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Abstract. MgAl,O, and ZnAl,O, are ceramics of the spinel structure which, amongst diverse
applications, have been used as phosphor hosts activated by a variety of transition metal and
lanthanide ions. Both have been studied separately as possible hosts for Tb*" ions, but in this
work they are compared directly. Results were also obtained for the mixed spinels
Mg,Zn; ,Al,O,, which are of interest because although the lattice constant changes very little
with composition, the bandgap of MgAl,O, (7.8 eV) is double that of ZnAl,O4 (3.9 eV).
Nanocrystalline powder samples with a particle size of about 25 nm were prepared using the
combustion method. For MgAlL,O,Tb(0.5 mol%) both green emissions due to ’D4-'F,
transitions (with the most intense SD,-Fs transition at 544 nm) and blue emissions due to D;-
’F, transitions were observed. Less intense green emissions were observed for ZnAl,0,:Tb(0.5
mol%) and no blue emission occurred. Both samples had similar excitation spectra (for the
544 nm emission), with a peak near 230 nm which is attributed to the Tb 4f-5d transition. This
was unexpected, considering to the large difference in their bandgaps. This excitation
wavelength corresponds to an energy of 5.4 eV which is higher than the bandgap of ZnAl,O,.
Therefore a fraction of the incident light will be absorbed by this host and not be available to
excite the Tb ions, which corresponds to the observation of poorer luminescence from the
ZnAlLO4:Tb. The absence of blue emission peaks is usually attributed to concentration
quenching, but since the same Tb concentration was used for the MgAL,O,:Tb where blue
emissions did occur, it is rather suggested that because of the smaller bandgap of ZnAl,Oy, the
°D; level lies close to or inside the conduction band and this prevents transitions from this
level. The maximum green emission was measured for Mgg75Zng25A1,04:Tb(0.5 mol%),
although the blue emissions from this sample were less than for the MgAl,O,4 host.

1. Introduction

Spinels, which have the general formula AB,O., often occur naturally as minerals but are also
synthesized and studied for their interesting electrical, magnetic and optical properties. MgAl,O4 finds
diverse applications due to its mechanical strength, chemical inertness, relatively low density, high
melting point, high thermal shock resistance, low thermal expansion coefficient, resistance to neutron
irradiation and low dielectric loss, and has been used for humidity sensors [1] and tuneable solid-state
lasers [2]. ZnAlL,O, is widely used as a catalyst and has also been patented for UV reflective optical
coatings [3]. It is electroconductive and has been considered for thin film electroluminescent and
plasma displays, as well as for ultraviolet (UV) photo-electronic devices and stress sensors [4-6]. Both
materials have been used as phosphor hosts for a variety of luminescent ions [7,8] and MgAl,0,:Mn
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has used as green phosphor for television tubes [9] while MgAl,0,4:Ce has been investigated as a long
afterglow phosphor [10]. An important difference between the materials is that the bandgap of
MgALOy4 (7.8 eV [11]) is much larger than that of ZnAl,O4 (3.8-4.1 ¢V [12]). However, since Mg and
Zn ions are similar in size, the lattice constants of these materials are close to one another and it is
interesting to consider the intermediate material Mg,Zn; ,Al,O, as a possible phosphor host. In this
paper, the combustion method is used to prepare undoped as well as Tb*"-doped Mg,Zn;  AlLO, with
different proportions of Mg (0 < x <I), and the structural and optical properties are reported.

2. Experimental
Mg,Zn,,Al,O4 was prepared using the combustion method according to the reaction

3Mg(NO3),[x] + 3Zn(NO3),[1-x] + 6AI(NO3); + 20 CH;N,0 — 3Mg,Zn, xALO,+ 32N, + 20CO, + 40H,0

where the waters of crystallization of the nitrates have been omitted for simplicity. Analytical grade
AI(NO3);'9H,0, Zn(NO3),-4H,0 and Mg(NOs),-6H,0 were used as oxidizers and urea (CH4sN,O) was
used as a fuel. Generally about 10 mmol of AI(NOs);.9H,0 was added to stoichiometric amounts of
the other reactants in about 6 ml of distilled water, which was stirred vigorously for 30 min to obtain a
homogeneous transparent solution. In some cases MgO dissolved in concentrated nitric acid was used
as the source of magnesium nitrate. The solution was transferred to a porcelain crucible and placed
into a muffle furnace at 520°C. Within a few minutes the water boiled off and the sample ignited as
the exothermic combustion reaction occurred, giving off copious quantities of gas and heating the
material to well above the furnace temperature. After the reaction the foamy white product was
removed from the furnace and crushed into powder using a pestle and mortar, after which it was
annealed in air at 700°C for 4 hours. Doping of samples with Tb*" ions was achieved by replacing an
appropriate amount of AI(NOs);-9H,0 with the same amount of Tb(NO3);.5H,0.

X-ray diffraction (XRD) measurements were made at room temperature using a Bruker D8
Advance diffractometer operating at 40 kV and 40 mA with Cu Ka x-rays of wavelength 154.178 pm.
A Shimadzu SSX-550 scanning electron microscope (SEM) was used to obtain images of the samples.
Luminescence properties were measured at room temperature using a Cary Eclipse fluorescence
spectrophotometer and excitation spectra were measured at 10 K using synchrotron radiation at the
SUPERLUMI station at DESY [13] and corrected for the response of the system using sodium
salicylate.

3. Results and discussion

3.1. Structure

Figure 1. SEM image of
Mgo_75Zn0_25A1204:Tb 0.5 mol%
produced with the combustion method.




Figure 1 shows a SEM image of one of the samples (Mg 75Zn925A1,04:Tb 0.5 mol%) after the
combustion process. It reveals the formation of different sized agglomerates displaying an irregular
morphology in the form of plates. The pores are consistent with the fact that a large amount of gas
evolves during the combustion synthesis.
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The XRD spectra of undoped Mg,Zn; (Al,O, before and after annealing revealed no significant
differences and the results from the annealed samples are shown in figure 2, together with the
expected patterns for MgAL,O, (JCPDS 75-0710) and ZnAl,O4 (JCPDS 82-1043) spinels. These
correspond very well to the experimental results, confirming the successful preparation of the host
materials. From the positions of the peaks it is clear that the lattice parameter changes very little
between the two materials and that Mg,Zn, 1Al,O4 has the same spinel structure irrespective of the
magne sium content (x). This is due to the similar ionic radii of Mg®" (58.5 pm) and Zn** (58 pm)
[14]. However, the x-ray scattering factor of Zn is greater than that of Mg due to its higher atomic
number (more electrons) and so the relative size of the x-ray diffraction peaks vary significantly with
composition, as can be seen by comparing the heights of the (220) and (400) reflections relative to the
(311) reflection between them.
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Figure 3. (a) Detail of (311) XRD peak of Mg,Zn, (Al,O,. (b) Lattice parameter of Mg,Zn, Al,O4 as
a function of composition. The line is a least squares fit to the data.



Figure 3(a) shows the (311) XRD reflection in more detail, together with the expected 26 position in
MgAl,O,4 and ZnAl,O,. Figure 3(b) shows the lattice parameter as a function of composition and it
varies linearly between the values for the boundary compounds. The width of this peak does not vary
substantially with composition and its full-width-at-half-maximum was used to determine the
crystallite size of about 25 nm using the Scherrer equation D = 0.91/(8 cosf), where A is the x-ray
wavelength and @ the diffraction angle. In figure 3(a) small peak on the low angle side can be seen for
ZnAlL Oy (at 36.2°) which is absent for MgAl,O,. This peak is due to a small amount of ZnO impurity
formed during the reaction, and could not easily be removed by varying the quantities of reactants
during the combustion process. No extra peaks were observed in the samples doped with Tb’,
indicating that it was successfully incorporated in the lattice, where it is assumed that it substitutes the
AT’ ions which have the same valency [15].

3.2. Optical properties
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Figure 4 shows the photoluminescence excitation and emission spectra for the Mg,Zn; xAl,O4:Tb(0.5
mol%) samples measured with the Cary-Eclipse. Together with usual green emission from Tb*" ions in
the wavelength region longer than 480 nm, corresponding to D4 — 'F; (J=3,4,5,6) transitions, there is
also blue emission below 480 nm corresponding to “D; — F; (J=4,5,6) transitions for some samples.
As is common for hosts doped with Tb, the green D4 — 'Fs emission line at 544 nm is the strongest.
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Figure 5(a) shows the intensity of the green (544 nm) and blue (416 nm) luminescence as a function of
composition. The intensity of the blue emission from the *D; level increases with increasing Mg
concentration. The relative intensity of the blue and green emissions from Tb are often discussed in
terms of cross-relaxation effects [16], where for low concentrations of Tb’" ions which are then
isolated from one another blue emission from the “Ds level can be observed, whereas when the Tb
concentration is increased, electrons excited to the “D; level may transfer some of their energy to
neighbouring Tb>" ions and thereby drop to the D, level, from which they emit radiatively instead of
from the °Ds level. However, since all the samples in figure 5(a) are doped to the same Tb
concentration of 0.5 mol%, this cross-relaxation effect cannot simply explain the observed change in
the blue emission. If clustering of Tb ions occurs more predominantly in the samples containing small
amounts of Mg then cross-relaxation may indeed play a role, but a more likely explanation of the
effect is the changing size of the bandgap as a function of composition. ZnAl,O, has the smallest
bandgap and therefore the Tb °Ds level will lie closest (or possibly inside) the conduction band for this
material. Electrons excited to the “Dj level could therefore be transferred to the conduction band,
which would account for the lack of blue emissions from this level. With increasing Mg content the
bandgap increases and blue emission from the *D; level becomes possible, and increases in intensity as
the level moves further from the conduction band. The maximum green emission occurs for the
intermediate composition Mg 75Zno»sAl 0,4 and is superior to that of both ZnAl,O, and MgAl,O,.
Figure 5(b) shows the Tb emission intensity as a function of doping concentration for this
composition. The maximum intensity occurs for the Tb’" concentration of 0.5 mol%, in agreement
with the value reported previously for MgAl,O4:Tb [17].

The Tb’* excitation spectra in figure 4 (measured with the Cary-Eclipse using the green Dy — 'Fs
emission line at 544 nm) consist of broad bands in the region from 220 to 300 nm originating from the
f-d transition. A small shift in the peak with changing composition is apparent. Although the relative
intensity of these peaks is reliable, the spectra are not corrected for the response of the system, which
can only measure down to 200 nm since this is the range of the xenon lamp. Low temperature (10 K)
excitation spectra extending down to 100 nm and corrected for the system response were measured for
the same transition using synchrotron radiation at SUPERLUMI (DESY) and are shown in figure 6.
Here the relative intensities are not reliable due to the increased challenge of positioning samples
reproducibly, but the excitation curve is accurate.
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From figure 6 it is clear that the excitation bands measured with the Cary-Eclipse (figure 4) are
truncated at shorter wavelengths and that more than one excitation band occurs. Generally there are
five allowed f-d transitions for Tb [18], which have been modelled in several hosts [19]. In
Y;(Al«Gay)s04, the peak positions have been found to shift apart as the Ga content decreases and the
bandgap increases [20]. Although five distinct bands cannot be identified in our spectra, the range of
the f-d excitation region is not dissimilar to that reported for Tb in other hosts and a widening of the



region with increasing Mg content and therefore bandgap is apparent. On the short wavelength side
there is a shift to shorter wavelengths as the Mg content increases, but on the longer wavelength side
the extreme excitation spectrum corresponds to x = 0.75, which also corresponds to the maximum
green emission intensity. The wavelength corresponding to the host bandgap energy varies from about
130 nm for MgAl,O4 to 260 nm for ZnAl,O4, and although the f-d excitation overlaps most of this
region, it does not appear that there is an excitation peak corresponding to band-to-band transitions i.e.
the Tb is not excited through the host.

4. Conclusion

The mixed spinel Mg,Zn, ,Al,O4 has been successfully synthesized using the combustion method and
doped with Tb. The maximum PL intensity of the green emission at 544 nm occurred for
Mgy 75719 25A1,04 and the optimum Tb concentration was found to be 0.5 mol%. The blue emission at
416 nm was almost absent for ZnAl,O,, but increased with the Mg content and was a maximum for
MgAlLO,. This is attributed to the increasing bandgap with Mg content.
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