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Abstract

A broadband upconversion luminescence was observed from Mo-doped titania under a 978 nm diode laser exci-
tation. The luminescence has been assigned to the transitions from the excited states 3T, 3T, to the ground state 'A; of
the [M004}27 radicle. The intermediate states available for upconversion are supposed to be related with Mo*" and/or
Mo’* species. The temporal evolution of the upconversion luminescence and the excitation-power dependence of the
steady-state emission intensity exhibit the typical fingerprint of a photon avalanche. The dynamical process is well

described using the fluorescence ‘transfer function” model.

© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

For many years, much attention has been given
to the study of photon upconversion which are of
great fundamental research interest and lead to
many applications, for example, in coherent laser
light sources [1], 3-D imaging materials [2], or
enhanced IR quantum counters [3]. So far most of
the investigations have concentrated on some rare
earth (RE) ions. Giidel and co-workers [4] initiated
a systematic study on transition-metal (TM) ions
including Mn**, Ni*" [5], Mo** [6], Re*" [7], and
Os*" [8], thus expanded the family of upconversion
systems. In contrast to the RE ions, the spectro-
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scopically active d orbitals of TM ions are in-
volved in metal-ligand bonding, and so are subject
to significant electron—phonon interactions. As a
result, the luminescence from most of TM ions is
relatively weak. However, the environmental sen-
sitivity of these ions suggests that their photo-
physical properties may be modified or even
controlled using external chemical redox, or mag-
netic perturbations [9].

Titania is a good candidate to be used as a
doping host because of its good mechanical, ther-
mal, and anticorrosive properties [10,11]. In this
Letter, we report the upconversion luminescence
from Mo-doped titania. The upconversion shows a
characteristic of photon avalanche. The avalanche
dynamics was analyzed by using the fluorescence
‘transfer function’ theory.
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2. Experimental

The samples were prepared by high-tempera-
ture solid-state reaction. The starting materials
were powdered TiO, (A.R.) and molybdenum
(99.5% purity) at the molar ratio of 97:3. The
batch was mixed, placed in an alumina crucible,
and calcined in oxidizing atmosphere at 1200 °C
for 3 h. Then the sample was annealed at 700 °C
for 1 h under reducing atmosphere produced by
active carbon. The annealing treatment is indis-
pensable for the material to show upconversion.

X-ray powder diffraction (XRD) analysis, pre-
sented in the inset of Fig. 1, proved the as annealed
sample was single rutile phase. Infrared absorption
spectrum in KBr suspensions was measured by a
Bio-Rad Fourier transform infrared (FTIR) spec-
trometer. The Mo (3ds,) electron binding energies
were obtained from X-ray photoelectron spec-
troscopy (XPS) using a VG Escalab MK II pho-
toelectron spectrometer. According to the XPS
measurements, the element ratio of Mo:Ti was
calculated to be 3.29:96.71, close to the stoichi-
ometry of the starting materials. Upconversion
spectrum was measured with a Hitachi F-4500
fluorescence spectrophotometer under a 978 nm
diode laser (LD, 2W) excitation. By chopping the
laser beam at an appropriate speed, time evolution
of the upconversion luminescence was recorded by
monitoring the output of a R456 photomutliplier
tube with a Tektronix TDS 3052 digital oscillo-
scope. All the measurements were performed at
room temperature.

3. Results and discussions
3.1. Valence states of Mo ions in the sample

To explain the origin of the luminescence, it is
necessary to discern the configuration and valence
states of the Mo ions in TiO, host. Fig. 1 presents
the FTIR spectrum of the TiO,:Mo material,
which confirms the existence of the [MoO]*~
complexes. Studies of the [MoO,]*” anion in
aqueous solutions have located its fundamental
frequencies at 894 (v;(A)), 318 (n(E)), 833
(v3(F3)), and 407 cm™! (v4(F,)) [12]. Studies of the
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Fig. 1. FTIR spectrum of Mo-doped titania. The inset shows
the X-ray diffraction pattern.

solid compounds have shown that the stretching
multiplets (v; and v3) occur in the 750-1000 cm™!
range and the bending modes in the 250430 cm™'
range for molybdates where anions form isolated
tetrahedra. The hexa-coordinated compounds is
featured by the new bands in the region 500-750
cm~!, originated from the oxygen bridge bond
vibrations [13]. Two sharp peaks at 834 and 410
cm~!' were observed in Fig. 1. Obviously, they
should be, respectively, assigned to the funda-
mental frequencies v3 and v4 of the [MoO4]2_ an-
ion. The absorption band in the 500-700 cm™!
range is attributed to the hexa-coordinated Mo-O
complexes or other Mo-O species.

An annealing under reducing conditions is es-
sential for upconversion. Undoubtedly, the
[MoO,]*" complexes had formed before the an-
nealing. The FTIR spectrum proves that they still
exist in the as annealed samples. However, the
XPS measurements indicate that the annealing
transforms part of the Mo ions from hexavalence
state into lower valence states. The Mo (3ds))
binding energies of 232.5 and 230.9 eV were re-
ported, respectively, for the hexavalence in MoOs;
and tetravalence in MoQO,. Furthermore, the
binding energies increase as the oxidation state of
molybdenum becomes more positive, which pre-
sents a linear relationship [14]. Fig. 2a gives the
Mo (3ds),) electron spectra for TiO,:Mo sample
before annealing. The Mo (3ds;;) binding energy
was determined to be 232.4 eV, very close to that
for hexavalence in MoQO;. For the sample after
annealing, the peak position locates at 231.9 ¢V, as
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Fig. 2. Molybdenum (3ds,) electron spectra for TiO,:Mo
sample (a) before annealing and (b) after annealing. The
smooth lines were reproduced by Gaussian fitting.

shown in Fig. 2b. Compared with the 1.6 eV shift
in 3ds;, electron binding energy between MoOj;
and MoQ,, the annealing causes a 0.5 eV shift. The
value for the annealed sample cannot agree with
any single oxidation state, which indicates that the
states of the Mo species and their contents are
complicated, and may not be definitely determined
from our experiments. However, the XPS mea-
surements do suggest that some lower valence
states, mainly tetravalence and/or pentavalence,
co-exist in the as annealed sample besides the
hexavalence within [MoOy ]*~ type.

3.2. Upconversion luminescence of TiO,: Mo

Fig. 3 presents the upconversion luminescence
spectrum of TiO,:Mo under a 978 nm LD excita-
tion. The peak position and lineshape closely
resemble those of the luminescent [MoO,]>” com-
plexes. The molecular orbital energy scheme for
free tetrahedral [M004]27 complex was described
by means of an extended Hiickel method [16]. It is
a closed shell configuration with an 'A; ground
state. For the lowest energy electron transition
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Fig. 3. Upconversion emission spectrum of TiO,:Mo under
978 nm excitation.

from the t; orbital to the 2e orbital, group theory
predicts the four excited states *T;,°T,,'T; and
'T,, respectively [17]. For TiO,:Mo sample, the
luminescence was assigned to the transitions from
the lowest excited states *Ty,?T, to the ground
state 'A; of the [MoO,]*~ complex.

A phenomenon should be noted that the emis-
sion vanishes by heating the materials in oxidizing
atmosphere, and then appears again after a sub-
sequent annealing treatment under reducing con-
ditions. The external chemical redox modifying the
luminescence means that the Mo*" and Mo>"
species caused by the annealing play an important
role in the upconversion process. These species
may serve as the intermediate states available for
upconversion. The excitation mechanism is sup-
posed to be an excited state absorption (ESA)
from the intermediate states. This model is en-
lightened from the one dealing with anti-Stokes
emission in undoped YVO, [18]. The fluorescence
lifetime of the [MoO,4]*~ complex was reported in
the order of nanosecond [15], we were unable to
resolve so fast decay time due to the limitations of
our experimental setup. No luminescence was ob-
served from the sample when excited with a pulsed
laser (1064 nm) from a Nd:YAG or a pulsed
Raman-shift laser (953.6 nm) pumped by a second
harmonic of the Nd:YAG. Regardless of the en-
ergy mismatch between the pulsed laser and the
CW diode laser, the reason may be that the
duration time of single laser pulse (10 ns) is
much shorter than the rise time of upconversion
luminescence where photon avalanche occurs.
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3.3. Photon avalanche characterized by power
dependence and time evolution

Photon avalanche was first reported in 1979 by
Chivian et al. [3]. It is an unconventional contin-
uous wave (CW) pumping mechanism that leads to
strong upconverted emission without resonant
ground state absorption (GSA). The details about
a photon avalanche were described in [8,22].

The ‘transfer function’ theory for fluorescence
dynamics presented by Huang Shi-hua and Lou
Li-ren [19] provided an effective method to analyze
the kinetics of energy transfer processes in RE-
doped crystals [20] and glasses [21]. Here, it is used
to characterize the dynamical properties of photon
avalanche in TiO,:Mo. For simplification, we take
a three-level system, as presented in Fig. 4. |0), |1)
and |2) denote the ground, intermediate and upper
excited states, respectively. N; represents the pop-
ulation of the state |i). We suppose that the tran-
sition from |0) to |1) takes place under weak
excitation regime, so Ny~ N, where N = Zfzo
N; - N,(t) describes the population dynamics of the
state |2). Ny(s) is the direct Laplace transformation
of N,(¢). According to the transfer function model,
with the excitation of jump function, N,(s) can be
written as

Ny(s) = [F*6oa\N]/[s[s* + (75 + 7, + C + Fay)s
+Fo1(y = C) + 1+ O], (1)
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Fig. 4. Energy level and photon avalanche scheme in TiO,:Mo.

where y; is the radiative transition rate of the state
|i); 7;; is the transition rate between state |i) and
lj); o are the absorption cross-sections; C = ¢N in
which c is the cross-relaxation rate of (|2), |0)) —
(1), [1)); F denotes the laser-photon density at
978 nm. These quantities are represented sche-
matically in Fig. 4. At steady state, the upcon-
version-luminescence intensity

t—00
By the rule of Laplace transformation, it can be
expressed as

F>(00) LiI(I)l sNy(s)

F26()0'1N
= — - ) (2)
Fo1(y —C) +71(y,+C)
Let
(x:(fl(C—“/zo)7 b= x 090N ’
71(C+7,) 71(C+72)

where 1 represents the proportionality coefficient.
Eq. (2) can be replaced by
pF?

Fzzl—ocF' (3)
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Fig. 5. Time evolution of the upconversion-luminescence in-
tensity of TiO,:Mo after the onset of 978 nm excitation. The
smooth line was calculated by using Eq. (5) and the parameter
listed in Table 1. Inset: Double logarithmic plot of upconver-
sion-luminescence intensity vs. excitation power. The solid line
was obtained by fitting the experimental data with Eq. (3); the
dashed line was calculated by the formula y = 4x?.
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Table 1
Parameter values which produced the best agreement between calculated and measured avalanche dynamics
Parameters o p p Vi T
(cm? s) (cm? s) (ms)
Values 53x 107 2x 1073 0.6515 48 x 1074 64

The parameters are defined in Egs. (3) and (5).

In this equation, parameter  was scaled to the
measured upconversion-luminescence intensity. f
and o were allowed to vary in order to reproduce
the experimental data. The inset in Fig. 5 shows the
luminescence intensity as a function of the excita-
tion power in a double logarithmic plot. The
squares represent experimental data which were
well fitted by using Eq. (3), see the solid line in the
inset. The parameter values were collected in
Table 1. The fitting results suggest o > 0,50 C > 7,
i.e., the cross-relaxation process originating from
state |2) has a higher probability than radiative or
nonradiative relaxation from state |2) to state |1).
This satisfies one of the essential conditions
needed for the occurrence of photon avalanche
[22]. The dashed line in the inset is calculated
by the formula y = 4x?, the slope of which is 2.
It is obvious that the excitation-power depen-
dence of the upconversion-luminescence intensity
in TiO,:Mo exceeds a quadratic dependence.

To discuss the time evolution behavior of the
photon avalanche, we define aF_1 — ¢, ¢ < 1. Eq.
(1) is transformed into

Na(s) = [F20001N]/[s[s* + (72 + 71 + C+ Fa)s

+ ey (2 + O)]]- (4)
By inverse Laplace transformation, we have
Na(t) = p[1 + ze %) — (1 4 g)e” /), (%)
where
F2000\N ey +C)

p_g“/l(’/z‘FC)’ _(V2+V1+C+F01)2’
_htnt+C+Fo
e+ 0)
Parameter p was scaled to the measured lumines-
cence intensity. Fig. 5 shows the rise curve of the

upconversion-luminescence intensity of TiO,:Mo
after the switch-on of the 978 nm excitation at

t = 0. The experimental data is well fitted with Eq.
(5), see the smooth line in Fig. 5. The parameter
values were listed in Table 1. From the fitting re-
sults, y approaches 0, which means that the second
term in Eq. (5), denoting the luminescence-decay
component, can be neglected. Parameter t with a
value of 64 ms represents the time constant of lu-
minescence-rise component. The steady-state lu-
minescence is reached after a relatively long time
of about 0.3 s. The temporal evolution of the up-
conversion luminescence, together with the exci-
tation-power dependence of the emission intensity,
exhibits the typical fingerprint of a photon ava-
lanche, indicating that the avalanche mechanism
predominates in the TiO,:Mo upconversion. Fur-
thermore, the threshold to start avalanche is
roughly determined as 1100 mW from our exper-
iment since the luminescence is too weak to be
observed below this value.

4. Conclusions

We developed a new upconversion system
TiO,:Mo presenting visible broadband emission.
FTIR spectrum confirms the presence of the
[M0oO,4]*” complexes, while XPS measurements
suggest the co-existence of Mo*" and/or Mo>"
species. The luminescence has been assigned to the
transitions from the excited states 3T;,3T, to the
ground state 'A; of the [MoO4]*" radicle. The
Mo*" and/or Mo’" species are supposed to serve as
the intermediate states available for upconversion.
The temporal evolution of the upconversion lumi-
nescence and the excitation-power dependence
of the steady-state emission intensity suggest that
the photon avalanche occurs in the system. The
avalanche dynamics is well described using the
fluorescence transfer function model.
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