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Abstract

The photoluminescence of Ce>* and Tb>* ions in zinc metaphosphate glasses is
investigated. The blue and green emissions of Tb>* ions are enhanced upon UV
excitation through energy transfer from Ce*" to Tb** ions. The efficiency of
such an energy transfer was estimated based on spectroscopic data and resulted
in being about 20-23%. Spectroscopic data revealed that the energy transfer
occurs via a non-radiative process inside Ce**—Tb** clusters formed in the
glass. This ion clustering could be useful for the design of efficient conversion
phosphors of ultraviolet to blue and green light.

1. Introduction

The phenomenon of resonant energy transfer among impurity ions in a solid material has been
the subject of intense research during recent decades, mainly because of its importance in
the development of efficient phosphor materials (such as flat panel displays [1] and radiation
detectors [2]), fibre-optic amplifiers (used in communication devices [3-5]), and solid state
laser sources, in which the energy transfer processes can cause the reduction of the laser
threshold due to an enhancement of the luminescence emission [6, 7].

Broad band emitters are usually used to sensitize the luminescence of rare earth and
transition metal ions. In particular, in solids the Ce3* ion shows efficient broad band emission
due to its 4f—5d parity allowed electric dipole transition. In co-doped materials the Ce** ion
acts as a good sensitizer, transferring a part of its energy to activator ions such as Eu>* [8],
Tb>* [9, 10] and Mn?* [11-13].

Phosphate glasses have attracted renewed interest due to their potential use in several
optical devices. Moreover, the phosphate glasses are relatively easy to prepare and show
various interesting physical and chemical properties, which make them attractive as hosts for
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luminescent ions [14]. In particular, zinc metaphosphate glasses have been used in glass—
polymer composites, optical waveguides and solid state laser sources, as well as solders and
welds between glassy and metallic parts in electronic circuits and television tubes, due to the
fact that their thermal expansion coefficient is similar to that of many metals [15]. Considering
the importance of finding efficient luminescent materials for the design of optical devices based
on the zinc metaphosphate composition, in the present investigation a spectroscopic study of
the sensitizing of the Tb>* blue and green luminescence through Ce*™ ions is presented. To our
knowledge no work has been reported on the luminescence of this host material co-doped with
Ce** and Tb>* ions. In order to obtain a better understanding of the Ce** — Tb>' energy
transfer, emission, excitation and lifetime data for the singly doped Tb>* zinc metaphosphate
glass have also been obtained. Spectroscopic data for the Ce**-activated zinc metaphosphate
glass have been previously reported and analysed [16].

2. Experimental details

The molar compositions of the glasses under investigation are Zn(POj3), 99%-Tb(POs3);3
1% and Zn(PO3); 98.9%—Ce(PO3); 0.1%-Tb(PO3)3 1%. The zinc metaphosphate glass
singly doped with the same Ce** concentration (Zn(PO3)3 99.9%—Ce(POs3)3 0.1%) has been
previously analysed [16]. The three samples will be referred hereafter as ZPOT, ZPOCT and
ZPOC, respectively.

The zinc metaphosphate glasses were prepared by mixing appropriate quantities of ZnO
(Aldrich 99+4%), NH4H,PO, (Carlo Erba RPE), Ce(NO3)3-6H,0 (Aldrich 99.99%) and Tb,O5
(Aldrich 99.994%) in a sintered alumina crucible, and melting the mixture for 2 h at 1250 °C.
The melts were quenched onto a copper plate. The glasses were annealed for 12 h at 350 °C to
obtain thermal and structural stability.

Luminescence spectra were recorded by means of a Perkin Elmer LS-50B spectrometer.
The decay curve of the Tb*" emissions and time resolved spectra were obtained with this
spectrometer operating in the phosphorescence mode. All the luminescence spectra with
exception of those corresponding to the Ce** emission were recorded with a delay time of
0.1 ms after the pulse excitation (0.1 ms width pulses). The decay curve of the Ce** emission
was obtained by exciting at 290 nm with the second harmonic of a dye laser (using Rodamine
6G as the dye) pumped with the second harmonic (532 nm) of a pulsed Nd-YAG laser. A fibre
optic probe was employed to collect the emission. The signal was analysed by means of a
half-metre monochromator equipped with a 150 lines mm~! grating. A GaAs photomultiplier
and a digital oscilloscope were used to record the decay curves. The decay times were obtained
from the emission decay curves using a deconvolution procedure, which takes into account the
shape and duration (about 10 ns) of the excitation pulse.

All measurements were carried out at room temperature.

3. Theoretical considerations

The microscopic mechanisms of energy transfer were first explained by Forster [17], who
showed that the energy transfer probability through an electric dipole—dipole (dd) interaction
mechanism is proportional to the overlap of the sensitizer emission and activator absorption
spectra and to R—°, where R is the distance between the sensitizer and activator ions. Thus, the
transfer probability for an electric dd interaction is given by

ad 3h%c* 0, f(E)F,(E)dE
pad / -

o 4mrn*tORS,

) D




Optical spectroscopy of zinc metaphosphate glasses activated by Ce3* and Tb** ions 3501

where f [fs(E)F,(E)/E*]dE is the spectral overlap integral between the normalized line-
shape functions of the sensitizer emission f;(E) and activator absorption F,(E), with E being
the average energy of the overlapping transition; n is the refractive index of the host medium,
7o is the sensitizer intrinsic lifetime in the absence of the activator, and Q, is the oscillator
strength of the activator absorption transition, which is in resonance with the sensitizer emission
transition. The remaining symbols in equation (1) have their usual meaning.

It is well known that energy transfer will not be important if the sensitizer to activator
separation exceeds the critical separation. In an electric dd interaction process the critical
separation Rg,(dd) is defined as that for which the probability of transfer equals the probability
of radiative emission of the sensitizer, that is, P,(dd)tY = 1. Then, from equation (1), Rg, (dd)
is given by

3t E)F,(E)dE\"°
RO (dd) = 4Qa/fs( (E) ' o
4mrn E
The classic work of Forster was extended by Dexter [18] to include higher-order multipole
interactions. Thus, the transfer probability for an electric dipole—quadrupole (dq) interaction is
given by

pla _ 3itct fh2 0, / L(EYF,(E)dE 3)
O Amntt? fuRE, E* '
where A is the wavelength position of the sensitizer emission, and fy and fy are the oscillator
strengths of the activator ion electric quadrupole and dipole transitions, respectively.
The corresponding critical separation R, (dq) for an electric dq interaction process is given
by

34t fu2 (E)F(E)dE\ "
R.(dq) = Jfq sQa/ﬂ( VF(E) . @
4 n4fd E*4
The emission probability of excited ions increases with the non-radiative energy transfer
to activator ions:
1 1
— = —+Pa. &)
Ty T
So that the Py, probability of sensitizer—activator energy transfer can be expressed in terms
of decay times [16]:
1 1
Pu=———, (6)
Ty T
where 7, and g are the decay times of the sensitizer in the presence and absence of the activator,
respectively.
Taking into account that the efficiency n of energy transfer can be defined as the ratio of
the Pg, transfer probability to the 1/74 sensitizer emission probability [16],

PSZl
= , 7
=1 @)
then, from equations (6) and (7), n can be expressed in terms of lifetimes [19]:
T
n=1-= 3

The energy transfer efficiency can also be measured from the intensities of the sensitizer
emission in the presence (/5) and absence (I) of the activator, through the following
expression [16]:

I
n = 1 - F. (9)
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Figure 1. Emission and excitation (inset) spectra of ZPOT. The emission spectrum was obtained
after excitation at 232 nm (solid curve) and 352 nm (dashed curve). The excitation spectrum was
monitored at 547 nm.

4. Results and discussion

4.1. Zn(P0Os3),:TH**

The excitation and emission spectra displayed by the Tb®" singly doped glass (ZPOT) are
shown in figure 1. The excitation spectrum (displayed in the inset of figure 1) was monitored
at 547 nm, which corresponds to the Dy — ’Fjs transition. This spectrum consists of the
excitation peaks characteristic of Tb>" ions, which correspond to transitions from the 7Fq (4£%)
ground state to higher energy states of the 4f% and 4f75d configurations. The excitation bands
associated with the 4% — 4f75d electric dipole allowed transitions, peaking at 232 nm (see
the inset of figure 1), appear to be significantly more intense than those associated with the
4f8 — 4f% forbidden transitions. The emission spectra were obtained under excitation into
the 4f% — 4f75d and 4f8("Fs) — 4f8(°Lo, D>, 7Gs) absorption bands at 232 and 352 nm,
respectively. These spectra consist of several bands associated with 4f® — 4f® transitions from
the D5 (blue emissions) and Dy (green—red emissions) levels to the "Fs, "Fs, 'F,4 and "F3
multiplets. Excitation at 232 nm leads to predominant blue emissions (transitions from the *D;
multiplet) relative to the green emissions (transitions from the D, multiplet). This fact suggests
that at 1% concentration of Tb(POj3)3 there is a very small non-radiative relaxation from the
5Dj; to the Dy level. Such a non-radiative relaxation is promoted by the excitation from the
"Fg to the "Fy level through a cross-relaxation process [20]. It is well known that the energy
difference between the D5 and D, levels is the same as that between the ’Fy and "Fg levels, so
the °Djs to ’F, transitions of some materials with high Tb*>" concentration are quenched by the
energy transfer of identical centres, D3 4+ "Fg — Dy +’ Fy. Then, only D, to ’F; emissions
are observed. Excitation at 352 nm gives rise to weaker blue emissions, so they are closely
comparable to the green emissions. Therefore, the relative emission intensities in the blue and
the green depends on the excitation into the fd or f states, as probably the pathways populating
the emitting states are different in the two cases.
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Figure 2. Emission spectra after 294 nm excitation of (a) ZPOC (dashed curve) [16] and (b) ZPOCT
(solid curve).

Table 1. Decay times of the 5d state of Ce®¥ and the >Dj3 and >Dy states of Th3*.

Glass dexe (nm)  Level  tce (nS) T1p (MS)
ZPOC 290 5d 26+ 1[16]
ZPOT 352 D3 0.9+0.1
5Dy 33402
ZPOCT 290 5d 20+ 1
D3 0.8+0.1
5Dy 32402
352 D3 0.940.1
SDy 32402

Lifetime measurements of the D3 and Dy levels of Tb**, monitoring the blue D; —
7F6,5,4 and green Dy — 7Ff,, 5 emission transitions, respectively, were carried out at an
excitation wavelength of 352 nm. The Tb*" emission decays were found to be described by a
single-exponential decay curve, and lifetime values of ~0.9 and ~3.3 ms were obtained for the
°D; and 7Dy levels, respectively (see table 1).

4.2. Zn(P0O3),:Ce3T:Th>+

The emission spectrum of the zinc metaphosphate glass doped with Ce** and Tb** ions
(ZPOCT) when excitation is carried out with 294 nm radiation lying within the 4f — 5d
absorption band of Ce®* ions is portrayed in figure 2 (solid curve). The spectrum consists of the
5d — 4f ultraviolet emission broad band assigned to Ce** ions and the blue (D3 — 7F6,5,4,3)
and green—red "Dy — "Fg 5.4.3) emissions corresponding to Tb** ions.

The 5d—4f electric dipole allowed transitions of Ce>* are several orders of magnitude
stronger than the 4f intraconfigurational transitions of Tb>", so Ce®" can strongly absorb
UV radiation and transfer a part of its energy to Tb>*. Such an energy transfer induces
an enhancement of the Tb*" emissions after Ce** excitation. This fact can be visualized in
figure 3, which shows the emission spectra of ZPOCT excited at 294 nm (within the 4f — 5d
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Figure 3. Emission spectra of ZPOCT excited at 294 nm (solid curve), 232 nm (dashed curve) and
352 nm (dotted curve).

absorption band of Ce®" ions), 232 nm (inside the 4f® — 4f75d transitions of Tb>* ions) and
352 nm (within the ’Fg — 5Lo, 5D,, 3Gs transitions of Tb>*). The blue emissions from the
D; level after Ce®t excitation at 294 nm are enhanced 2.6 times relative to those recorded
with excitation at 352 nm, and the green emissions from the 5D, level after 294 nm excitation
are enhanced 1.8 and 2.6 times when compared to those obtained with excitation at 232 and
352 nm, respectively.

The emission spectrum corresponding to the singly doped glass with the same
concentration of Ce*T (ZPOC) [16], measured in the same experimental conditions, is also
shown in figure 2 (dashed curve) for comparison. It is clear that the addition of Tb>* ions in
the Ce®" doped glass causes a decrease of the overall emission of Ce®" ions, which implies
that the Ce** transfers a part of its energy before it can fluoresce. This fact and that Tb>* ions
cannot be directly excited at 294 nm (see the inset of figure 1) suggest that the Ce’* — Tb*"
energy transfer takes place through a non-radiative process.

Figure 4 shows the excitation spectra of ZPOT (dashed curve) and ZPOCT (solid curve).
The excitation spectra were monitored at 547 nm, inside the >D4 — ’Fs emission band of Tb>*.
The excitation spectrum displayed by the co-doped glass presents, in addition to the 4f% — 4f%
and 4f® — 4f75d absorption transitions of Tb>*, a broad band similar to the 4f — 5d Ce**
absorption band observed in the ZPOC excitation spectrum [16] (see the inset of figure 4). This
fact evidences the energy transfer from Ce** to Tb>* ions.

Moreover, the cerium emission overlaps the Tb>" 7Fs — °Hs, *Hs, 'Fg — °Hy, °Dy,
"Fg — 3L, °Gs, "Fg — Lo, °Da, °Gs and "Fg — 3L, G, *Ds absorption (excitation)
transitions, as can be appreciated from the spectra shown in figure 5.

Lifetime measurements performed on the Ce®* emission in the co-doped ZPOCT glass
were carried out by monitoring the emission at 340 nm after 290 nm laser pulsed excitation
within the Ce®* 4f — 5d absorption transition. The Ce** emission decay is simple exponential,
with a lifetime value of 20 & 1 ns, which is shorter than the value of 26 & 1 ns measured for the
Ce** emission decay in the absence of Tb>* ions [16]. The increase in the Ce** emission decay
rate on co-doping with Tb** shows clear evidence of an energy transfer from Ce** to Tb>* ions
through a non-radiative mechanism. Lifetime measurements of the 5Ds and Dy levels of Th>*
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Figure 4. Excitation spectra monitored at 547 nm for ZPOT (dashed curve) and ZPOCT (solid
curve). The inset displays the excitation spectrum monitored in the emission of Ce>* at 350 nm for

ZPOC [16].
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overlap region was taken from the ZPOT excitation spectrum displayed in the inset of figure 1.

were performed with Ce®" excitation at 290 nm and with Tb>* excitation at 352 nm. The Tb*"
emission decays were found to consist of a single-exponential decay with lifetime values of

~0.8-0.9 ms for the blue emissions and ~3.2 ms for the green emissions (see table 1).

The sensitizer—activator average interaction distance estimated from the concentrations of
Ce’t (8.0 x 10" jons cm™3) and Tb>* (8.0 x 10" jons cm™3) in the host glass, assuming a
random ion distribution, is so large (~28 A) that the Ce** — Tb>* energy transfer should not

have occurred. Therefore, the energy transfer might take place in Ce®*—

clusters formed

in the host glass, in which it is expected that a short-range interaction mechanism might be
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taking place. The very short lifetime measured for the Ce*t emission [16] reflects that the
4f — 5d absorption transitions are electric dipole allowed, whereas the long lifetime measured
for the Th>* emissions reveals the forbidden nature of the 4f — 4f transitions. Hence, it seems
reasonable to think that the Ce’* — Tb’*" energy transfer could occur through an electric
dipole—quadrupole (dq) interaction mechanism. In fact, the Ce** — Tb** energy transfer in,
for example, CeMgAl, 1019:Tb>* has been attributed to electric dq interaction [21]. However,
in some other systems with low activator concentrations it has been demonstrated that the
mechanism of sensitizing the Tb>* luminescence through Ce* occurs by means of an electric
dd interaction [22].

The critical interaction distance for energy transfer, either through an electrical dd or
dq interaction mechanism, can be found from equations (2) and (4). The optical absorption
spectrum of Tb** ions in the overlap region with the Ce** emission was hardly detectable due
to the very weak intensity of the forbidden 4f—4f transitions. Thus, in equations (2) and (4)
the Q, integrated absorption coefficient of Tb*" was estimated using the relationship derived
by Blasse, O, = 4.8 x 1072 eV m? - f4 [23]. The fa electric dipole oscillator strength of
the Tb>* ion in glasses is usually considered to be of order 10~7 [24]. The overlap integral in
equations (2) and (4) was calculated using the normalized line-shape functions of the cerium
emission f;(E) and terbium absorption F,(E) in the overlap region, which are shown in the
inset of figure 5. Using Q, = 4.8 x 10727 eV m? and the value estimated for the overlap
integral (5.5 x 107> eV™>) in equation (2), it is found that R%(dd) = 3.5 A. On the
other hand, the R, (dq) critical interaction distance for energy transfer through an electrical
dq interaction mechanism was found from equation (4) using fy/fs ~ 1073 [21]. RZ(dq)
resulted in being 8.1 A. Both distances, Ry, (dd) and Rg, (dq), are rather smaller than the average
separation distance assuming a random ion distribution (~28 A). This supports the fact that the
Ce** — Tb>' energy transfer takes place in Ce>™—Tb* clusters formed in the host glass.

The Py, experimental Ce** — Tb>' energy transfer probability can be obtained from
equation (6) using the data obtained for the Ce** lifetime in the presence of Tb*>* ions and in
the absence of energy transfer, which was taken from the experimental value obtained for the
Ce’" lifetime in the absence of Tb*" (z¢ = 26 ns [16]). The Py, probability was found to be
around 1.1 x 107 s~!. Then, the average interaction distance between the Ce** and Tb>* ions
involved in the energy transfer, assuming either an electric dd or dq interaction mechanism, can
be estimated from equations (1) and (3) using the value obtained for Py,. The Ry, (dd) and R,
(dq) average interaction distances resulted in being about 4 and 9 A, respectively, which are
similar to the corresponding critical interaction distances for energy transfer. Thus, the energy
transfer in the Ce’*—Tb>* clusters can be strongly enhanced because of the small interaction
distances.

In order to evaluate whether the Ce®* ion acts as a good sensitizer to the Tb*" ion
the n efficiency of energy transfer from Ce** to Tb>* ions was obtained from decay time
measurements using equation (8). The value found for » resulted in being about 23%. On the
other hand, the efficiency of energy transfer was also determined using equation (9) and the
Ce*" emission spectra portrayed in figure 2 ((a) and (b) curves). The value found was about
20%. Thus, there is a reasonably good agreement between energy transfer efficiencies obtained
from decay time data and that determined from emission spectra. This good agreement suggests
that the Ce’* — Tb** energy transfer through a radiative mechanism can be neglected [25].
In fact, radiative energy transfer does not give rise to any reduction in the sensitizer decay
time [26]. It can be noted that the energy transfer efficiency in the present co-doped glass
is not very high. In principle it would be possible to increase it by increasing the Tb>*
concentration [27]. It has been found by Weber et al [14] that the solubility limit of a lanthanide
ion (Nd**) in a calcium metaphosphate glass is about 11 mol% with respect to the alkaline-
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earth metal ion. It is then reasonable to expect that the solubility limit of the Tb>* ion in the
present zinc phosphate glass is around 10 mol% with respect to the Zn>* metal ion. However,
on increasing the Tb>* concentration it is not possible to estimate the average Ce>™—Tb>*
distance since these ions might be forming clusters of unknown number and size. For this
reason, it is not possible to predict how much the energy transfer efficiency would increase at
the maximum Tb>* concentration.

In spite of the low efficiency of Ce’™ — Tb>" energy transfer compared with the high
efficiency of Ce’t — Mn?* energy transfer (53% [16]) for the same zinc metaphosphate
glass host, an advantage of the first system is that the Tb®>" emission is faster than the slow
Mn>" emission, and therefore the response of the ZPOCT glass is more rapid than for the zinc
metaphosphate glass activated with Ce** and Mn?>*. Moreover, it is not possible to increase
the Mn*" concentration much as oxidation to Mn** ions could occur.

5. Summary and conclusions

The optical spectroscopy of Zn(PO3), glasses, singly doped with Tb** ions and doubly doped

with Ce®" and Tb*>" ions, has been investigated. By co-doping with Tb*>T ions the Ce®* doped
sample is observed to show the following features

(i) an enhancement of the Tb>* blue and green emissions after Ce*" excitation with respect
to those obtained with Tb>* 4f8 — 4f8 direct excitation,

(ii) an enhancement of the Tb>" green emissions after Ce®" excitation relative to those
obtained with Tb3t4f8 — 4f75d direct excitation,

(iii) an increase in the decay rate of the Ce** emission, and

(iv) a decrease of the Ce** overall emission.

These experimental observations reveal that a non-radiative energy transfer from Ce*" to Tb>*
takes place in the co-doped glass.

A good agreement between the Ce’* — T energy transfer efficiency obtained from
emission spectra and the one determined from decay time data is observed, which suggests that
the Ce>™ — Tb>* radiative energy transfer can be neglected.

The average interaction distance between Ce®' and Tb>" ions, estimated from the
experimental energy transfer probability, resulted in being comparable with the critical
interaction distance for energy transfer assuming an electrical dd or dq mechanism. These
interaction distances are significantly lower than that estimated assuming a random ion
distribution. This fact suggests that the dopant ions tend to cluster [28]. The ion clustering
makes the Ce** and Tb*>" doubly doped zinc metaphosphate glass a suitable candidate for
the design of efficient phosphors for ultraviolet (Ce> absorption) to blue—green frequency
conversion.
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