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a b s t r a c t

Zirconium oxide thin films loaded with 10, 30 and 50 mol% lanthanide ions (Er or Eu) have been success-
fully prepared by direct UV (254 nm) irradiation of amorphous films of b-diketonate complexes on
Si(100) substrates, followed by a post annealing treatment process. The resultant films were character-
ized by X-ray photoelectron spectroscopy and Atomic Force Microscopy. The results showed that the stoi-
chiometry of the resulting films were in relative agreement with the composition of the precursor films.
The effects of annealing as well as the lanthanide ion loading on the photoluminescence (PL) emission
intensity were investigated, finding that thermal treatment decreases surface roughness as well as PL
emission intensity.
1. Introduction

Photoluminescence properties of many metal oxides such as
TiO2 [1], ZnO [2], WO3 [3] and In2O3 [4] have attracted considerable
interest, because they may be used in many fields, such as nano-
scopic optical storage elements, or as probes in living systems
[5]. However, comparatively few studies have been carried out
concerning the photoluminescence (PL) of ZrO2, especially rare
earth doped ZrO2, such as ZrO2–Er [6,7], ZrO2–Eu [8,9] and ZrO2–
Sm [10,11] systems.

However, for developing effective luminescence devices, mate-
rials with much lower phonon energy should be selected as hosts
because the high phonon energy of the host lattice is responsible
for non-radiative relaxation. SiO2 matrix (phonon energy:
1100 cm�1) is widely used as a host due to their high transparency
in the visible region. However, the network structure of SiO2 makes
it impossible to introduce high content of dopant without cluster-
ing which leads to concentration quenching of emission [12].

ZrO2 is one of the candidates for the substitution of SiO2 as host
matrix for lanthanide ion due to its chemical and photochemical
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stability, high refractive index and low phonon energy. The stretch-
ing mode of the ZrO2 is about 470 cm�1 which is much lower than
that for Al2O3 (870 cm�1) or SiO2 (1100 cm�1) [12].

Various metal ions incorporated into Zirconia materials can
achieve special optical properties. Placing f-electron elements in
Zirconia-based materials has the potential for solid-state photonic
device applications. The ability to stabilize each crystalline phase
of Zirconia at ambient temperature provides an opportunity for
correlating the optical properties with the structure. In addition,
structural modifications may impact the electronic structure of
the lattice, and useful chemical and optical properties could
emerge. As the main structural difference between these Zirconia
phases is due to displacements of the oxygen atoms in the lattice,
it is of interest to follow the spectroscopic consequences which
accompany the structural modifications [10].

Several preparation techniques have been proposed to fabricate
ZrO2 thin films by dry processes, such as sputtering [13], chemical
vapor deposition (CVD) [14] and atomic layer deposition (ALD) [15]
and by moist processes such as sol–gel [16] and liquid phase depo-
sition (LPD) [12]. Among these methods, the photochemical depo-
sition technique is a promising and powerful method for
fabricating loaded and unloaded ZrO2 thin films due to its simplic-
ity and low energy consumption.
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In previous articles we have reported a photochemical method
for the deposition of a variety of metals and metal oxides [17–19].
In this method, also known as PMOD (photochemical metal organic
deposition), thin films of inorganic or organometallic precursors
are converted upon irradiation to amorphous films of metals or
oxides, depending on the reactions conditions. The development
of this method requires that the precursor complexes form stable
amorphous thin films upon spin coating onto a suitable substrate
and the photolysis of these films results in the photoextrusion of
the ligands leaving the inorganic products on the surface as shown
in Eq. (1).

MðacacÞnðthin filmÞ !
hv

M0 þ nHacac!O2 MxOyðthin filmÞ

þ sub-products ð1Þ
where: M = Zr, Eu or Er; acac = acetylacetonate ligand.

In the present work, we report the preliminary results on the
characterization of zirconium oxide thin films loaded with lantha-
nide elements (Er3+ or Eu3+) prepared by photochemical deposition.
2. Experimental

2.1. General procedure

Fourier Transform Infrared spectra (FT-IR) were obtained
with 4 cm�1 resolution in a Perkin Elmer Model 1605 FT-IR
spectrophotometer.

UV spectra were obtained with 1 nm resolution in a Perkin El-
mer Model Lambda 25 UV–Vis spectrophotometer.

X-ray photoelectron spectra (XPS) were recorded on an XPS-Au-
ger Perkin Elmer electron spectrometer Model PHI 1257 which in-
cluded an ultra high vacuum chamber, a hemispherical electron
energy analyzer and an X–ray source providing unfiltered Ka radi-
ation from its Al anode (hm = 1486.6 eV). The pressure of the main
spectrometer chamber during data acquisition was maintained at
ca 10�7 Pa. The binding energy (BE) scale was calibrated by using
the peak of adventitious carbon, setting it to 284.6 eV. The accu-
racy of the BE scale was ±0.1 eV. High resolution spectra were al-
ways fitted using Gaussian–Lorentzian curves in order to more
accurately determine the BE of the different element core levels.
Prior to curve fitting, a background was subtracted by the method
devised by Shirley [20]. The approximate composition of the sur-
face was determined by dividing the individual peak area, after
appropriate background subtraction, by their respective atomic
sensitivity factor (ASF).

X-ray diffraction patterns were obtained using a D5000 X-ray
diffractometer. The X-ray source was CuKa (k = 1.5405 ÅA

0

) and
measurements were taken in the 2h range 0–90�.

Atomic Force Microscopy (AFM) was performed in a Nanoscope
IIIa (Digital Instruments, Santa Barbara, CA) in contact mode. Film
thickness was determined using a Leica DMLB optical microscope
with a Michelson interference attachment.

The solid state photolysis was carried out at room temperature
under a low-pressure Hg lamp (k = 254 nm) equipped with two
6 W tubes, in an air atmosphere. Progress of the reactions was
monitored by determining the FT-IR spectra at different time inter-
vals, following the decrease in IR absorption of the complexes.

The substrates for deposition of films were Indium Tin oxide
(ITO) covered glass (1 � 2 cm) and n-type silicon(100) wafers
(1 � 1 cm) obtained from Wafer World Inc, Florida.

Fluorescence emission spectra measurements were carry out in
a multifrequency phase fluorometer (K2, ISS Inc., Urbana, Cham-
paign, IL, USA) with a L type setup. Excitation was performed with
a 400 W UV Xe arc lamp. Excitation monochromator was set at
465 nm for ZrO2–Eu films and at 488 nm for ZrO2–Er films, were
taken at room temperature.
2.2. Preparation of amorphous thin films

The precursors Zr(IV) acetylacetonate, and lanthanides com-
plexes Er(III) and Eu(III) acetylacetonate were purchased from Al-
drich Chemical Company and thin films were prepared by the
following procedure: A silicon chip was placed on a spin coater
and rotated at a speed of 1500 RPM. A portion (0.1 ml) of a solution
of the precursor complex in CH2Cl2 was dispensed onto the silicon
chip and allowed to spread. The motor was stopped after 30 s
and a thin film of the complex remained on the chip. The quality
of the films was examined by optical microscopy (1000�
magnification).

2.3. Photolysis of complexes as films on Si(100) surfaces

All photolysis experiments were done following the same pro-
cedure. Here is the description of a typical experiment. A film of
the complex was deposited on n-type Si(100) by spin-coating from
a CH2Cl2 solution. This resulted in the formation of a smooth, uni-
form coating on the chip. The quality of the precursor films (unifor-
mity, defects, etc.) was determined by optical microscopy (1000�),
while the thickness was monitored by interferometry. The FT-IR
spectrum of the starting film was first obtained. The irradiation
of the films was carried out at room temperature in air atmo-
sphere, until the FT-IR spectrum showed no evidence of the start-
ing material. Prior to analysis the chip was rinsed several times
with dry acetone to remove any organic products remaining on
the surface. In order to obtain films of a specific thickness, succes-
sive layers of the precursors were deposited by spin-coating and
irradiated as above. This process was repeated several times until
the desired thickness was achieved.

Normally, the deposition of five successive layers were needed
to obtain films of 300–450 nm thickness. Post-annealing was car-
ried out under a continuous flow of synthetic air at 500 �C for
2 h. in a programmable Lindberg tube furnace.
3. Results and discussion

In a previous paper we reported that films of the Zr(acac)4 com-
plex deposited on Si(100) by spin-coating and irradiated under air
atmosphere with a 254 nm UV source gives rise to thin films of
ZrO2 [21]. In order to evaluate the photoreactivity of the Er and
Eu complexes, thin films of the acetylacetonate complexes were
irradiated and the photolysis monitored by FT-IR spectroscopy. It
was observed that the band at 1518 cm�1 (associated with the car-
bonyl group of the ligand) decreases in intensity, and after 36 h of
irradiation only a minimal absorption remains. These results sug-
gest that the diketonate groups on the precursor material are
photodissociated on the surface, forming volatile products which
are partially desorbed.

3.1. Characterization of ZrO2–Ln photodeposited thin films (where
Ln = Er or Eu)

For the deposition of ZrO2–Ln thin films, solutions of Zr(acac)4

with different proportions of the Ln(acac)3 complexes (10, 30 and
50 mol%) were spin-coated on the appropriate substrate and the
films irradiated until no IR absorptions due to the precursors were
observed.

3.1.1. XPS and XRD analysis
Chemical compositions of the ZrO2–Ln thin films, both as-

deposited and annealed at 500 �C were characterized by XPS (see
Fig. 1 and 2). For the as-deposited thin films, spectra show that
O, Zr and C were present. The C1s peak appearing near 284.9 eV
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Fig. 1. XPS survey spectrum of an as-deposited and annealed at 500 �C ZrO2–Eu
thin films prepared by UV irradiation at 254 nm. Inset figure: Eu 3d core level XPS
spectra of ZrO2–Eu thin films: (a) as-deposited, and (b) annealed thin films.
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Fig. 2. XPS survey spectrum of an as-deposited and annealed at 500 �C ZrO2–Er thin
films prepared by UV irradiation at 254 nm. Inset figure: Er 4d core level XPS
spectra of ZrO2–Er thin films: (a) as-deposited, and (b) annealed thin films.
can be attributed to the organic residual from the precursor. It was
also detected after annealing at 500 �C, although its intensity
Table 1
XPS results (binding energies, eV) for the ZrO2-Ln thin films; the values between parenthe

Thin films Zr 3d5/2 O 1s

ZrOx–Eua 182.0 ± 0.1 529.9 ± 0.1 (81.1)
532.1 ± 0.1 (19.9)

ZrO2–Eub 182.3 ± 0.1 530.1 ± 0.1 (88.7)
531.9 ± 0.1 (11.3)

ZrOx–Era 182.0 ± 0.1 530.1 ± 0.1 (57.9)
531.2 ± 0.1 (42.1)

ZrO2–Erb 182.4 ± 0.1 530.0 ± 0.1 (53.3)
531.4 ± 0.1 (46.7)

a As-deposited.
b Annealed at 500 �C for 2 h.
became significantly lower. Peaks from other impurities such as
N and Si (attributed to the substrate) were not detected.

Other authors have reported that metal b-diketonates such as
[Zr(acac)4] require higher substrate temperatures (>600 �C) for
oxide growth, and can lead to carbon incorporation in metal-or-
ganic chemical vapor deposition (MOCVD) [22,23].

Our measured binding energy values of the Zr 3d5/2, O1s and Ln
(where Ln = Eu or Er) for the as-deposited and annealed films are
shown in Table 1.

XPS spectra showed that the Zr 3d range for the as-deposited
film was composed of two peaks with binding energies of
182.0 eV (3d5/2 level) and 184.4 eV (3d3/2 level) (Fig. 3(a)). The ob-
served binding energy for Zr 3d5/2 is higher than those reported for
Zr metal (180.0 eV) and ZrOX (181.4 eV for 0 < x < 2), but close to
182.0 eV for ZrO2 [24]. After annealing at 500 �C, the binding ener-
gies were 182.2 and 184.6 eV for Zr 3d5/2 and Zr 3d3/2 levels,
respectively.

The O1s peak can be fitted with two peaks located 530.0 and
532.1 eV (Fig. 3(b)). The first peak located at a lower energy is
attributed to Zr–O bonds [25], while the second one, located at
higher energy, corresponds to O–H bonds from absorbed water
molecules [24]. This peak weakened significantly after annealing
at 500 �C.

The quantitative analysis was calculated from the normalized
areas of the Zr 3d and the O1s peaks, using the atomic sensitivity
factors. It shows a molar ratio of Zr/O = 1:1.2 for the as-deposited
thin film, which is much smaller than the value for stoichiometric
ZrO2, suggesting that oxygen is partially bound as OH or H2O. How-
ever a stoichiometric composition of Zr/O = 1:2 was obtained on
the annealed sample, but the small peak for Zr–OH in the Zr 3d
range confirmed that the elimination of impurities (mostly in the
form of H2O or OH) was not complete even after annealing at
500 �C.

For ZrO2–Eu thin films the Eu 3d5/2 signal shows two well
resolved peaks centered at 1134.2 and 1125.0 eV binding energy
(Inset Fig. 1). Similar values has been reported for other authors
[26–28]. The higher binding energy peak is related to the (3+) oxi-
dation state and the lower binding energy peak corresponds to a
(2+) oxidation state, in accordance with Ramos et al. [26]. The rel-
ative contribution of these two components to the spectrum, as
determined by fitting, is respectively, 56% (Eu3+) and 42% (Eu2+)
for the as-deposited sample. After annealing at 500 �C the relative
contributions of Eu3+ and Eu2+ states are drastically modified,
becoming 75% and 25%, respectively. This change in the relative
contribution can be understood by the fact that annealing leads
to partial oxidation of Eu2+ to Eu3+.

On the other hand, for the ZrO2–Er thin films, the broad peak in
the Er 4d5/2 (Inset Fig. 2) centered at a B.E. of 169.2 and 168.3 eV for
as-deposited and annealed thin films, respectively, corresponds to
Er2O3 or Er(III) species. Similar values have been reported by other
authors [29–32].
ses indicate the relative percentages of peak areas

Eu 3d5/2 Er 4d5/2

1134.3 ± 0.1 (56.2)
1125.0 ± 0.1 (42.4)
1134.2 ± 0.1 (74.6)
1125.6 ± 0.1 (25.4)

169.2 ± 0.1 (89.1)

168.3 ± 0.1 (92.0)
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Fig. 3. Curve fitting results of: (a) Zr 3d band spectra, and (b) O1s band spectra of ZrO2–Ln thin films.
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Fig. 4. XRD spectra of (a) ZrO2-50%–Eu, and (b) ZrO2-50%–Er thin films annealed at
500 �C.

Table 2
AFM results for the ZrO2–Ln thin films

Rms (nm)
Thin films 10%-Ln 30%-Ln 50%-Ln

ZrOx–Eua 6.90 (65.3) 17.3 (167) 28.5 (228)
ZrO2–Eub 3.18 (27.5) 9.43 (84.3) 19.6 (116)
ZrOx–Era 83.9 (416) 37.6 (346) 11.2 (133)
ZrO2–Erb 5.54 (43.3) 3.56 (54.4) 1.42 (24.0)

Values in parenthesis show the Rmax maximum height (nm).
a As-deposited.
b Post-annealed at 500 �C for 2 h.
The X-ray diffraction analysis of ZrO2–Ln films prepared
on Si(100) substrates is shown in Fig 4. After annealing at
500 �C, only peaks corresponding to Si(100) at angles of 33.0�
and 69.1� can be observed which confirmed the amorphous nature
of the films.

3.1.2. Film morphology
AFM was used to study the morphology of the photodeposited

films and the results are summarized in Table 2.
Fig. 5 shows the AFM micrographs corresponding to ZrO2–Eu

films loaded with 10, 30 and 50 mol% of Eu respectively. The as-
deposited films has a non-uniform rough surface, with rms values
increasing with the amount of europium present in the films. This
can be explained by the presence of two species of europium, Eu+2

and Eu+3 (as shown by XPS analysis, Fig. 1). After these films were
annealed at 500 �C, rms values decrease significantly, and a more
regular and uniform film surface can be observed. We attribute this
reduction in roughness to the fact that great part of the byproducts
generated during photolysis are eliminated from the surface of the
films as a result of thermal treatment. This in turn produces a
redistribution of the deposits on the surface generating a more
compact and uniform film.

On the other hand, the as-deposited ZrO2–Er thin films (Fig. 6)
present a non-uniform rough surface topography, with rms values
decreasing as the amount of erbium present in the films increases,
as shown in Table 2.

The different surface roughness of the ZrO2–Er as-deposited
films loaded with 10, 30 and 50 mol% of Er may be explained by
the formation of a smoother Er2O3 film surface.

The surface morphology of these deposits also varied remark-
ably after annealing at 500 �C. Very smooth and homogeneous sur-
faces formed by nanometer-sized small grains are obtained,
especially for ZrO2 loaded with 50 mol% of Er, which consisted of
grains with sizes between 50 and 120 nm. The grain size and its
distribution play an important role on the densification processes.
Small grains and a narrow size distribution probably help in
obtaining a dense and homogeneous film. Some authors have re-
ported that annealing can suppress the formation of Er silicate
(Si substrate) at the interface during film growth, thus favoring
the formation of Er2O3 films with smooth surfaces [33]. XPS anal-
ysis (Fig. 2) confirmed the presence of Er+3 in the films.
3.1.3. Transparency and optical band gap
For determination of optical properties, the ZrO2–Ln thin films

were prepared on ITO covered glass substrates under the same
conditions as those prepared on Si substrates. High optical trans-
mission in the visible region is required for luminescence materi-
als to obtain the effective emission [12]. Optical transmission
for as grown films was measured in the range 300–900 nm using
a spectrophotometer. These transmission spectra are shown in
Fig. 7.

The as-deposited and annealed samples both showed little
absorption in the visible region, implying high transparency. In
fact, the mean transmittance in the visible region was over 60%
and 80% for the as-deposited and annealed ZrO2–Ln thin films,
respectively, on the basis of transmittance spectra (Fig. 7). The high



Fig. 5. AFM images (5 � 5 lm) of europium loaded zirconium oxide films with: (a) as-deposited 10% Eul, (b) annealed 10% Eu (1 � 1 lm), (c) as-deposited 30% Eu, (d)
annealed 30% Eu, (e) as-deposited 50% Eu, and (f) annealed 50% Eu.
transparency of the annealed ZrO2–Ln thin films indicates fairly
smooth surfaces and relatively good film homogeneity formed by
nanometer-sized small grains, and evidently due to the low surface
roughness, which is consistent with the AFM observations.



Fig. 6. AFM images (5 � 5 lm) of erbium loaded zirconium oxide films with: (a) as-deposited 10% Er, (b) annealed 10% Er, (c) as-deposited 30% Er, (d) annealed 30% Er, (e) as-
deposited 50% Er, and (f) annealed 50% Er.
The optical absorption coefficient, a, which is the relative rate of
decrease in light intensity along its propagation path, was calcu-
lated from the transmittance (T) data in the wavelength range
300–900 nm. The nature of the optically induced transitions was
determined from these data [24,34]. The optical absorption coeffi-
cient of films was evaluated using the relation
�a ¼ � lnðTÞ=d ð2Þ
where d is the film thickness.

It is well known that the fundamental absorption refers to the
transition from the valence band (VB) to the conduction band
(CB) from which the band gap energy (Eg) can be estimated assum-
ing a direct transition between the bands [34,35]. The (ahv)2 vs.
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Fig. 7. Transmission spectra of (—) as-deposited and (—) annealed (at 500 �C): (a) ZrO2–Eu, and (b) ZrO2–Er thin films grown on ITO covered glass substrates.
photon energy (hv) is derived from the optical transmission spectra
of the ZrO2–Ln thin films measured by UVS, where a is absorption
coefficient. The absorption coefficient a as a function of photon en-
ergy hv can be expressed as

ð�ahvÞ2 ¼ Cðhv� EgÞ ð3Þ

where C is a constant. Therefore, the band-gap energy of the
thin films can be obtained by extrapolating the linear portion of
the curves relating (ahv)2 vs. hv to (ahv)2 = 0.

Using the function (ahv)1/2 for an indirect transition did not
show a linear character which indicates that our samples have a di-
rect band-gap.

The values of band-gap energy for unloaded as-deposited and
annealed ZrO2 films were determined to be 5.5 and 5.8 eV, respec-
tively, [21]. These values are too large to absorb and utilize visible
light [36]. It has been reported that incorporation of metal ions into
the ZrO2 thin films resulted in red-shifts in the absorption spectra.
This observation suggests that impurity levels are introduced be-
tween the intrinsic bands which subsequently generate new band
gaps [37]. The effects that dopants have on the performance of
ZrO2 are mainly associated with modifying the microstructure as
well as reducing the band gaps [37].
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Fig. 8. Excitation spectra of (a) as-deposited, and (b) annealed at 50
Ln-loaded ZrO2 thin films showed lower band gap values than
unloaded films. The band gap energies for as-deposited and an-
nealed ZrO2–Eu thin films were calculated to be about 4.20–
4.25 eV and 4.10–4.17 eV, respectively.

On the other hand, the band gap energy values determined for
the as-deposited and annealed ZrO2–Er thin films were 4.21–
4.28 eV and 4.12–4.18 eV, respectively. We attribute the slight de-
crease in band gap energies after annealing of the ZrO2–Ln films to
the oxidation states of metal ions. The differences in band gaps are
mainly associated with the electronic configurations of the ions,
which control the energy levels in ZrO2. The partial oxidation of
lanthanide ion Ln2+ to Ln3+ after annealing (from our XPS results),
help to support this conclusion. Similar phenomena were also ob-
served in previous studies but with other metals-doped [37,38].

3.2. Photoluminescence study of the ZrO2–Ln thin films

The photoluminescence (PL) experiment of the ZrO2–Eu thin
films was performed in the range of 650–750 nm at an excitation
wavelength of 465 nm at room temperature. Similar values of
excitation have been used in other works [39]. This wavelength
corresponds to a strong 7F0 ?

5D2 absorption transition of the
Eu3+ ion [40]. The excitation spectra of as-deposited and annealed
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Fig. 9. The PL spectrum of (a) as-deposited, and (b) annealed at 500 �C ZrO2–Eu thin films excited at 465 nm: (1) unloaded ZrO2, (2) 10% Eu, (3) 30% Eu, and (4) 50% Eu.
Eu3+ loaded ZrO2 films are shown in Fig 8. In both cases the excita-
tion spectra consist of a broad band which increased intensity as
the amount of Eu loaded on ZrO2 host also increases. This could
be attributed to the possibility of energy transfer from the host
(donor) to the loaded ion (acceptor) and to the increase interaction
between Eu3+ ions present and the oxygen available in the
matrix.

Photoluminescence (PL) spectra of the ZrO2–Eu thin films ex-
cited at 465 nm are shown in Fig 9. The spectra are composed of
a large broad band in the red spectral region corresponding to a
5D0 ?

7F4 transition. As seen in Fig 9(a), for as-deposited ZrO2–Eu
films, the intensity of this emission band increases with loaded
of Eu3+ on the ZrO2 matrix, as expected. However, for the annealed
ZrO2–Eu films, Fig 9(b), it can be seen that although the Eu3+ emis-
sion intensities also increase with concentration, it reaches a max-
imum value at 30 mol% Eu3+ loaded, and decreases rapidly with
further increase in the Eu3+ concentration, probably due to concen-
tration quenching (self-quenching).

It has been reported by Chen et al. [8] that the different lumi-
nescence properties of metal oxides depend on different bond
lengths between the dopant metal and the oxygen in the matrix.
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Fig. 10. Excitation spectra of (a) as-deposited, and
The charge transfer state (CT) band of Eu3+ in oxides has been stud-
ied and concluded that the CT position of an Eu3+ doped oxide de-
pends on the Eu–O length and on the coordination environment
around Eu3+. With increasing bond length, the band shifts to lower
energies and the luminescence intensity is also related the Eu–O
bond distance, so that the shorter the bond length, the higher the
luminescence intensity [41]. However, given the amorphous nat-
ure of our thin films, the emission intensities increase with ion
loading, but the films may remain amorphous after annealing
which could affect the emission intensities.

Photoluminescence excitation spectra of as-deposited and an-
nealed ZrO2–Er thin films are shown in Fig. 10. It can be seen that
the PL spectra mainly consist of two intense bands between 450
and 500 nm, and a small band located at 405–407 nm. These
absorption bands, centered at 471 and 488 nm for the as-deposited
films (Fig. 10(a)), and 463 and 488 nm for the annealed films (Fig.
10(b)), could be attributed to energy-transfer mechanisms bet-
ween the host matrix and the Er3+ ions. In other words, the inter-
action between host lattice oxygen atoms and Er3+ is determinant.

Photoluminescence for the ZrO2–Er thin films was obtained at a
excitation wavelength of 488 nm, similar to values used in other
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Fig. 11. The PL spectrum of (a) as-deposited, and (b) annealed at 500 �C ZrO2–Er thin films excited at 488 nm: (1) unloaded ZrO2, (2) 10% Er, (3) 30% Er, and (4) 50% Er.
studies [6,7,42]. Fig 11 shows the characteristic PL emission spec-
tra determined between 500 nm and 700 nm at room temperature.
An emission spectral peak centered at 525 nm (green) can be seen,
corresponding to 2H11/2 ?

4I15/2 transition [6,7,43], and another
smaller peak at 612–615 nm (orange–red) is observed, probably
attributed to stark splitting of the degenerate 4f levels under the
crystalline field and the amorphous nature of the films, in the sur-
roundings of the erbium ions. These new bands appear as a conse-
quence of changes in the Er3+ ions site from the force of the crystal
field on f–f transitions.

It can be observed from Fig. 11(a) (as-deposited films), that as
the Er concentration increases, the emission centered at 525 nm
becomes dominant, reaching a maximum intensity at 30 and
50 mol% Er loading. However, after annealing, the sample contain-
ing 30 mol% of Er presents the greater intensity, while the sample
with 50 mol% Er loading shows a much lower intensity (Fig. 11(b)).
A possible explanation for this effect is the surface reorganization
of the annealed films which at higher loading (50 mol%) may cause
the formation of some clusters of Er3+ ions which may result in
concentration quenching of Er3+ luminescence.
4. Conclusion

In summary, Eu and Er loaded ZrO2 amorphous thin films were
prepared by a photodeposition method at room temperature from
b-diketonate complexes. XPS results showed that the composition
of the resulting films is what we would expect from the employed
precursors. The amorphous characteristic of the precursor com-
plexes strongly determine the non-crystalline nature of the as-
deposited metal oxide films and its optical and photoluminescent
properties. However, post-thermal treatment of the photodeposit-
ed films favors stoichiometric, surface homogeneity, and transpar-
ency. A more detailed study is required to determine the
photoluminescent properties of the obtained films.
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