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Abstract

Europium doped zinc aluminate (ZnAl,O,) photoluminescent films have been deposited by ultrasonic spray pyro-
lysis deposition process. Different substrate temperatures and doping concentrations in the start spraying solution were
studied. It is observed that the crystalline structure of this material depends on the substrate temperature during de-
position of the films. For low substrate temperatures, the deposited films are amorphous. When the substrate tem-
perature is increased at 500 °C some peaks corresponding to hexagonal phase of ZnO (zincite) appears. At substrate
temperatures of 550 °C, the crystalline structure of the ZnAl,O4:Eu films presents the close-packed face centered cubic
phase. The excitation and emission spectra were obtained; for an excitation wavelength of 260 nm, all the photolu-
minescence (PL) spectra show peaks located at 589, 615, 652 and 700 nm. Concentration quenching of the PL occurs at
activator concentrations greater than 0.85 at.% inside the deposited films. The PL intensity increases as the substrate
temperature rises. In addition, the surface morphology features of the films, as a function of the deposition temperature,
are shown.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tered cubic structure with Fd3m space group

symmetry [1]. The optical bandgap of polycrys-

Zinc aluminate (ZnAl,O,) is a well-known
wide-bandgap semiconductor with a spinel struc-
ture. This material has a close-packed face cen-
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talline ZnAl,O4 is 3.8 eV [2], this indicates that
ZnAl,O, is transparent for light possessing wave-
lengths >320 nm which makes it useful in ultra-
violet photoelectronic devices [3]. ZnALO, is
widely used as ceramic, electronic and catalytic
materials. This material is used in various catalytic
reactions, such as cracking, dehydration, hydro-
genation and dehydrogenation, in chemical and
petrochemical industries [4,5].
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There has been noticeable investigation involv-
ing both experimental and theoretical studies on
spinel oxides like magnesium aluminate, but there
are scarce works on ZnAl,O4. The studied proper-
ties of these materials are the crystal structure, the
optical spectra and the electronic structure [1,6,7].
Regarding to the Iuminescent properties of
ZnAl,O, there are very few reported studies [8—10].
These studies have been carried out on powder form
samples. There are very scarce studies reporting on
the general properties of ZnAl,Oy4 films [11]. To the
best of our knowledge, it is non-existent the infor-
mation about ZnAl,O, luminescent coatings.

Compared to powder phosphors, thin lumines-
cent films offer advantages such as better thermal
stability, good adhesion to the substrate, no
outgassing problems and possess uniform proper-
ties across the covered area [12].

At the moment the luminescent films can be
applied mainly in electroluminescent flat panel
displays and color plasma display panels. For
these applications, it is necessary to deposit good
quality coatings emitting in the three basic colors
(blue, green and red). Rare earth doped oxides are
some of the most promising luminescent materials
in this case. In contrast to sulfur-based lumines-
cent materials, oxides are chemically inert to
plasmas commonly used in plasma operated panels
and do not contaminate the electron emitters in
field emission displays [12]. The potential of the
rare earth elements to provide the three basic
colors needed in a full color device has led to in-
tensive study of the doping of II-VI compounds
activated with rare earths during the past few years
[13]. Rare earth ions have efficient visible emissions
in 4f shell, which is insensitive at great extent to
the influence of surroundings due to the shielding
effect of the outer 5s and 5p orbitals [14].

The ultrasonic spray pyrolysis method is a well-
established process for depositing films [15]. The
main advantages of this technique are its low cost,
a high deposition rate, the possibility to coat large
areas, its ease of operation and the quality of the
coatings obtained. This technique has been suc-
cessfully used in the deposition of Iuminescent
films of materials such as ZnO:Tb [16], ZnS:Mn
[17], Y3Al50,:Tb, Eu or Ce [18], Al,O3:CeCl; [19],
AL Oj;:Eu [20], ZrO,:Tb [21], ZrO,:Eu [22], etc.

The present contribution reports on the syn-
thesis and characterization of the photolumines-
cent Eu doped ZnAl,O, coatings synthesized by
the ultrasonic spray pyrolysis technique. Also, the
role that some deposition parameters (substrate
temperature and doping concentration) play on
the luminescent characteristics is presented.

2. Experimental

Ultrasonic spray pyrolysis technique was used
to synthesize europium doped ZnAl,O, films. The
experimental arrangement for this technique has
been presented elsewhere [23]. In this technique,
mist of a solution containing the precursor mate-
rials to be deposited is ultrasonically generated
and sprayed through a spraying nozzle over a
substrate previously heated. The solvents in the
solution are vaporized when the mist of the solu-
tion gets in touch with the hot substrate producing
a solid coating on the substrate. The substrate is
placed on a resistance heated stage and the nozzle
is located approximately 1 cm above the stage, all
enclosed in an exhaust hood. The spraying solu-
tion was 0.05 M solution of zinc acetate and alu-
minum chloride in deionized water as solvent.
Doping with Eu was achieved by adding Eu-
Cl; - 6H,O to the spraying solution in the range
from 0 to 30 at.% (a/o) in relation to the Zn
content in this solution. The carrier gas flow (fil-
tered air) was 10 1/min and the solution flow rate
was 3 ml/min. The substrate temperature (7;)
during deposition was in the range from 350 to
550 °C; the substrates used were Corning 7059
glass slides and Si(100) single crystals. The crys-
talline structure of the deposited films was ana-
lyzed by X-ray diffraction, using a Siemens D-5000
diffractometer with wavelength radiation of 1.5406
A (Cuk,). The deposition time was adjusted (4-6
min) to deposit films with approximately the same
thickness. The thickness of the films studied was
about 5 pm as measured by a Sloan Dektak I1A
profilometer. The chemical composition of the
films was measured using energy dispersive spec-
troscopy (EDS) with a Leica-Cambridge electron
microscope Mo. Stereoscan 440 equipped with a
Beryllium window X-ray detector. The standard
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used for the EDS measurements was the Multi-
element X-ray Reference Standard (Microspec)
Serial 0034, part no. 8160-53. The excitation and
emission photoluminescence (PL) spectra were
obtained using a Perkin-Elmer LS50B fluorescence
spectrophotometer. All PL spectra were obtained
at room temperature and 260 nm light was found
to be suitable as excitation source for these mea-
surements.

3. Results and discussion

As we mentioned above the thickness of the
studied films was in all cases approximately 5 pm.
The structural characteristics of Eu doped
ZnAlL,O4 coatings deposited by spray pyrolysis
method are illustrated in Fig. la—c where X-ray
diffraction patterns for ZnAl,O4:Eu (30 a/o in the
spraying solution) at three different substrate
temperatures, 400, 500 and 550 °C, are shown. The
europium doped ZnAl,O, coatings remain in the
amorphous state when deposited at substrate
temperatures up to 400 °C (Fig. 1a), but when the
substrate temperature is increased at 500 °C some
peaks corresponding to hexagonal phase of ZnO
(zincite, ICCD Card File No. 36-1451) are ob-
served (Fig. 1b). In the sample deposited at 550 °C
(Fig. 1c) only a cubic spinel crystalline phase of
ZnAl,O,4 (gahnite) was found (ICCD Card File
No. 05-0669 [24]). The calculated lattice pa-
rameters (a = b = c = 8.0859 A) for cubic spinel
phase in the films deposited at 550 °C are in good
agreement with the reported values (a=b=
¢ = 8.0848 A) [24]. In this case, the material grows
with a preferential (31 1) direction normal to the
films surface.

EDS measurements were performed on films
deposited on (100) n-type silicon single crystals
substrates in order to evaluate the oxygen content
in the coatings. The obtained results are shown in
Tables 1 and 2. Table 1 summarizes the relative
chemical content of the oxygen, zinc, aluminum,
europium and chlorine present into the films as
a function of the content of the EuCl; inserted in
the spraying solution. A reduction of the relative
content of zinc, aluminum and an increase in the
relative contents of oxygen, europium and chlorine
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Fig. 1. XRD patterns for ZnAl,O,:Eu films at three different
substrate temperature, 7: 400, 500 and 550 °C (H = hexagonal,
C =cubic).

are observed when the doping concentration is
increased. The substrate temperature, in this case,
was 550 °C. Table 2 presents results similar to
those in Table 1 but as a function of the substrate
temperature, keeping constant the doping con-
centration (EuCls, 10 a/0) in the starting solution.
In this case, we observe an increase in relative the
content of oxygen, zinc, aluminum and a reduction
in the relative content of europium and chlorine as
the substrate temperature increases.

The surfaces morphology of ZnAl,O4:Eu (10
a/o) coatings are presented in Fig. 2. It is possible
to observe rough but continuous films with good
adherence to substrate. SEM micrographs of the
samples deposited at 350 °C (a), 400 °C (b), 500 °C
(¢) and 550 °C (d) are shown. From this figure it is
also observed that the surface morphology of the
films depends on the substrate temperature. Films
deposited at 350 and 400 °C present some cracks.
With increasing substrate temperature (500 and
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Table 1
Atomic percent content of the oxygen, zinc, aluminum, europium and chlorine in the europium-doped ZnAl, O, films as measured by
EDS for different EuCl; concentrations in the spraying solution

EuCl; concentration in the Oxygen Zinc Aluminum Europium Chlorine
spraying solution (a/o)

0 57.44 13.11 27.02 00.00 02.43

5 59.12 12.29 25.16 00.47 02.96

10 61.37 11.85 22.50 00.85 03.43

15 63.66 11.21 18.79 01.03 05.31

20 63.35 09.42 18.45 02.04 06.74

30 63.75 06.75 18.22 02.54 08.74

In this case the substrate temperature was 550 °C.

Table 2
Atomic percent content of the oxygen, zinc, aluminum, europium and chlorine in the europium-doped ZnAl,O, films as determined by
EDS for different substrate temperatures

Substrate temperature (°C) Oxygen Zinc Aluminum Europium Chlorine
350 60.02 09.10 14.88 02.26 13.74
400 60.21 09.39 17.63 01.83 10.94
450 62.75 10.48 18.94 01.38 06.45
500 62.29 11.18 21.10 01.06 04.37
550 61.37 11.85 22.50 00.85 03.43

In this case, the EuCl; concentration in the spraying solution was 10 a/o.

Fig. 2. SEM micrographs of surface morphology of ZnAl,O4:Eu films as a function of the 7;: (a) 350 °C, (b) 400 °C, (c¢) 500 °C and
(d) 550 °C.

550 °C), cracks disappear and apparently a rela- Fig. 3 shows the excitation spectrum for the red
tively more dense material is reached. luminescence of the ZnAl,O4:Eu coatings synthe-
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Fig. 3. Excitation spectrum of ZnALO4:Eu (10 a/o) films
deposited at 7; = 550 °C, Ay, = 615 nm.

sized at 550 °C, with 10 a/o of EuCl; in the
spraying solution (the emission wavelength con-
sidered was 615 nm). It is possible to distinguish a
broad band centered at 260 nm. This band is
originated by transitions to the charge transfer
state due to europium—oxygen interactions [25].
Charge transfer state is normally the most intense
excitation mechanism and this region is expected
to occur around 250-300 nm. In consequence,
excitation in the charge transfer state with a mer-
cury lamp at 254 nm is very efficient.

Typical PL emission spectrum for Eu doped
ZnAl,O, films is shown in the Fig. 4(a). It is pos-
sible to distinguish four emission bands centered at
589, 615, 652 and 700 nm which correspond to
transitions between the levels "Dy — "F;, Dy —
'F,, ’Dy — "F3 and *Dy — "F,, respectively, from
trivalent europium ion. In these cases, the films
were prepared at substrate temperature of 550 °C,
the concentration doping was 10 a/o in the
spraying solution and A = 260 nm. The hyper-
sensitive forced electric dipole transition Dy —
"F, at 615 nm is the strongest emission band ob-
served. For applications it is necessary that the
main emission is concentrated in this transition.
The broad band centered at approximately 540 nm
is associated to the host lattice as can be observed
in Fig. 6 (curve f) which correspond to the sample
without europium doping. For comparison pur-
poses the spectrum obtained from similar material
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Fig. 4. (a) Typical PL spectrum for ZnAl,O4:Eu (10 a/0) films
synthesized at 7; = 550 °C, Jex. = 260 nm. (b) PL spectrum for
ZnAlOs:Eu (10 a/o) powders.

in form of powders (these powder samples were
synthesized in identical conditions to that of the
reference [9]) is shown in the Fig. 4(b). It is clear
that the emission from the films is overall more
intense than that coming from the powders. This
result could be an indication that the PL sensitivity
of the films is better than that of the powders in
general. The PL emission from the samples (films
and powders) studied is easily observed at naked
eye in normal room lightening, when excited with
a portable 4 W UV-mercury lamp (254 nm).

Fig. 5 shows PL emission spectra of ZnAl,Oy:
Eu coatings, as a function of the deposition tem-
perature. The PL emissions rise when increasing
the deposition temperature, probably due to an
improved crystallization of the host material, as it
is shown by X-ray diffraction measurements in this
range of deposition temperatures, and to the re-
duction of chlorine left into the sample. Both ef-
fects will produce a better incorporation and
distribution of the europium ions as an atomic
impurity inside the host film, which will result in
an increase of the PL emission as the deposition
temperature is increased. In this case, the value of
doping concentration, in the deposited film was
0.85 a/o and Aee = 260 nm. In accordance with
the observed tendency, films deposited at substrate
temperatures higher than 550 °C would have a
more intense emission; however material deposited
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Fig. 5. PL spectra of ZnALO4:Eu (10 a/o) films as a function
of substrate temperature, Ae = 260 nm.

at substrate temperatures higher than 550 °C (600
°C) resulted in a sample that was powdery, porous
and non-adherent to the substrate. This is proba-
bly due to a sudden evaporation of the solvent
because at those relatively high temperatures the
chemical reaction is carried out in the vapor phase
in a nearby region to the substrate, producing in
this way only a fine powder, which falls on the
substrate, and not a solid film. In any event, the
luminescent emissions are always observed in de-
spite of the crystalline structure of films studied.
The characteristic emission from the trivalent eu-
ropium ion is similar for films deposited at 350 °C
(amorphous) and for films deposited at higher
substrate temperatures (500 and 550 °C) which
exhibit polycrystalline structures corresponding to
zinc oxide (hexagonal phase) and ZnAl,O4 (cubic
phase), respectively. Although, the highest emis-
sion intensity corresponds to the sample deposited
at 550 °C. At this point it is convenient to note that
the luminescence spectrum of trivalent europium
ion is only slightly influenced by surrounding li-
gands of the host lattice, since the electronic
transitions of Eu involve only a redistribution of
electrons within the inner 4f sub-shell [26].

The PL emission spectra for Eu doped ZnAl,O4
films, as a function of doping concentration, is
shown in the Fig. 6. T, = 550 °C and A = 260
nm. These emission spectra show a maximum at 10
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Fig. 6. PL spectra for ZnAl,O,:Eu films as a function of the
doping concentration, 7y = 550 °C, Ay = 260 nm.

a/o of EuCl; in the spraying solution (0.85 a/o as
measured by EDS). Here it is observed a concen-
tration quenching. In the case of rare-earth acti-
vators, the migration of excitation by resonant
energy transfer between these ions can be so effi-
cient in such way that it may carry the energy to a
distant killer in which this energy can be dissipated
non-radiatively. Probably the aggregation of acti-
vators at high concentration may change some
activators to quenchers and induce the quenching
effect [27]. This type of concentration quenching
does not appear at low concentrations because the
average distance between activators is so large that
the migration is prevented and the Kkillers are not
reached [25].

4. Conclusions

Red PL emissions from ultrasonic spray pyrol-
ysis deposited zinc aluminate films doped with Eu
have been observed. The luminescence emission of
Eu doped ZnAl,O, films is characteristic for the
Eu’* ion. The hypersensitive forced electric-dipole
emission (°Dy — ’F,) was dominant. This char-
acteristic is required for display applications. A
concentration quenching with increasing activator
concentration was observed above the optimum
doping concentration (0.85 a/o, as measured by



M. Garcia-Hipodlito et al. | Optical Materials 22 (2003) 345-351 351

EDS). A continuous increase of the PL emission
intensity as the substrate deposition temperature
rises was observed in the range of substrate tem-
peratures studied (up to 550 °C). Comparative PL
measurements show that the sensitivity of films is
better than that of powders in this case. The X-ray
diffraction measurements of these films show that
their crystalline structure depends on the deposi-
tion temperature; at low temperatures they are in
an amorphous state and when the deposition
temperature is increased they are transformed to a
polycrystalline cubic phase of the ZnAl,O,4 (gah-
nite). In addition, it was observed a high deposi-
tion rate up to 1 pm/min. SEM micrographs
showed that these films are rough but dense and
continuous. It was reasserted that ZnAlL,O, is
a good host for rare earth ions as active center
to generate luminescence emission. To our best
knowledge, this is the first time that a character-
ization on luminescent ZnAl,O4 films is reported.
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