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Abstract

7r0,:Dy** and ZrO,:Dy* T +xLi* films were synthesized by an ultrasonic spray pyrolysis process. X-Ray Diffraction studies, as a function
of the deposition temperature, indicate a meta-stable tetragonal crystal structure of the zirconia, as the substrate temperature was increased.
Photoluminescence and cathodoluminescence characteristics of the films were studied as a function of deposition parameters such as the substrate
temperature and the dysprosium and lithium concentrations. For an excitation wavelength of 286 nm, all the luminescent emission spectra show
peaks located at 485, 584, 670 and 760 nm, which are the characteristic 4f— 4f intra-transitions of Dy ions and they correspond to electronic
transitions “Fo/» — ®Hyspn, *Fosn— ®Hysn, *Fopp— ®Hy1n and “Fo — Hopo, respectively. The lithium incorporation in the ZrOZ:Dy3+ films
produced an improvement in the intensity of the luminescent emission. As the deposition temperature is increased, a rise of the luminescence
intensity is observed. Also, it is noted, a quenching of the luminescence, with increasing doping concentration. The elemental chemical
composition of the layers, as determined by energy dispersive spectroscopy, is reported as well. In addition, the surface morphology
characteristics of the films, as a function of the deposition temperature, are presented.
© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The ZrO, films possess a great scientific and technological
importance due to their diverse advantages and applications, they
have been deposited by several processes [1-3]; among them the
Ultrasonic Spray Pyrolysis (USP) method is a relatively simple,
economic and suitable for deposition over large areas. Diverse
types of films have been deposited by this technique, some of
them are: ZrO,, HfO,, Al,O3 and ZnAl,O, [4-7].
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Recently, substantial efforts have been focused on the
synthesis of ceramic oxides optically activated with rare-earth
ions, due to combination of the optical properties of rare-earth
ions and the exceptional qualities of ceramic materials [8].
Among these ceramic materials, zirconia is a potential selection
due to its superior properties such as chemical stability, high
thermo-mechanical resistance, high thermal expansion coeffi-
cient, optical transparency, low thermal conductivity, ionic
conductivity, catalytic properties, etc. [9-11]. The phonon
energy in zirconia is low (about 470 cm™') which opens up
the possibility of achieving higher luminescence efficiency of
active ions incorporated into ZrO, matrix [12]. Some rare-earth
ion-doped ZrO, materials can achieve special optical properties
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and a substantial amount of work has been reported such as
ZrOy:Eu [13], ZrOy:Tb [14], ZrOy:Tm [15], ZrO,:Sm [16],
ZrO,:Er [17], etc. These doped materials may find applications
in devices like active optical windows, optical amplifiers, lasers,
color television screens and in the solution of some technolo-
gical problems in the flat panel display industry.

Dy> ™ is an ideal active ion for luminescent materials since it
can produce white light even as a single ion. For this reason,
studies on optical properties of Dy>"doped materials have
gained considerable importance. This ion has two intense
emission bands in blue and yellow regions. The yellow
emission is due to a hypersensitive transition which is strongly
influenced by the crystal field of the matrix. Consequently, it is
possible to adjust the intensity ratio of yellow to blue emission
via choosing proper host lattices [18,19]. In addition of the
white light applications, Dy doped materials are widely
studied for its optical amplification in the near infrared region
and in the emission of laser radiation in the middle infrared
region [20,21]. There are some investigations on Dy> "-doped
zirconia nanopowders [22-24] but no studies have been
reported, to our knowledge, on the luminescent properties of
Dy?*-doped ZrO, films. The luminescent films are used in
many important applications in the current technology. Com-
pared to powder phosphors, luminescent films offer advantages
such as: major thermal stability; good adherence to substrate;
they do not present any degassing problems; have uniformed
properties through the area covered; possess major resolution
and contrast with minimal optical dispersion and all of this
with the use of less material [25].

The present work reports the crystalline structure, the
surface morphology, the chemical composition and the PL-
CL properties of ZrO,:Dy’ " and ZrO,:Dy> " 4+xLi™ films
deposited by means of the USP technique. The role that the
substrate temperature and the activators concentration play on
the above-mentioned properties is also reported.

2. Experimental procedure

The USP technique was used to deposit ZrO,:Dy*™ and
ZrOQ:Dy3++xLi films [26]. In this method an ultrasonic
humidifier is used to produce a fine mist from the precursor
solution. The mist is transported to a hot substrate located on a
tin bath through a tubing setup using filtered air as a carrier
gas, as a result a chemical reaction is carried out and a solid
film is deposited on the substrate. The carrier gas was dry air
with a flow rate of 10 liter/min. The precursor solutions were
obtained from zirconium oxichloride (ZrOCl, - 8H,O, Aldrich
Chemical Co.) and deionized water at 0.05 molar concentra-
tion. Doping with Dy’ was achieved by adding DyCls
-6H,O (ALFA AESAR) in the range from 1 to 20 (1, 3, 5,
7, 10, 15 and 20) atomic percent (a/o) in relation to the Zr
content in the start solution; the lithium source was
LiCl- 6H,0O (ALFA AESAR). The substrate temperature (7)
was varied in the range from 350 to 600 °C in steps of 50 °C.
The substrates were either silicon single crystal or glass
(Corning 7059) slides of about 1.5 cm® The deposition time
was adjusted from 5 to 6min to deposit films with

approximately the same thickness. The thickness of the films
studied was about 6 pm as measured by a Sloan Dektak ITA
profilometer (within + 0.3 pm). The crystalline structure of
the films was analyzed by means of X-Ray Diffraction (XRD),
using a Siemens D-5000 diffractometer with wavelength
radiation of 1.5406 A (Cu ko). The chemical composition of
the films was measured using EDS (Energy Dispersive
Spectroscopy) with a Jeol Scanning Electron Microscopy
model JSM-7600F equipped with a Oxford INCA Energy+,
Si—Li, X-ray detector. The surface morphology of the films
studied was analyzed by means of the SEM (Scanning Electron
Microscope) above-mentioned. The excitation (PLE) and the
photoluminescence (PL) spectra were obtained by means of the
spectrofluorometer fluoro-Max-P from Jobin Yvon Horiba.
Cathodoluminescence (CL) measurements were performed in
a stainless steel vacuum chamber with a cold cathode electron
gun (Luminoscope, model ELM-2 MCA, RELION Co.). The
films are positioned inside the vacuum chamber whose
pressure is less than 107> Torr. The electron beam used to
excite the samples is generated parallel to the surfaces of these
films and, through a magnetic field; it is diverted 90° to incise
perpendicular to the said surfaces. The visible radiation emitted
from the samples is collected with an optic fiber and analyzed
in the above-mentioned spectrofluorometer, where the lumi-
nescent spectra are recorded. The current of the electron beam
was 0.03 mA and the diameter of this beam over the samples
was 0.3 cm.

3. Results and discussion

In the Fig. 1, the results of XRD measurements on ZrO,:
Dy*" (3 alo) layers deposited at T from 400 °C to 550 °C are
exhibited. The ZrO,:Dy> " coatings have poor crystallinity at
low deposition temperatures (<400 °C), but for higher T,
these films show well defined peaks which correspond to the
zirconia tetragonal phase (according to 01-079-1764, ICSD
066783), indicating that samples are of single pure phase.
Sharper diffraction peaks at high 7§ indicate an increase in the
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Fig. 1. XRD diffractograms for ZrOz:Dy3 * (3 alo) films grown at different 7T:
400 °C, 450 °C, 500 °C and 550 °C.
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crystallite size as the deposition temperature raises. The peaks
at 30.2°, 35.2°, 50.3°, 60.1° and 62.9° can be assigned to the
crystallographic orientations (101), (110), (112), (211) and
(202), respectively. The crystal size was estimated by means of
the Scherrer formula using the most intense band (situated at
20=30.2°); crystal size was determined to be 23 nm.

Tables 1 and 2 show the results of EDS measurements.
Table 1 summarizes the relative atomic percentages of the
oxygen, zirconium, dysprosium and chlorine incorporated into
the films as a function of the content of the dysprosium chloride
included in the spraying solution. A reduction of the relative
content of zirconium and an increase in the relative contents of
oxygen, chlorine and dysprosium are observed when the doping
concentration is increased; the substrate temperature, in this
case, was 550 °C. Table 2 shows similar results to that in
Table 1 but now as a function of the substrate temperature,
keeping fixed the doping concentration (dysprosium chloride 3
alo) in the starting solution. It is observed that as the substrate
temperature increases, the relative content of oxygen and
zirconium is increased and a significant reduction in the relative
contents of dysprosium and chlorine are also observed.

Fig. 2 shows SEM micrographs on the surface morphology
of ZrO,:Dy> " coatings deposited at 400 °C (a), 450 °C
(b), 500 °C (c), 550 °C (d), 600 °C (e) and a cross section
for the film deposited at 550 °C (f). In general, rough but
continuous films with good adherence to the substrate are

Table 1
Atomic percent content of the oxygen, zirconium, dysprosium and chlorine in
the dysprosium-doped zirconium oxide films as measured by EDS for different
DyCl; concentrations in the spraying solution. The substrate temperature was
550 °C.

DyCl; concentration in the spraying Oxygen Zirconium Dy Chlorine
solution (a/o) (alo) (alo) (alo) (alo)

0 67.3 32.1 00.0  00.6

3 65.2 333 00.6  00.9

5 65.0 30.9 01.4 027

7 64.8 29.1 02.5 03.6
10 64.6 28.2 029 043

15 63.6 26.7 03.8 05.9
20 62.7 25.6 049 06.8
Table 2

Atomic percent content of the oxygen, zirconium, dysprosium and chlorine in
the dysprosium-doped zirconium oxide films as determined by EDS for
different substrate temperatures. In this case, the DyCl; concentration in the
spraying solution was 3 a/o.

Substrate temperature Oxygen Zirconium Dy Chlorine
(°C) (alo) (alo) (alo) (alo)
350 61.9 29.9 01.9 06.3
400 62.6 30.8 01.5 05.1
450 63.7 313 01.2 03.8
500 64.1 3255 00.9 02.5
550 65.2 333 00.6 00.9

observed. However, the surface morphology of the films
depends on the substrate temperature; layers deposited at
400 °C present rough surfaces formed by an open network
formed by thick “veins” or ramifications and some spherical
particles. At 450 °C and 500 °C, the surface morphology
evolves to compact structures formed by some veins and the
growth of more spherical and pseudo-spherical particles on top
of them. These characteristics are, very probably, obtained
because at higher substrate temperature the deposited precur-
sors have larger surface kinetic energy, which produces a more
complete pyrolytic reaction of the reactant materials that result
in a more compact film. The films deposited at 550 °C show a
cavernous surface morphology free of veins formed mainly by
clusters of pseudo-spherical particles. In the samples deposited
at 600 °C, Fig. 2(e), the micrograph shows a surface morphol-
ogy constituted by a great quantity of clusters formed by
particles of pseudo-spherical shape. In this case, the morphol-
ogy can be associated to the fact that at high temperatures, the
precursor elements may react before they reach the substrate,
generating a very fine powder of the final oxide. These clusters
originate non-continuous films; it is possible to observe, in the
bottom, parts of the substrate without material and some
“disks” originated by aerosol drops that arrived as a liquid to
the surface of the substrate. As a result, the “films” deposited at
this substrate temperature (600 °C) do not have as good
adherence to the substrate like those deposited at lower
substrate temperature. Fig. 2(f) exhibits the cross section of a
sample deposited at 550 °C, it is possible to observe a nodular
growth rather than columnar one. The value of the thickness
here observed is similar to the one measured by means of the
profilometer.

Fig. 3 shows the PL excitation spectra for ZrO,:Dy’ " (3 alo)
deposited at 550 °C. The emission wavelengths were fixed at
485 nm and 584 nm, which correspond to the most prominent
bands observed in the emission spectrum (to see Fig. 4). It is
possible to observe that the wide bands (from 225 nm to
310 nm) centered at 286 nm are practically identical when
monitored at 485 or 584 nm. The spectra exhibit two distinct
zones; the first zone is associated with above described broad
band in the range of 225-310 nm. This strong broad band might
be ascribed to the host absorption since the charge transfer band
of the Dy-O is usually located at vacuum ultraviolet wave-
lengths [27]. The second zone involves excitation bands at
longer wavelengths that are characteristic of f—f transitions
originating from excited levels of the Dy* " ions. These bands
are located at 326, 355, 366 and 387 nm, which correspond
to the transitions from the ground level: (°Hysp— °Psp),
(6H15/2—>4F9/2), (6H15/2—>6P5/2) and (6H15/2—>4F7/2), respec-
tively. The excitation located at 355 nm corresponds to the
transition from the ground level ®H,s,, to the hypersensitive
level °P;,, from where it relaxes nonradiatively to the “Fopr
metastable level. The excitation bands at 320—400 nm indicate
that the ZrO,:Dy> " phosphor is suitable to be excited by near-
UV LEDs. The general distribution of the observed peaks agrees
with the reported structure of the spectra for ZrO,:Dy>*
phosphors [28-30]. The inset of Fig. 3 exhibits the excitation
and emission spectra for un-doped ZrO, films. The excitation
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Fig. 2. SEM micrographs show the surface morphology of ZrOZ:Dy3+(3 alo) films as a function of the Ty: 400 °C (a), 450 °C (b), 500 °C (c), 550 °C (d), 600 °C

(e) and 550 °C (cross section) (f).
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Fig. 3. Excitation spectra of ZrO,:Dy> " (3 a/o) films deposited at 550 °C. The
excitation spectra were recorded with emission wavelengths fixed at 485 nm

and 586 nm. The inset shows the PL excitation and emission spectra for pure
71O, films.

spectrum presents a broad band centered at 286 nm which is
assigned to the matrix absorption and coincides with that for the
Z10,:Dy’ " films. The emission spectrum shows an asymme-
trical broad band (400-650 nm) centered at 445 nm; a similar
behavior is observed in ZrO, nanocrystalline powders [31]. This
indicates that the PL emission observed in the ZrO,:Dy>* film
is favored by the host lattice absorption. A 286 nm excitation

20
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Fig. 4. PL emission spectra of ZrO,:Dy>" films deposited at 550 °C as a
function of the doping concentration. The excitation wavelength was 286 nm.

wavelength was chosen to excite to the ZrO,:Dy>" films
studied in this work.

PL emission spectra for ZrO,:Dy> " films are shown in the
Fig. 4, as a function of the doping concentration in the
spraying solution. In this case, the ZrO,:Dy’" films were
synthesized at 550 °C and excited with a 286 nm wavelength.
Here it is possible to distinguish four emission bands centered
at 485nm, 584 nm, 670 nm, 760 nm, which correspond,
respectively, to the *Fop— °Hisp, “Fop— “Hizp, ‘Fop—
®H,,, and *Fgp— C°Ho) characteristics transitions of the
Dy*" ions. The yellow band centered in 584 nm is the
highest. Generally, the intensity of the PL emissions from



A. Baéz-Rodriguez et al. / Ceramics International 41 (2015) 7197-7206 7201

Dy’ ions is notably disturbed by the surrounding symmetry
of this ion in the host lattice. In the PL emission spectra it is
possible to observe two main bands due to the Dy> " ion; one
in the blue region and the other in the yellow region of the
electromagnetic spectrum. The blue emission is of magnetic
nature and its intensity is practically independent of the matrix
influence; on the other hand, the yellow emission is of electric
nature and its intensity is very affected by the crystalline field
of the host lattice. In both, the ZrOzsz3 T and ZrO,:
Dy’ " +xLi™ films the emission bands observed at 584 nm
are stronger than the emission peaks located at 485 nm, which
point out that Dy3Jr ions occupy lower symmetry sites in this
matrix [32]. The intensities of all the emission bands increase
with the Dy’ concentration until 3 a/o of DyCl; (in the
spraying solution). Then, the intensity decreases due to the
concentration quenching for higher values than 3 a/o of DyCl;
(0.6 alo of Dy as measured by EDS). As the Dy’ "
concentration is increased, the average distance between
Dy3+ ions will decrease; then cross relaxations between
Dy3+ ions become more common; the following cross
relaxations could be responsible for the nonradiative population
decrease of 4F9/2 multiplet: 4F9/2+6H15/2 - 6H9/2(6F1 1/2)+ 6F3/2,
*Fop+°His 2 °Hsp+ Frpn, and  “Fop+C°Hisn—Fn+
6H9,2(6F”,2). Due to the cross relaxations, Dy3+ ions at the
4F9/2 multiplet can be de-excited to the 6H9/2(6F11 /2), 6H5/2, or
°F1pn multiplet, in the mean-while Dy3 * ions at the ground state
6H15/2 are excited to the 6F3/2, 6F7/2 or 6H9/2(6F11/2) multiplet.
Then, all the Dy3Jr ions concerned in the cross relaxations relax
to the ground state non-radiatively, as a consequence the
emissions associated to the “Fop multiplet are quenched, in
according to reference [33].

The ZrO,:Dy’" films have outstanding PL luminescent
emissions, which can be appreciated at simple sight, with a
normal room light, when they are excited with an ultraviolet
lamp (254 nm). This indicates, at least qualitatively, the high
intensity of the PL luminescent emissions.

In the Fig. 5 PL emission spectra for ZrO,:Dy>" (3 alo)
films are shown, as a function of the deposition tempera-
ture. Here, the ZrOz:Dy‘gJr films were excited with a 286 nm

Zr0,:D ‘F °
5 - rO,: Dy (3 alo) . Fg/z")‘gH13/2 a 400 °C
4 6 3‘\ l b——450°C
4 For Hise \ c——500°C
; d—550°C
s e—— 600 °C
2z 37
‘@
GC.) }\'exc =286 nm
€ 21 /
1
o
1 -
92
0

300 400 500 600 700 800
Wavelength (nm)

Fig. 5. PL emission spectra of ZrO,Dy>" (3 alo) films for different
deposition temperatures. In this case, the excitation wavelength was 286 nm.

wavelength and the doping concentration was 3 a/o of DyClj
in the spraying solution (0.6 a/o of Dy’ " as measured by
EDS). Once again (like in the Fig. 4), it is possible to
distinguish four emission bands centered at 485 nm, 584 nm,
670 nm, 760 nm, which correspond to the 4F9/2—> 6H15,2,
41:‘9/2—> 6H13/2’ 4F9/2—’ 6Hn/z, and 4F9/2—> 6H9/2’ respectively,
typical transitions of the Dy®>" ions. The PL emissions
increase in intensity as the substrate temperature is increased,
probably due to an improved crystallization of the host
material, as it is shown by XRD measurements, in this range
of deposition temperatures and to the reduction of chlorine
(and other undesired residuals) left into the films. Both effects
will generate a better incorporation and distribution of the
dysprosium ions into the host lattice, which will result in an
increase of the PL emission as the deposition temperature is
increased. It is possible to observe in this figure that the
samples deposited at 550 °C have the highest emission
intensity. According to the observed tendency, films deposited
at substrate temperatures higher than 550 °C would have a
more intense PL emission. The synthesized films at deposition
temperatures greater than 550 °C (600 °C) did not have a total
coverage on the substrate, show porosities and a poor
adherence. Like mentioned before, this is probably due to
the fact that at those temperatures the chemical reaction is
performed in the vapor phase, before it gets to the substrate,
generating a powdery and not continuous films. If it were
possible to deposit continuous films, at 600 °C, with similar
thickness to the one deposited at 550 °C, certainly this film
would have the maximum emission intensity.

Fig. 6 shows PL emission spectra for ZrO,:Dy> " +xLi™
films, as a function of the LiT ion concentration in the
spraying solution. Here, the ZrO,:Dy>" +xLi" films were
synthesized at 550 °C and excited with a 286 nm wavelength;
the Dy doping concentration was fixed at 3 a/o. It is possible to
distinguish four emission bands centered at 485 nm, 580 nm,
668 nm, and 755 nm, which correspond to the “Fo;, > ®Hysp,

ZrO,: Dy (f alos): Li Li (a/o)
161 . 3 F9/2' H13/25«“ 2 8 a/;)
— Fos H15/2,~ bl -5 alo
r A c—1 alo
a 127 g d 3 alo
Z e 5 alo
5 - f—10 alo
€ Ts =550 °C
o A, =286 nm
4 4 4 6
\ F9/2' H11/2 4 6
\ /A 912
0 T T

400 500 600 700 800
Wavelength (nm)

Fig. 6. PL emission spectra for ZrO:Dy> " +xLi ™ films, as a function of Li "
ions concentration in the spraying solution. These films were synthesized at
550 °C and excited with a 286 nm wavelength; the Dy®* doping concentration
was fixed at 3 alo.
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41:9/2—’ 6Hl3/2, 4F9/2—> 6H11/2s and 4F9/2—> 6H9/2 respectively
transitions of the Dy> " ions. The LiCl concentrations varied
from 0.5 to 10 a/o (in the spraying solution). An improvement
in the emission intensities with the lithium ions incorporation
is clearly observed. Also, the PL spectra from ZrO,:Dy> ™"
(3 alo)+xLi"T films show that Dy3+ emissions can be
enhanced with the increasing codopant Li* content till x=3
alo; the PL emission intensity decreases gradually when the
Li™ content exceeds x=3 alo. However, notice that the
samples with any quantity of Li™ ions show a higher PL
intensity than those without them. In this case, it is proposed
that the Li™ ions can act as co-activators and/or charge
compensators and may assist for the energy transfer from the
host lattice to the Dy’ active center, resulting in a higher
quantum yield. Acting as a co-activator and/or a charge
compensator, Li™ ions have been incorporated into diverse
luminescent host lattices. There are many reports on the
significant enhancement in emission intensity with Li* co-
doping in different hosts [34,35]. Also, it is known that during
the synthesis of these materials, different types of the structural
defects are created; in the case Dy> " ions incorporated into the
ZrO, matrix, they enter in substitution of Zr ions, generating
defects, mainly oxygen vacancies. When Li* ions are incor-
porated, they contribute to the neutralization of the electrical
charge and prevent, in good measure, the formation of the
oxygen vacancies; thus, the crystalline structure of the films
improves. This fact contributes to carry out more affectively
the energy transfer from the host lattice towards the Dy3Jr
ions, with which the intensity of the PL emission is notably
improved. On the other hand, the presence of the Lit ions
could favor changes of the environment of the Dy> " ions and
with this induce a more efficient light generation [36-38].
The Cathodoluminescence is a very important phenomenon
that is used in devices based on cathode ray tubes, and it is
often very useful in the characterization of luminescent
materials [39]. CL emission spectra for ZrO,:Dy> " films are
shown in Fig. 7 as a function of the doping concentration in
the spraying solution. In this case, the ZrO,:Dy>* films were

8
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7 ey | b3 (alo)
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—~ B4 4 6 ‘
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2 44 g—— 15 (alo)
9
£ 5] —EEQ°
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Fig. 7. CL emission spectra for ZrOZ:Dy3+ films as a function of the doping
concentration in the spraying solution. ZrO,:Dy®* films were synthesized at
550 °C and the applied electron accelerating potential was 8 kV.

synthesized at 550 °C and measured under steady-state excita-
tion; the applied electron accelerating voltage was 8 kV. As in
the case of the PL, here it is possible to distinguish four
emission bands centered at 485 nm, 584 nm, 670 nm, 760 nm,
which correspond to the 4F9/2—> 6H1 5/25 4F9/2—> 6H13/2, 4F9,2—>
°H,,,, and “Fo, — ®Hop, respectively, transitions of the Dy3+
ions. The yellow band centered in 584 nm is once more the
highest. Again, the intensities of all the emission bands increase
with the Dy** concentration, the maximum emission intensity
is obtained for 3 a/o of DyCl; (in the spraying solution). A
concentration quenching of the CL emission is appreciated; the
emission intensity decreases for higher values than 3 a/o of
DyCl; (0.6 alo of Dy as measured by EDS). When a material is
optically activated with rare earths ions, as their concentration
increases, the distance between these ions (in this case Dy *
ions) is reduced causing energy transference between them, in
way that said energy could get lost in the host lattice defects and
so not contributes to the emission of visible light. As the thermal
energy increases (on the substrate surface) it promotes a better
dissociation of the precursor salts promoting a reduction of the
residual impurities incorporated inside the films; this fact
induces a better crystalline structure and a better distribution
of the Dy* " ions into the ZrO, matrix. As a consequence, an
increase in the CL emission intensity is observed [40]. In this
case, it is possible to distinguish a splitting of the blue band (for
samples doped with 1, 3 and 5 a/o of DyCl;) which is absent in
the PL spectra. This splitting is probably associated to the
influence of the asymmetric electric field produced by the
crystalline environment (impurities or other defects) on the
Dy* " ions. This is known as the ligand-field effect [41]. It is not
clear the nature of this result; more research is needed to
elucidate this point.

Fig. 8 shows CL emission spectra of ZrO,:Dy> " films as a
function of the deposition temperature. The electron accelerat-
ing voltage was 8 kV and the doping concentration in the
spraying solution was fixed at 3 a/o of DyCl;. These spectra
show dominant bands centered at 485 nm, 586 nm and small
peaks located at 673 nm and 760, which correspond, as in the
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Fig. 8. CL emission spectra from ZrO,:Dy> " films, with variations on the
deposition temperature. The electron accelerating voltage was 8 kV and the
doping concentration in the spraying solution was fixed at 3 a/o of DyCl;.
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Fig. 9. CL emission spectra from ZrO,:Dy>* films, with variations of the
applied electron accelerating voltages (4, 6, 8, 10, 12, 14 and 16 kV). The
samples were deposited at 550 °C and the doping concentration was 3 a/o.

case of PL measurements, to the electronic transitions “Fo
—>6H15/2, 4F9/2—>6H13/2, 41:9/2—>GH11/2 and 4F<)/2—6H9/2 of the
Dy ™2 ions, respectively. Once again (as in PL measurements)
the strongest emission corresponds to yellow *Fo, —>®H3
electronic transition. It is clear that the CL emission intensities
rise with increasing substrate temperature (up to 550 °C),
suggesting that a reduction of structural defects and the
crystallite growth in the films favors the radiative recombina-
tion mechanisms. Also, the reduction of residual impurities (as
chlorine, water, etc) incorporated into the crystallized samples
produce a better incorporation and distribution of Dy> ™ ions
inside of host lattice, which could result in an growth of the CL
emission intensities as the deposition temperature is raised.
Fig. 9 shows CL emission spectra from ZrO,:Dy> " films,
with variations of the applied electron accelerating voltages (4,
6, 8, 10, 12, 14 and 16 kV). Here, the samples studied were
deposited at 550 °C and the doping concentration was 3 a/o.
The observed emission spectra consist of four bands char-
acteristic of the Dy ion (as in the case of the PL spectra),
occurring within the 4f shell. Results show that the higher
electron accelerating voltage produces the best emission
intensity. In the CL phenomenon, the incident electrons
penetrate a certain distance inside the material generating
secondary electrons and hole—electron pairs. These incident
and secondary electrons excite the Dy> ™ ions to originate the
visible light emission. When the electron accelerating voltage
increases, a bigger volume of material is excited and there is a
major generation of secondary electrons and hole—electron
pairs, and so on. The hole—electron pairs recombination
produce a greater amount of visible photons, which increases
the intensity of the CL emissions. The visible light generation
in the cathodoluminescence is an extremely complex process
since during the stimulation with accelerated electrons X-rays
are also produced, which excite to the Dy’ " ions generating
even more visible light. Besides, the secondary electrons that
where first created could in their own time produce even more
electrons and hole—electron pairs, that contribute to a more
efficient excitation and, in consequence, to produce a better CL
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Fig. 10. CL emission spectra for ZrO,:Dy> " +xLi* films, as a function of the
Li™ ions concentration in the spraying solution. Films were synthesized at
550 °C, the electron accelerating voltage was 8 kV and the Dy’" doping
concentration was fixed at 3 a/o.

emission intensity [42]. If it is observed through the window of
the vacuum chamber, where the cathodoluminescence is
performed, we can appreciate, at naked eye in normal room
light, an intense yellowish-white light; this is a qualitative
manifestation of the high intensity of the observed CL
emissions.

Fig. 10 shows CL emission spectra for ZrO,:Dy>* +xLi™
films, as a function of the Li" ions concentration in the
spraying solution. Here, the ZrO,:Dy’ " + xLi™ films were
synthesized at 550 °C, the electron accelerating voltage was
8 kV and the Dy doping concentration was fixed at 3 a/o.
Results in this figure are very similar to those of the Fig. 6. In
this case, it is significant that both blue and yellow emission
bands of Dy* " ions enhance with the increasing content of
Li" till x=3 alo, the emission intensity begin to decrease
when the Li* content exceeds this critical value. The emission
intensity of the strongest band (586 nm) with the x=3 alo
(Li™) is observed about three times higher than that of the film
without codopant Lit. The enhanced luminescence of the
studied ZrO,:Dy* " +xLi™ films, may be associated with the
charge balance principle of Li* ions.

The ZrO,:Dy>" films show intense PL emissions in blue
(485 nm) and yellow (584 nm) zones and the appropriate
combination of blue and yellow light can produce white light
emission. In order to find out color coordinates of these films,
the emission spectra (as a function of the doping concentration
in the spraying solution and deposited at 550 °C) have been
analyzed in the frame work of CIE (Commission Internationale
de I'Eclairage) 1931 chromaticity coordinates diagram. The
calculated chromaticity coordinates of the films are shown in
Fig. 11. From the figure it is found that color coordinates of all
the samples fall in the white light region. Hence these samples
can be used as white light emitting materials. The CIE
coordinates under excitation at 286 nm are: (0.3647, 0.4147),
(0.3597, 0.4059), (0.3531, 0.3956), (0.3479, 0.3883) and
(0.3308, 0.3761) for 1, 3, 5, 10, and 15 Dy a/o, respect-
ively. It can be observed that, as the concentration of Dy’ ™
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Fig. 11. CIE chromaticity diagram for ZrO,:Dy>* films as a function of the
doping concentration. The excitation wavelength was 286 nm. The films were
deposited at 550 °C.
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Fig. 12. CIE chromaticity diagram for ZrO,:Dy>* +xLi* films as a function
of the Li* doping concentration. The excitation wavelength was 286 nm. The
films were deposited at 550 °C and the Dy>* doping concentration was fixed
at 3 a/o. (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)

increases, the color of the films is close to the equal energy
white light point (0.3333, 0.3333).

Fig. 12 shows the CIE chromaticity coordinates for ZrO,:
Dy’ * +xLi™ films, as a function of the Li* ions concentration

in the spraying solution. ZrO,:Dy’* 4xLi™ films were synthe-
sized at 550 °C and excited with a 286 nm wavelength; the Dy’ *
doping concentration was fixed at 3 a/o. Based on the standard
CIE coordinate-color graph, it is possible to observe that ZrO,:
Dy’ * 4xLi" films can emit warm-white light with CIE coordi-
nates (0.3608, 0.4002), (0.3548, 0.3923), (0.3560, 0.3859),
(0.3559, 0.3846), (0.3406, 0.3707) and (0.3475, 0.3609) corre-
sponding to x=0, 0.5, 1, 3, 5 and 10 Li" alo), respectively. It is
observed that, as the concentration of Li™ ions increases, they
come closer to the white perfect area.

4. Conclusions

In this contribution, the PL. and CL emissions (yellowish-
white) from ZrO,:Dy”* and ZrO,:Dy> " 4+xLi ™" films, synthe-
sized by the ultrasonic spray pyrolysis process, were studied.
The XRD measurements on these films showed that its
crystallinity depends on the deposition temperature; at low
temperatures they are in the non-crystalline state and when
increasing the deposition temperature they changed to meta-
stable polycrystalline tetragonal phase of the zirconia. The
surface morphology of the films was also dependent on the
deposition temperature; SEM micrographs showed that these
films are rough, continuous and denser as the substrate
temperature is increased. These films show a nodular and
uniform growth on whole area of substrate except for films
deposited at 600 °C. The films showed high deposition rate up
to 1 pm per minute with an average thickness of 6 microns.
The estimated grain size was 23 nm. It was determined that
substrate temperature for the samples with maximum PL and
CL emission intensities was 550 °C. The excitation spectra
showed wide bands (from 225 nm to 310 nm) centered at
286 nm practically identical when monitored at 485 or 584 nm.
The peaks observed below 300 nm are usually related to 4f—5d
transitions or Dy—O charge transfer bands and above 300 nm
they are related to 4f-4f transitions of the Dy>" ions.
Experimental results reveal that the luminescence (PL and
CL) was affected by both the deposition temperature and the
Dy*" concentration in the ZrO, films. The observed lumines-
cence emissions from ZrO,:Dy> " films are host sensitized and
are typical of the Dy’ electronic transitions. All PL and CL
spectra showed four emission bands centered at 485 nm,
584 nm, 670 nm, 760 nm, which correspond, respectively, to
the 4F9/2—> 6Hls/z, 41:‘9/2—> 6H13/29 4F9/2—> 6H11/2, and 4F9/2—>
®Hy,, transitions of the Dy3+ ions. The PL and CL intensity
emissions are incremented as the substrate temperature
increases. A concentration quenching of the luminescence
emission is observed above the optimum concentration of 3
alo (0.6 alo of Dy " as measured by EDS). The PL and CL
results of ZrO,:Dy” ™ and ZrO,:Dy’ " 4 xLi films showed that
the strongest luminescence corresponds to 0.6 a/o of Dy and
its emission intensity can be further enhanced about three
times by codoping with 3 a/o of LiCl in the spraying solution.
The reason is that Li* ions may act as a promoter for better
crystallization and as charge compensator. The CIE color
coordinates of the studied films were found within the warm-
white light emission region. The spectral characteristics of
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these ZrO,:Dy’ " and ZrO,:Dy’ " +xLi films make it a
promising candidate for application on optical devices and
solid-state lighting for general illumination purposes, espe-
cially for white lighting applications.

A great advantage of the materials studied in this work is
that the deposition temperature (400-550 °C, for films) is
much lower than that of the traditional solid-state reaction
method and other synthesis methods (800-1200 °C, for
powders). These luminescent films could be integrated to
optoelectronic devices, such as electroluminescent multilayer
type MISIM (Metal-Insulator-Semiconductor-Insulator-Metal)
for images in flat panel displays.

Finally, from the obtained results, it is possible to conclude
that ZrO, is an appropriate host lattice to the Dy ions in
order to generate intense luminescent emissions, and that the
simple and economical ultrasonic spray pyrolysis technique is
very convenient and adequate to deposit films with remarkable
qualities.
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