equation ODg,se = —log ?I“, where ODgage 18
the base line optical density, I is the absorption intensity measured as the distance from
the zero line to the selected absorption peak, and Igae is the distance from zero line
to a straight line, the base line, joining two spectral points located on either side of the
absorption peak. This equation is a modification of eq. (3.1.4), by the substitution of
IBase, the zero to base-line distance, for Iy, the incident light intensity. The base-line
points are selected after the most favourable analytical peaks have been determined, and
in the standard absorption spectra the base line is drawn parallel to the background.
The method was applied first by Pope and Mackenzie to determine the hydroxyl content
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of densified Nd3*-activated silica glass prepared by the sol-gel route [47]. Taking into
account the OH™ transmission at 2.6 pum (7,) and 2.7 um (T},), respectively, the relation
[OH](ppm) = (1000/d) log(T,/T:) allowed the estimation of the OH™ content in a sample
with a thickness d [46,47].

Both the two methods described above are based on the proportionality between
concentration and absorption peak; they can be applied to a wide variety of samples,
and permit a satisfactory accuracy. A detailed discussion concerning the infrared spec-
troscopy study of water-related species in silica glasses can be found in [48,49], and a
phenomenological model for the OH™ absorption effect to the attenuation coefficient in
telecommunication fibres is reported in [50].

3'2. Luminescence measurements. — In material systems activated by cromophores
ions, the spectroscopic properties, such as emission quantum efficiency, lifetime of the
excited electronic states, and dynamical processes such as non-radiative relaxation mech-
anism, upconversion and cooperative processes [51], may be well investigated by lumi-
nescence spectroscopy.

Rare-earth—doped glasses are used in a large number of optical devices because of
the large number of absorption and emission bands available using the various rare-earth
elements [52,53]. As an example, the variation in the green intensity ratio between the
2H11/2 and 453/2 energy levels to the ground state of Er3t ions has been used as the
measure parameter in temperature sensors [54, 55].

Many papers reporting the enhancement of luminescence properties as a function of
physical and chemical properties of rare-earth—activated glasses and crystals, or present-
ing some potential application as optical sensors, describe the luminescence spectroscopy
as a suitable tool for quantitative characterization. In general, it is correct to state
that the luminescence intensity of an indicator is dependent on the concentration of the
respective chemical species or on the variation of the physical and chemical properties
of the system [52,56-58]. The disadvantage of intensity-based luminescence techniques,
however, is that they suffer from variations in the intensity of the light sources, in the
sensitivity of the detector, and in variation of the intensity of refractivity. A possibility
of overcoming these problems is to use complementary results obtained by measuring the
luminescence decay time of indicator cromophores and by the time-resolved fluorescence
spectroscopy [23,24,59]. In the usual description of the photoluminescence process the
intensity, I;;, of an emission transition ¢ — j is proportional to the spontaneous emis-
sion probability, A;;, of the transition and the population density of the excited state,
N;: I; = A;jN;. The normalization to the total concentration Nt of optically active
ions, gives Il-j/NT ~ Ajjn;, where n; = N;/Nt. The relative population, n;, can be
determined from rate equations of the specific investigated system. This requires the
consideration of the processes involved in the population and relaxation of the energy
levels of the luminescent ions [23,24]. In practical situations, the fluorescence experiments
are performed under continuous or pulsed excitation. In the first case the system is con-
sidered in equilibrium, i.e. dn;/dt = 0. By recording the fluorescence signal at a certain
frequency, while varying the frequency of the exciting radiation, the so-called excitation
spectrum is obtained. Such a spectrum can be correlated to the absorption spectrum
of the system. The excitation spectrum is identical to the absorption spectrum if the
ion decays rapidly from any higher excited state to the emitting state, which is known
as Kasha’s rule [60]. If the excitation spectrum shows deviation from the absorption
spectrum, the measure is an indication of inhomogeneity of the spectral behaviour.
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Measurements of the excitation spectrum are important in multisite systems, and can
uncover the bands responsible for the energy storage and subsequent emission of the
radiative energy. Important information has been obtained from excitation spectra in
nanocomposite materials [58] and multicomponent glasses [61]. Under pulsed excitation,
interesting information about the relaxation mechanisms can be obtained. In particular,
the fluorescence decay time or lifetime of the emitting state can be determined. The
intensity I(t) of luminescence, resulting from exciting light whose intensity K (t) varies
with time ¢ in an arbitrary way can be expressed by a Duhamel integral

(3.2.1) I(t) = /Ooo Kt —to(t)dt,

where ¢(t) is the decay function for pulsed excitation. This is generally valid under the
condition that the number of excited molecules is small enough compared with the total
number of molecules in the system and that the system does not undergo a permanent
change such as photochemical reaction. For the particular case of a steady-state excita-
tion turned off at t =0, K(¢t) =1 for t < 0 and K (¢t) =0 for t > 0 in eq. (3.2.1), and the
intensity of luminescence at a later time ¢ is given by: I(t) = [ ¢(t')dt’.

Two kinds of decay times can be considered. One is the mean duration of luminescence

defined by 7, = %. The other is the 1/e decay time 7., or the time interval after
which the intensitoy of luminescence has decreased by a factor of e from its value at
t = 0. Thus, 7. is defined as the root of the equation ¢(7.) = ¢(0)/e. Of course, if the
decay function is purely exponential, ¢(t) = ¢(0) exp[ff] and T = 7, = T.. Integration
of eq. (3.2.1) with respect to ¢ gives [~ I(t) = [;* ¢(t)dt [ K(t)dt. The physical
meaning of this relation is that the total luminescence energy emitted in a sufficiently
long time interval is proportional to the total energy of the exciting light in the same
interval, and the proportional constant fooo ¢(t)dt corresponds to the luminescence yield
of the observed state.

The correct definition for the quantum yield @ of a luminescent system is the ratio
of the spontaneous emitted photons per unit time N, divided by the total number
of absorbed photons N,ps per unit time, ® = Ny, /Naps. The absolute measurement
of the quantum yield is very difficult because of the geometry of the emission and the
presence of re-absorption. It is usually measured in comparison with samples with known
quantum yields or by using an integrating sphere. From eq. (3.1.7) the number Nyps
of absorbed photons of energy nw is given by Nu,s = NT% = NTUabS(w)n%. By
considering negligible the temperature dependence of the absorption cross-section [26,27]
Nom = Nabs T";j_“. Therefore, the quantum efficiency of a luminescent state characterized
by a radiative lifetime 7, and an experimentally measured lifetime Tyeas is given by
o = 7—meas/'rr'

In general, the fluorescence decay function ¢(t) is not exponential, as discussed before,
due to local environment inhomogeneities. In the most general case, when the relaxation
refers to a number of locally active channels varying throughout the system, the stretched
exponential or Kohlrausch model [62,63] is used: ¢(t) = ¢(0)[exp[£]”], where 0 < 8 < 1.
In the simplest case, where the distance between the fluorophore and the interaction sites
is homogeneously distributed, the total decay function is calculated by the integration

of the differential equation that describes the time evolution of the excited state and the
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summing-up over all sites,

(3.2.2) ¢(t) = ¢(0) exp

I (t)”j |

where a is the interaction parameter between cromophore and matrix, and c is the
quenching parameter, which depends on the concentration of the chemical species to
detect. If two different components of ¢(¢) can be observed, then it is possible write the
relation ¢(t) = Apa(t) + Bop(t), where A and B describe the relative amounts of the
two chemical species or local environments present in the system. It has to be noted
that the difference between the decay times corresponding to the forms A and B must
be significant, a factor 100 being a good value of reference. The non-exponential decay
function reported above has been used by Kitamura et al. [64] to describe the energy
migration among organic molecules, which were dispersed in amorphous silica glass, and
the energy trapping by the organic molecules aggregated in the glass. As mentioned
before, in particular cases where the decay curves exhibit two well-separated components
¢(t), with lifetimes 71 and 7o, it is possible to determine the amounts of the two kinds
of ions involved in the process. This is of particular interest in Er3*-activated glasses, in
order to have an assessment of the fraction of ions in the *I;5 /2 state that are available
for optical amplification [65]. The fluorescence decay function ¢(t) is then described by
a sum of two exponentials, ¢(t) = Ay exp[—%] + Az exp[—%]. The number N; (i =1, 2)
of ions which will decay with the lifetime 7; is obtained by integration of the previous
equation, so that N = Ny + Ny = A1 + As7s. Using this approximation, Zampedri et
al. have shown that in (100 — x)SiO-(2)TiO2-1ErOg3/, planar waveguides prepared by
the sol-gel route, for x < 12, about 65% of the Er3* ions in the 4I13/2 metastable state
decay exponentially with a lifetime of about 8 ms [65].

3'3. Raman and Brillouin scattering for optical-glasses characterization. — Raman and
Brillouin spectroscopies are powerful non-destructive tools for the structural character-
ization of materials, in particular of multicomponent glass systems. These techniques,
however, are widely used for the study of inorganic, organic and hybrid materials, both in
massive, fibre and planar waveguide format. In the case of optically guiding structures,
the exciting laser light is usually coupled to the system by butt coupling or through
a grating, or by prism coupling, as shown in fig. 4. The theoretical and experimental
background of Raman spectroscopy has been illustrated in several articles and scientific
books. A clear and exhaustive presentation, corroborated by a rich bibliography, was
given by Demtroder [25]. A recent review, concerning Raman and Brillouin spectroscopy
for study of sol-gel-derived glasses, was given by Montagna [66]. The Raman effect is an
inelastic scattering event in which a photon of energy nw; is destroyed and a scattered
photon of energy nws/as = nwipukE is created. E = |Ef — Fj| is the energy of the phonon
created or destroyed in the processes necessary to move the system from the initial state
FE; to the final state Ey. When the energy of the scattered photon is lower than the
energy of the incident photon, we have a normal Stokes process; if the contrary occurs,
we have an anti-Stokes process. The basic schema and the energy relations for Raman
scattering are shown in fig. 6. The application of Raman spectroscopy as both qualita-
tive and quantitative analytical detector is only limited by its inherent lack of sensitivity:
approximately 1 in 107 photons is scattered at an optical frequency different from that
of source excitation [67].
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Fig. 6. — Basic schema
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Fig. 7. — (a) Refractive index profile at 543.5 nm; (b) squared electric-field profiles for m = 0, 4,
8, respectively; (c) linear combination TE. of the squared electric fields.
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8 (solid line) TE modes. In the inset, the low-frequency part of the spectra. TE. labels the
spectrum obtained by the linear combination used to produce the squared electric profile of

fig. 7(c).

The combination of dielectric waveguides and Raman spectroscopy, however, leads
to a useful and sensitive method to analyse thin active layers present on top of the
waveguides. In the case of a graded-index waveguide, it is also possible to perform
Raman and luminescence depth-selective measurements [68]. Referring to this case, fig. 7
shows (a) the refractive index profile, together with (b) the profile of the squared electric
field for some transverse electric (TE) modes, in a graded-index waveguide obtained by
silver exchange on a soda-lime glass substrate. The TEy mode is confined in a layer
of about 2 pm thickness, but the depth reached by the light increases with the mode
number m. The TE,, selectivity is evident in fig. 8, where the optical modes of the Raman
spectrum show a dependence on composition, and in particular on the concentration of
the diffused silver. In fact, the peak at about 1000 cm™! shifts to lower frequencies and
increases in intensity when m decreases, i.e. when the Ag content increases. Moreover,
the low-frequency peak, which is better visible in the low-frequency region of the Raman
spectrum shown in the inset of fig. 8, shifts towards higher frequencies as m increases.
This observation is confirmed by the particular linear combination of the Raman spectra
indicated by TE., which is drawn in fig. 7(c). It shows how the linear combination
TE. of the nine modes results in a squared electric field that is maximum in the region
around 7 um. The corresponding Raman spectrum (in the inset of fig. 8) shows that the
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Fig. 9. — Room temperature VV spectrum of a silver exchanged silica waveguide, obtained by
waveguide excitation of the TEqg, mode at A = 514.5nm. Adapted from [30].

maximum of the peak is shifted towards higher frequencies. This indicates that in the
selected region around 7 um, where the Ag concentration is quite low, small metal clusters
are present. This has been confirmed by transmission electron microscopy measurements
on similar samples: the mean-size dimension and the size dispersion decrease as the
Ag concentration decreases. The only assumption made in this analysis was that the
spectra measured for excitation in one of the TE modes were the sums of contributions
from different depths, with weights given by the local value of the squared electric field.
This should be a good assumption for the luminescence and also for Raman, which is
a coherent scattering effect, but with a coherence length in the glass on the nanometer
scale, namely, much shorter than the film thickness [68].

Waveguide Raman spectroscopy is also a powerful tool for determining the particle
size in a nanocomposite system [30]. After the first works of E. Duval et al. on spinel
nanocrystals in cordierite glasses [70], low-frequency Raman scattering from symmet-
ric and quadrupolar acoustic vibrations of the spherical clusters has become a reliable
method to determine the size of nanoparticles. In fact, the frequency of all acoustic
modes scales as the inverse of the linear dimension of the particle, which can indeed
be deduced from the peak energy in the Raman spectra. For spherical particles, the
only Raman active modes are the symmetric and quadrupolar spheroidal modes [71,72].
The two modes give polarized and depolarized Raman spectra, respectively. The surface
mode, namely the lowest frequency mode in the sequence with a given angular symmetry,
has much higher Raman activity than the inner modes.

The Raman spectrum of a free spherical particle is expected to involve the contribution
of only one discrete vibration. For silver particles, for example, the quadrupolar surface
vibration is expected to dominate the Raman spectrum, all other modes having intensity
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of few percent [72]. For a free sphere, the frequency of this mode is given by

(3.3.1) wy = AV
d

where vy is the mean transverse sound velocity (~ 1660 m/s for Ag), d is the diameter of
the particle, A is a constant of the order of unity (A = 0.85 for Ag). This equation can
be used to obtain the size distribution of the nanoparticles from the shape of the Raman
peak. To do this, two important effects must be considered. First, a free sphere has a
discrete set of vibrational modes, but when the sphere is embedded in an elastic medium,
the discrete set broadens into a continuum (homogeneous broadening). Second, the Ra-
man activity is strongly dependent on the size of the particles I(w, R) ~ R? ~ w=3. In
the presence of an important size distribution (inhomogeneous broadening), the maxi-
mum of the experimental peak does not correspond to the maximum of the distribution,
but to particles with size bigger than the mean size. Both these effects produce a shift of
the peak towards lower frequencies. This gives rise to an overestimation of the particle
size if equation wy = 2w Aw,/d is applied taking exactly the value of ws corresponding to
the peak. The correct mean size and the size distribution are obtained by deconvoluting
the homogeneous line shape and by considering the frequency (size) dependence of the
Raman coupling coefficient. Figure 9 shows the excited spectrum of an Ag-containing
film waveguide obtained by Ag™-Na* ion-exchange in soda-lime glass [69]. The spectrum
was taken in VV polarization by exciting the TEy mode of the guide with about 10 mW
of the 514.5nm line of the Ar* laser. By using eq. (3.3.1) with wy = 36 cm™" (the value
of the peak energy), one would obtain d = 1.3 nm. By considering the low-frequency shift
of the peak, produced by the homogeneous and inhomogeneous broadening, a mean size
of about 1nm is estimated, with an upper limit of the broad size distribution of about
1.5nm, in good agreement with the TEM data.

The low-frequency Raman scattering technique was successfully employed in a number
of material cases, such as the study of nucleation of GasOs nanocrystals in the K;O-
Gap03-Si09 glass system [73], oxy-fluoride ultra-transparent glass ceramics [74], silica-
tiania waveguides [75], and silicon quantum dots in glass matrix [76].

Raman spectroscopy is also very useful in structural characterization of glassy sys-
tems, because it allows one to get detailed information about the network intermingling
and densification degree. As an example, Raman spectra of xerogels show the presence
of OH™ groups, which strongly influence the matrix stability and are detrimental for the
quantum yield of rare-earth—activated glasses; several studies and detailed discussions
can be found in refs. [66,77]. Let us discuss here the analysis of the densification process
of an Erp03-SiO2 monolithic xerogel [78]. Curves (a) to (g) in fig. 10 show the VV po-
larized Raman spectra of the silica xerogels containing 0, 1000, 2000, 5000, 10000, 20000
and 40000 Er/Sippm, respectively. In order to achieve densification, all the samples were
annealed with a thermal treatment in air at 950 °C for 120 hours with a heating rate of
0.1°C/min. Raman spectra allowed us to put in evidence that not all the xerogels ex-
hibited the same degree of densification. Three spectral regions are shown in fig. 10: (I)
anti-Stokes and Stokes low-frequency region, (II) the region between 250 and 1500 cm~!
and (IIT) the region between 3500 and 3800 cm™!. Figure 10(I) clearly shows the so-called
Boson peak, which is a characteristic of the glassy state and is a strong indication of com-
plete densification of the sample. In the sample containing 2000 Er/Sippm (curve (c) in
fig. 10(1)), for instance, the Boson peak is not present. The Raman spectra of fig. 10(II)
show bands at 430, 800, 1100 and 1190 cm ™!, assigned to the silica network. The band



18 G. C. RIGHINI and M. FERRARI

Raman Intensity [arb. units]

-100 0 100 250 500 1000 3600 3800
Raman shift [cm™]

Fig. 10. - Room temperature Raman spectra of the 0 (a), 1000 (b), 2000 (c), 5000 (d), 10000 (e),
20000 (f) and 40000 (g) Er/Sippm doped ErzO3-SiOs xerogel annealed at 950 °C for 120 h. (I)
and (III) excitation at 488 nm; (II) excitation at 458 nm [78].

at 960cm ™! is due to the Si-OH vibration. The defects bands D1 and D2, located at
490 and 610 cm ™!, respectively, are more intense for the samples doped with 2000 and
5000 Er/Sippm than for the others samples. Finally, the Raman spectra in fig. 10(IIT)
show two bands centred at about 3670 and 3750 cm~!: the latter one is present only for
the 2000 and 5000 Er/Sippm doped samples. This band is assigned to the O-H stretch-
ing vibration of free silanol groups on the surface of a porous structure [79]. It is much
sharper than the bands of physical and chemical water, because the SiIOH groups at the
pore surface are only weakly perturbed by site-sensitive interactions. The broad band
centred at 3670 cm™? is the fingerprint of OH groups in the densified silica structure [80].
In conclusion, the Raman spectra undoubtedly indicate that complete densification is
achieved after annealing at 950 °C in all samples, except in those activated by 2000 and
5000 Er/Si ppm.

As to another important diagnostic tool, namely Brillouin scattering in solids, an
exhaustive discussion is reported in ref. [81]. The Brillouin scattering results from the
interaction between incident light beam and thermally generated acoustic waves, and
can be successfully employed in determining the elastic and photo-elastic constants of
glasses.

In this application area, Shen et al. recently showed that rare-earth modifier ions
play a very important role in the structure of glasses, due to their higher coordination
number and large atomic size [82]. Looking at Brillouin scattering spectra of Eu®*- and
Pr3*-doped soda alumina silicate glasses, their photo-elastic constants were determined
by comparing the relative Brillouin scattering intensity and frequencies of these glasses
with those of fused quartz. The results indicated that the glass structure becomes more
rigid, and the bonding structure becomes more ionic, when the rare-earth concentration
is increased. The authors showed that the elastic constants, Young’s modulus and bulk
modulus of Eu?*t-activated glasses were higher than those of Pr3*-activated glasses.

In order to perform and analyse Brillouin scattering experiments in planar waveguide
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Fig. 11. — Wave propagation in the planar waveguide: q1 and g2 are the exchanged wave vectors
of the scattered light in the zigzag paths. In TE modes, the electric field is along the y-direction,
the light propagates along the z-direction, and x is perpendicular to the plane of the waveguide

in the direction of the scattered wave. ns and ng stand for the refractive indices of the substrate
and waveguide, respectively [66].
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Fig. 12. — Brillouin spectra (dotted line) of a silica-titania thick planar waveguide obtained
by excitation in different TE,, modes and detection perpendicular to the plane of the guide.
The continuous curves (solid line) in the anti-Stokes part are the spectra calculated by using a
numerical model, which considers the spatial distribution of the modal exciting field [83].
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configuration, an ad hoc model has to be adopted [66,83-85]. The wave propagation in
a guiding film is shown in fig. 11; Brillouin scattering from acoustic vibration depends
on the exchanged ¢ vector of the scattered photon, and is a coherent process, which
involves the whole illuminated region. In a homogeneous waveguide the light propagates
along a zigzag path so that at a fixed angle of detection two values of ¢ are sampled.
Since the two ¢ values change with the mode index, Brillouin spectra present doublets at
different frequencies for different excitation modes. Under these conditions the Brillouin
scattering intensity intensity Ipg is given by

2
3.3.2 1(q1, 2, w) E qlei(Ep_'ﬁ)F—i—e”qgei(’zp_‘i"‘)’?df ,
w2

where T' is the temperature, w = vy, 1kp, v, T is the longitudinal, transverse sound
velocity, Ep the wave vector of the phonons which scatter the light, and ~ is the relative
phase of the zigzag fields in the m mode of the guide. The linear dependence of Igg
on T is always present in Igg equation. The Brillouin spectrum of a glass waveguide,
however, shows four peaks in the Stokes and four in the anti-Stokes spectrum, two peaks
being due to longitudinal phonons and the other two to transverse phonons. The energy
separation between the couple of peaks increases with the mode index.

This model neglects the contribution to the scattering coming from the evanescent
field in the substrate, and considers the waveguide as a homogeneous film with constant
refractive index. A single fit parameter, i.e. the longitudinal sound velocity, is used to
calculate the m+1 spectra obtained by exciting the different modes of the waveguide. As
an example, fig. 12 shows the Brillouin spectrum of a silica-titania waveguide obtained by
exciting different TE modes with an argon laser at 514.5nm and collecting the diffused
light in a direction nearly perpendicular to the waveguide plane. Two longitudinal and
two transverse peaks are observed, whose splitting increases with the mode index m
(except for the m = 0 excitation, where no splitting is observed). The spectra calculated
by using a numerical model, which considers the spatial distribution of the exciting field
in the mode, are reported on the anti-Stokes spectrum of the longitudinal phonons. Using
this approach, the longitudinal sound velocity in planar waveguides was determined with
high accuracy, and it was demonstrated that waveguide Brillouin spectroscopy, coupled
with waveguide Raman spectroscopy, is a powerful tool for structural characterization of
guiding structures [83,85].

4. — Absorption and emission cross-section measurement

A widely used method for relating the absorption and emission spectra of rare-earth—
activated glasses and crystals, and in particular for Er3* ions, is the McCumber the-
ory [86], with the procedure developed by Miniscalco and Quimby [87]. An attractive
aspect of McCumber’s theory is that its validity is based on general assumptions. One of
these, which is accepted by the scientific community, is that there is a thermal distribu-
tion of population among the individual Stark level components of each Stark manifold.
Another assumption is that the energy width of each individual Stark level is small com-
pared with kgT', where kg is the Boltzmann constant and 7' is the absolute temperature.
Detailed discussion about the validity of the McCumber model is reported in [88-90].
Anyway, the McCumber model has been successfully applied to the modelling of the per-
formance of traditional and innovative bulk glasses as well as of a wide variety of fibre-
and waveguide-based lasers and amplifiers.
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Fig. 13. — Diagram of the Stark manifold of the two lowest-energy levels of Er** ion

In this section the basics of the model will be presented, and the Er3t-activated glasses
will be used as examples of absorption and emission cross-section measurements [42,91].
Figure 13 shows a representative energy level diagram for the two Stark manifolds in
an Er’t-activated glass. The ground state *I;5 /2 is a manifold of eight sublevels of
energy £y, and the 44 /2 excited state is a manifold of seven sublevels of energy FEs;.
The McCumber relation states that the absorption cross-section o,(v) and the emission
cross-section o,.(v) between these manifolds are related by

(4.1) oe(V) = ca(v

~—

exp|(e — hv)/kpT],

where v is the frequency of the photon of energy hv involved in the process, and ¢ is
the temperature-dependent excitation energy. The physical interpretation of € is as the
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Fig. 14. — Absorption and emission cross-section spectra of Er®' ion at 1.5 um of a silicate glass,
which illustrate the McCumber-Miniscalco-Quimby procedure. Adapted from [42].
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Fig. 15. — Absorption and emission cross-sections of Er®" ion at 1.5 um in the tellurite glasses

of molar composition (a) 75 TeOz: 12 ZnO: 10 NayO: 2 PbO: 1 Er;Os and (b) 75 TeOz: 12
ZnO: 10 NaQO: 2 GeOQI 1 EI"QO3 [91]

net free energy required to excite one Er®t ion from the 4115/2 to the 4113/2 state at
temperature 7"

3 j=1 EO EO
4.2 = =
(4.2) exp {kBT} 7 oy exp [kBT} Cexp [kBT} )
2 exp [ szT}
Jj=1

where Ey = F5; — E1; is the difference in energy between the lowest energy levels of
the two Stark manifolds as shown in fig. 13. Since the manifold widths exceed kT,
the absorption and emission spectra are offset from each other, the absorption to higher
frequency and the emission to lower frequency, as shown in fig. 14. Equation (4.1) states
that absorption and emission cross-sections are equal only at the crossing frequency
v =¢/h when C =1 and ¢ = Ey (see eq. (4.2)).

Another parameter often used in the literature is the ratio R of peak emission to
peak absorption cross-sections. The relation between R and C' strongly depends on the
spectral shape and it is not simple. In fact, as it may be observed in fig. 14, in general
C and R differ, so that crossing is not perfect. Figure 14 and eq. (4.1) indicate that
at frequencies higher than v, the emission cross-section is smaller than the absorption
cross-section, and vice versa for v < v,.

The inherent difficulty of the strict application of the McCumber method is that the
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sublevel energies of Er3* are difficult to be accurately known and, in principle, they must
be measured for every host [92,93]. The procedure developed by several authors [87-90]
does not require the knowledge of these energies. The McCumber-Miniscalco-Quimby
model first assumes a simplified electronic structure in which the Stark levels for a given
manifold are equally spaced: E1; = (j —1)E; and Esy = (j — 1) Es for the 4115/2 and for
the 415 /2 manifolds, respectively. This reduces the number of parameters in eq. (4.2)
from 14 to 3: i) the energy FE; separating the Stark components of the ground state;
ii) the energy FEs separating the Stark components of the first excited state; iii) the
energy Fy which determines the separation between the two states. In this framework,
the energy Fj is chosen as the average of the absorption and emission peaks (see fig. 14).
The second approximation consists in putting the energy spread of the *I;5 /2 state,
A(*15 s2) = TE1, at the 95% low-energy half-width of the room temperature emission
spectrum, since the peak has already been identified with the transition between the
lowest component of the two manifolds. This procedure provides an approximate value
of F1. In a similar way, the 95% high-energy half-width of the absorption spectrum is
adopted for the width of the excited state manifold, A(4113/2) = 6E5, thus providing an
approximate value for Es. Figure 14 well describes the approximation introduced by the
McCumber-Miniscalco-Quimby model. By using these values of F; and Es in eq. (4.2),
one can get an approximate expression for the constant C:

Zexp[ )kii[]
C =
S e[,

Figure 15 shows the calculated absorption and emission cross-sections for two tellurite
glasses [91]: the resulting values are very similar to those calculated for other tellurite
systems. Their very high values are due to the high values of the refractive index, since
the stimulated emission cross-section of rare-earth ions increases with the refractive index
as (n?+2)?/n for electric-dipole transitions, and as n for magnetic-dipole transitions [94].

The effective bandwidth A\, related to the emission cross-section, is defined by A\ =
J oe(N)dA/op(X), where op() is the peak value of the emission cross-section [94, 95].
This value, together with those of absorption and emission cross-sections, is especially
important for the amplifiers in the wavelength-division-multiplexing (WDM) network
systems [4,5]. Table II lists the cross-sections and the bandwidth concerning the 41,3 /2 <
5 /2 transition of Er?t ion in some glass hosts. It is evident from table II that the
parameters A\, o,, and o, strongly depend on the glass composition, which play a
crucial role on the whole spectroscopic properties through the modification of the local
environment of the rare-earth ions [96].

Finally, the internal gain coefficient g at wavelength A\ can be estimated by means of
the formula g(\) = 0o(A\) Ny — 0.(A) Ny, where 0,(\) and o.(\) are the absorption and
stimulated emission cross-sections at wavelength A, and N1 and N> are the density of ions
in the ground and excited state, respectively (N1+N2 = N, N being the density of erbium
ions) [4]. Referring to the values reported in fig. 15, in the case of total inversion (Ny = N)
at 1532nm, Rolli et al. obtain a gain coefficient of 4.06 and 3.78 cm ™!, respectively, for
two tellurite samples activated by different Er3*+ content, namely N = 4.405 x 10%2° cm—3
and N = 4.426 x 10?°cm™3 [91]. Benoit et al. in silicate glasses estimated to obtain
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TABLE 1. — Effective bandwidth (AX), absorption (o.) and emission (oe) cross-sections for the
4113/2 — 4115/2 transition of Er®t at the indicated wavelength for some glass hosts.

Host matrix A Oa Oe AN Ref.
(nm) (1072 ¢cm?) (1072! cm?) (nm)
ALP silica 1531 6.6 5.7 43 87]
Silicate L22 1536 5.8 7.3 20 87]
Silicate (Baccarat) 1537 4.3 5.1 18 [42]
Fluorophosphate 1533 7 7 27-43 [87]
L11
Fluorophosphate 1531 5 5 63 [87]
L14
Ge02-Si0; 1530 7.9 6.7 25 69]
Al>03-Si02 1530 5.1 4.4 55 [69]
GeOs-Al03-Si0, 1530 47 44 [69]
Tellurite 1532 7.9 8.2 66 [91]

an internal gain coefficient of about 2.0dB at 1537nm. Figure 16 shows the internal
gain curves vs. the wavelength for a silicate glass, at different values of the fractional
upper-state population No/N [42]. The change in the upper-state population strongly
modifies the internal gain coefficient of the glass in the full 1460-1580 nm spectral range.
Indeed, for low values of the population inversion, the glass is like an absorber of the
light for the shorter wavelengths, while it amplifies the longer wavelengths.
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Fig. 16. — Calculated internal gain coefficient vs. wavelength in a silicate glass for different values

of the fractional upper-state population N2/N indicated on the graph for each curve [42].
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5. — Quantum efficiency evaluation

As mentioned in the previous section, the measured lifetime (7yeas) must be compared
with the radiative lifetime, 7,4, to obtain the quantum efficiency 7 defined by their ratio:
1) = Tmeas/Trad- Lhe value of 7,4 can be calculated via different theoretical approaches
and numerical analysis. First, if the emission cross-section is known, on the basis of
McCumber-Miniscalco-Quimby model the radiative lifetime can be calculated from the
following equation: 1/7,q = 8’;;12 I 120em(v)dv. The second approach consists in a
model based on Einstein’s relation for the emission probability of a two-levels system
for which ¢g; and g5 are the degeneracy of the lower state 1 and the upper state 2,
respectively [97]. For such a degenerate system one condition has to be satisfied: either
the sublevels making up each level are all equally populated, or the transition strengths
between the sublevels are all equal. Taking into account only the decay pathway via the
spontaneous emission for the 2 — 1 transition, and denoting As; as the corresponding
transition rate (Einstein A coefficient), the radiative lifetime of the upper state 2 is given
by

1 8
(5.1) — =Ay = i% /012(V)d1/a

where A = A\g/n is the wavelength of the transition in the medium (A¢ is the wavelength
in vacuum, and n the refractive index), and o12(v) is the absorption cross-section at the
frequency v [21,91].

The two above-mentioned methods are of particular interest for the estimation of
41, /2 radiative quantum yield. A more general approach in determining the radiative
lifetime is based on the so-called Judd-Ofelt theory, which yields an assessment of the
oscillator strength characterizing the intensity of a transition between two 2*1L; mul-
tiplets within the 4f™ configuration of a rare-earth ion [13,14]. In the framework of
the Judd-Ofelt theory, the theoretical oscillator strengths ngl are expressed as a sum
of transition matrix elements, involving intensity parameters €},, with ¢ = 2,4, 6, which
depend on the host matrix:

8m2mce n?+2 ? 2
(52) PN, J) = ?M@JH)( = ) Q4 <aSL,JHU(‘1)Ha’S’L’,J’> :
q=2,4,6

where A is the mean wavelength of the transition and n is the refractive index. Because
the transition matrix elements (|[U(?)||) are essentially the same from host to host, the
values calculated by Morrison are widely employed [98,99]. Using the set of free-ion pa-
rameters obtained by Carnall in aqueous solution [100], Morrison computed the reduced
matrix elements between all of the intermediate-coupled wave functions representing the
multiplets of the electronic configuration 4 f™ of the free ion. The intensity parameters,
called Judd-Ofelt parameters, are then obtained by the chi-square method [101]. This
method minimises the relative differences between the theoretical oscillator strength and

the experimental one, ngp, measured in the absorption spectrum:

22303
. ped 4 pmt = T 200 / d
(5 3) exp + cal e NA band E(V) v,
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TABLE IIL. — Intensity parameters Qg (in units of 1072 cm?) in the 77.29 SiO2: 11.86 K2O:
10.37 PbO: 0.48 Sb2O3 glass activated by 0.2 mol% Er®t and 0.5 mol% Er®t. The calculated ra-
diative lifetime and the estimated quantum efficiency of the Er3T 4113/2 metastable level, obtained
using the three different methods described in sect. 5, are also reported [42].

Er’t Trad (ms)
content Qo Q4 Q¢ r.m.s. Quantum efficiency
(mol%) Judd-Ofelt Einstein McCumber
0.2 3.36 0.75 0.17 1.38 x 1077 17.8 ms 18.9ms 20.1ms
79.8% 75.1% 70.6%
0.5 3.19 0.56 0.16 6.5 x 1078 18.4ms 17.9ms 19.3 ms
62.5% 64.2% 59.6%

where €(v) is the molar absorptivity, v is the wave number and Ny is Avogadro’s number.
Each value of the oscillator strength is weighed by its own uncertainty. These uncertain-
ties have been evaluated by considering the reliability of the absorption bands integration
including the baseline subtraction. As an indicative example, table III reports the ob-
tained Judd-Ofelt (J-O) parameters in the case of a silicate glass [42], together with the
root mean square (r.m.s.) deviations of the oscillator strengths, calculated as

N 1/2
(5.4) rms. = lN13 S (Petti) - ng(i))] ,

i=1

where NN is the number of fitted bands. After obtaining the J-O parameters, the total
spontaneous emission probabilities and the radiative lifetimes 7, of the most important
excited states of the rare-earth ions can be estimated. The electric-dipole contributions
have been computed as follows [102]:

(5.5) Aed(\I/J;\I//JI)—MXed 3, <aSL,JHU<q>

2
— /S/L/7 J/ ,
BRNS (2T + 1) 4= “ >

where €, is the set of J-O parameters determined from the chi-square minimisation, A is

n(n?+2)?
9

the mean wavelength of the transition, xe.q = is the local field correction, and

(JJU@]||) are the reduced matrix elements tabulated by Morrison [98,99]. The magnetic-
dipole contributions only depend on the magnetic-dipole operator and are given by

0T = dn?e?h (1) rQry! /2
(5.6) Amd(\IlJ,\I/J)—3A3m202(2j+1)de<aSL,JH(L+25) HaSL,J>,

where yma = n® is the local field correction and (||(L 4 2S)(V||) are the magnetic
dipole matrix elements also tabulated by Morrison in the intermediate-coupled wave
functions set. The radiative lifetime of an excited state i is then governed by 7,4(7) =
(225 A(i, 7))~ where A(i,j) = Aea(i,j) + Ama(i,j) and the summation is over all the
terminal states j. Finally, the emission branching ratios are given by 8;; = A(%, J)Trad (4)-
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When two emitting states are separated by a small energy gap, the thermalization phe-
nomenon must be taken into account. For instance, 2Hyy /s, *S5/5 and *Fy 5, *F3 /5 pairs
of emitting levels of the Er3T ion are in thermal equilibrium and are commonly treated
by considering the Boltzmann distribution.

All these methods allowing one to estimate the radiative lifetime lead to an indirect
measure of the quantum efficiency. In a recent paper, the Er3t 41,4 /2 radiative lifetime
was calculated applying the three methods described above for a same silicate sample;
the resulting values were in good agreement between them, despite the different proce-
dures employed from one method to the other, but the McCumber method provided the
longest lifetimes and therefore the lowest quantum efficiencies [42]. It is obvious that the
different results are related to the approximation used in each method. Both in Einstein
relationships between absorption and emissions processes and in Judd-Ofelt model the
approximation holds that all Stark levels of the ground J state are equally populated.
It is the so-called “natural excitation” of Condon and Shortley [103]. Both in Judd-
Ofelt and two-levels models the generally used value for the degeneration factor go/g;
is (2J2 + 1)/(2J1 + 1). This issue has been exhaustively discussed by Auzel in a recent
paper [104], where it is underlined that the results for quantum efficiency calculations of
the 4113/2 to 4115/2 transition of several Er3*T-doped glasses show errors up to 50% for a
maximum Stark splitting of about 260 cm™! at 300 K, when the value of the degeneracy
factor go/g1 = (2J24+1)/(2J;1 +1) = 14/16 = 0.87 is used. It turns out that the Einstein
and Judd-Ofelt approach overestimate the quantum efficiency. The correction proposed
by Auzel started from the assumption that the 4113/2 to 4115/2 transition of Er3* could
be experimentally described by four transitions between two unresolved levels separated
by their maximum Stark splittings: 180 and 260 cm~!. Taking into account their respec-
tive Boltzmann population distribution at 300 K and the experimental intensities for the
four groups of their relative matrix elements, the effective degeneracy factor go/g; was
determined to be 2 1.36 instead of 0.87, for AE/kpT = 1.25. Very recently, such source
of error has been considered for the Yb case as well, where quantum efficiencies much
larger than one had been obtained. Instead of go/g1 = 6/8 = 0.75, it was found that,
at 300K, the effective degeneracy factor was 1.18 [105]. This corresponds to an error of
about 40% when the “natural excitation” approximation was used [104].

Finally, we mention an interesting method for the direct measurement of the quantum
yield described by Auzel et al. [106]. They used a photoacustic cell, with a piezoelectric
transducer in mechanical contact with the Er3*-activated glass. The 980 nm line of a
continuous wave Ti:Sapphire laser, resonant with the 4I;5 /2 — 4T /2 transition of the
Er3* ion, was used as excitation source. The absorption and the photoacustic excitation
spectra were simultaneously recorded. When the exciting beam is modulated at low
frequency, typically few dozens of Hz, the quantum efficiency is proportional to the ratio
of the photoacustic signal P to the absorbed excitation intensity A. In the case of Er3*
silicate glasses, the relation assumes the straightforward form £ = a+bn(1/nw), which is
the equation for a straight line, where a and b are phenomenological constants. The slope
of the line, normalized to its intercept vs. 1/nw, gives directly the quantum efficiency.

More generally, photoacustic spectroscopy is well suited for the study of materials
which are opaque or exhibit important scattering. An interesting discussion about this
technique is reported in [107] and references therein.
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Fig. 17. — Normalized photoluminescence spectra of the 4113/2 — 4I15/2 transition for tellurite
glasses activated by different Er®* content collected upon excitation at 980nm in identical
experimental conditions. Normalized absorption spectra of the *I;3/5 < *I15/» transition for 1
and 10mol% Er®'-activated glasses, are also reported. Adapted from [109)].

6. — Radiation trapping, self-absorption and concentration-quenching
phenomena

The previous discussion on the radiative lifetime measurements and the quantum
efficiency, being connected to the goal of maximizing the fluorescence signal from an
active optical glass, has been preliminary to the analysis of some important effects related
to the rare-earth concentration in the glass itself.

As already noted in sects. 4 and 5, the design of an erbium-doped broad-band amplifier
first of all requires the measurement of the 135 /2 — 4 /2 effective transition bandwidth
and lifetime. One of the phenomena affecting the accuracy of these measurements is self-
absorption, which is defined as the reabsorption of luminescence by the analyte and
interfering impurities in the excitation volume [108]. In a recent paper, Mattarelli et al.
discussed the measurement of bandwidth and lifetime in the presence of self-absorption
and indicated an experimental procedure to obtain their actual value [109]. A series of
tellurite glasses, with nominal molar composition 60TeQ3-20Zn0-20ZnCly-zErCls, where
xr =1, 3,5, 10, were prepared. It was shown that, while the normalized absorption spectra
in the region of the 4113/2 — 4115/2 transition of the Er®t ion overlap one with the other,
the normalized PL spectra exhibit a shape dependent on the Er®* content (see fig. 17).
It is noteworthy that the PL bandwidth AJ, if calculated using the emission intensity
I()\) instead of the emission cross-section as defined in sect. 4, passes from 77 nm for the
least doped sample (xz = 1) up to 84nm for the most doped one (z = 10) [109]. These
results could lead to think that the growth of the Er3* concentration is associated with
the occupation by the active ions of more and more different microscopic environments,
giving rise to a greater inhomogeneous broadening. This explanation, however, contrasts
with the evidence of the absorption spectra, where the shape of the electronic transition
does not change with the doping level (fig. 17). The observed broadening of the emission
must, on the contrary, be ascribed to the self-absorption effect, that leads to overestimate
the real emission bandwidth [110]. In fact, because of the overlap of the absorption and
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emission spectra around the 1.53 um peak, reabsorption around the peak wavelength is
much more effective than that at other wavelengths. As a consequence, the measured
emission intensity around the peak wavelength will be lower than its intrinsic value.

The influence of self-absorption on the luminescence shape can be described in first
approximation, i.e. neglecting contributions from photons reflected or re-emitted after a
first absorption, by the relationship

(6.1) L)) = Io(\) expl—a(N)d],

where T;()) is the collected PL intensity for a penetration depth d, I5()\) is the initially
generated luminescence, and «(A) is the absorption coefficient. Equation (6.1) means
that it is also possible to reconstruct Io(\) by multiplying the collected PL spectra by
the correction factor expla(A)d]. Mattarelli et al. have applied this procedure to PL
measurements performed at different depths on the same sample, showing a remarkable
agreement of the initially generated spectra Iy(\) [109]. In order to check the effectiveness
of the procedure, PL spectra were collected from finely ground powders of each sample,
with an average size of about 300—400 pum, where the deforming effect of self-absorption
was strongly reduced. The PL spectra of the powders showed a shape independent
of the Er®t concentration, and they closely overlapped with the reconstructed spectra
Iy(A). When the McCumber-Miniscalco-Quimby model is applied, the shape of the
emission spectrum thus calculated reflects perfectly the spectra obtained with the above-
shown method, giving the true value of the effective bandwidth, i.e. about 66 nm. These
results confirm the goodness of the approximation in determining the self-absorption
contribution from the absorption spectra.

Radiation trapping can also induce a misleading evaluation of the luminescence quan-
tum efficiency, defined as the ratio of observed to radiative lifetime. Auzel et al. discussed
the radiation trapping effect on the measured lifetime of several rare-earth ions in a sin-
gle crystal [111]. When population inversion can be neglected, the measured lifetime in
the trapping condition (7,) is related to the intrinsic lifetime without trapping (7intr)
by: Tty = Tintr(1 + o Nd), where o is the transition cross-section, N is the ion doping
concentration, and d is the average absorption length in the lifetime measurement exper-
iment. It is evident that reabsorption can lead to a strong increase of the luminescence
decay time and to a proportionally overestimated quantum efficiency. As an example,
much higher 7, values (between 20 and 140% higher) were measured in tellurite massive
glasses than in the corresponding powders, the latter being surely related to the intrinsic
lifetime 7yt [109].

The principle of radiation trapping can be demonstrated simply by coating a glass
or crystal with a highly reflecting film and leaving apertures open for the entrance of
excitation light and for observation of the luminescence decay. Noginov [112] experimen-
tally demonstrated a sixfold increase for the Yb3* lifetime in Yb3*:BaY,Fg gold-coated
crystal; in the uncoated sample the Yb3* lifetime was 2.9 ms, to be compared with the
lifetime of 18 ms measured in the gold-coated sample. Analogously, for the 413 /2 tran-
sition in Er3*:BaY,Fg, he measured 13ms for the uncoated crystal and 31ms for the
gold-coated one. It is clear that radiation trapping enhances energy storage, energy
transfer, and up conversion in rare-earth—activated materials. However, if the reabsorp-
tion effect is appropriately tailored, it can potentially decrease the threshold for compact
continuous-wave pumped lasers.

Another effect that strongly decreases the efficiency of luminescent materials is the
so-called concentration quenching. In the case of high rare-earth concentrations, the ions
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are closer together, so that deleterious non-radiative energy exchanges between neigh-
bouring ions can take place. The dissipative processes related to ion-ion interactions
leading to concentration quenching in glasses have been the object of several studies,
both theoretical and experimental, as shown by the number of publications dealing with
the argument [87,89,113-118]. In the following we will refer only to the Er3* ion, which
is the most widely used in guided-wave amplifiers and lasers. When the erbium concen-
tration increases, the average distance between neighbouring Er3* ions simultaneously
decreases and electric dipole-dipole interactions between the different Er3* ions become
more significant. Under this condition, processes which include energy migration and
up-conversion can take place, lowering the fraction of excited Er®* ions at a given pump
power. As a consequence, a decrease of the luminescence lifetime of the metastable 41;5 /2
state as a function of increasing Er3* concentration occurs, as described by the following
empirical formula [87,113]:

T0
Tmeas — — , NP>
(%)

where Tyeas i the observed luminescence lifetime, 7y the ideal luminescence lifetime in the
limit of zero rare-earth concentration, pg, the Er3* ion concentration, @ the quenching
concentration and p a phenomenological parameter characterizing the steepness of the
corresponding quenching curve. It could be considered that p is determined by the mecha-
nism of the energy transfer between the rare-earth ions [110]. In this framework, p is close
to 2 when the electric dipole-dipole transition is the dominant energy-transfer mecha-
nism between neighbouring Er3* ions. When the effect of electric dipole- and quadrupole-
quadrupole transitions cannot be neglected, p should be larger than 2. However, in order
to avoid difficulties with the physical meaning of p, usually only @ is estimated from
the fitting curve, as the concentration at which the lifetime becomes half of 7 (in fact,
Tmeas 18 equal to 79/2 when pg, is equal to Q). The phenomenological equation (6.2)
deserves some comments and, as a general rule, the () parameter has to be considered in
the light of complementary measurements, which may put in evidence other relaxation
mechanisms. By definition, 7y is the value of the PL lifetime of the rare-earth ion in the
material, in the limit of zero ion concentration, i.e. in the absence of any concentration
quenching phenomena. Therefore, if the material has no multiphonon relaxation due to
the matrix, which is approximately true for heavy-metal silicates, and if there are no
residual OH™ species, then 7y should approximately coincide with the radiative lifetime
Trad. But, if there a residual OH™ exists, even in the limit of zero rare-earth concentra-
tion, the 79 value should be less than the radiative lifetime. A detailed discussion with a
numerical analysis about the validity of the concentration quenching relation is reported
in [77].

Several researchers have noted that codoping with Al*1 is effective at dispersing rare-
earth ions in silica gel and silicate glass matrices [96,119-121]. A detailed interpretation
of why and when rare-earth ion isolation occurs is still not well established [122]. A
general point of view, however, is that rare-earth ions will be preferably partitioned by
AI3*, forming Al-O-RE bonds, rather than sitting together to form RE-O-RE bonds.
Subsequently, the spacing among RE elements is larger in the alumina-doped silica host
rather than in the non—alumina-containing host.

(6.2)
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7. — Photonic band gap structures with glassy materials

Photonic crystals are structures characterized by a refractive index periodicity in space
on a length scale comparable to the wavelength of interest, and, consequently, by a certain
frequency range where light cannot propagate in any direction; this frequency range is
known as the photonic band gap (PBG) [123-125]. It was predicted by Purcell [126] that
an atom in a wavelength-size cavity can radiate much faster than in the free space. This
effect was measured in a cavity formed by two parallel mirrors by Haroche et al. [127].
On the other hand, if its transition frequency falls within the photonic band gap, the
atom cannot radiate away energy, and thus spontaneous emission can be completely in-
hibited [128]. Several configurations have been proposed to exploit the physical property
that spontaneous-emission rate of rare-earth ions can be modified by the influence of the
local optical environment. This effect has been demonstrated in one-dimensional sys-
tems such as Eu*-doped dielectric slab [129], Er3T-activated Si/SiO2 microcavity [130],
Er3* and dye-doped SiOz colloidal photonic crystals [131], and Pr®*-doped TaOj/SiOx
micro-resonators [132].

Photonic crystals are nowadays the key for the future technological development of
planar optical circuits. To exploit the unique properties of photonic crystals it is impor-
tant to develop new ways of making optically functional photonic crystals that integrate
the self-assembly chemistry methods and the microfabrication techniques, with the aim
of creating new photonic crystal devices and chips that are suitable for high-volume
manufacturing processes.

Recently, it has been proved that the sol-gel technique represents a viable approach to
the fabrication of PBG structures and, in particular, of rare earth-activated 1-D photonic
crystals and microcavities [133-135]. A recent review of the origin and development of
PBG materials and structures made by sol-gel processing since 1987, with emphasis on
recent developments, can be found in [136]. Thin films of SiO and TiOy were used to
fabricate one-dimensional photonic crystal devices using the sol-gel method [137]. The
microcavity resonator consisted of a TiOy Fabry-Perot cavity sandwiched between two
Si02/TiO2 mirrors of three bi-layers each. The resonance wavelength was at 1500 nm
and the quality factor @ of the microcavity was 35.

As another example, Zampedri et al. reported a sol-gel-derived 1D cavity realized
by an Eu®t-activated dielectric layer placed between two distributed Bragg reflectors
(DBR) [135]. These DBRs consisted of 7 alternated quarter-wave layers of TiOy and
SiO5. The active layer between the two DBRs consisted of a TiOs half-wave layer doped
with 2mol% of Eut. The sample was deposited on vitreous silica substrate. The
starting solution was Ti(O-n-C3Hy)s and Si(OCyHs)y, with molar ratio HoO/TiOg = 1
and HoO/SiO2 = 2, employed for titania and silica layer preparation, respectively. The
spinning deposition technique was used. After each spinning, the sample was dried
at 200°C for 1 minute on a hot-plate and then annealed at 1000°C for about 90s.
Angle-dependent reflectance spectra and luminescence measurements were performed as
described in [77]. For luminescence measurements with 1D microcavities, two angles must
be controlled: the angle of excitation and the angle of collection of the luminescence. In
fact, the excitation angle must be chosen so that the laser beam is not reflected by the
DBRs, but good part of the excitation light could reach the active layer. The angle of
collection of the luminescence is chosen in order to superimpose the cavity resonance
to the rare-earth emission. For normal incidence, a stop band from about 510nm to
800 nm, with maximum reflectance of 98%, was obtained, which is shown in fig. 18. The
cavity resonance corresponded to the peak at 618 nm with a full width at half maximum
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Fig. 18. — Normal incidence reflectance spectra of a sol-gel-fabricated Fabry-Perot microcavity,
consisting of two mirrors of 7 alternated quarter wave layers of TiO2 and SiO2, plus a 2mol%
Eu’*t-activated TiO» half-wave defect layer [135].

(FWHM) of 12nm. The cavity resonance depends on the detection angle; a quality factor
@ = 54 was obtained in this case, with the reflectance measured for an incidence angle
of 0°. The fabrication technique must be precisely controlled on the nanometric scale
for fabrication of higher-Q) microcavities; it is crucial, in particular, to avoid variations
in the index and thickness of the different stacked layers.

Photoluminescence spectra of the microcavities show the interesting effect of lumines-
cence enhancement. In the system described above [135], the luminescence, correspond-
ing to the emission from °Djy state to the "F; (J = 2, 1) levels of the Eu®* ion, could
be tuned by the PBG system in a wide frequency range, practically corresponding to the
whole stop band. The maximum of the luminescence was detected at angles less than
10°. The luminescence line was modified both in intensity and bandwidth by the cavity.
The FWHM value of about 12 nm for the °Dg — “F5 emission had to be compared to the
typical FWHM of about 25 nm observed in sol-gel-derived bulk glasses. When the doped
layer, with a thickness of about 140 nm, was inserted into the cavity, an intense emis-
sion was detected. Oppositely, when the same layer was deposited on a silica substrate, a
very low intensity, comparable to the noise, was observed. This enhancement of the lumi-
nescence was already demonstrated for instance by Vredenberg et al. [130] for a Si/SiO,
cavity activated by Er3* ions. The intensity enhancement occurs because at any particu-
lar wavelength the emission rate into a resonant cavity mode, which is highly directional,
is increased, while in almost all other directions is reduced. This redistribution of emitted
intensity is a well-known cavity effect and has been numerically analysed in detail for a
complete set of cavity modes in planar dielectric microcavities [128]. It is evident that
the possibility of controlling spontaneous emission makes these planar structures of great
interest for fabrication of high emissive devices such as directive light-emitting diodes or
low threshold microlasers.

It is evident that three-dimensional (3D) cavities would provide a really significant
improvement in the light extraction; since, however, there exist serious difficulties in
fabricating 3D PBG structures, in particular with deterministic defects, much effort is
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being devoted to the less demanding 2D photonic crystal structures. Even these 2D
structures, if associated with waveguide control in the third dimension, may actually
provide an excellent overall 3D confinement. Rare-earth—doped glasses, however, do not
lend themselves as very convenient materials for 2D or 3D PBG structures, due to the
relatively low refractive index and consequent low index contrast. Despite of this limita-
tion, some 2D fibre and waveguide devices have been proposed, by using microstructured
glass technology [138].

8. — Rare-earth—doped glasses for lasers and amplifiers

Optical glasses are the corner stone in a huge number of technological applications.
This is definitely true for laser systems. At the top of the scale, one can mention the
National Ignition Facility (NIF) at the Lawrence Livermore National Laboratory, which
has the goal to achieve controlled thermonuclear burn in the laboratory using laser light.
The entire NIF project is expected to be completed in mid-2009, with ignition experi-
ments beginning a year later [139]. NIF represents both the largest laser and the largest
optical instrument ever built, requiring 7500 large optics and more than 30000 small
optics. Optical materials, and in particular optical glasses, play a crucial role in NIF
fabrication, where the neodymium-activated glass laser slab, operating at 1053 nm, is
the hearth of the laser system.

Over almost 40 years there has been extensive research covering a large number of
active ions in every known glass system. Neodymium, however, remains the primary RE
element of interest for most commercial applications of glass lasers, and, more generally,
of solid-state lasers. Only recently, a growing interest has been focused on erbium and
ytterbium: the former ion is fundamental for applications in the optical telecommunica-
tions (but also has interest for eye-safe laser applications, such as in rangefinders), while
the latter is useful as co-dopant of erbium (because of the energy-transfer effect that
increases pumping efficiency at 980nm) but is assuming larger and larger importance
for the development of medium-to-high power fibre lasers. Ytterbium-doped silica fibres
exhibit a broad-gain bandwidth, high optical conversion efficiency, and large saturation
fluence. A cladding-pumped Yb-doped fibre laser with continuous-wave optical power of
1.36 kW at 1.1 um, with 83% slope efficiency and near diffraction-limited beam quality,
has been demonstrated [140]. By combining an assembly of highly reliable diode-pumped
single Yb-fibre lasers, industrial systems with output up to 50 kW are also available [141].

Other rare-earth ions under investigation include samarium and holmium for visible
emission, praseodymium for the 1.3 ym window, thulium and again holmium for longer
near-infrared wavelengths. A summary of the main emission wavelengths of the most
important RE ions is presented in table IV, where possible sensitising ions are indicated
as well. Here we refer to a sensitising ion as the additional dopant that absorbs the
pump radiation and transfers it to the lasing ion, thus increasing the overall pumping
efficiency [142].

At the bottom of the scale of rare-earth—doped glass devices, at least for their minia-
turised size, there are the integrated optical (I0) lasers and amplifiers: the following
sub-section is devoted to an overview of 10 amplifiers, which have gained much interest
in the last years for their application in optical communication systems.

8'1. Integrated optical amplifiers. — There are three major applications for optical am-
plifiers in modern optical networks; they can be used as power amplifier /boosters (placed
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TABLE IV. — Emission wavelengths of the main RE ions in glass.

Dopant Approximate emission Sensitising ion
RE ion wavelength(s) (um)

Prit 0.89 1.04 1.34

Nd3+ 0.93 1.06 1.35 Cr3t, Mn?t, Ce’t
Sm3* 0.65

Eu®t 0.62

Th3+ 0.54

Ho** 0.55 1.38 2.05

Er3* 1.30 1.54 1.72 2.75 Cr3*, YB3+
Tm3* 0.80 1.47 1.95 2.25 Er3t, YB3+
Yb3t 1.03 Nd3*

directly after the laser diode transmitter), in-line amplifiers (repeaters), or preamplifiers
(placed in front of the detector to enhance its sensitivity). The corresponding require-
ments may be different, especially in terms of input signal power handling, maximum
optical gain, and signal-to-noise ratio (SNR). There are a few possible technological
routes for implementing optical amplifiers: they include semiconductor optical ampli-
fiers (SOAs) [143], erbium-doped fibre amplifiers (EDFAs) [144-146], and Raman optical
amplifiers [147]. Hybrid configurations, such as Raman-assisted EDFAs, have also been
extensively studied, because they show low noise figure [148].

EDFASs represent a mature technology, and they are routinely used in current telecom-
munication systems. Another application of optical amplifiers, especially in local access
networks, has to do with the loss compensation of passive components (such as inter-
leavers and 1 x N splitters). In such a case, the final aim would be that of integrating
active and passive devices on a single chip: for this reason, the integrated-optics (IO)
format [149] is more appealing. IO amplifiers are being extensively investigated, and
a few types of erbium-doped waveguide amplifiers (EDWAs) are already commercially
available [150].

The goal of developing fibre systems operating over an ultra-wide band, covering the
wavelengths between 1.3 and 2 um, would require the use of different rare-earth (RE)
elements and different glass matrices. The potential amplification bands in that wave-
length region of some combinations of glasses and rare earths are indicated in table V.
The energy levels are labelled according to the well-known Russel-Saunder multiplet
notation 1L ;, where S is the total spin quantum number, L is the total orbital
angular-momentum quantum number, and J is the quantum number of the total mo-
mentum of that particular level or state (J = L+S) [151]. The choice of the glass matrix
largely affects the amplifier’s performance, and oxide glasses are not suitable hosts for
exploiting the radiative transitions of Pr3* in the 1260-1350 nm region, of Tm>* in the
1460-1510 nm region, and of Ho?* over 2000 nm.

So far, however, most of the research efforts have been focused on the use of Er3+ 415 /2
— 4115/2 transition in the 1500-1600 nm band, and for that purpose oxide glasses, and
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TABLE V. — Potential amplification bands in the near-infrared region of some RE ions in glass.

Operating range Dopant Transition Oxide Fluoride
(nm) RE ion host host
12601350 Pr3* '@y — %Hs - +
1320-1400 Na** Py — 1) + +
1460-1510 Tm3* 3Fy — 3Hy - +
1500-1600 Er?t Lizse — Lo + +
17002015 Tm?+ 3Hy — %Hg + +
2040-2080 Ho®* 5T, — 1y - +

especially silicates and phosphates, proved to be much more convenient than non-oxide
glasses, due to their easier fabrication and processing, and to the higher chemical re-
sistance. Thus, EDFAs and EDWAs based on oxide glasses remain at the moment the
most viable solution to cover the C-band and its short side (S*-band: 1450-1530 nm; or
S-band: 1480-1520 nm) and long side (L-band: 1560-1610 nm).

Bulk rare-earth—doped glasses may be fabricated by conventional melt-quenching, sol-
gel or CVD processes [20]. For integrated optics, several fabrication processes have been
developed; material requirements are much more stringent than for optical fibres, due to
the different manufacture technologies and to the much higher rare-earth concentration
required in short-length planar devices. Even if in principle non-oxide glasses, such as
fluorides and other halides, may possess better properties (e.g., much lower phonon en-
ergy), so far the largest part of the experimental results—and all the available commercial
amplifiers—have been obtained using silicates and phosphates glasses, mostly because of
their greater chemical robustness and environmental stability.

The development of erbium-doped integrated optical amplifiers may follow three main
manufacturing routes:

— local doping of a bulk glass or of a glass thin film with rare-earth ions by diffusion
or ion-implantation; the process leads to a local increase of the refractive index,
and therefore also produces a waveguide [152-155];

— fabrication of a rare-earth—doped bulk glass by conventional melting process or
by sol-gel, and subsequent fabrication of the waveguide by diffusion processes (by
ion-exchange, in particular) [156-163];

— deposition of a glass thin-film waveguide containing rare-earth ions by RF mag-
netron sputtering, chemical vapour deposition (CVD), electron-beam vapour depo-
sition, flame hydrolysis deposition (FHD), or sol-gel processes [164-169].

A combination of two different technologies has also been demonstrated, such as sol-gel
to deposit the Er-doped thin film and ion-exchange to define the channel waveguide [170],
or flame hydrolysis deposition of the guiding layer and aerosol Er-doping [171], or ion-
exchange in a glass to fabricate the waveguide and ion implantation to dope it with
erbium [172]. Moreover, advances are being made in laser-based fabrication and pattern-
ing processes of glass structures, which include pulsed-laser-deposition [173-175], laser
machining [176,177], UV-laser and femtosecond-laser writing of channel waveguides in
bulk glasses or in glassy thin-film [178-181].
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Fig. 19. — Experimental set-up used to measure the optical properties of an Er®*-doped wave-
guide, pumped at 980nm. Pigtailed laser diodes and output coupling configurations may be
combined in different ways to perform specific measurements.

8'2. Optical and spectroscopic properties of Er3T-doped wavegquides. — The goal of
achieving a high optical gain in an Er3T-doped glass can be reached only if the proper
spectroscopic properties of the glass are combined with a low propagation loss wave-
guide. Thus, it is very important to optimize the RE doping level. Generally, at low
Er®*concentration, the lifetime of the metastable level is longer and quantum efficiency is
higher, but obviously the total intensity of stimulated emission is lower, while at higher
concentrations, fluorescence quenching may occur, due to ion clustering or ion-to-ion
interaction. It is also important that absorption and emission spectra be wavelength-
shifted one with respect to the other, so that the peaks of absorption and emission cross-
sections are located at different wavelengths, in order to reduce re-absorption phenomena
in the waveguide. This is possible because the *I;3 2 Stark levels are non-uniformly
populated, and the *I 5 /2 — 45 /2 transition may be shifted to a longer wavelength
with respect to absorption.

For most of the amplifiers in the 1.53 ym band, the active doping includes ytterbium
ions: ytterbium co-doping allows to transfer energy from excited Yb3* ions to close Er3+
ions through a cooperative cross-relaxation process, thus significantly enhancing system
absorption at 980 nm and making the pumping mechanism more efficient. The presence
of Yb3* ions may also be effective in reducing unwanted Er®*-Er3* ion energy transfer
interactions by increasing the mean inter-atomic distance.

As to the waveguide itself, it is necessary to achieve minimal propagation losses, be-
cause they would affect, among other factors, the pump threshold, i.e. the power at which
the material becomes transparent, the signal amplification being able to compensate for
propagation and absorption losses.

The pumping scheme is also important, in order to actually excite the maximum
number of erbium ions; in most cases the pump is a laser diode emitting at ~ 980 nm
wavelength, which corresponds to the peak of the absorption band due to the *I;5 /2 =
4T /2 transition. In order to achieve high pumping power, laser diode arrays are used,
or a contradirectional scheme is employed, with two laser diodes injecting their power at
the two ends of the fibre-EDWA-fibre system. Proper modelling is necessary, in order to
select the optimal doping concentration and operational parameters [181-183].

The most important characteristic to indicate the performance of an EDWA is the net
gain. Since it is not always clear, when reading some of the published papers, what kind
of gain was actually measured, let us recall the definitions of gain and refer to fig. 19 to
explain how a full characterization of an active waveguide may be performed, by using,
in different configurations, the same basic devices, namely laser diodes, fibres, detectors,
and the waveguide to be tested.

The net optical gain, also called external gain, can be measured as the ratio between
the maximum intensity of the signal measured at the end of the output fibre (B) and
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the signal intensity at the end of the input fibre (A), for a given value of the pump
laser intensity. The intensity of the amplified spontaneous emission (ASE) should be
subtracted from the output signal.

If, however, one wants to understand how that value of gain is obtained, it would be
useful to perform a more detailed analysis, by measuring:

a) The insertion loss of the waveguide at a wavelength outside the absorption band
of Er37 ions, e.g., at 1300 nm. This measurement can be done by comparing the
intensity at the output of the delivery fibre (A) with that at the end of the collecting
fibre (B). It gives an assessment of scattering losses; moreover, a correction due
to the wavelength difference between 1.3 and 1.5 um, according to Raleigh law
I, = a)™%, is possible.

b) The spontaneous emission intensity. This is measured by detecting the signal at
the output of the collecting fibre (B) when the waveguide is pumped, i.e. when the
delivery fibre (A) is carrying only the beam at 980 nm.

¢) The coupling loss between the fibre and the channel waveguide may be evaluated
by comparing the intensities detected when the light coming out from the channel
is collected by a fibre or by a lens (usually, a microscope objective). Then, one can
assume that the coupling loss is not significantly different for the input and the
output coupling.

d) The absorption of erbium ions. This value is derived from the measure of the
insertion loss at 1.5 um, in the absence of the pump, by subtracting the coupling
losses.

A preliminary and quick measure of the amplifier performance can be given by the
signal enhancement (sometimes also referred to as relative gain or ON/OFF ratio), i.e.
the ratio of output signals when the laser pump is on and off. This is not, however, a
true optical gain, due to the effect of absorption of erbium ions, which is significant when
the pump is off and becomes negligible when the ground state is depleted of electrons
by the pump light. The internal gain may be obtained by subtracting from the signal
enhancement the absorption due to erbium ions at 1.5 um; by further subtracting the
coupling losses, the value of the net optical gain G is finally obtained.

Table VI gives an idea of the state of the art in EDWASs, by presenting a few out of the
many results published in the literature, with particular reference to devices fabricated in
silicate and phosphate glasses. It has to be underlined that comparison of these results
should be considered only qualitative, because it cannot be stated that measurement
methods and units are used everywhere in a consistent way. For instance, in some cases
the intensity of the pump signal is given as the optical power actually injected into the
waveguide, while in other cases only the power available at the end of the input fibre
is given.

Besides the gain, the other most important specification for an EDWA is its amplifier
bandwidth, since the broad-band operation is critical for the use in DWDM systems.
In fact, an EDWA has to simultaneously amplify many channels, with the best possible
uniformity; as the gain is generally dependent on wavelength, each signal will experience
different optical gain, with bad effect on the transmission bit-error rate (BER) and on the
signal-to-noise ratio (SNR) differential among channels. Thus, not only the width of the
emission band is important, but its shape as well, because it affects the uniformity of gain
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TABLE VI. — Characteristics and performance of a few Er®T-doped integrated optical amplifiers,
as reported in the literature.

Material Doping ion(s) Fabrication Max. Net  Pump Ref.
Er b technology Gain power
(dB/cm)  (mW)®
Aluminophosphosilicate  0.25 mol%  0.25 mol% sol-gel 1.1 175 [168]
3wt 5wt i
Borosilicate Wit wt% on 2.3 130 [157]
Er203 Yb203 exchange
1 -
Doped BK7 wt% bwt% on 1.0 110 [186]
Era03 Yb203 exchange
P-doped silica 0.55 wt% FHD() 0.7 640 [164]
Phosphate o) o on 2.5 120 [159]
exchange
ion
Phosphate 2wt% 2wt% 2.9 120 [186]
exchange
2.3 x10*° 3.8 x 10% i
Soda-lime silicate o107 38107 o 15 250 [160]
ions/cm®  ions/cm® exchange
0.7 x 10%°
Soda-lime silicate X sputtering 0.8 80 [165]
ions/cm?

(a)If not indicated, pump wavelength is 980 nm. (b)Doping percentage not available. (C)FHD: flame hydrolisis

deposition.

over the transmission channels. This fact has stimulated further research towards glass
hosts providing wider photoluminescence bands and, more generally, a good compromise
between the different operational characteristics, namely high gain, broad band and flat
amplification.

A few examples of novel glass compositions are presented in the following subsections,
which refer to recent activities carried out by the authors and collaborators, and concern
silica-hafnia sol-gel films, aluminosilicate ion-exchangeable glasses and tellurite glasses.

8°2.1. Sol-gel silica-hafnia films. Silica-based glasses offer solubility for rare-earth ions
of about 6 x 1020 cm ™3, are transparent in the visible to near-infrared region, and are
easily compatible with IO technology. Silica-hafnia thin films are known as stable optical
coatings with high damage resistance at 1054 nm, and have been proposed for mirrors and
polarizers for the National Ignition Facility. Thus, it was decided to test the structural
and optical properties of Er>*-doped optical waveguides made by silica-hafnia; for that
purpose, by using the sol-gel process, several films of composition (100 — z)SiOs - 2HfO4
(z = 10, 20, 30, 40) were produced and tested. For each composition, two films were
grown, containing 0.01 and 0.3 mol% Er3* ions, respectively [184].

All the films were deposited on cleaned pure-silica substrates by dip coating. After
each layer’s deposition, the sample was annealed in air for 50s at 900 °C. After a 10-dip
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Fig. 20. — Photoluminescence spectra relative to the 4113/2 — 4115/2 transition of the Er®T ions
for the (a) SH40, (b) SH30, (c) SH20, and (d) SH10 waveguides, obtained upon excitation at
514.5 nm.

cycle, the film was heated for 2min at 900 °C. Finally, the waveguides were subject to a
further annealing at 900 °C, whose duration was different for each waveguide; for instance,
for the samples containing 0.3 mol% Er®*, the annealing time was varying from 30 hours
(x = 10) down to 5 minutes (z = 40). As the refractive index was changing with each
composition, the thickness of each film was chosen so to have a single mode of propagation
(one TE and one TM mode) supported at 633 nm. More details on the fabrication process
are available in previous papers [184,185]. Measurements of propagation losses were done
in various samples, giving an average value of about 0.9dB/cm at 632.8 nm.

Photoluminescence (PL) measurements in the region of the I3 /2 = 415 /2 transition
and decay curves from the *I;5 /2 level were made in guided-wave configuration, using
prism coupling and either the 980 nm line of a Ti:sapphire laser or the 514.5 nm line of
an argon laser as excitation source. The PL spectra relative to the 4I13/2 — 4115/2 tran-
sition of the Er3* ions for all the waveguides exhibited a main emission peak at 1.53 um
and a broad spectral width of about 50 = 2nm. Figure 20 shows the emission spectra
of the samples doped with 0.3 mol% Er3* for excitation at 514.5 nm; the shape and the
bandwidth of these spectra, however, did not change with the excitation wavelength, in-
dicating that site selection was negligible. The similarity of PL spectra for all waveguides
seems to indicate that a small inhomogeneous broadening is present, independently of
HfO4 content.

The measured lifetime of the 4115 /2 metastable state decreases with the increasing of
the HfO2 molar concentration, from a maximum of 8.5 ms when the ratio SiO5/HfO, is
90:10 and Er3* concentration 0.01 mol%, to a minimum of 5.8 ms when the ratio increases
to 60:40 and erbium concentration is 0.3% mol. By considering that in completely den-
sified silicate glasses the multiphonon decay does not significantly affect the ;4 /2 level
lifetime, we can assume that the lifetimes measured at 0.01 mol% Er®t doping level are
very close to the radiative ones. Under this hypothesis, we can estimate that quantum
efficiency even in the samples doped with 0.3 mol% of erbium is always higher than 84%.

82.2. Soda-lime-alumino-silicate (SLAS) glasses. Soda-lime-silicate glasses are quite
widely used in optics, and in integrated optics as well. As an example, a net optical
gain of 1.5dB/cm was demonstrated in a glass of this type, co-doped with Er** and
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Fig. 21. — Absorption and emission bandwidths of SLAS samples as a function of AlaOgs con-
centration. The lines are traced only as a guide to the eye.

Yb3+ [160]. One disadvantage of this kind of glass, however, was represented by the nar-
row fluorescence bandwidth, the full-width half-maximum (FWHM) value being around
17nm. On the other hand, it was known that the introduction of aluminium in a sili-
cate glass may lead to increase the emission bandwidth [187]. Thus, it was decided to
try to improve the characteristics of the original glass by adding different quantities of
aluminium oxide (up to about 20mol%) and by investigating their effect on glass optical
properties, in particular on the emission bandwidth around 1.5 um.

The new glasses were prepared by conventional melting process and had a basic com-
position of the type NasO-Ca0O-Al;03-SiO4, with small percentages of PoOs and KsO.
Melting occurred in an electrically heated furnace within Pt crucibles, following the same
heating cycle: from 20 to 1000°C at 10°C/min, with a 24h soaking time at 1000°C,
from 1000 to 1550°C at 20°C/min and finally 1 hour of soaking time at the maximum
temperature of 1550 °C. Eventually, the melt was quenched in a graphite mould to ob-
tain small pieces of glass having a bar form; each bar was then cut to 1 mm thickness
and optically polished on both faces.

Planar optical waveguides were produced by using the Ag™ < Na™ exchange process
in a dilute AgNOj3 solution (AgNOj : NaNO3 = 0.5 : 99.5mol%) at 325°C. Both the
fluorescence spectra of Er3* and the lifetime 7 of the 4I;5 /2 level were detected using a
976 nm laser diode as excitation source. Further details on fabrication and characteri-
zation of these glasses are available elsewhere [188]. An interesting result was that the
bandwidth almost doubled when passing from 1 to 20 mol% of alumina. The broadening
of both the absorption and the fluorescence spectrum is also shown in fig. 21, where
one can notice that the slope of increase of the emission bandwidth changes significantly
from the region where the alumina content is lower than 9mol% to the region where
the content is equal or higher than 13mol%. Correspondingly, an abrupt change in the
physical (density) and optical (bulk refractive index) properties of the glass was observed
as well (fig. 22) [188]. These facts suggest that the behaviour of this class of glasses has
a drastic change when the concentration of aluminium ions becomes larger than that
of sodium ions. A possible explanation refers to the different effect that the aluminium
oxide has on the silica network, as glass modifier and as glass former, respectively. In
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Fig. 22. — Density and bulk refractive index of the six glass samples as a function of alumina
content. The error on the measurement of density is lower than 0.0004 g/cm® and therefore in
the plot the error bar would be smaller than the symbol used.

particular, in the network modifier case (samples with Al;O5 concentration lower than
10 mol%), the aluminium ions contribute to disrupting the silica structure and producing
non-bridging Al-O groups, which can coordinate the Er®* ions, so reducing the Er-Er
interaction and increasing the lifetime of the metastable 1,5 /2 level. A further increase
of aluminium oxide, on the contrary, reduces the non-bridging oxygen ions to form the
Al-O-Si bridging oxygen.

The radiative lifetimes were calculated using Judd-Ofelt analysis; for all the samples,
the quantum efficiency 17 = Timeas/Trad 1s larger than 55%. Quantum efficiency near 75%
is estimated for the sample having high Al;O3 concentration (16.67 mol%): this sample,
therefore, exhibiting high 1 and broad emission bandwidth, can represent a glass with
high potential for an EDWA.

8°2.3. Tellurite glass waveguides. In the recent years, a growing attention has been paid
to TeOs-based Er?*t-doped glasses, which exhibit large stimulated emission cross-sections,
broad emission bandwidth, wide infrared transmittance (up to 6 um), and low phonon
energy. Modelling has shown that the tellurite-glass host material can offer two kinds of
advantage for the fabrication of high-gain integrated optical amplifiers: i) Er®*-doped
tellurite waveguides exhibit higher signal gains than Er3*-doped silica waveguides, and
ii) the broader bandwidth that Er3* exhibits in tellurites, coupled to its higher emission
cross-section coefficient, reduces the deleterious gain peaking effect and therefore makes
it easier to reach the goal of a gain-flattened optical amplifier [182].

We studied two families of tellurite glasses, one including tungsten and the other one
including zinc [189]. The composition of the samples we synthesized and characterized is
summarized in table VII. Samples S1 and S2, which pertain to the zinc-tellurite set, also
contain 2 mol% of Pb and Ge, respectively. Their respective bandwidths were 63 nm and
66 nm, and their lifetimes resulted to be 3.3 £ 0.2 and 2.9 & 0.2ms. The corresponding
calculated quantum efficiencies resulted to be 94% and 83%. Similar values of lifetimes
and quantum efficiencies were found for the other samples.

Near-infrared to visible upconversion upon CW excitation at 976 nm has been ob-
served in all the zinc tellurite samples, even at low excitation powers (=~ 1 mW) indicating
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TABLE VII. — Molar composition of investigated erbium-doped tellurite glasses [91,162].

Sample TeOs NaxO 7ZnO WOs3 PbO GeOo Er,05
Vi 60 15 25 0.05
V2 60 15 25 0.5
V3 60 15 25 1
V4 60 15 25 1.5
V5 60 15 25 2
S1 75 10 12 2 1
S2 75 10 12 2 1
N1 80 10 9 1
N2 80 9 9 2

that these glasses also have potential as efficient hosts for upconversion generation.

Planar waveguides were successfully obtained in both types of glass, by using Ag™-
Na™ ion-exchange; eutectic mixtures of AgNO3, KNO3 and NaNQOj salts were used to
keep the process temperature lower than the transition temperature of the glasses. Char-
acterization of the diffusion process shows that the diffusion depth clearly decreases with
increasing Er®* concentration. Tungsten-tellurite glasses appear to be more convenient
for IO device fabrication because of the shorter exchange times necessary to produce a
single-mode waveguide at 1.5 pm [162]. This is due to the higher exchange temperature
(330°C instead of 280°C), made possible by the higher transition temperature of this
glass (Ty = 356 °C) with respect to zinc-tellurite glass (T, = 290°C). Both types of
glasses, on the whole, exhibit modal and spectroscopic characteristics that, even with
their pros and cons, make them quite promising for the development of broad-band
integrated optical amplifiers.

9. — Microspherical lasers

In dielectric spheres light can be guided through high-) whispering-gallery-modes
(WGMs) with a unique combination of strong temporal and spatial confinement of light.
Glass microspheres are therefore of interest for a large number of applications as cavity
quantum electrodynamics, nonlinear optics, photonics, and chemical or biological sens-
ing [190]. After the early works of Garret et al. [191] and the works on Morphology
Dependent Resonances (MDRs) and lasing effects in droplets during the 1980’s [192],
rare-earth—doped glass microsphere lasers recently became a subject of numerous studies
and have been demonstrated as potentially compact laser sources [193,194]. Figure 23
shows the up-converted green light propagating at the surface of an erbium-doped glass
microsphere, upon excitation by a laser diode emitting at 980 nm through a half-taper
fibre (not visible in the photo) for evanescent-field coupling. The microsphere is glued
to the end of an optical fibre for easy handling.

A microspherical laser based on Er®t/Yb?* co-doped phosphate glass, optically
pumped at 1480nm, with emission at around 1550 nm, was demonstrated [195]. In-
teresting effects on the laser emission were noticed, due to the interaction between the
WGM modes of the glass sphere and an external metal mirror. Johnson [196] presented
a theoretical treatment of the MDRs of a dielectric sphere in close proximity to a surface
of infinite conductivity and calculated the changes of the locations and widths of the
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Fig. 23. — Magnified image of a microspherical resonator (2R = 150 um) in Er®*-doped glass,
where the up-converted light propagating in whispering gallery modes is clearly visible.

resonances as the sphere approaches the surface. We decided to further investigate this
phenomenon and we analysed both the wavelength and the intensity of the emitted signal
of a microspherical laser as a function of the distance from a silver or a gold mirror.

The phosphate glass used was an Er®t/Yb3t co-doped phosphate glass (Schott
I0G-2) doped with 2% weight of Er,O3 and co-doped with 3% weight of YbyO3. Though
the use of ytterbium co-doping is traditionally associated to 980 nm pumping wavelength,
we chose instead 1480 nm as the pumping wavelength, in order to obtain a good overlap
between the pump and the laser mode volumes in the microsphere. Ytterbium ions were
used only to reduce some of the possible drawbacks of a very high erbium concentration
(1.7 - 10%% ions /cm3), like self-pulsing or concentration quenching [197].

Spheres were produced by fusion of glass powders with a microwave plasma torch.
Powders were injected axially and melt when passing through the flame, superficial ten-
sion forces giving them their spherical form. Free spheres with diameters in the range 10
to 200 um were collected a few centimetres below. They were then glued to a stretched tip
of an optical fibre (~ 20 pgm in diameter), which in turn was mounted on a submicrometer
translational stage.

To excite high-QQ WGMs, light has to be launched from a phase-matched evanescent
wave of an adjacent waveguide such as an angle polished or a tapered fibre or a prism
under total internal reflection [198]. We used a single half-fibre-taper, which couples the
pump light in the microsphere and—at the same time—allows coupling the fluorescence
or laser light out of the microsphere. This half-taper was obtained by heating and
stretching a standard telecommunication fibre until breaking. The drawn length was
typically 850 um, and the taper end was reduced down to 1.5um in diameter. The
experimental set-up is sketched in fig. 24(a). The pump is a laser diode (maximum power
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Fig. 24. — (a) Experimental set-up and (b) geometry of the coupling between the microsphere
resonator and a metallic mirror.

1 W) operating around 1.48 um. A WDM X-coupler at 1.48-1.55 um allowed us to use
the same fibre to pump and to collect the fluorescence or the laser signal. This latter was
analyzed with a 70 pm resolution Optical Spectrum Analyzer (OSA). For the experiment
with an external cavity, the metallic flat mirror was mounted on a microtranslational
stage below the micro-sphere (fig. 24(b)).

For any sphere diameter, the optical spectrum of the laser below the threshold showed
an enhancement of the fluorescence intensity and a higher peak density than those ob-
tained coupling light with a prism, as demonstrated in a previous paper [199]. More
modes can thus be excited in the sphere even above threshold. The inset of fig. 25 shows
WGMs laser spectra for an isolated microsphere (d > D) with a diameter D ~ 70 pm.
Peak laser emission is obtained around 1601 nm, corresponding to a rather large gap e
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Fig. 25. — Lasing wavelength wvs. relative sphere-to-mirror distance (d is the distance; D is the
diameter of the sphere) around 1601 nm. Inset shows the multimode laser effect with the peak
at 1601 nm for the isolated sphere (D ~ 70 pum).
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and a low pumping ratio. For a lower gap value, associated to a higher pumping ratio,
we obtained laser effects at lower wavelengths [200].

Several papers have been written on WGMs or MDRs, but most of the research has
focused on cases in which the sphere can be considered to be isolated, i.e. there are
no strong perturbing effects from other nearby particles or surfaces. The WGMs of a
sphere resting on a surface or with close neighbouring particles are also of theoretical and
practical interest [199]. Johnson’s theoretical treatment [196] of the MDRs of a dielectric
sphere near a plane of infinite conductivity examines how the locations and widths of
the resonances change as the sphere approaches the surface. If a sphere of diameter D
is initially located at a distance d that is more than approximately 2D /3 away from the
point of contact with the conducting plane, the resonances will have the same locations
and widths as they do in an isolated sphere. Then, as the sphere is brought closer to
and eventually in contact with the surface, the locations and widths of the resonances
change. Most of the change in location and width occurs when the sphere is quite close
to the conducting plane. Approximately 90% of the total resonance shift occurs when
the distance from the point of contact is less than 0.05 of the diameter of the sphere.

In our experiments we used a silver or gold mirror with no dielectric coating over
the reflective surface. This seems to be the closest approximation to the idealized case
of the perfect mirror of infinite conductivity for which the method of images is strictly
valid [199]. At this point, it is important to say that with our experimental set-up, we
cannot go closer to the mirror than d = 3.5 um. This means that, since our typical
size of sphere is D ~ 70 pum, dp;n/D = 0.05 and therefore we could not explore the
zone where Johnson predicted 90% of the effect. We noticed, however, an influence of
the mirror on both fluorescence and laser lines for distances up to 2.5 x D. Under the
coupling conditions producing laser emission around 1600 nm, we moved the mirror from
d = 175pum to d = 7pm. Correspondingly, we observed a line shift of almost 0.3nm
towards the lower wavelength, as shown in fig. 25, associated to an enhancement of the
intensity [14]. For a lower wavelength, moving the mirror closer to the microsphere
induced the same “blue shift”, but also caused the laser extinction while increasing the
threshold [200].

10. — Conclusions and perspectives

Photoluminescence properties of rare-earth-doped (RED) glasses are a key factor for
the development of some optical components, like integrated optical amplifiers, whose
characteristics are critical for achieving the flat and broad-band optical gain that seems
needed in future communication systems. RED glasses are also fundamental for the devel-
opment of several kinds of lasers, both in massive and integrated optics format. Erbium-
doped waveguide amplifiers (EDWAs), based on Er3*- or Er®* /Yb3*-doped glasses are
already exhibiting high performances: net gains higher than 4dB/cm and 0.15dB/mW
have been demonstrated in different oxide glasses, and commercially available devices
include 1 x 4 and 1 x 8 amplified splitters/combiners, where the gain produced by the
amplifier compensates the losses intrinsic to the splitting function. The search for more
and more efficient compositions and guiding structures, however, is still going on. In
fact, while the silica-based Er®t-doped fibre amplifiers have driven the revolution in the
transmission capacity of optical communication systems, further bandwidth growth will
require the exploitation of new materials.

The investigation of photoluminescence properties of the RED glasses by absorption,
emission, Raman and Brillouin spectroscopic techniques allowed us to increase more and



46 G. C. RIGHINI and M. FERRARI

more our knowledge of their basic properties and to address the research of new materi-
als. A few examples have been reported here, concerning glass families of great potential
interest for optical communications systems. A first class is represented by SiOo-HfOo
binary systems: Er3*-doped sol-gel planar waveguides have shown high quantum effi-
ciency and ~ 50nm FWHM bandwidth around 1.53 um. A second class is constituted
by soda-lime-alumino-silicate glasses, that combine the very good chemical durability
of silicates and the easy waveguide fabrication process by ion exchange with the better
spectroscopic properties induced by the presence of a relatively high percentage of alu-
minium. An increase up to 60% of the effective fluorescence bandwidth was achieved, and
a high value of quantum efficiency was calculated for these glasses. Finally, Er®*-doped
tellurite glasses turned out to be worth of more attention, due to the broad-band emission
and high emission cross-section, which can allow one to achieve higher and flatter gain
than in other oxide glasses. A major problem, however, remain to be solved in tellurite
glasses, namely how to efficiently manufacture channel waveguides.

We can conclude that, besides their other significant properties, rare-earth elements
are of great importance in the field of optics and that there is a continuous attempt of
exploiting their photoluminescence properties for the development of novel glasses, in
particular aiming at the production of higher-performance broad-band integrated optical
amplifiers.
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All-optical switching in rare-earth doped channel waveguide
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The operation of an all-optical switch in a rare-earth doped channel waveguide is described. The
switching mechanism is based on an optically induced intramodal energy exchange, driven by a
resonantly enhanced nonlinearity of a Nd®" ion. Switching times around 410 us at a repetition rate
of 1 kHz was demonstrated. © 1995 American Institute of Physics.

A number of potentially useful all-optical switches and
modulators have been demonstrated using channel or planar
glass waveguides.'™ These devices are based on different
optical processes, and the search for aternative components
for photonic systems generally leads to the discovery of al-
ternative switching mechanisms. Recently, optical-optical
switching in Er*" (Ref. 6) and in Nd®" (Ref. 7) doped fibers
with a length longer than 1 m have been described, exploit-
ing the same effect: energy exchange between two lobes of a
high order propagating mode. In both cases the switching
was driven by a resonantly enhanced nonlinearity.

Here, we describe the application of the same all-optical
switching process in an 8 mm long Nd®* doped glass chan-
nel waveguide. As the process has been observed in erbium
doped fibers pumped by a diode laser,® our results open up
the possibility of very compact integrated devices, which we
demonstrate here for the neodymium ion, but can be ex-
tended to other potentially useful rare-earth ions such as er-
bium or praseodymium doped in glass based waveguides.

The experimental scheme used is shown in Fig. 1. The
second harmonic of a Q-switched and mode-locked Nd:YAG
laser (100 ps pulses contained in a 30 pulses envelope sepa-
rated by 10 ns and operating at repetition rates up to 1 kHz)
has been employed as the pump beam, whereas the signal
beam was derived from a 1 mW cw He-Ne laser. The Nd®*
doped channel waveguide used in this work has been used
before as an amplifier to achieve a 15 dB gain at 1064 nm.®
As described in Ref. 8, the waveguide was made from a
silicate glass, especially prepared for ion exchange, contain-
ing 16% Na,O and 2% Nd,O; by weight. The K™ «Na"
exchange was performed at 370 °C. Severa channels 8 mm
long and width varying from 2 to 10 um were buried in the
glass creating a surface-index change An=8.7x10" for the
TE mode. The glass absorption coefficient at 532 nm is 0.08/
mm, which results in a ~50% absorption for the 8 mm long
channels used in this experiment. The pump beam at 532 nm
is resonant with the *l ¢,—“G+,, transition in the neodymium
ion, whereas the signal beam at 632.8 nm is in a transparent
window. The two beams were copropagated through the
waveguide with the same polarization. The transmitted signal
beam was detected by a fast (ns) photodiode and conve-
niently processed using either a digital oscilloscope or a
lock-in amplifier.

The signal beam was preferentially launched equally in
the TEy, and TEy modes of a chosen 5 um wide channel,
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whereas the pump beam (532 nm) was launched in the TEy,
mode. Typical overal coupling efficiencies of 5% for the
signal beam and 2% for the pump beam were achieved. The
signal intensity distribution at the waveguide output appears
as two lobes, as indicated in Fig. 1. The pump beam induces
adifferential phase shift in the two components of the signal
beam because of the TEy, and TE,; spatia distribution and,
as a consequence, a change in intensity occurs from one lobe
to the other. An aperture placed in front of the detector was
used to discriminate the two lobes of the signal beam. Maxi-
mum switching between the lobes was achieved for the
maximum input average pump power of 7 mW (correspond-
ing to peak intensities of ~9 GW/cm?), limited by the wave-
guide front damage.

The nature of the optical nonlinearity exploited here is
entirely electronic. The nonlinear refractive index of the
waveguide medium depends on the electronic population dis-
tribution among the Nd®" energy levels and transitions pa-
rameters such as levels lifetime, linewidths, and oscillators
strength.® Thus, the switching process is controlled by the
pump laser which induces intensity dependent changesin the
waveguide refractive index.

Several features of the intramode energy transfer were
analyzed. The power dependence of the switched signal
(from one labe to the other) as a function of pump power
gave rise to a linear dependence, as expected for a single
pump photon absorbed in the transition *l4,—*G-,, of the
neodymium ion. Sizable signals, corresponding to the refrac-
tive index changes have been observed in the 8 mm long
channel waveguide. On the other hand, if an unpolarized

e Hiene]
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=] HNd-YAG

Y Waveguide

632.8 nm ) I
&\\\\\\\\\\\\\\\\\\%«.—I
s32nam UL | :
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y

FIG. 1. Experimental scheme for intramode switching in Nd®* doped chan-
nel glass waveguide. SHG is a second harmonic generator.
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FIG. 2. Measured power in one port of the switch. The repetition rate was
1 kHz.

probe beam is used instead of a polarized one, the switched
out pulse at the output port follows the polarization of the
pump beam. The other polarization component is not af-
fected. From the power dependence of the switched signal as
a function of the laser intensity we estimated the nonlinear
refractive index at the probe frequency (=107 cm?/Ww).
This value is in agreement with the previous report for rare-
earth doped fibers.X®

Figure 2 shows the measured power in one lobe a a
repetition rate of 1 kHz. A fitting to the experimental curve
shows an exponential decay, which is governed by the life-
time of the *G,, level (~410 us). This decay time of the
switched signal limits the maximum repetition rate of the
switching process to about 2.5 kHz. We did not detect any
evidence of the ion clusters, as described for the fiber work
in Ref. 6, such as to reduce the fluorescence decay time and
increase the maximum switchable repetition rate. It is worth-
while to point out that clustering of the active ions is a det-
rimental effect for applications like in optical amplifiers, and
the waveguides used here has proved to be an excellent am-
plifying medium at 1064 nm® and the absence of clusters,
which enhances ion-ion interaction, is certainly an important
aspect of this application. On the other hand, the modulator
can be operated at large repetition rates using beam frequen-
cies off-resonance with the Nd®* transitions, but close to
them. In such a condition, the dynamical behavior of the
switching process will not be affected by the levels lifetime,
and the relevant material parameters which will contribute to
the signal decay are the dephasing time rates. For this case,
the frequency denominator of the nonlinear refractive index
changes with (wy— wg) (w— wq)? where wy isthe Nd®" tran-
sition frequency and w¢(wy) is the signa (driving) fre-
guency. Moreover, when wg is much closer to the resonance
than wg, the driving beam intensity can be much less than
that of the signal beam, and it will be possible for a weak
driving beam to control a stronger signal beam. This kind of
optical transistor action was recently demonstrated using an
all-optical beam deflector™ and is expected to be observed in
the present modulator, provided tunable frequency lasers are
available. Another interesting feature of the switching pro-
cess is shown in Figs. 3(a) and 3(b) which were obtained

414 Appl. Phys. Lett., Vol. 66, No. 4, 23 January 1995

Downloaded-12-Feb-2007-t0-150.161.6.14.-Redistribution-subject-to-AlP-license-or-copyright,—~see-http://apl.aip.org/apl/copyright.jsp

0.8 1
(o)
0.6 1
0.4 1

0.2 1

SWITCHED INTENSITY
(arbitrary units)

0.0 ] T T T
0.0 0.5 1.0 1.5 2.0
TIME (ms)
1.0 g

0.8 1
] (b)

0.6 3

0.2 3

SWITCHED INTENSITY
(arbitrary units)

0.0 ] T I ARRASRL
0.0 0.5 1.0 1.5 2.0
TIME (ms)

FIG. 3. (a) Measured power in one lobe and (b) measured power in the other
lobe (obtained by displacing the aperture and detector). The 180° phase shift
shows the energy exchange process. The repetition rate was 500 Hz. Both
curves can be fitted by a single exponentia with decay of 410 us.

with 500 Hz repetition rate and 7 mW of pump power. The
observed decay time is the same obtained with a 1 kHz rep-
etition rate, showing that thermal effects are not contributing
to the results. By analyzing the output |obes we verify that a
180° phase difference exists between the switched signals as
measured in the two lobes. This behavior manifests directly
in the phase sensitive lock-in amplifier, but also looking di-
rectly at the energy of each lobe. This result is another clear
indication that the energy transfer between the two lobes is
induced by the driving beam.

In summary, we have demonstrated optically induced
switching of a probe beam by exploiting a nonlinearity reso-
nantly enhanced in a Nd** doped glass waveguide. This ini-
tial study used Nd®* ions but other rare-earth ions will also
perform well. The selection of appropriate dopants and laser
frequencies may provide an important step towards a new
type of compact modulators.

This work was partially supported by the Brazilian
Agencies Financiadora de Estudos e Projetos (FINEP/
PADCT) and Conselho Nacional de Desenvolvimento Cien-
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Abstract

This paper focuses on preparation, optical properties and application potential of some nanomaterials based on
Y,05:Eu,Tb,Er,Yb and SiO,-TiO, and SiO,-ZiO, doped with Er and Yb. Y,O; nanophosphors are prepared by the
combustion method with different doped concentrations. The nanocrystal size of Y,03:Eu is from 4.4 to 72.2nm
depending on the technology condition. The Iuminescent spectra, up-conversion and lifetimes were measured and
compared. The influence of the technological conditions on the luminescent properties was investigated in detail. The
energy transfer effect was studied by the luminescent spectra and the lifetimes in the temperature dependence for the
samples with rare-earth concentrations of 5mol%, The relative concentration between Eu and Tb is 8/2 for energy
transfer from Tb to Eu. The SiO,—TiO, and SiO,—ZiO, thin films containing Er rare-earth ion were prepared by the sol—
gel technique. Optical properties were investigated and the influence of the Er concentration on the luminescent spectra
as well as the influence of the Ti concentration on the refractive index of thin films was presented.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Nanophosphors; Sol-gel; Rare earths; Waveguide

1. Introduction tions were presented [1,2]. Luminescence proper-

ties of nanocrystalline Y,0;:Eu®" in different host

Materials with nanostructure are increasingly
interesting for optoelectronics and also for photo-
nics. Nanomaterials display novel, often enhanced,
properties compared to traditional materials,
nanophosphors: synthesis, properties and applica-

*Corresponding author. Institute of Materials Science,
NCST of Vietnam, 18 Hoang Quoc Viet Road, Cau Giay,
Hanoi, Viet Nam. Tel.: +84-4-7560371; fax: + 84-4-7562039.

E-mail address: kimanh@ims.ncst.ac.vn (T.K. Anh).

materials were studied [3]. High-definition displays
call for sub-micron particle sizes to maximize
screen resolution and screen efficiency. Nanopho-
sphors codoped with Tb, Eu for high intensity of
red region by energy transfer between Tb and Eu
as well as Y,03:Er,Yb for infrared region and up-
conversion effect are interesting. SiO,—TiO, sys-
tem offers the possibility of producing a material
with a controllable refractive index from 1.46 (the
refractive index of pure silica) to 2.2 (pure

0022-2313/02/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved.
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amorphous TiO;). Si0,-ZiO, thin films doped
with rare earth are currently of much interest in
planar waveguides application, because they are
homogeneous and have the ability to tune the
refractive index and wavelength [4]. Sol-gel
chemistry, where all chemicals mix in the matrices
in a molecular scale combined with the spin-
coating or dip-coating technique, is a good method
for producing rare-earth-doped planar waveguides
[S]. We report the preparation, structure and
optical properties of SiO,-TiO,:Er or SiO,—
Zi0,:Er thin films and discuss briefly the possibi-
lity of the development of nanomaterials for active
waveguides.

2. Experiment

The Y,05:Eu, Y,O03:Tb,Eu and Y,O;:Er,Yb
nanophosphors with different concentrations of
RE were obtained from the calcination of the basic
carbonate. Eu®", Tb®>"or Er*" and Yb*" (RE)
ions are easily hydrolyzed and then the precipita-
tion of basic carbonate in an aqueous solution of
urea or glycine. SiO,—TiO,:Er and SiO,~ZiO,:Er
thin films were prepared via the hydrolysis and
condensation of tetraethoxysilane Si (OC,Hs),
(TEOS) 98% Merck with Tetraisopropylorthoti-
tanate Ti(OCsH7)4 Fluka [6] or Zr (OCs;H5)4
Aldrich. The spin coating method on Si substrates
in the clean room of the class 100, dip coating
method and rapid thermal annealing were used.

The photoluminescence spectra were studied by
the monochromator Jobin-Yvon HR 460, and a
multichannel CCD detection from Instruments SA
model Spectraview-2D and Triax 320 for infrared
range measurements. The decay were analyzed by
a PM Hamamatsu R928 and Nicolet 490 scope
with a time constant of the order of 7ns. N,
diode, Ti-Sapphire or argon lasers were used as
excitation sources for the different wavelengths.
The morphology and particle sizes of Y,03:RE
was observed by using a high-resolution transmis-
sion electron microscope (TEM) Philips CM 200.
The Y,0;5: RE powder, SiO,—TiO,:Er and SiO,—
Zi0O,:Er were checked by the X-ray diffractometer
D 5000 (Siemens) and Atom Force Microscope E™
Digital (AFM).

3. Results and discussion

The value for crystallite size can be extracted
according to the Warren—Averbach theory. The
particle sizes are 4.4, 5.6, 15.2, 46.1 and 72.2nm
for Y,O3:Eu nanophosphors with various anneal-
ing times and temperatures 550°C, 60 min, 600°C,
30 min, 700°C, 30 min, 900°C, 30 min and 900°C,
60 min, respectively. The high-resolution TEM
images of Y,03:Er 5mol% nanophosphors,
600°C, 30min annealing was presented in Fig. 1.
The development of efficient nanophosphors has
been one of the key issues in commercializing the
new type of flat panel display with respect to
potentially higher display resolution. The optical
efficiency of prepared spherical Y,03:Eu as red
phosphor was twice as much as that of commercial
products in cathode luminescent according to
Cho et al [7]. In order to increase efficient
luminescence in the red phosphor, Eu is codoped
with Tb for energy transfer effect. The luminescent
spectra of Y,053:Tb,Eu 5mol% for three ratios 9/
1, 8/2 and 7/3 are shown in Fig. 2 and relative ratio
8/2 has the strongest energy transfer. The full-
width at half-maximum (FWHM) is also greater
for the nanoparticles. Under 337.1 nm excitation,

Fig. 1. High-resolution TEM image of Y,O0;:Er (5mol%)
600°C, 30 min.
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Fig. 2. Luminescent spectra of Y,03:Tb,Eu with the mole ratio
of Eu/Tb: 7/3, 8/2, 9/1. Aexe = 337.1 nm.
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Fig. 3. Emission spectra of Y,05:Er’" (10%) nanophosphor.
Jexe = 799.8 nm. Power laser: 550 mW.

Y,05:Tb,Eu presents for the Dy excited level of
Eu®" lifetimes of 360, 640 and 940 ps for the ratio
of Eu/Tb 8/2, 7/3 and 9/1, respectively. The up-
conversion effect is observed for both Y,O5:Er and
Y,0;5:Er,Yb. Fig. 3 presents the up-conversion
spectra of Y,O5:Er 10mol% at 799.8 nm excita-
tion. The infrared luminescent spectra of Y,O5:Er
10 mol% is presented in Fig. 4 for two annealing
temperatures : 600°C and 700°C. To compare the
green and the red up-conversion, we can propose
two mechanisms. First mechanism for dominant
green luminescence: the laser light brings the ion
Er*" into 419/2 level, which then non-radiatively
decays to the T, »» and 1, 32 levels. Energy
transfer processes bring the ion into 4F3/2 and
’H,, 12, non-radiative decay to the lower levels and

Intensity (norm.)
1.6

1.4
1.2+
1.0
0.8+
0.6
0.4+
0.24
0.04

. 3+
Y,O4:Er

2

T T T T T
1450 1500 1550 1600 1650
A (nm)

Fig. 4. Luminescent spectra in the infrared region of
Y,04:Er*"  (10mol%) nanophosphors. Aee = 982nm. (1)
600°C, 30 min and (2) 700°C, 30 min.
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Fig. 5. AFM of the Er®*-doped 83Silica/17Zirconia/Alumina
(15%) sample was annealed at 880°C.

the 2H11/2, 4S3/2 transitions to 4115/2, and 4F9/2
transitions to 4115/2 occur. The second mechanism
is red luminescence stronger than green one. Laser
beam brings the ion to the excited 419/2 level. One
ion non-radiatively decays to the 4113/2 level, and
second one decays to the I, 52 level. Energy
transfer processes bring the ion to the 4F9/2 and
a red emission can be observed.

For codoped samples with Yb, an energy
transfer from the *Fs); excited state of Yb*" to
Er 4111 /2 €an occur.

For thin films prepared by dip coating, the
AFM of the Er’*-doped 83 Silica/17 Zirconia/
Alumina (15%) sample annealed at 880°C is
shown in Fig. 5. One can notice that the roughness
is about 51 nm compared to the value of 24 nm for
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Fig. 6. Luminescent spectra of the Er’ " (5%) in Silica/Titania
codoped with Yb>* (12.5%) and Al (10%) annealed at 950°C
and Silica/Zirconia samples codoped with Yb** (15%) and Al
(6%) annealed at 850°C.

the case without Alumina. This value is convenient
for planar waveguide application. Fig. 6 represents
the luminescent spectra of the Er** (5%) in Silica/
Titania codoped with Yb* " (12.5%) and Al (10%)
annealed at 950°C and the Er*" (5%) in Silica/
Zirconia samples codoped with Yb*" (15%) and
Al (6%) annealed at 850°C. The FWHM of the
corresponding band from the *I;5 /274115/2 transition
is above 50nm. The adding of alumina increases
the process of densification of the silica—zirconia
and silica—titania system. The refractive index
varied from 1.49 to 1.60 with respect to the Ti
concentration. Refractive index and thickness of
90S10,-10TiO,, 85Si0,-15TiO, and 80SiOy-
20TiO, thin films at different annealing tempera-
tures are presented in Ref. [8]. For example, for
900°C annealing temperature, the measured refrac-
tive indexes are 1.53, 1.56 and 1.60, respectively.
The SiO,-TiO,:Er thin films and SiO>—ZiO,:Er
thin films show the transitions from 4113/2 to I, 572
of Er’" in the infrared region (1530 nm ) and 4S3/2
level to 4115/2 in the visible region (550 nm).

4. Conclusion

Nanophosphor Y-O3:RE (Tb, Eu, Er, Yb) 5-
10mol% samples were prepared by combustion
method and the crystal size can be monitored in
the range of 10-80nm depending on technology

conditions. SiO,-TiO,:Er and SiO,—ZiO,:Er thin
films were deposited by the spin coating and dip
coating methods in order to study the optical
properties as well as the possible application for
planar waveguide. The typical transitions of
trivalent Er and Eu were observed and discussed.
Energy transfer and up-conversion mechanisms
were studied. Refractive index for SiO,—TiO, thin
films can be tailored in a wide range by controlling
the relative quantity of the two precursors. The
emission depends on the temperature of the
thermal processing and on the Er,Yb concentra-
tions. This material will be promising for active
waveguides in telecommunication application.
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Er3*-doped BaTiO; nanocrystals for thermometry: Influence
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Frequency upconverted emissions centered at 526 and 547 nm from two thermodynamically
coupled excited states of Er®* doped in BaTiO; nanocrystals were recorded in the temperature
range from 322 to 466 K using a diode laser emitting at 980 nm as the excitation source. The
ensemble measurements of the fluorescence intensity ratio (FIR) of the signals at 526 and 547 nm
as a function of the temperature showed that the sensitivity (the rate in which the FIR changes with
the temperature) of such sensor depends on the size of the nanocrystal. Thisis explained taking into
consideration modifications of nonraditive relaxation mechanisms with the size of the nanocrystals.
© 2004 American Institute of Physics. [DOI: 10.1063/1.1760882]

Enormous interest in nanostructured materials for photo-
nic applications has emerged in recent years. One class of
such materias is represented by rare-earth doped nanocrys-
tals (REDONSs) that have been investigated for use as phos-
phors in amplifiers, lasers, and imaging of biological
systems.>~3 The promising optical properties of REDONS for
photonic applications led, also, to investigations of frequency
upconversion (UC).*® Presently it is recognized that the UC
efficiency depends on the nanoparticle shape, the site sym-
metry, and the statistical distribution of active ions. Also, the
process of ‘‘miniaturization” of materials to the nanometer
scale revealed that the radiative electronic relaxation prob-
abilities of rare-earth ions doped in dielectric nanoparticles
may be significantly different from their  bulk
counterparts.®8

As we move towards nanotechnology, it is worthwhile to
investigate the potential of REDONSs as nanosensors. The
application of rare-earth-doped bulk materials for tempera-
ture measurements has been considered by many authors us-
ing different techniques. In particular, temperature sensors
based on the fluorescence intensity ratio (FIR) among differ-
ent emission lines is an important method.>~*? Generally, the
FIR method involves measurements of the fluorescence in-
tensities from two closely spaced electronic energy levels
which are thermally coupled and which are assumed to be in
a thermodynamical quasiequilibrium state.

In this letter we report the exploitation of REDONS for
temperature measurements using the FIR method. We
present ensemble measurements on frequency UC of erbium
ions (Er®") doped in BaTiO; nanocrystals to evaluate this
material as a potential candidate for use as FIR based tem-
perature nanosensors. The fluorescence properties of the
Er3* -doped BaTiO; nanocrystals were analyzed by changing
the temperature of samples made of nanocrystallites of dif-
ferent sizes and Er®* concentrations.

dCorresponding author; electronic mail: glauco@df.ufpe.br
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The sol—emulsion—gel method has been used for the
preparation of Er®"-doped BaTiO; nanoparticles® Barium
acetate [Ba(CH3;C0O0),-H,0], titanium isopropoxide
[Ti(OiPr),] and erbium acetate were used as the starting ma-
terials for BaTiO3 sol preparation. First, Ba(Ac), was dis-
solved in water and acetic acid by stirring. Second, the re-
quired amount of titania sol was slowly added to this
solution under vigorous stirring at room temperature. A clear
transparent sol was thus obtained. Then, the required amount
of erbium acetate was added to this sol. Afterward, the aque-
ous sol containing the desired constituents is added to a
water-immiscible organic liquid under agitation. The gel par-
ticles were separated by centrifugation, followed by washing
with acetone and methanol. The dried materials were cal-
cined at different temperatures up to 1000 °C. Transmission
electron microscopy was employed to determine the mor-
phology and the particle size of the resulting powders. The
crystaline phases of calcined powders were identified by
x-ray diffraction. Diffraction patterns of the samples indi-
cated the cubic phase of BaTiO; nanoparticles.™® The crys-
tallite size increases with an increase in the sintering tem-
perature. The particle sizes were estimated using the Scherrer
equation and transmission electronic microscopy, yielding
average crystal sizes of ~26+4 and ~58+9 nm at 700 and
1000 °C, respectively, for 0.5 mol % Er,05 and ~60+10 nm
for 2.0 mol % Er,0O5 at 1000 °C. The powders were pressed
into thin disks and then cut into small pieces for optical
measurements. Characteristics of the samples with different
sizesand Er®* concentrations, labeled A, B, and C, are given
in Table I.

For the fluorescence measurements the samples were
placed on a hot plate and the temperature was monitored
with thermocouples located close to the samples. The small
size of the samples (typical diameter of ~3 mm; thickness
~0.2 mm) favors temperature homogeneity of the samples.

© 2004 American Institute of Physics
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TABLE |. Samples characteristics and parameters used to fit the experimental data of the fluorescence intensity
ratio for emission bands centered at 526 and 547 nm using a linear function In(FIR) = — (a/T) + .

Er®* concentration

Size of BaTiO; nanocrystals a
Sample (mol %) (nm) (K) B
A 05 58 1140+ 50 2.8+0.1
B 2.0 60 1200100 2.3+0.3
C 05 26 940+ 50 1.8+0.1

The samples were excited with a low power continuous-
wave diode laser (wavelength: 980 nm; intensity: 2.0
X 10° W/cm?) and the upconverted fluorescence (easily vis-
ible by the naked eye) was collected with a multimode fiber
connected to a monochromator attached to a photomultiplier.
The UC signal was sent to a personal computer for process-
ing.

Figure 1 shows a simplified energy level scheme of Er®*
and the frequency UC pathway investigated. The Er®* ions
are excited through two-step one-photon absorption from the
ground state *1,5/, to the excited state *F, that relax nonra-
diatively to the emitting levels ?Hyq,, S, and *Fg;.

Figure 2 shows fluorescence bands centered at 526, 547,
and 660 nm corresponding to 2H 11— #1155, *Sgo— 41152,
and *F g,— 4l 15, transitions, respectively. Note that the rela-
tive intensity between the emissions centered at 526 and 547
nm changes with the temperature for the three samples stud-
ied.

Figure 3 summarizes the behavior of the FIR for the
emission lines centered at 526 and 547 nm as a function of
the temperature, where the intensities were determined by
integrating the area below the fluorescence curves. Note that
the monolog plot of the experimental data yielded linear de-
pendence of the FIR with inverse of the temperature. The
data are fitted with alinear curve In(FIR) = — («/T) + 8 and
Table | displays the average values for adjustable parameters
a and B taken from many sets of measurements. The slope of
the linear curve (parameter «) is related to the sensitivity of
the sensor defined as the rate in which the FIR changes with
the temperature. The sensitivity found for our samples is
<0.0052 K. Note that o does not change, within experi-
mental error, for the samples with different Er®* concentra-
tions and the same size but it changes when the nanoparticle
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FIG. 1. Simplified Er®* energy levels scheme and frequency upconversion
pathway.

size is reduced. To explain this behavior we discuss the
physical origin of «. It has been established that the FIR
from two thermally coupled energy levels separated in en-
ergy by AE can be written as'*
—AE
&P T )

(o
where the fluorescence intensities for the upper and lower
thermally coupled levels are I, and I, respectively (the
fluorescence intensity is defined as I;~N;v;p; with i=1, 2).
The preexponential factor is a function of the fluorescence
collection efficiencies, ¢;(v;), the emission frequencies, v;,
and the spontaneous (radiative) emission rates, pj, of the
two thermally coupled levels with density of populations N; .
The Boltzmann constant is represented by k. Fitting param-
eter a isrelated in amonolog plot to AE/k and therefore the
results shown in Table | could suggest that the energy spac-
ing between states S, and 2H;;;, would change with the
size of the nanoparticles. This hypothesis is discarded be-
cause the wavelengths of the baricenter corresponding to
transitions #Sg,— 115, and 2Hyy— %115, do not change
with the size and temperature of the samples.

Note that considering I;~N;v;p; does not take into ac-
count the changes of intensities with the temperature. This
disagrees with our experimental results which show that the
fluorescence bands decrease when the temperature increases

I, Ca(v2)PavaN, Gy v2)P2v202

FIR= == -
C1(v1)p1v10;

Iy c1(vy)p1viNg

(a)
—T=333K
ceee T=466 K

Upconverted fluorescence intensity (arb. units)
3

S0 55 Sk ol ok o o5 700
Wavelength (nm)

FIG. 2. Upconversion fluorescence from (a) sample A, (b) sample B, and (c)
sample C, under diode laser irradiation (wavelength: 980 nm, intensity:
2.0x10° W/cm?).

Downloaded 13 Feb 2006 to 200.17.112.210. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 84, No. 23, 7 June 2004

B Sample A
4 sampleB
O sSampleC

100}

037}

Fluorescence intensity ratio

0.0020 0.0024 0.0028 0.0032

FIG. 3. Plot of the fluorescence intensity ratio for emission bands centered
at 526 and 547 nm as a function of inverse temperature on a monolog scale.
The fitting curves are linear functions, In(FIR)= —(a/T) + 8.

as shown in Fig. 2. To correct Eq. (1) we recall that temporal
evolution of an excited state density of population can be
described as N(t) =N (0)exp(—t/7), where 7 is the lifetime.
Theinverse of 7isequal to the sum of the radiative emission
rate and the nonradiative relaxation rate (NRR). The NRR
changes with the temperature! and as a consequence 7
=7(T). In the steady-state regime of excitation and fluores-
cence detection, it is the average intensity (l;) that matters
and therefore one should consider (1;)~N;(0)7;(T)v;pj -
This expression shows that when the temperature rises, the
fluorescence intensity decreases because the lifetime is short-
ened due to the increase of the NRR. Therefore, Eq. (1) for
the FIR from the two thermally coupled energy levels, #S),

and ?H,y,, is rewritten as
—AE
exp : v

kT

| Co( 1) PLvogo7o(T
FIRe 2 _ 2(V2)P2v2g27o(T)

i cy(vy)pivigsma(T)
where we considered that the lifetime of levels ?Hy,, and
434, are temperature dependent.

In bulk materials, the temperature dependence of the
NRR is determined by the * effective phonon mode” of the
host.1>1® However, as the size of the crystal decreases, the
contribution of fluorescent ions located at surface sites be-
comes increasingly important. The fluorescence from these
ions is influenced by nonraditive relaxation channels that are
not only related to lattice vibrational modes but also to high-
energy modes of residual carbonates (~1500 cm™ 1) and
hydroxyl ions (~3350 cm™!) adsorbed in the crystallite
surfaces.® By increasing the calcination temperature the hy-
droxyl and carbonate contents of the samples are reduced.
Thus, sample C, calcined at 700°C, is expected to have a
higher NRR than samples A and B calcined at 1000 °C. The
extra high-energy modes modify the NRR of levels H ),
and *S,, therefore it is expected that sample C presents
different sensitivity, as shown in Fig. 3.

It is worthwhile to compare the herein proposed
nanosensor with a recently reported device based on oxida
tion of a gallium film inside a carbon nanotube.’” The major
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drawback of that kind of sensor is that it is a one-time-use
nanothermometer. Once the gallium film is oxidized another
measurement of the temperature requires a fresh nanotube.
Another limitation is that the nanothermometer of Ref. 17
only measures temperatures in an oxygen-containing envi-
ronment (for oxidation of the gallium film). A temperature
nanosensor based on the FIR from a single REDON would
be a permanent device, which could be illuminated with a
low cost diode laser, and would not require specific environ-
mental conditions. The fluorescence detection scheme allows
real-time reading of the temperature. One possible use of this
nanosensor is for biological applications. In this case, it is
thought that the sensitivity changes when the nanocrystal is
immersed in an agueous medium because the luminescence
lifetime of a REDON also changes with the surrounding
medium.®® We are currently investigating this.

In conclusion, we have demonstrated that Er®*-doped
BaTiO; nanocrystals are suitable for use as FIR based tem-
perature nanosensors. Our results showed that the sensitivity
of the nanothermometer is influenced by nonradiative relax-
ation channels which depend on the size of the nanocrystal.
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