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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
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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
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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,*3718 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?0:2

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.

Resonant resonant
radiative non-radiative

transfer transfer

cross-relaxation
between two
identical ions:
S=A

One usually distinguishes radiative transfer (Fig-
ure 1la), 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?

Oa 1
47R%Ts

Psa(R) = fgs(V)gA(V) dv (1)

where ts 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 R~2. 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 s 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
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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,?®
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

27
Psa = T IEB*A’ | Hgu | S’A*F pe (2)

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

R.\6
Psa = i(ﬁo) 3)

Ts

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 (ag/A)?", where ao 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 A, 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®’

_(RJRY’
-

(4)

SA
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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 2 instead of R™6, 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 R, 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) = —

ICy, 151U S°0x
A Qs:Qp0 fi;

A US| AT (5)
with

I = [7s(E)TA(E) dE (6)

where gs+(ga) 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. |Cy,1,|? can
be considered as a parameter analogous to Judd T,
(L2,) 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 C,,;, coefficients.
They are independent of the states involved in the
transfer, and we call them E,,,, M,,, 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 Ez, ~ 30 cm™? for
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gquadrupole—quadrupole intensities and Eg ~ 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 M;; ~ 1 cm~* and Mss ~ 2 x
1077 cm™L,

(c) For exchange interactions (X),,), 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©q4, 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 Sgp, 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-
tion3 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

S + SN
S — ~(Sos + SOA)( 0s OA)
sA Ze —N' x

04a(0,0;E)50(N,AE/hw) (7)

where Sps and Spa are the respective lattice coupling
constants for the ions S and A, N is the order of the
multiphonon process with N = AE/Awn,, AE is the
energy mismatch between both ions, and Awn, 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 A = (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 *® (8)

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

S
B = (how) *log N/Sy(n + 1) — log |1 + =2
SOS

=ag—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.®*

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.®
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 = NAf,::nm 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

I(t) = exp — - — I‘(l - §)£(i )3/5 (11)
Tso S/Col\Tso

where 150 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-
nentially38

I(t) = exp(— Ti - L) (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 = 82CY4Css%4, Ns is the sensitizer concen-
tration, Nj 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.

(i) 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 = Rnin). 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-
quenching behavior of Nd3*(*F32). In weak quenching
materials, such as La;—«NdxPsO14, self-quenching is
found to behave linearly with ion concentration,
whereas for strong quenching ones, such as YAG, a
guadratic 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.?04°
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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 Er3*by 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 4Sz, of Er®t) while pumping Yb3*
(°F7—2Fsp) transition, which was effectively ob-
served.”#? 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
(W133) 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;," Wy, (18)



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

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 = (NsANg*Wga1)Ng*Wspo (19)
or
W3 = Ng*Wgp1Wspo (20)

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

Ng* = NgWi,

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

W5~ Wy, for single-ion ESA  (21)

with

Wy~ NS*ZWSAZ = N52W122W5A2
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 Yo—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.3® 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 CsCdBrs:Yhb, Er for which an Yb opti-
mum concentration of 1% has been demonstrated, a
significant difference with the usual 15% for other
materials.>!

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 Er3* 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 um. 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,-

Auzel

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™ % 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;%562 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

2
Wea = %71 <WSW, [Ha|Ws™ WA °0(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 PrCl; first observed by
Varsanyi and Dieke®® and the cooperative Stokes
emission as observed by Van der Ziel and Van Uitert
in EUAIO3:Cr3t 8 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®®
p o =PoS)poA) —

(3"a"|Hga|000
V(WA (24)

pair

sZO a; 65" -0+ €qr —

as given, for example, for the ground state; s”, a"
denote intermediate states for S and A and Js,¢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®%667 or when the concentration
is too small to allow efficient transfer by energy
diffusion between sensitizers. Then cooperative up-
conversion is likely within clusters.>® One may also
look for crystal structures where the pair clustering
is built-in.57.6269

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 Erd*-doped hosts.

(from 1.6 x 10?2 to 4.3 x 10%2 cm %)% with an
intensity ratio to single-ion transition of about 1073
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%'ecm~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% Er3*-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

n=1
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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 *l15,—*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

Wn...W2
Py(d) = ————=P.") (25)
(w(nfl)"'wz)
with symbols of Figure 5b and P;(1) the line shape
of #l15,—*113» absorption.”

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:Pr3t system. (Reprinted with permission from ref
75. Copyright 1984 American Physical Society.)

quoted above and the cooperative luminescence in
Yb3*t described in detail below.®* Since then, many
more cases have been described:

The cooperative luminescence in the UV (from 405
to 270 nm) comes from two (?Po)Pr3* excited ions in
PrFs"* and LaFz:Pr3t; the APTE (ETU) cooperative
sensitization of the 'Sy state of one Pr3* ion is already
in its excited state (°Po) from the energy annihilation
of two other Pr3* 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 Yb3®" excitation with visible emission
from Mn?" ions in stoichiometric materials, CsMnCl;
RbMnCl;, CsMnBr3, and Rb,MnCl,, respectively at
690, 630, 680, and 625 nm.”¢"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,Bry:Yb(1%),808!
and the cooperative effect is found to be ESA between
cooperative pairs states and Yb cooperative lumines-
cence with 1078 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 104 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
108 for cooperative luminescence in YbPQ,.

The Yb—Tb cooperative effect has also been revis-
ited by Strek’s group in KYb(WO,),: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; Yh3+—Erd+ APTE (ETU) 2 300 =103 2
SrF; Erst ESA 2 300 =10"% 2
YF; Yb3t—Th3*+ coop. sensitiz. 2 300 =106 2
YbPO, Yb3* coop. lumin. 2 300 =108 13,61
KDP SHG 2 300 =107% 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 107t 51
NaYF4 Yb3t—Tm?3* APTE (ETU) 3 300 3.4 x 1072 158
YF; Yb3t—Tm?3*" APTE (ETU) 3 300 4.25 x 1072 158
vitroceramics Yb3t—Tms* APTE (ETU) 3 300 8.5 x 1072 158
NaYF., NazYsFi1 Yb3t—Ers+ APTE (ETU) 2 300 102to2 x 107 191
NaYF4 Yb3t—Erst APTE (ETU) 2 300 2.5 x 10 16
NaYF4 Yb3t—Tms* APTE (ETU) 3 300 5.5 x 1072 191
NaYF, Yb3t—Tm?3*" APTE (ETU) 3 300 3 x 1077 16
fluorohafnate glass Yb3t—Tm?3* APTE (ETU) 2 300 6.4 x 1073 129
fluorohafnate glass Yb3t—Ho®" APTE (ETU) 2 300 8.4 x 107 129
vitroceramics Yb3t—Tm?3* APTE (ETU) 2 300 3.5x 10! 157
vitroceramics Yb3t—Tm?3*" APTE (ETU) 3 300 3.6 x 1073 157
ThBr, U+t 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, Yb3t—Th3* coop. sensitiz. 2 100 1.8 x 1078 80
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considered by Wegh et al.,28 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_z(WO4)2.91

A more complicated case of cooperative explanation
has been given by Orlovskii et al.%6? for Nd3* 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 Yb3,6! be used as a
probe of the existence of Yb®" 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

‘]ppairg| 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 Wp,® and in their
ground state Wp,;/9 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 1V
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% 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 9. Normalized cooperative emission spectra for

Yb3* in a phosphate glass for two doping precursors with

different Yb—Yb shortest distance Rmin.

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®%-9 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®*, 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. Pr¥* (4f2) 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 1G,(*D,) state.°° Analogous results
are obtained for LiKY;_4PrFs crystals,’®® but the
process is mainly APTE (ETU). ldentifying the
process is based on the presence of an excitation
delay.

Germanate of general formula 60GeO,:25Pb0O-
15NbOs as well as chalcogenide glasses of general
formula 50GeS,-25Ga,S3-25CsX with X = ClI, Br, and
1,202 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 3P, (ESA) or/and
1D, (ETU). 3P, gives the blue emission and D, the
orange one. In BisGe3012: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 3H, to D, followed by a
multiphonon process connected to a *Hg to 3P; se-
quence.’®® An analogous process is proposed for
LiYF4:Pr3t10 whereas a two-photon absorption is
proposed for an IR to blue upconversion in a 60ZrF,-
33BaFz-7LaF3; glass doped with Pr3*;1% however,
because a two-photon process is likely to be less
probable than a sideband absorption,33 this explana-
tion may be questioned.1%®

In KYb(WQ4,),:Pr(0.42%),%°7 blue upconversion un-
der red and IR excitation is obtained along now
classical APTE (ETU) schemes.

4.1.2. Nd** (4f%) lon

Probably due to the availability of Nd3*-doped
materials for laser research, many investigations in
Fernandez's group with Nd*' 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 *Fs2
absorption. Green, red, orange emissions have been
detected from “G; due to the following upconversion
energy transfer (*Fap, *Fs2 gives Gy, *l13p). ESA has
also been observed with the sequence *lg;, to *Fsp,
nonradiative decay to “F3,, followed by ESA to 2Py,
decaying to “Gzp,. In a fluoride glass of composition
25CdF,-13.5CdCl,-30NaF-20BaF,-1.5BaCl, doped with
0.5%Nd3**,1%° 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 Nd*" 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 PbsAl3F19:Nd®" crystals,'*® at 300 and 4.2 K,
APTE (ETU) is observed for visible (from G, with
n = 1.5) and UV emission (from 2Pz, with n = 2.2)
as indicated by similar excitation and absorption
spectra.

In the stoichiometric laser material KsNd(MOQ,)s,
IR to visible, blue (from *G7, with n = 1.6), and UV
(from 2Pz, with n = 2.4) emissions have been studied
with the very high Nd concentration of 2.37 x 102!
cm~3.114 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%),'® 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 2Hyy, state followed by the ESA step
populating “Ds,. In the same type of fluoride crystal
as well as in YAG, the following APTE (ETU) steps
have been observed: (*Fap, *Fsr2) giving (*lis, *Gs));
(*F 312, 4Fap) giving (*lis, *Grp), and (“Fap, “F32) giving
(*11172, °Gop)'18117 to some extent similar with the high-
intensity quenching of the *F;;, state.’'® BalLu,Fg:
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 “l11/2, 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 (°P75)
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 P,
lines. Another stoichiometric material, Ko.GdF3;, has
also been investigated in upconversion.'?> Pumping
is into the 6Py, state at 312 nm. Three anti-Stokes
emissions attributed to 6G;, 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. Dy3* (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 CsCdBrs:Dy3" (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
F3 at 13 200 cm™2. Emission is from *Fg, to ®Hyzp
at 17 341 cm™. Two APTE (ETU) schemes are likely,
the more probable being (6Fsp, ®Fsp) giving (*Fp,
®His2). At higher temperature (295 K) and large
concentration, ESA is operative from 8Fg;, to *Fgp2. At
lower concentration, ESA appears to be from éFs, to
*yapo.

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 HokY1-xF3 (x from 0.005% to 1). An
APTE (ETU) process, (°Fs, °17) giving (°Fs, °Slg),
provides the °F3 emission at 485 nm. Much more
recently, CsCdBr;:Ho3(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) is found at T < 100K. Comparison of excitation
spectra with absorption and delay in the emission
help to separate the processes. Ho®" has also been

Auzel

excited in the red at 647 nm from a gas Kr laser in
LiTaO3:Ho0(0.3%).127 At 15 K, a green emission with
n = 2 is observed; it is attributed to the 5S, to Slg
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 5Fs by an ESA process (n =
1.6) and a faint green one from %S, (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?3W for YF3:YDb,Er.

4.1.6. Er¥* (4f1) lon

(See also section 4.2.)

Er3* 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 Er®* has been renewed. In particular, Er3* 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 LiYF4:Er and ZBLAN fiber lasers at
2.7 um*0-122 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'3 using the APTE (ETU) process for optimizing
the 4111, and #1413, lifetimes. Even classical laser hosts
have been investigated: YAG:Er,'3® YSGG:Er,'%¢ and
YAIO3%7 for which either ESA or APTE (ETU) have
been observed.

In a more fundamental approach, Cs3Lu,Clg, Css-
Lu,Bry, and Cs,Luzlg doped with Er®*(1%) as well as
the stoichiometric material CszEr,Xy (X = Cl, Br, 1)
have been investigated®®3° 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.'3°

In BaLu;Fg:Er(1%; 4.5%), IR (0.97 um) to green
upconversion from 4Sg; 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 “li1, 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,Brqe'#® 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™1. In CsgLu,Brg:Er-
(1%),'* 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 CazAl,-
Ge3012:Er, where both ESA and APTE are observed
depending on the excitation wavelength.**3 In LiYF,:
Er(3%), Yb(20%),¢ 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 Li* 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 #l3, to
2H;4, with some involved nonradiative decays. For
APTE (ETU), after a nonradiative decay to *l11,,, the
following takes place: (*loj2, *l11/2) gives (*lisp, *Fap)
providing the 4S;, excitation reached by a nonradia-
tive decay from “F35,. In the same kind of waveguide,
traces of avalanche (see section 4) have been identi-
fied.15!

4.1.7. Tm3* (4f2) lon

Tm3* is known to be one of the first ions having
shown upconversion either alone or with the help of
Yb3*t.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. LiYF4: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
8Hg to 3H4 excitation at 12 643 cm™! (791 nm) in the
Tm3* ion, a double excitation, 3Hg to G, then to 3P,
by an APTE (ETU) process in the Pr3* ion, as
revealed by a delay in the built-up transient, allows
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emission from 3Pg to 3He (600 nm) and 3H, (490 nm)
in the Pr3t ion.

Upconversion has been studied in the stoichiomet-
ric crystal TmPsO14 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 ®Hs (360 nm) and 3F,4 (450 nm). G, 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,Gaz012, Gd3GasO12 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 Tm®*. Then a back transfer to Yb allows
the ?Fs;, 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 SHy, °F3, Gy,
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*t, 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.'® Absorption is at 8300 cm™! in the 3He to °Hs
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(1G,), and a four-photon one at 363
nm(*D,).’>” Measured absolute efficiencies were 5.8
x 1072 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 107 cm?/W and 3.6 x 1073 (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:Tm3",159 a crossover from cooperative
sensitization to APTE (ETU) is concluded from the
time behavior changes with pulse excitation length.

4.1.8. Tmz™ (4f13) 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 2Fs;, separated by about 8840 cm™! and parity-
allowed 4f—5d bands above 15 000cm™?. 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*t (5f2) 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 3Py, 3P;, and I,
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 U4,

(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 ThBr, grains doped
with 0.05% U*" and of 0.2—0.3 mm optimized size.'6!

4.1.10. U3* (5%) lon

Though there has been one publication on the
upconversion properties in trihalide-doped Cm?3+,164
most of the upconversion studies with trivalent
actinides are with U3* from Strek’s group. In LaCls:
U3t and LaCls:U3t, Pr3t,185 under Nd:YAG laser
excitation, ESA is found to give the 2Ks, to *lg; green
emission in U3 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 U3" and APTE (ETU) process within
U3*.186 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 5f5-6d
bands and thus the energy is transferred to the 2Kys,
emitting state and (ii) an APTE (ETU) process within
an U3* pair of ions following the sequence (*Fop, *Fg2)
= (®Hgyp, 2Hi12) —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;NaYBrgs and in
Cs;NaYClg doped with U3*,1%° due to multiphonon
guenching, ESA upconversion has been observed only
in the bromide type.



Upconversion and Anti-Stokes Processes

Kabs(cm™") Iom (arbitrary units)
3210 05 |1

20- ' —?" = [los
- en em

1T2" 3A2

k
% 3T1( : ;ed em I

N 1523,

N

[

1 1
g
]

ENERGY (103cm )
(wrf) HI9NITIAVM

-
1 1 1 1 P 1 1 1
N
o

5 :
? Z"‘ ;-2.0

3T2-»3A2

[
1

ol ¥
Figure 11. Energy scheme for ESA upconversion in MgF:
Niz*,

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,:Ni?*.171 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, (1T, 3A,) giving (T2, °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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4.2.1. TP+ (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 °T, with the same spin as the
ground-state 3T;, whereas for MgCl, it is T, 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¥t (3d® lon

In YAG'® and YGG (Y3Gas012)"417> codoped with
(2%)Cr3* and (1%)Yb3*, upconversion of Cr3* through
a near-IR pumping of Yb3* is observed at 10 K with
an efficiency of 6% under 150 mW of excitation73-175
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 Cr3* 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%)Tm3", (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 G4 (Tm) at 486
nm and from °F3z (Ho) at 486, 489, and 497 nm can
be seen; an upconverted emission is obtained also
from the ?E (Cr3*) level at 688.7 and 687.6 nm, the
R1 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 MnZ* (3d®) lons

Besides Ni?" in MgF,,'"* already mentioned, Ni?*-
(0.1-10%) has been investigated as an upconversion
ion either alone in RbCdClI3,*"” CsCdCl3,*"® and Rby-
CdCl4,*or coupled with Mn?* in RbMnClI;,8°
CsMnClsz, and RbMnCl;,'"® and in Rb, MnCl 4.7

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?* 171 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 1T,
to 3A,. In RbCdClg, 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?" presence, a strong increase in
upconversion is observed, though Mn?* has no meta-
stable level below T, (Ni?*). On the contrary, the
metastable state 4T; of Mn?* is in resonance with 1T,



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

‘T aT spin-orbit
! 2 splitting
L 2
40| T, ) T,
G " T,
@ 30f
el
éﬂ ZT] ] rﬁ’ FR
& :
20| R
’E 7T rs
107
v M03+ 4A2 Re4+v rs
0 2 4 6 8 '
Dg/B

Figure 12. Tanabe and Sugano diagram for the d3
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;NaYCls and Cs,-
NaYBrg8182 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 ?T4/?E from the
ground state, see Figure 12. APTE is provided by the
(°T1/?E, ?T1/PE) to (*A2,*T,) 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*™ (5d°) lon

This ion, also being a d® configuration ion, has
roughly the same Tanabe and Sugano energy dia-
gram?83 as other better known transition metals (TM)
such as Cr®* and Mo3". It has been studied in Cs,-
ZrClg'8184 and Cs,GeFs.18° Though Re*t 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.'81:184 Contrary to other TM ions,
Re*t shows an efficient APTE (ETU) process because
selection rules on spin are relaxed by a larger spin—
orbit coupling. The main difference with Mo®* can
be traced back to the larger oscillator strength for
the “Ay(T's) to 2T, (T's) by a factor 102 with respect to
‘A, to ?TPE in Mo®*". The upconversion energy
transfer involved being (?E/?T1(Ts), 2E/?T1(T's)) gives
(*Ax(Tg), 2To(Tg)). Thus, excitation into 2T, (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*" crystal,'8®
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~! 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,-
ZrClg:0s*(1%)186187 pelow 80 K; in Cs,ZrBrg:Os*" two
ESA processes lead to upconversion;” and in Cs,-
GeFg:0s*", no upconversion is detected.'8” 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®®® 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*", Ers*,1°0 up-
conversion is observed under a scheme similar to the
pioneer work!7 involving a TM ion for absorption and
a lanthanide for emission. The green emission from
4S3(Erd*) 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 beams'%-1% to visible enhanced
detection of IR emissions, X-rays reusable memory
plates,’®® and 3-D display technologies.?%
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Figure 13. Three-photon APTE upconversion energy
scheme in Yb3"—Tm3* 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.1%8:201.202 Results 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 YFs.
In the case of the Yb—Tm couple, the initial energy
level diagram depicting the involved processes, as
shown in Figure 13,7 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 (*“Hy). In the Yb—Er case, the
saturation is found at about 100 W/cm? for fluoride
hosts NaYF, and Na,Y3F;;;'% observed saturation is
explained by an excitation trapping into the long
lifetime 4113, state. These more recently obtained
results actually confirm the theoretical prediction”315°
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.5' 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—Yhb-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.2% Transparency was obtained by
reducing the crystallite (Pbg o 5Cdo.osF2) size down to
about 20 nm.

The same group also recently investigated Er3*-
doped BaCl, and ErX;z (X = Br, 1)2°7 polycrystalline
phosphors for 1.5 um detection cards,% which follow

Chemical Reviews, 2004, Vol. 104, No. 1 157

RG]
x, (s2)
100
Xq (Erit*
s (Erit sy )
107
107
107
1
X, (Tm+,'G,)
6" I 1 L . Jo mﬁc;r‘)
300 400 500 600 700

Figure 14. Theoretical effective phonon energy optimiza-
tion for Yb—Er (green upconversion) and Yb—Tm (blue
upconversion).

4
— F7ﬂ
2r Hure
'g | ‘s:m
5 L Fae
X L ¥ ‘I
10 ‘II|I2
L *har

E| E

- cl €

[ g 8

© 4

o B

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 Dy3*—Eré" codoped BacCl,
phosphor. The involved APTE (ETU) scheme is given
in Figure 15. As can be seen, Dy*" 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;—ErFs;, 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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Figure 16. Experimental scheme for a 0.96 um diode-
pumped IRQC at 1.55 um with energy transfers (a);
experimental setup for IRQC detection at 1.55 um (b).

concentration of 10%(Yb3*) and 5%(Er®*). 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 YqssEr0.150,S phosphors
and an image intensifier with a GaAs photocathode,
an IR sensitivity of 10~ 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 (U4t
in ThBr4 and ThCl,),! 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
71. Copyright 1991 Institute of Electrical and Electronic
Engineers.) (b) Energy scheme for APTE saturation in a
cathode ray tube phosphor, note analogy. (Reprinted with
permission from ref 216. Copyright 1983 Elsevier.)

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 Nd* 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 NdPs0;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.?*?

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% 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 LiYF4Er during the
laser action at 2.7 um brought some proof that APTE
(ETU) was in fact emptying the laser emitting level
411172, thus being a drawback rather than an advan-
tage.’®® Thus, the laser CW action was essentially
linked with a direct reabsorption from I3, 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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Figure 21. Upconversion APTE pumping in an Er3* laser
at 2.8 um. (Reprinted with permission from ref 219.
Copyright 1988 American Institute of Physics.)

tion, density saturation appears that has been par-
tially attributed to APTE (ETU) for higher doping
concentration;?'5216 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 *l1, of Er
in CaF; to obtain a pulsed laser at 2.8 um between
that level and “l13,.2'° Shortly afterward and for the
first time, a CW upconversion laser in the green for
the 4S3;,—*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.?2!

Upconversion, attributed to the ESA type, has even
provided violet emission at 0.380 um in LaFz: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 GdAIO3, LiGd(M00,),, Y3Sc,Gaz0;2,
and Gd;GasO;,, doped with Yb, Tm, not in the usual
scheme with Yb pumping, but with Tm excitation by
the 3Hs to 3H, absorption with forth and back transfer
with Yb.*® The conclusion is that for G, (Tm?3")
emission at 480 nm, the Y3Sc,Gaz01, 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;

Auzel
35 3”10
30},
R (O
2 25K, %G,
x [ AW
T 200 %, —
- ; AL .55,
55 :§s . ] ;
& ob AN f T
Rl 5{5 v 1
6 1
5 1, 1 51,
. 647.1nm Green
ol 5 5
% TGSA Laser Ts

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 198622 of the
feasibility of CW room-temperature three-level lasers
in the Er®*-doped glass fibers, one could think that
an upconversion-pumped three-level scheme could
also be used in CW operation at room temperature
for Er3* emission at 540 nm.*¥2 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 Ho3"-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-
guent 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:?3? 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 mWw.

Pr3*t-doped fluoride fibers, because of their low
phonon energy with respect to Pr3*-emitting level
energy differences, have allowed CW room-temper-
ature anti-Stokes lasers at blue, green, and red
wavelengths in a single fiber.?®® 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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Figure 23. Decrease of transmission in a Pr3*:LaCl;
sample under 3Hs—3P; pumping. (Reprinted with permis-
sion from ref 12. Copyright 1990 Elsevier.)

as 1000 cm™1. 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, ®Hyg) (®Hs, °Hs) increases the 3Hs population
which in turn reduces the transparency of the sample
at the (®P1—2%Hs) energy. Since the more the (°P1—
3Hs) energy is absorbed the more the 3Hs 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%° Recently the photon avalanche effect has
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Figure 25. Avalanche simplified three-level scheme; C is
the cross-relaxation coefficient; W;; are the spontaneous
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 go® g are the
same as in ref 246).

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

. dn; dn, dn;
WG ot ~ae
@in,=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 R, corresponds to the
avalanche threshold.

Then the rate equations are simplified to
0=—-R; — ;@ g + bW3n; + W,n, — Cn, 27)

0=(1—b)W3n; — W,n, +2Cn; + R; +

0,®@r — RN, (28)

0=R,n, —W3n; — Cn, (29)

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

(1 = b)W5 = W3y bW = Wyy; Wy = Wy, + Wy,
Equation 29 can be written as

R,

nzm =nNg (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

R, +0,®r C— bW,
n, = +
W, W,

N (31)

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

(Ry + 09®R)/W,

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

Such a system is known to be unstable for Ag = 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)/n3(B = 1,R2 = Ry), versus pumping term (R;) with g
as a parameter. (Reprinted with permission from ref 248.
Copyright 1995 Elsevier.)

external trigger (®r)
n
G= 2
(Ry + 0@ R)/W,

(32)

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

_ A
G= 1-AB (33)
The stability condition is then written as
R, C—bw; 1 24
<
W;+C W, (34)

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

W,(W,; + C
e = M (35)
C — bW,
with C > bWs; 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
(R1) and taking into account only the second resonant
absorption step (R,) when calculating the population
of the third level (ng) versus R, (the pumping excita-
tion) leads to a well-defined nonlinearity in ns for the
asymptotic curve (R1/R; = 0), as shown in Figure 27.

When the first step (Ry) is explicitly taken into
account,? the threshold nonlinearity is progressively
smoothed out while increasing the ratio Ri;/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,>*® 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+:YAIQ323°
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.?5? We believe that
some of the reported cases of quasi-zero threshold
avalanche cases in the literature®2% belong to large
1072 < 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;:Erd*™
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).

Erd*, with (Ri/R2) = 1075, 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.?*2-24 For com-
parison, the following values for the critical param-
eter (8 = R1/R;) have been found for Nd®*—LiYF,, (R./
R2) =1.7 x 1074 for avalanche at T = 40 K;237:246 for
Tm3+—Ho3+—Gd2Ga5012, (Rlle) = 3.6 x 1072 for the
two-ion looping process;?%® for a Tm3*—BIGazZYTZr
glass, (R1/R2) = 1.2 x 1072256 for what was claimed
to be avalanche at 100 K.?" 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
W, ™1, 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",2%° avalanche, as
shown by a kick in the output slope, n, for 100 mW
excitation, is believed to explain 1G4 emission, whereas
upconversion from D, is attributed to ESA and
APTE (ETU).

In a ZBLAN glass, doped either with (0.1—5%)Ho%"
alone or with Ho®* and (3%)Tm?3",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,/PF,;. The nonresonant first step is in a mul-
tiphonon sideband and for the second resonant step
in static pair levels induced on Ho®*" by Tm®* 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*t 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 1073,
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 1072 = 750, which is as large
as in an Er-doped ZNLAN glass (see above). In Cs;-
ZrClg:(1%)0s*t,%89 signs of avalanche with a weak
threshold of 2.6 mW have also been found from 15 to
50 K. The fitted R1/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 Er®t, the first step for photon
avalanche has been clearly identified and attributed
to anti-Stokes multiphonon sideband absorption0.241
(see Figure 28). Calculating the Ri/R; ratio from
mutiphonon absorption allows one to estimate a
value of 5 x 1076,243244 35 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.?

The simple theory of section 5.1 has been verified
by experimentally measuring G(R;). 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 ®;r = 0, R; is reduced
while increasing @ in order to maintain a constant
green output. @ is an infrared signal at 0.94 ym 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 oolo;, 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 Ryc.

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 W; are related to

Auzel

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

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 *l;1,>, and
level 3 to be the aggregation of levels between 2Ggj,
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 =2500s7%;b=0.5;C=0.5 x 108s7%;
W, = 140 s !, because corresponding oscillator
strengths are about equal (0.4 x 107%),%62 one can also
assume o, = gp = 4 x 1072t cm?2.

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

D i reshold = 14174 x 10721 = 3.5 x 10%s tcm 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(R.) 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

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.?5¢
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 1 = 688 nm, with o; = 10724 cm?, delay
is found to be 0.4 s; whereas at 1 = 579 nm, with o3
=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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Above the threshold, the delay for avalanche has
been given by ref 264 as

t, = kW, (/D — 1) (37)

with k = W3~ Y(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*t—Fluoride Glasses
in Fiber and Bulk Shape

Recently, the photon avalanche effect has been
observed at room temperature in a Pr3*-doped silica
fiber?®! and in an Er¥*-doped fluoride glass fiber.241243
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 Ri/R; ratio of about 1078,
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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Figure 35. Excitation spectrum for the avalanche emis-
sion at 549 nm in a ZBLAN:Er3* glass showing the
spectrum for the #1;1,—2Gg, ESA transition.
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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,-°Ggj, transition of Ers*; 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
um,?41243 as 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—Ho%".2%5 A complex process of cross-relaxation
within two Tm3* ions together with a back transfer
from Ho®*' to Tm3t has been proposed. The first
excitation step is out of resonance with the SHg—3H,
absorption of Tm3*; it is followed by a cross-relaxation
within two Tm3" ions; which populates the 3F,(Tm3")
state, itself transferring its energy to the 5I;(Ho®*)
state from which the resonant second step of excita-
tion toward °S,(Ho®") takes place. Then another
cross-relaxation (energy back-transfer) between Ho®*
and Tmé* of the type 3Hg(Tm?3") + 5S,(Ho3") = 3H,-
(Tms3%) + SI;(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 107 =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 Yb3®" ion, which transfers to the metastable state
1G4(Pr3*) from which the resonant second step up to
3Py(Prit) takes place. The cross-relaxation step within
two Pré* ions feeds the metastable state !G4(Pr®") and
the back transfer to Yb®" again feeds the 'G4(Pr3t)
metastable state. The ratio 3 from the nonresonant
to resonant pumping was estimated to be from 1076
to 1078265 well within the condition to observe a real
avalanche threshold.

In YalO3:(10%)Yb, (1%)Ho0,%” 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 Pr3*;
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;—xCe,Cls: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%)-
U3*,269 under a dye laser excitation between 615 and
617 nm, the blue emission from 3Pg to 3H,4 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 U3t and the second one between excited
states in Pré*; cross relaxation between U3t and Pr3*
provides the population of the metastable level 3Hg-
(Pré*) from which takes place the resonant ESA to
3Po(Pr3). 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 U%* increases the blue output of Pr®* 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 ;235
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 LaCl3:Pr3+.2© 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 Prét 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 1G,—
g Pr3* absorption, provides the condition for the
avalanche regime of a weak 8 (107° to 1078) 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;

(if) 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,:
Ce3" 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,—GazSs) 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,Brg and Csz-
Yb2Brg 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?’928° by Heber. The problem
with this model is to what extent it can describe a
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Figure 39. Thermal hysteresis loop for cooperative lumi-
nescence in Cs3Y,Brg:Yb3*. (Reprinted with permission
from ref 284. Copyright 1996 American Institute of
Physics.)
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Figure 40. First observation (from 1967 unpublished
original document) of a thermal hysteresis loop for APTE
upconversion in WO4Nag s Ybo5:2%Er3*. Arrows show direc-
tion of the temperature variations for two sets of experi-
ments.

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 YbS*"
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.?’® 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 Cs3Y,Brq:Yb in a later paper?8 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 WO4NagsYbos:2%Er.28
From this result and the fact that the hysteresis
behavior is produced at the Yb3' 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. 285> and said
to be due to the variable thermal absorption proper-
ties of Yb®". 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 2F7, to ?Fs;. The resonant absorption term
R, is from a Stark level of 2F7;, to a Stark level of
2Fs)p; 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 2F7,. 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 R;/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 1967,283
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, (Nd®*") 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*—Yb3* 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;—*Gyj2, 690 nm from 4Fgj2, 757 nm from
4F75—3S3, and 813 nm from “4Fs»—2Hgy, all transi-
tions to the Nd®* 41y, 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 “Fz, 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 “F3, 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 #F3, 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.?88 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 LUPO,
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,®* 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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