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a b s t r a c t
Terbium doped YAlO3 xerogels were synthesized and spin-coated onto porous anodic alumina substrates.
After deposition the ﬁlms were annealed at temperatures between 400 and 1000 °C. The inﬂuence of the
annealing temperature on terbium emission and the terbium excitation mechanism were investigated by
means of photoluminescence, photoluminescence decay and photoluminescence excitation spectroscopy.
It was found that both photoluminescence lifetime and the energy difference between spin-forbidden
and spin-allowed 4f–5d transitions decreases with the annealing temperature drop. This dependence
was correlated to the electron–lattice coupling strength calculated as a function of annealing
temperature.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
The development of a sol–gel technology used for the fabrication of advanced light-emitting materials has received considerable attention due to the cost-efﬁciency of the method as well as
the ability to adjust the structural and physical properties of the
material. The sol–gel technology allows for the fabrication of solid
ﬁlms from liquid colloidal solutions, particularly xerogels doped
with various lanthanide (Ln3+) ions. Signiﬁcantly, sols with a low
viscosity can penetrate the mesoscopic channels of porous silicon,
artiﬁcial opals, porous anodic alumina and other porous materials,
resulting in a xerogel formation inside the pore volume [1].
Among various porous materials, porous anodic alumina (PAA)
has received growing interest due to low fabrication cost, optical
transparency in the visible and infrared ranges as well as mechanical and thermal durability. PAA is known to exhibit regular pore
morphology, with the pores placed at the center of approximately
hexagonal cells whose size can be adjusted [2]. Moreover, due to
the structural regularity of the pores, PAA can be considered as a
two-dimensional photonic crystal [3,4]. In PAA, photon density of
states (DOS) is redistributed over a solid angle to give maximum
DOS along pore axes (direction of high transmission) and minimal
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DOS within the plane normal to pore axes (direction of high reﬂection) [5]. This effect could be used to enhance light propagation
along the axes parallel to the pores. In this way, if the channels
of PAA were ﬁlled with a lanthanide doped xerogel emitting light
at a certain wavelength, highly directional, multicolor luminescent
images could be obtained [6]. Recently, applications of PAA for LCD
panel displays have been proposed [7]. However, in order to put
these ideas into practice, one must examine the optical properties
of a sol–gel material placed inside of the PAA pores. In this work we
examine PAA structures ﬁlled with Tb-doped YAlO3 xerogel (green
light emitter). The main aim of this study is to explain excitation
and emission mechanism of Tb ions in these structures and to ﬁnd
factors limiting the radiative recombination of Tb.
Among various factors affecting the optical properties of Ln3+doped materials, the host-matrix crystal structure and the Ln3+ local environment are the most important. Depending on the Ln3+
ion environment, the oscillator strength of 4f M 4f and 4f M 5d
transitions could be inﬂuenced [8], leading to signiﬁcant changes
of the structure emission and absorption properties. Moreover,
the structural environment of the ion may affect the electron–lattice coupling strength [9]. This is also an important issue, since in
the case of a strong electron–lattice coupling an efﬁcient multiphonon relaxation of the excited ion occurs [10], limiting light output from a hypothetical device. In our experiment, the structural
properties (e.g. the xerogel crystallinity) can be controlled by
depositing a set of samples annealed at various temperatures
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[11]. In this study, we synthesized terbium (Tb3+) doped YAlO3
(YAP) xerogels, which were spin-coated onto PAA substrates and
annealed at 400–1000 °C temperature range. The pores morphology was kept constant for all the samples. The optical properties
of these structures were then experimentally examined by means
of photoluminescence, time-resolved photoluminescence and temperature-dependent photoluminescence excitation spectroscopy.
We showed that both emission and absorption properties are
strongly inﬂuenced by the annealing. This effect was ascribed to
changes of the local Ln3+ environment, which was also found to affect the electron–phonon coupling strength for the dominant spin
allowed 4f8 ? 5d14f7 transition of Tb. We have shown that this
transition strongly couples to lattice vibrational modes and the
coupling strength increases with the annealing temperature drop.
2. Experimental
A super-pure aluminum was magnetron-sputtered onto a planar side of a polished wafer of monocrystalline silicon. Aluminum
was completely anodized in a 1.2 M orthophosphoric acid solution
at a constant temperature of 17 °C and a constant voltage of 130 V.
As obtained from scanning electron microscopy, the PAA thickness
was equal to 9 lm, and the average pore diameter was equal to
140 nm. Terbium doped yttrium-alumina oxides were prepared
by stage-by-stage dissolution of nitrate salts (Sigma–Aldrich)
Y(NO3)34H2O (99.99% purity), Al(NO3)39H2O (98% purity) and
Tb(NO3)35H2O (99.9% purity) in an aqueous-alcoholic solution,
with pH adjusted to 2 with diluted nitric acid. As a stabilizer, citric
acid in the molar ratio [metal ions]/[citric acid] = 1/3 was used.
Terbium-containing solution was deposited on PAA templates by
sequential spinning at a rate of 2700 rpm, followed by drying at
200 °C, and a ﬁnal 30 min. annealing at temperatures of 400, 900
and 1000 °C (under air). The determined Tb concentration in the
samples is 3.95 at.%. Moreover, as it was shown by X-ray diffraction [12], matrix annealed at Ta = 400 °C is completely amorphous.
For Ta = 900 °C and Ta = 1000 °C matrix crystallizes and YAlO3
phase is formed with a small admixture of Al2O3 phase as well. It
should also be emphasized that the structural parameters of PAA
templates (e.g. pore size, pore density and pore depth) were kept
constant for all of the spin-coated samples. This allowed for a qualitative comparison of the optical properties between the samples
annealed at different temperatures, without considering the inﬂuence which the pores may have on light generation or light propagation in the structures. Moreover, as determined by a crosssectional SEM experiment, the ﬁll-factor of the pores is about
25% and the ﬁlling is non-uniform (the pores are not completely
ﬁlled out).
For photoluminescence (PL) and photoluminescence excitation
(PLE) a xenon lamp (450 W) connected to a monochromator (Jobin
Yvon TRIAX 180) was used as the excitation source. PL and PLE signals were collected by an optical ﬁber coupled to the CCD camera
(HR4000 Ocean Optics). In the case of the PLE, the obtained signals
were divided by the light source spectral intensity proﬁle. The PLE
measurements were performed as a function of temperature in the
10–300 K range (spectra were collected every 10 K), using closedcycle (helium) cooler. The ﬂash xenon lamp and PMT detector coupled with monochromators (Photon Technology International)
were used for PL decay measurements.
3. Results and discussion
The low temperature (T = 10 K) PL spectra of YAP:Tb3+/PAA
structures obtained for kEXC = 270 nm excitation wavelength
(4.59 eV) are shown in Fig. 1 as a function of the annealing temperature Ta (for Ta equal to 400, 900 and 1000 °C). For each sample,

Fig. 1. Photoluminescence spectra measured at low temperature (T = 10 K) for
samples annealed at 400, 900 and 1000 °C.

four main PL bands can be seen that originate from radiative transitions between Stark-split intra-4f energy levels of Tb3+ ions. The
observed transitions are 5D4–7F6 (492 nm), 5D4–7F5 (544 nm),
5
D4–7F4 (587 nm) and 5D4–7F3 (625 nm) [13], with 5D4–7F5 transition being the most intensive. Fig. 1 also shows that rise of the
annealing temperature results in signiﬁcant enhancement of the
PL intensity. As it was shown in our previous paper [12], for
Ta = 400 °C the matrix is completely amorphous whereas for
Ta = 900 °C and Ta = 1000 °C crystallization occurs and YAlO3 polycrystalline phase is formed inside the anodic alumina pores, with
small admixture of Al2O3 phase. Thus, the crystalline quality of
the matrix is closely correlated to the emission intensity of the
structures.
Fig. 2 shows photoluminescence excitation (PLE) spectra obtained as a function of temperature (only 10 K, 150 K and 300 K
are shown for clarity reasons) for samples annealed at 1000, 900
and 400 °C. The PLE spectra were obtained by integrating the narrow emission line at 544 nm (2.28 eV) for each excitation wavelength. In general, three main excitation bands can be seen,
centered at around 3.8, 4.6 and 5.3 eV. The bands position changes
slightly from sample to sample. The 3.8 eV and 4.6 eV bands may
be attributed to forbidden high-spin (5d1HS) and allowed low-spin
(5d1LS) 4f8 ? 5d14f7 transitions [14], respectively (5di denotes the
i-th 5d energy level, in order of increasing energy). Furthermore,
the 5.3 eV band may be attributed to the allowed low-spin
(5d2LS) 4f ? 5d2 transition. Similar excitation bands have been observed earlier [15]. It can be thus concluded that in the investigated structures the most effective excitation mechanism is
through f–d transitions.
The relative intensity of the observed excitation bands signiﬁcantly changes as a function of the annealing temperature. Especially, the intensity ratio IHS/ILS between the 5d1HS and 5d1LS
absorption bands increases as the annealing temperature decreases, being equal to 0.01, 0.28 and 1.76 for 1000, 900 and
400 °C, respectively. Partially, this effect could be related to mixing
the 5d orbital with anion ligand orbitals that reduces the spin purity of the state. As a result, the oscillator strength of the spin forbidden transition relative to that of the spin allowed transition
increases. This effect is known to signiﬁcantly inﬂuence the IHS/
ILS ratio. However, it must be emphasized that the interpretation
of PLE results, especially the PLE intensities, is more complex than
the interpretation of absorption results. In general, the PLE signal
intensity, IPLE, can be described as IPLE  PabsPrelPem [16], where Pabs,
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Fig. 2. Photoluminescence excitation measured as a function of temperature for
samples annealed at (a) 1000, (b) 900 and (c) 400 °C. In the case of 400 °C sample,
for 300 K, an exemplary ﬁt with Gaussians is shown (also a slight offset from zero
can be seen).

Prel, Pem denote the probability of photon absorption, the probability of relaxation from a given excited state to the emitting state,
and the probability of photon emission, respectively. It is evident
that in order to observe the PLE signal, the system must reach
the emitting state ﬁrst. However, Prel may differ for various excited
states. In particular, Prel may be different for 5d1HS and 5d1LS
states, which could inﬂuence the IHS/ILS ratio. This is especially visible in the case of Ta = 400 °C sample, where the spin-forbidden
transition band is stronger than the spin-allowed. We related this
effect to the enhanced nonradiative recombination from the
5d1LS state which inﬂuences PLE bands intensities.
Moreover, Fig. 2 shows that for Ta = 400 °C the excitation bands
are very broad and strongly overlap. On the other hand, when the
annealing temperature increases, the excitation bands sharpen and
become well resolved. For Ta = 1000 °C, the most intensive excitation occurs through spin-allowed 4f8 ? 5d14f7 transition (5d1LS),
whereas side-band intensities are reduced almost completely. This
result shows that the phase transformation induced by the annealing signiﬁcantly inﬂuences the excitation mechanism of Tb3+ ions.
It has been recently well established that the isotropic exchange
interaction between the 5d electron spin state and the total spin of
the electrons in the 4fn1 core splits the energy of the ﬁrst spin allowed and the ﬁrst spin forbidden f–d transition about 1 eV [17].
The energy difference DEx between spin allowed and spin forbidden Tb3+ states was studied theoretically for various crystals. In
the case of YAlO3, it was calculated [18] that if the Tb3+ ion occupies the Y3+ site, the DEx value equals to 0.76 eV (6180 cm1). In
the investigated case, the energy splitting between 5d1HS and
5d1LS states is 0.80 eV and 0.81 eV for samples annealed in 900

and 1000 °C, respectively (see Fig. 2). It should be noted here that
these are the samples where YAlO3 phase was detected by the Xray diffraction technique. As it can be seen, the theoretical predictions agree quite well with our experimental results, suggesting
that in the samples annealed at 900 and 1000 °C, Tb ions occupy
Y site in the YAlO3 crystal lattice. Furthermore, for the sample annealed at 400 °C, DEx decreases to 0.62 eV. Since for Ta = 400 °C the
xerogel is amorphous, the signiﬁcant change of DEx value indicates
a change of the Tb3+ ion environment.
It is well known that with increasing temperature, the absorption lines of purely electronic transitions have much broader linewidth [19] than the one brought about by inhomogeneous
broadening. The actual full-width at half maximum (FWHM) is
broadened by the electron–phonon interaction. Therefore, the
strength of the electron–lattice coupling can be examined by measuring the absorption spectra as a function of temperature. In the
present study, we have used the excitation spectra, which are
not exactly the same as the absorption spectra and therefore the
obtained coupling parameters may be slightly overestimated.
However, we have shown previously [20] that in the case of a
strong electron–lattice interaction, the excitation data may be successfully used to estimate the electron–lattice coupling strength
and to compare properties of samples deposited at various technological parameters.
In order to estimate the strength of the electron–lattice coupling, the main excitation bands were ﬁtted with Gaussian line
shape functions and the FWHM have been extracted from the ﬁt
as a function of temperature. In the case of Ta = 400 °C sample, beside Gaussian bands, also a slight offset was accounted for in order
to improve the ﬁt quality. This offset may be related to an additional excitation mechanism present in Ta = 400 °C sample, such
as defects-originated energy transfer. However, in comparison
with direct excitation through f–d transitions (Gaussian bands)
this mechanism is negligible and therefore was excluded from further discussion for clarity reasons. Furthermore, only the 5d1LS
band was chosen for further analysis since this is the strongest
excitation band that remains visible for all the samples, allowing
to perform a comparison of samples.
The extracted FWHM as a function of temperature are shown in
Fig. 3, for structures annealed at 1000, 900 and 400 °C, respectively.
It can be seen that the FWHM increases with temperature. In the
next step, the obtained data were used to estimate the coupling
of 5d electrons of the Tb3+ ions with the lattice vibrational modes.
The estimations have been made according to the well-known
Huang–Rhys model [21]. Assuming a Gaussian-like line shape of
the absorption band, the thermal broadening of the absorption
band FWHM follows the relation below:

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ﬃ
hxeff
FWHMhom ðTÞ ¼ hxeff 8 ln 2S coth
2kT

ð1Þ

where S is a unitless measure describing the strength of the electron–lattice coupling known as the Huang–Rhys parameter and
h
 xeff is the effective phonon energy. We used Eq. (1) to ﬁt the
experimental data obtained for crystalline samples (annealed at
1000 °C and 900 °C). Moreover, in a disordered material (i.e. amorphous), the absorption band can be additionally broadened due to
the heterogeneity of Tb3+ ions environment. This leads to the socalled ‘‘inhomogeneous’’ broadening contribution, FWHMinh, which
is generally temperature-independent. In this situation, the measured FWHM should be modiﬁed [22]:

FWHM2 ðTÞ ¼ FWHM2hom ðTÞ þ FWHM2inh

ð2Þ

Since the structure of the sample annealed at 400 °C is entirely
amorphous, the heterogeneity of Tb3+ binding sites is important,
leading to additional broadening of the absorption band. Therefore,
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stronger electron–lattice coupling than 4fn M 4fn transitions. The
typical Huang–Rhys factors for the f–d transitions range from 1.5
to 5, but some less typical values of the order of 22–32 have also
been reported [23,24].
The effective phonon energies 
hxeff obtained from the ﬁt are
60 meV, 49 meV and 27 meV for samples annealed at 1000, 900
and 400 °C, respectively. It can be seen that the effective phonon
energy decreases with the annealing temperature drop. Furthermore, in the conﬁgurational coordinate model, we may deﬁne
the reorganization energy [25] ER as ER = S
hxeff. This is the energy
that must be dissipated for vibrational relaxation. Using the harmonic approximation, the reorganization energy is related to the
effective force constant Ceff by the well known equation ER = (Ceffq2)/2, where q is the maximum displacement of the excited and
ground state parabolas in the conﬁgurational coordinate diagram.
We may therefore combine q and ER in one equation:

q¼

Fig. 3. FWHM of 5d1LS absorption band of Tb3+ ions calculated for samples
annealed at (a) 1000, (b) 900 and (c) 400 °C. Fit to Huang–Rhys model has been also
shown (solid line) together with the extracted parameters.

to ﬁt the experimental data obtained for this sample, we used Eq.
(2), including FWHMinh as a ﬁt parameter. From the ﬁt, we obtained FWHMinh = 300 meV. The large value of the inhomogeneous
broadening is due to the amorphous structure of the 400 °C sample, where Tb3+ ions can exist in many different environments. It
should also be mentioned that the experimental data obtained
for 400 °C sample could be ﬁtted with Eq. (1) instead of Eq. (2),
resulting in a comparable S and a slightly higher 
hxeff value. Nevertheless, we would like to emphasize that the model selection
does not change the obtained tendencies and interpretation. We
chose Eq. (2) to ﬁt the 400 °C data, since this model accounts for
the sample heterogeneity.
Fig. 3 shows the obtained results (solid lines) together with the
extracted parameters. The S values of 4.9, 6.7 and 32 were obtained
for samples annealed at 1000, 900 and 400 °C, respectively. It can
be seen that Huang–Rhys parameter increases as the annealing
temperature drops. This means that the strength of the electron–
lattice coupling is changed after annealing. Moreover, the high value of the obtained Huang–Rhys parameters indicate a very strong
electron–lattice coupling (S > 1). This is not surprising, since, in
general, the 4fn M 4fn15d transitions are characterized by a much

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Shxeff
C eff

ð3Þ

Since the reorganization energy increases when the annealing
temperature drops (more energy needs to be dissipated), we may
expect that the Tb3+ ion environment changes (Ceff or q changes
with annealing temperature). This seems to be a sensible conclusion since the annealing changes the crystal phase of the matrix.
One of the possible explanations of this effect is preferential creation of Tb2O3 phase in the case of the amorphous (400 °C) sample.
This is plausible since the enthalpy of formation of Tb2O3 clusters is
about DH = 1865 kJ/mol [26], and therefore the process is
strongly exothermic. On the other hand, in 900 and 1000 °C samples, YAlO3 crystal phase is formed, resulting in the substitution
of Tb into Y sites. In the case of Tb2O3 clusters, Tb ions are 6-fold
coordinated with oxygen [27] while in the case of YAlO3 the coordination is 12-fold [28]. This inﬂuences the Tb–O bond strength. In
the case of Tb2O3, the Tb–O force constant Ceff is about 110 N/m
[29], which yields q = 0.5 Å, according to Eq. (3) (400 °C sample).
In the case of YAlO3, assuming substitution of Y with Tb, the force
constant Ceff is about 45 N/m [28], which yields q = 0.45 Å (1000 °C
sample). Since the amplitude of atomic oscillations in a crystal is of
the order of 0.1 Å (strongly depending on the crystal structure), the
obtained values of q are consistent. Moreover, the above estimation shows that q may be comparable for 400 and 1000 °C samples,
despite the fact that ER differs signiﬁcantly. This may be also a
physical justiﬁcation for the large S value obtained for 400 °C sample. Nevertheless, the above considerations should be treated
rather cautiously due to the model simplicity.
It should also be pointed out that according to the model developed by Dorenbos [17], there is a correlation between the exchange splitting energy DEx and the so-called spectroscopic
polarizability acalc of anion ligands. The polarizability acalc is a measure of the amount of covalency between the 5d orbital and anion
ligand orbitals. As shown by Dorenbos [17], the size of the exchange splitting DEx decreases as the covalency between 5d orbital
and ligand orbitals increases (polarizability acalc increases). On the
other hand, the increase in covalency can be considered as an increase of the spatial extension of the electronic wavefunctions of
the metal ion and ligands [30] (the 5d electron is more delocalized
over the ligands). This leads to a larger overlap between the ligand
and the ion 5d orbitals. Simultaneously, the average distance between the electron and the Ln3+ nucleus increases because of the
partial donation of the electronic density from the ligands. In this
way, the electron–lattice coupling strength and, consequently,
the Huang–Rhys parameter S increases [30] with increasing acalc
(DEx decreases).
Fig. 4 shows normalized PL decay measured at kEM = 544 nm
(5D4 ? 7F5 transition) for 4.59 eV excitation (5d1LS absorption
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band) for samples annealed at 1000, 900 and 400 °C. In general, the
obtained decay curves are non-single exponential, especially in the
case of Ta = 400 °C sample. The non-exponential decays are characteristic for disorder materials [31] with complex interactions,
where various effects inﬂuence the relaxation process (i.e. relaxation via defect states, presence of energy transfer interactions, various Tb3+ sites etc.). The very strongly non-exponential decay in the
Ta = 400 °C sample indicates signiﬁcant disorder and complexity,
which is expected for an amorphous material. Nevertheless, for
the purpose of sample comparison the average decay time was
evaluated according to the following equation:

R
IPL ðtÞtdt
hsi ¼ R
IPL ðtÞdt

ð4Þ

The values of 3841, 3409, and 1532 ls were obtained for samples annealed at 1000, 900 and 400 °C, respectively. The long decay
times are characteristic for 5D4 ? 7F5 transition. Moreover, it was
found that the average decay time rapidly drops when the annealing temperature decreases.
Table 1 summarizes parameters obtained for structures annealed at various temperatures. Moreover, we also showed spectroscopic polarizabilities of anion ligands, acalc, calculated
according to the linear relation shown by Dorenbos. We would like
to emphasize that acalc values should be considered only as an estimation, introduced in order to explain the observed tendencies.
Below we summarize the obtained experimental results and explain the observed effects:
1. It can be seen in Tab. 1 that when the annealing temperature
drops, the electron–lattice coupling strength S increases and
the exchange splitting energy DEx decreases. This indicates that
the amount of covalency between the 5d orbital and anion
ligand orbitals (polarizability acalc) signiﬁcantly rises with Ta
drop. We relate this effect to the change of the Tb3+ environment in YAP:Tb3+/PAA xerogels annealed at different temperatures. Moreover, since the spectroscopic polarizability is
related to cation electronegativity v (or average electronegativity vav [32] for nonbinary compounds) as acalc  1/v2 [32], we
expect that the Tb3+ electronegativity increases as a function
of the annealing temperature. We relate this effect to the substitution of Tb ions into Y sites in YAlO3 lattice in the case of
Ta = 900 and 1000 °C samples. The Y site is 12-fold coordinated
with oxygen atoms, which brings a quite high electronegativity
(vav = 1.415 for YAlO3 and vav = 1.355 for TbAlO3). On the other
hand, for Ta = 400 °C sample, the electron–phonon coupling S is

Table 1
Parameters extracted from experimental data ﬁtting. Values of DEx, IHS/ILS and acalc
were calculated at T = 10 K.
Ta (°C)

S

hxeff (meV)


<s>(ls)

DEx (eV)

IHS/ILS

acalc (1030 m3)

1000
900
400

4.9
6.7
32.0

60
49
27

3841
3409
1532

0.81
0.80
0.62

0.01
0.28
1.76

2.38
2.44
3.46

very large, indicating a signiﬁcant drop in the Tb3+ electronegativity. At the moment, the predominant chemical surrounding
of Tb atoms in Ta = 400 °C sample remains unknown. However,
the drop in electronegativity (rise of acalc) suggests at least two
possibilities: (a) a high coordination of Al around Tb atoms (this
should decrease vav since Al is a less electronegative element
than O) or (b) the creation of amorphous Tb2O3 complexes
(with v = 1.1). Noteworthy, as shown for glasses, where Tb2O3
complexes are often formed, the majority of Tb ions are coordinated to 6 oxygens [27]. This is a signiﬁcant difference in comparison to 12-fold coordination with oxygens in YAlO3
(assuming substitution of Y with Tb), which should result in
an increased covalency. Indeed, it was shown that the degree
of covalency of Tb–O bonds is higher in glasses when compared
to other hosts [33]. This may explain the high electron–lattice
coupling strength obtained for the amorphous (400 °C) sample.
2. The effective phonon energies obtained for samples annealed at
1000 and 900 °C correspond to the longitudinal (LO) or transverse (TO) phonon energies of the orthorhombic perovskite
YAlO3 [28,34] and therefore indicate coupling to the optical
phonon branch. This is exactly what could be expected when
the Tb ions substitute Y sites in YAlO3 crystal. Contrary to this,
the phonon energy obtained for Ta = 400 °C sample is smaller
than typical LO/TO lattice phonon energy and the phonon
energy is therefore attributed to a local vibrational mode. This
result could also be expected, since the structure of
Ta = 400 °C sample is entirely amorphous and the collective lattice vibrations are no longer present.
3. The observed increase of the electron–lattice coupling strength
S indicates that the vibronic transition probability is higher for
samples annealed at lower temperatures. This increases the
nonradiative decay rate (multiphonon relaxation) and leads to
a shorter mean PL lifetime. What is more, we can expect that
the differential expansion of the 5d orbitals relative to the 4f
orbitals could reduce the < 4f|r|5d > dipole matrix element
[35]. This effect and the simultaneous increase of the nonradiative decay rate explain the PL intensity drop observed for samples annealed at lower temperatures. It should also be
emphasized that some defect-related nonradiative recombination is also possible in the case of Ta = 400 °C sample. We cannot
exclude that, at least partially, such processes lead to a shorter
PL lifetime. Another possibility is Tb clustering in the amorphous structure of Ta = 400 °C sample, leading to ion-ion interactions. The strongly non-exponential character of the decay
curve measured for 400 °C sample suggests that the relaxation
is indeed very complex, probably involving various relaxation
channels. This remains an open question requiring further
investigation.

4. Conclusions

Fig. 4. Photoluminescence decay measured for 5D4–7F5 transition. The excitation
was through 5d1LS state.

To sum up, the Tb3+ doped YAP xerogels were deposited on porous anodic alumina substrates and annealed at various temperatures (400, 900 and 1000 °C). An intense green emission was
observed for all the samples with the strongest emission band centered at 544 nm (5D4 ? 7F5 transition). The strongest emission
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intensity was obtained for the sample annealed at 1000 °C. It was
found that the dominant excitation band is through spin allowed
4f8 ? 5d14f7 transition. Moreover, it was shown that the transition
is strongly coupled to lattice vibrational modes. The electron–lattice coupling strength was found to increase with the annealing
temperature drop. This effect was ascribed to changes of the
amount of covalency between the 5d orbital and anion ligand orbitals due to the change of the Tb3+ environment. The electron–lattice coupling was also found to affect the relaxation kinetics,
leading to a shorter mean PL lifetime.
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