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Cerium (Ce3*)- and terbium (Tb3*) co-doped zinc aluminate (ZnAl,04) nanocrystals were successfully
prepared by a combustion method using urea as fuel. The as-prepared samples were annealed in hydro-
gen atmosphere to improve their optical properties and crystallinity. The structure and morphology of the
samples analyzed using X-ray diffraction (XRD) and high resolution transmission electron microscopy
(HRTEM) showed that ZnAl,04 crystallized in a well known cubic spinel structure. As deduced from
X-ray photoelectron spectroscopy (XPS) data, there was partial inversion of cations in as-prepared (unan-
nealed) samples implying that the ZnAl,04 did not crystallize in a cubic normal spinel. Instead, the XPS
data demonstrated possible structural readjustment from inverse to normal spinel after annealing. The
excitation and emission data collected when ZnAl,04:Ce3* Tb3* samples, with different concentrations
of Ce3* and Tb3* ions, were excited at different wavelengths showed that green emission of Tb3* was
sensitized by Ce®*, i.e. there was energy transfer from Ce3* to Tb?* resulting in improvement of green
emission from Tb3*. This study therefore, sets out to discuss the sensitizing effect of Ce3* and the effect
of annealing on the structure of ZnAl,04:Ce3* Tb3*,
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1. Introduction

Zinc aluminate (ZnAl,04) is a well known semiconductor with
a wide bulk band gap of 3.5-3.9eV [1-6]. It belongs to a class of
mixed-metal oxides called the spinels which are commonly rep-
resented by a general chemical formula AB,04 where A and B
are divalent (2+) and trivalent (3+) cations, respectively. In AB,04
spinels, 8 of the 64 tetrahedral interstices are occupied by A2*
cations while 16 of the 32 octahedral interstices are occupied by
B3* cations [7]. It is well known that ZnAl,04 can crystallize in a
cubic normal or inverse spinel structure depending on the prepara-
tion procedure. In the normal spinel structure, the 3+ ions occupy
the octahedral site while the 2+ ions occupy the tetrahedral site.
In an inverse spinel the divalent and trivalent ions are not just
exchanged but there is a mixed occupation by different amounts of
A2* and B3* on the octahedral site while the tetrahedral site is only
occupied by the B3* cations. In most cases, intermediate structures
between normal and inverse spinels are crystallized [8]. Tradition-
ally, ZnAl,04 with normal, intermediate or inverse spinel structure
is widely used as a catalyst or ceramic [9]. Today, it is used in many
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applications such as optoelectronics, sensor technology and infor-
mation display technology [1,2,5,6] because of its excellent optical
and hydrophobic properties and high chemical and thermal stabil-
ity [10]. For application in display technologies, ZnAl,0y4 is used as
host matrix for trivalent rare-earth ions (e.g. Tb3*, Eu3* and Dy3*)
[11-13] or transition metals (e.g. Mn2* and Cr3*)[14,15] to prepare
phosphors emitting mostly in the visible range of the electromag-
netic spectrum. Researchers in this study are particularly interested
in the performance of a nanocrystalline ZnAl,04 because of the
speculation that nanocrystalline materials may have better optical
properties than their bulk counterparts [11]. Different synthesis
methods such as sol-gel [16,17], hydrothermal [18,19], combus-
tion [6,15,20] and solid state reaction [21] are commonly used to
prepare rare-earth/transition metal doped nanocrystalline ZnAl, 04
phosphors. In this study, the solution combustion method was used
to prepare Ce3*-Tb3* co-activated nanocrystalline ZnAl,04 phos-
phors. Compared to other methods, the combustion method has
advantages such as cost-effectiveness, low processing tempera-
ture, extremely shorter reaction time, high purity and homogeneity
of the final product. The flame temperature during urea assisted
combustion was sufficient to enable some Al ions in the zinc alumi-
nate spinel structure to occupy tetrahedral sites (spinel inversion)
[22]. The objective of this study was to prepare an efficient green
emitting phosphor through sensitization of Tb3* by Ce3*. It is well
known that Ce3* can absorb UV photons and sensitize emission of
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other rare-earth by a down-conversion process [23,24]. This study
was also intended to investigate the effects of different parameters
such as relatively low activator concentrations, annealing tem-
perature and excitation wavelengths on emission efficiency of
nanocrystalline ZnAl,04:Ce,Tb phosphor. In addition, the X-ray
photoelectron spectroscopy (XPS) was used to determine the
chemical and electronic states of the elements present in as pre-
pared and post-preparation annealed samples. This phosphor was
evaluated for application in display technologies and also as a
UV down-converting layer for improved efficiency of photovoltaic
cells.

2. Experimental details
2.1. Powder preparation

The raw materials used were analytical reagent (AR) grade zinc nitrate hexahy-
drate, aluminum nitrate, rare-earth nitrates (cerium nitrate and terbium nitrate),
and urea (ACS reagent). All these were of AR grade from Merck South Africa with
~99% purity, while the rare-earth (Ce3* and Tb3*) nitrates with ~99.99% purity
were from Aldrich-Sigma. Stochiometric amounts of zinc nitrate, aluminum nitrate
and urea were dissolved in triple de-ionized (DI) water. A homogeneous transpar-
ent solution was obtained after stirring vigorously for 20 min. The solution was
transferred to a muffle furnace maintained at 400+ 10°C. After all the liquid had
evaporated, the mixture decomposed and released large amount of gases. Due to the
exothermic nature of this process, the reaction continued for a while and the mix-
ture swelled to a larger volume. Large exothermicity resulted in a flame that further
decomposed the mixture into gaseous phases and aluminates. The flame persisted
for ~45s. The entire combustion process was completed in less than 5min. The
powder products were gently ground using an alumina mortar and pestle and were
then annealed at different temperatures either in air or hydrogen atmosphere to
improve their crystallinity and optical properties. ZnAl,04:Ce3*,Th3* powder phos-
phors with different concentrations of Ce3* and Tb** were prepared and investigated.
The amounts of zinc nitrate, aluminum nitrate and urea used were 2.91 g, 7.57 g and
4,037 g, respectively. To avoid concentration quenching effects, the dopants (Ce3*
and Th3*) concentration was kept as low as reasonably achievable and the experi-
ments were designed in such a way that the total doping concentration added up to
~2 mol%. For example, the typical concentrations of Ce and Tb ion pairs used were,
respectively, 0.86 and 1.14 mol%, 1 and 1 mol% and 1.33 and 0.66 mol%.

2.2. Characterization

Room temperature X-ray diffraction (XRD) patterns were recorded from 10° to
75° (20) using a PANalytical X'Pert PRO diffractometer with wavelength radiation
of 1.5406 A (Cu Kat). Luminescent properties were investigated at room tempera-
ture using Hitachi F-7000 fluorescence spectrophotometer. The decay data were
recorded using an inverted-type scanning confocal microscope (MicroTime-200,
Picoquant, Germany). A single-mode pulsed diode laser (375 nm wavelength with an
instrumental response function of ~240 ps in full-width at half maximum, 40 MHz
repetition rate, and an average power ~1 wW) was used as an excitation source. The
morphological and structural properties were investigated using FEI Tecnai-F20G2
high-resolution transmission electron microscopy (HRTEM) with an accelerating
voltage of 200 kV. The chemical composition was analyzed using a PHI-5000 versa-
probe X-ray photoelectron spectrometer (XPS). The XPS data were collected when
the samples were irradiated with a monochromatic Al Ka radiation (hv=1486.6 eV).
Survey scans were performed using a 1 eV/step (binding energies ranging from 0 to
1400 eV). The sample area analyzed was about 1 mm? and the pressure during data
acquisition was typically under 1 x 10-8 Torr. The experimental curves were fitted
using Multipack v8.2c data analysis software provided with the PHI-5000 versa-
probe ESCA instrument that made use of a combination of Gaussian-Lorentzian
peaks.

3. Results and discussion
3.1. XRD analysis

The XRD patterns of pure/undoped and Ce3*-Tb2* co-activated
ZnAl, 04 are, respectively, shown in Figs. 1 and 2. Undoped ZnAl,04
samples in Fig. 1 were (a) as prepared and (b) annealed in air
at 600°C and (c) 700°C for 4h, respectively. Fig. 2 shows the
room temperature XRD patterns of the ZnAl,0,4:Ce3* Tb3* samples
annealed at 700 °Cin a hydrogen atmosphere for 4 h. The concentra-
tions of Ce3* and Th3* were (a) 1.33 mol%, 0.66 mol%; (b) 1.14 mol%,
0.86 mol%; (c) 1 mol%, 1mol%; (d) 0.66 mol%, 1.33 mol%; and (e)
0.86 mol%, 1.14 mol%. The diffraction patterns of Figs. 1 and 2 con-
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Fig. 1. Room temperature XRD patterns of ZnAl,04 (a), as-prepared (b), annealed
at 600°C (c) and 700°C in air for 4 h.

firmed that all the samples consisted of ZnAl,04 spinel structure
with space group Fd3m as indexed by JCPDS file no. 01-082-1043.
All the peaks obtained are in agreement with the spinel structure
reported by Zawadzki et al. [25]. The intensity of the peaks rela-
tive to the background signal demonstrates high crystallinity of the
samples. The peak intensities and the FWHM values (not shown) of
undoped ZnAl, 04 phosphors in Fig. 1 were approximately the same
regardless of annealing. It therefore shows that even without post-
preparation annealing, highly crystalline material can be obtained
at a processing temperature as low as 400 °C. This result is differ-
ent from conventional solid state reaction where high processing
temperature (usually >400 °C) is required to enhance crystallinity.
Although the XRD patterns of Fig. 2 resemble those of Fig. 1, the
peaks have broadened and their intensities were also reduced. It is
well known that in addition to instrumental setup, the diffraction
peak broadening is also a result of the crystallite sizes and lattice
strains i.e. large crystallite sizes cause sharp reflections whereas
small sizes lead to broad reflections, and variations in lattice spac-
ings due to lattice strains can also cause broadening [26]. Since the
same procedure was used to prepare all samples in this study, the
crystallite size of the samples with or without activators (Ce3* and
Tb3*) are expected to be in the same range. The peak broadening
of Fig. 2 is therefore attributed to lattice strains due to incorpora-
tion of the Ce3* and Tb3* activator ions. Note that Ce3* and Th3*
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Fig. 2. Room temperature XRD patterns of annealed ZnAl,04:Ce3*, Tb** with differ-
ent concentrations of Ce3* and Tb3*.
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Fig.3. (a) TEM image of ZnAl,04:0.86 mol% Ce3* —1.14 mol% Tb>* showing agglomerated particles and (b) an enlarged view of the same sample showing fringes corresponding
to the atomic planes. The inset is the selected area diffraction patterns of the same sample.

are expected to occupy Al3* sites in the ZnAl,04 lattice and since
the ionic radii of Ce3* (1.11A) and Tb3* (1.00A) are larger than
that of AI3* (0.50 A), their incorporation will most likely strain the
lattice. The unidentified XRD peak at 34.6° may be attributed to
species/impurities such as aluminum oxides, hydroxides and oxy-
hydroxides in the tetrahedral environment.

3.2. TEM analysis

Transmission electron microscope (TEM) images of pure
ZnAl,04 and ZnAl,04:Ce3* Tb3* powder annealed in a hydro-
gen atmosphere are shown in Fig. 3. The concentrations of Ce3*
and Tb3* were 0.86 and 1.14 mol%, respectively. Fig. 3(a) and (c)
shows agglomerated ZnAl,04 and ZnAl,04:Ce3* Tb3* particles with
individual particle appearing circular (implying spherical shapes,
although some faceting exists) with an average diameter of ~20 nm.
HRTEM image in Fig. 3(b and d) shows well defined lattice fringes
in various regions with agglomerated particles. As shown by lat-
tice fringes in the images (Fig. 3(b) and (d)), this sample is highly
crystalline and is consistent with the XRD data. The lattice spac-
ing estimated from the selected area diffraction pattern (inset —
Fig. 3(d)) was 0.24 nm, corresponding to the (31 1) lattice spacing
OfZIlA1204 [27]

3.3. Photoluminescence
Photoluminescence emission spectra of ZnAl,04:Ce3* Tb3*

nano-powder phosphors and that of Ce3* (2 mol%) singly doped
ZnAl,0, are presented in Fig. 4. The ZnAl,0,4:Ce3*,Tb3* nanopow-

ders with different concentrations of Ce3* and Th3* were excited in
air at room temperature using different excitation wavelengths.
The emission spectrum of Ce3* singly doped ZnAl,04 phosphor
excited at 256nm consists of a broad band with two maxima
at 350 and 410nm. These emissions correspond to the allowed
transitions from the lowest sublevel of the 5d state to the 2F7/2
and 2F5/2 multiplets of the 4f configuration of Ce3* [28]. Dual
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Fig.4. PLemission spectra of annealed ZnAl,04:Ce3* Tb3* with different concentra-
tions of Ce3* and Tb3*.



10118
/L
1400 Excitation i Emission
L A= 543 nm) A =230 nm)
o (1) Ce:0.86 mol% e
1200 | Th:i1.14mol% (i) Ce:0.86 mol%
L Th:1.14 mol%
(2) Ce:1 mol%
— 1000 |- Th:1 mol% (ii) Ce:1 mol%
= L Th:1 mol%
& (3) Ce:0.66 mol%
> 800 Tb:1.33 mol% (iii) Ce:0.66 mol%
D L Tb:1.33 mol%
c 600 (4) Ce:1.33 mol%
2 Tb:0.66 mol% i (iv) Ce:1.14 mol%
£ =3 Th:0.86 mol%
1 (5) Ce:1,14 mol% L
o 400 Th:0.86 mol% L (v) Ce:1.33 mol%
Tb:0.66 mol%
200
0 P . i ] A TP | \AA-——-! R—

L

200 250 300 " 400 500 600 700 800
Wavelength (nm)

Fig. 5. PL and PLE spectra of ZnAl,04:Ce3* Tb3* excited at 230 nm.

emission was observed from the ZnAl,04, powders co-activated
with different concentrations of Ce3* and Tb3*. This was a com-
bination of line emissions from Tb3* ions and broad emission from
Ce3*.The green line emission associated with D4 — 7Fs transitions
of Th3* at 544 nm was more intense than the purplish-blue broad
emission of Ce3* at 350-410nm. The green emission was maxi-
mized when 1.14mol% of Th3* was co-doped with 0.86 mol% of
Ce3*. The enhancement of the green emission and the subsequent
decrease in the blue emission suggests that energy was transferred,
most probably by phonon mediated processes, from Ce3* to Th3*,
This transfer of energy is a well established phenomenon found in
several host matrices. For example, energy transfer from Ce3* to
Tb3* was demonstrated in amorphous SiO, host [29]. It is demon-
strated in this study that in addition to energy transfer through
direct excitation of Ce3*, the emission intensity is also dependent
on the excitation wavelength. For example, from the list of selected
excitation wavelengths (230-325 nm), the most intense excitation
was observed at 230 nm and it gave green emission (Aem =544 nm)
in all the samples. The excitation at 230 nm is consistent with the
232 nm excitation attributed to the 4f8 — 4f85d! transitions of Th3*
by Barros et al. [11].

Fig. 5 shows the PL excitation (Aem =544nm) and emission
(Aexc =230 nm) of ZnAl,04 powders with different concentrations
of Ce3* and Th3*. The most intense green emission was observed
from the powder co-doped with 1.14 mol% of Tb3* and 0.86 mol%
of Ce3*. The maximum intensity as a function of excitation wave-
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Fig. 6. Maximum emission intensity of ZnAl,04:0.86 mol% Ce3*, 1.14 mol% Tb**
(Aem =544 nm) as a function of excitation wavelengths (230, 256, 300 and 325 nm).
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Fig. 7. Decay curves of the ZnAl;04:Ce3* (2mol%) and ZnAl,04:0.86 mol% Ce3*,
1.14 mol% Tb3* measured in air at room temperature. The solid (red) lines are the
fitted curves. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

length of 1.14 mol% of Tb3* and 0.86 mol% of Ce3* co-doping shown
in Fig. 6 confirms that the 230 nm excitation gave the most intense
green emission at Aem =544 nm. The other excitation wavelengths
(256, 300 and 325 nm) with relatively less intense emissions can
be attributed to either direct excitation of Ce3* or charge transfer
transition from 0%~ to Th3*.

3.4. Decay dynamics of Ce3* singly doped and Ce3*-Tb3*
co-doped ZnAl,0,4

Fig. 7 compares the fluorescence decay dynamics of singly
activated and ZnAl,04:Ce3* (2mol%) and ZnAl,04:Ce3* Th3*
(0.86 mol%, 1.14mol%) powders, which gave the maximum PL
intensity. The powders were excited at 375 nm monitoring Ce3*
emission at 410 nm. A single-mode pulsed diode laser wavelength
with an instrumental reponse function of ~240ps in full-width
at half maximum, 40 MHz repetition rate, and an average power
of ~1 wW was used. The decay curves were fitted using the bi-
exponential function:

—t —t:
I=A1 exp (?1]) + A, exp (?22), (1)

where I represents the phosphorescent intensity; A; and A, are
constants; t; and t, are the decay times and t; and 7, are the
decay constants. The fitting parameters are presented in Table 1.
The average lifetimes were calculated using the following equation:

AT+ ATl

= 2
AT + AT 2)

The lifetime values for the Ce3* singly activated and Ce3*-Tb3*
co-activated ZnAl,04 samples were 9.62 and 3.88 ns, respectively.
The fact that the average lifetime of the Ce3*-Tb3* co-activated
sample was shorter than the Ce3* singly activated sample indicates
that the decay rate of the 410 nm emission was faster in the co-

Table 1
Fitting parameters for the half life times of ZnAl;04:Ce3* and ZnAl,04:Ce3*, Th3*.

Sample name Fitting parameters

A 71 (ns) A, 72 (ns)
ZnAl,04:Ce3* 225.54 0.968 275.22 10.31
ZnAl,04:Ce3* Th3* 1101.34 0911 736.15 4.736
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Fig. 8. X-ray photoelectron spectroscopy (XPS) survey scan of ZnAl,04:Ce3* Th3*
phosphor.

activated sample. Since the decrease in the peak intensity of the
410 nm emission was simultaneous with the increase in the peak
intensity of Th3* emission at 544 nm, it is reasonable to attribute
the shorter life time (faster decay rate) of this emission to energy
transfer from Ce3* to Tb3*. The simultaneous radiative emission
and energy transfer from Ce3* to Th3* suggests that Ce3* is capa-
ble of creating a potential well for trapping charge carriers thereby
playing a dual role of a luminescent and trap centre [30,31]. The
inset of Fig. 7 shows that the bi-exponential decay curves can be
resolved into two components, namely the fast and slow com-
ponents with decay times of 0.911ns and 4.736 ns, respectively.
Birowosuto et al. [30] attributed the slow and fast components
to exciton trapping by Ce3* and lattice (and subsequent trans-
fer to Ce3*), respectively. The fitting parameters for ZnAl,04:Ce3*
(2mol%) and ZnAl,04:0.86 mol% Ce3*, 1.14 mol% Tb3* samples are
listed in Table 1.

3.5. X-ray photoelectron spectroscopy (XPS)

The chemical composition and electronic state of the
ZnAl,04:Ce3* Tb3* system were analyzed by XPS. The XPS survey
spectrum in Fig. 8 confirms the presence of Al 2p, O 1s, Zn 2p3, and
C1s(fromadventitious hydrocarbons)with binding energies (BE) of
74.2eV,531.1eV, 1022.1 eV and 285.3 eV, respectively, on the sur-
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Fig.9. XPS peak fitting of the O 1s peak from as-prepared ZnAl,04:0.86% Ce>*, 1.14%
Tb3*.
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Fig. 10. XPS peak fitting of the O 1s peak after annealing ZnAl,04:0.86% Ce3*, 1.14%
Tb** in hydrogen atmosphere.

face. These values are consitent with those reported by Strohmeier
[32].

Figs.9 and 10 show, respectively, the fitted data for the O 1s peak
from ZnAl,0,4:0.86 mol% Ce3*, 1.14 mol% Tb3* powder before and
after annealing. In both figures, the lattice O 1s peak was stable at
~531.1 eV suggesting that the chemical and hence electronic states
were not affected by annealing in hydrogen. This peak is consistent
with the O 1s peak with the binding energy of 531.4 eV reported
by Strohmeier [32]. The satellite peaks at ~528.5eV and ~529.5 eV
in Figs. 9 and 10 can be assigned to binding energies of O 1s peak
in Ce-0 and Tb-0 metallic oxides, respectively [33]. That is, it is
most likely that small traces of CeOy and TbOy (x < 2) were present
in both annealed and unannealed ZnAl,0,4:Ce3* Tb3* samples. It is
worth noting that these peaks were really small and in the noise
levels of our measurements. Fig. 11 shows the XPS fittings of the
O 1s peak from the sample annealed in hydrogen atmosphere. As
in Fig. 10, the photoelectron peak position measured at 531.1eV is
consistent with the theoretical value of O 1s peak in ZnAl, 04 listed
in ref. [32]. In addition, a new band appeared at 532.6 eV and it can
be assigned to chemisorbed water and/or oxygen molecules from
environmental moisture [34].

The fitted data of the Al 2p peak of the ZnAl,04:0.86 mol%
Ce3*, 1.14mol% Tb3* before and after annealing are shown in
Figs. 11 and 12, respectively. In both figures, the Al 2p peaks at
lower binding energies (74.2 eV) can be assigned to Al ions occupy-
ing the tetrahedral (IV) sites while the Al 2p peaks at higher binding

Al-2p
2004 ynannealed 74.2 eV (64%)
Al

o 150-
7}
"
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2 100+
c
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50 4

0
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Fig. 11. XPS peak fitting of the Al 2p peak from as-prepared ZnAl,04:0.86% Ce3*,
1.14% Tb*.
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Fig. 12. XPS peak fitting of the Al 2p peak from as-prepared ZnAl,0,4:0.86% Ce3*,
1.14% Tb3*.

energies (75.6 eV) can be assigned to the Alions occupying the octa-
hedral (VI) sites. This assignment is consistent with the Al 2p peak
analysis for yttrium aluminum garnet, Y3Al501, (YAG), reported by
Pawlak et al. [35]. Furthermore, they reported the peak area ratio
of the Al 2p in the octahedral to tetrahedral sites of 2:3 (40%:60%).

Note that it is generally accepted that when a material consists
of a mixture of octahedral and tetrahedral bonded oxides, the octa-
hedral site is more cationic with a partial positive charge (§+) and
the tetrahedral site will be more anionic with a partial negative
charge (§ —) [35]. It is therefore reasonable to assign the tetrahe-
dral site to less binding energy because less energy is required to
remove an electron from a more anionic species. The concentra-
tions of Al in the octahedral and tetrahedral sites of the unannealed
sample (Fig. 11) as determined from the area of the fitted Al peaks
were 36% and 64%, respectively. Recall that the high concentra-
tion of 3+ ions (AI**) in the tetrahedral site with respect to that in
the octahedral site points to the partial inversion of the ZnAl,04
nanocrystal structure. Upon annealing, the concentration of Al in
the octahedral site increased from 36% to 40%, while that in the
tetrahedral site decreased from 64% to 60% as shown in Fig. 12. This
can be attributed to possible structural readjustment from inverse
to normal spinel as a result of annealing. In the spinel structure it
is physically impossible for more than 50% of the trivalent ions to
occupy tetrahedral sites as implied in this case. It must, however,
be pointed out that XPS is a surface sensitive technique, with the
XPS signal coming from the top few layers which might be slightly
different from the bulk. Extra contributions from possible surface
species/impurities such as aluminum oxides, hydroxides and oxy-
hydroxides with binding energies around 73.7 eV might contribute
toward the excess amount of Al in the tetrahedral sites.

4. Conclusions

In conclusion, the ZnAl,04:Ce3* Tb3* powder phosphors were
successfully synthesized using a one-step combustion technique.
As confirmed from the X-ray diffraction data, the ZnAl,04 was
highly crystalline with or without post-synthesis annealing. The
X-ray photoelectron spectroscopy data confirmed that there was
structural readjustment from inverse to normal spinel as a result
of annealing. The TEM data showed that the particles were spher-
ical in shape, with some degree of faceting, and their average size
was ~20nm in diameter. The PL intensity of the green line emis-
sion from Tb3* at 544 nm increased as a result of Ce3* co-doping.
The fact that the increase was simultaneous with the decrease in
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blue emission from Ce3* suggests that excitation energy was trans-
ferred from Ce3* to Tb3*. The maximum intensity was obtained
from the sample co-activated with 0.86 mol% of Ce3* and 1.14 mol%
of Tb3* when the sample was excited at 230 nm. The other excita-
tion wavelengths (256,300 and 325 nm) with relatively less intense
emissions were attributed to either direct excitation of Ce3* or
charge transfer transition from 02~ to Tb3*. It therefore shows that
the activator concentration and excitation wavelength are impor-
tant parameters for sensitized emission of phosphors by the UV
down-conversion process.
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