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Y03 thin films doped with different concentrations of erbium ions and co-doped with 10 mol% of ytterbium
were synthesized by a solid state photochemical deposition method followed by a subsequent calcination pro-
cess. The photo-reactivity of the thin films was monitored by Fourier transform infrared (FT-IR) spectroscopy. X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), UV-vis
spectroscopy and photo-luminescence (PL) were employed to characterize the samples. The results reveal that

Y,05:Er films under 980 nm irradiation exhibit characteristic up-conversion emissions that are focused in the
green region of the spectrum; these emissions are assigned to the (*Hyy 2, *S3/2)—"I15,» transitions of the Er®*
ions. These emissions greatly increase in intensity with the addition of Yb®* ions in the preparation of the co-
doped films. This phenomenon is explained based on the efficient Yb>* — Er®" energy transfer processes.

1. Introduction

The synthesis of inorganic nano/microstructures with novel che-
mical and physical properties has stimulated considerable attention due
to their potential applications in diverse fields. Currently, several efforts
have been made to explore novel approaches for preparing inorganic
compounds to enhance their performance in existing applications [1].
Lanthanide oxides, such as, as functional materials have been ex-
tensively analyzed due to their outstanding optical, photo-catalytic and
electronic properties [2]. Some characteristics of the Y,03 metal oxide
are summarized in Table 1.

The low phonon frequency shown by certain materials stimulates
the up-conversion emission processes [5,6], and a wide band gap pro-
vides discrete energy levels between the conduction and valence bands
of the host material for a wide variety of lanthanide (Ln™) ions to act as
activators [7]. Both properties are relevant in the design of luminescent
materials.

Erbium ion-doping in various matrices has attracted much attention
due to its diverse optical applications. Erbium ions as activators can
convert infrared radiation into visible light, which is a phenomenon
known as an up-conversion process [1]. However, the main feature of

* Corresponding author.
E-mail address: gcabello@ubiobio.cl (G. Cabello-Guzman).

https://doi.org/10.1016/j.jlumin.2018.08.034

erbium ions is the near-infrared (NIR) emission at 1540 nm corre-
sponding to the “I;5,, — *I;5/, transition in the telecommunication
window [2]. Independent of the type of erbium emission signals, its
emissions are often very weak [8], which is a characteristic that is
disadvantageous for its optical applications. Various authors [9] have
adopted the introduction of a co-doping between two different Ln™ ions
to enhance the luminescence intensity. One the of Ln™ ions acts as an
absorber, and the other acts as an emitter with the purpose of using the
energy transfer between both Ln™ ions to stimulate the up-conversion
process. The up-conversion emissions are a characteristic of an emer-
ging class of luminescent materials that convert lower-energy photons
into higher-energy photons. For example, the introduction of these
nano-structured materials into biological samples takes advantage of
the fact that their incidence of NIR light in the range of 700-900 nm can
pass through the biological sample without producing alterations,
causing the excitation of the introduced material in its emission in the
visible spectrum range (450-650 nm). This kind of optical phenomenon
has several applications such as bio-labels, bio-sensing, bio-imaging and
whole body photo-luminescent imaging in the biomedical field [10].
Many methods for the synthesis of Y,05 doped with Ln™ ions have
been proposed, including the solution combustion method [11], the sol-
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Table 1

Optical properties of Y,0s.
Metal oxide/ Spectral range of Optical band  Phonon Ref.
properties transparency gap frequency
Y,03 200-8000 nm 5.8-6.0eV 380cm ™! [3,4]

gel technique [12], hydrothermal synthesis [13] and the precipitation
method [14]. Among these methods, photochemical methods emerge as
an alternative in the synthesis of inorganic materials due to their low
cost, relatively simple implementation and mild conditions. Photo-
chemical methods are different from other synthesis methods because
they are selective. This selectivity occurs because the light absorption
features of the reactants determine their reaction products [15]. For this
reason, the application of photochemical methods as a synthesis tech-
nique has not been generalized because an essential requirement for a
successful photo-deposition is the appropriate photo-reactivity of the
precursor species under UV illumination.

In recent years, photochemical deposition methods have been pro-
posed based on the use of UV light for the preparation of thin films or
nanoparticles of a wide range of metals and ceramic materials. Some of
these methods and their characteristics are summarized in Table 2.

In general, the photo-deposition process occurs when the precursor
is photo-excited by the absorption of light to produce the photo-re-
duction of the metallic species that is deposited on the substrate surface
[16].

In recent years, our group has focused on applying the photo-
chemical metal organic deposition (PMOD) method for the preparation
of mixed oxides such as perovskites [33] and spinels [34] doped with
Ln™ ions to study their luminescent properties. This method was de-
veloped as a photolithographic deposition method to deposit metal
oxide materials [35,36], without the use of photoresists, in ambient
conditions, requiring no thermal of high vacuum processing. Subse-
quently, this technique has been used in the deposition of catalyst [30],
electrical devices [31,37], gas sensors [32,38], magnetic materials [39]
and optical materials [40]. The versatility of this methodology has al-
lowed its use in the deposition of a wide range of materials and has
attracted much attention because the experimental procedure is easy to
handle, does not require sophisticated implementation and does not
demand greater energetic cost. This technique is also known as the solid
state photochemical deposition method, and it consists of the use of [3-
diketonate complexes as the precursor material. These complexes are
dissolved in organic solvents and deposited on silicon or quartz sub-
strates using the spin-coating technique. The film generated from the
precursor complex is exposed to a set of UV lamps, resulting in the
release of the ligand and the deposition of the reduced metal ion on the
substrate. The metal ion is gradually oxidized under aerated conditions
to generate a metal oxide thin film. In many cases, these films are
amorphous oxides; therefore, a subsequent heat treatment is required to

Table 2
List of some photochemical deposition methods.
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obtain crystalline films.

In this article, we focus on the use of B-diketonate complexes of Y
(I11) for the photo-deposition of Y03 films and the use of (3-diketonate
complexes of Er(III) and Yb(III) for the photo-deposition of Y,O3:Er-Yb
to study their luminescent properties as up-conversion materials.

2. Experimental details
2.1. Preparation of amorphous thin films

For the deposition of Y,03 films, the precursor complex yttrium(III)
tris(2,2,6,6-tetramethyl-3,5-heptanedionate) [Y(tmhd);] was pur-
chased from Aldrich Chemical Company. The substrates for film de-
position were quartz plates (2 x 2 cm?) and n- and p-type silicon (100)
wafers (1 x 1cm?), which were obtained from Wafer World Inc.,
Florida, USA.

The Y(tmhd); complexes were homogenized in a CH,Cl, solution.
The thin films were prepared as follows. A silicon chip was placed on a
spin-coater and rotated at a speed of 600 rpm. An aliquot (0.5 ml) of the
precursor complex in CH,Cl, solution was deposited onto the silicon
chip and allowed to spread. The spin-coater motor was stopped after
30s, and a thin film of the complex remained on the chip. The quality of
the films was examined using optical microscopy (500x magnification).

For the deposition of Y>03:xEr-Yb films, solutions of Y(tmhd); with
different proportions of Er(tmhd); (where x = 5, 10 and 15 mol%) and
10 mol% of Yb(FOD); were spin-coated on the appropriate substrate,
and the thin films were irradiated until no absorption due to the
complexes was observed in the infrared spectrum.

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

All photolysis experiments were performed following identical
procedures. First, the Fourier transform infrared spectroscopy (FT-IR)
spectrum of the starting film was obtained. Then, the chip was placed
under a UV-lamp setup that was equipped with two 254 nm 6 W tubes
in air. The reaction progress was monitored by recording the FT-IR
spectrum at different time intervals following a decrease in the IR ab-
sorption of the complexes. After the FT-IR spectrum showed no evi-
dence of the starting material, the chip was rinsed several times with
dry acetone to remove all remaining organic products on the surface
prior to analysis. To obtain films with a specific thickness, successive
layers of the precursor materials were deposited by spin-coating and
irradiated as previously described. This process was repeated several
times until the desired thickness was achieved. Post-annealing was
performed under a continuous flow of synthetic air at different tem-
peratures (350-950 °C) for 3 h in a programmable Lindberg tube fur-
nace.

Method Precursors

Examples

Photochemical deposition (PCD) technique
Photochemical Synthesis

Photodeposition from colloid solutions
(PDCS)
Photocatalytic deposition

Colloid chromophores: ZnS, CdS
supports (TiO,, ZnO)

Liquid phase photodeposition (LPPD)
(tmhd),
Photochemical metal organic deposition

(PMOD) complexes

Ionic compounds such as M,(SO,4), and Na,S,05.
Metal salts such as MCl, and M(NOs),

Tonic compounds such as ZnSO3, CdSO4, and H,SeO3

Metallic ions in solution and semiconductors as

B-diketonate metal complexes: M(acac), and M

B-diketonate, carboxylate and tropolonate

Particles and films of Cu,S [17] Cu,Zn,S [18] and SnO, [19]
Particles of As’, Sb®, Bi®, Pb°, Se®, Te® and BisTe3 SbyBi, x compounds [20],
Ag nanoparticles [21]

Particles and films of metal oxides

(ZnO, CdO) [22] and Se [23]

X-NPs/TiO,

X = Au, Ag, Cu, Pt,

NPs = nanoparticles [24-26]

NiO nanoparticles [27],

Pd [28], and Pt [29] nanoparticles

FeOx films [30], PbZrg 55Tig 4803 films [31], and MoOs5 films [32]
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2.3. Characterization of the thin films

The FT-IR spectra were obtained with a 4cm ™! resolution on a
Perkin Elmer Spectrum Two FT-IR spectrophotometer. The UV spectra
were obtained with a 1 nm resolution on a Perkin Elmer Model Lambda
25 UV-vis spectrophotometer. X-ray diffraction (XRD) patterns were
obtained using a D8 Advance Bruker X-ray diffractometer; the X-ray
source was Cu Ka radiation (40 kV/30 mA). X-ray photoelectron spec-
troscopy (XPS) was performed on an XPS-Auger Perkin Elmer electron
spectrometer Model PHI 1257 that included an ultra-high vacuum
chamber, a hemispherical electron energy analyzer and an X-ray source
that provided unfiltered Ka radiation from its Al anode (hv
1486.6 eV). The pressure of the main spectrometer chamber during data
acquisition was maintained at approximately 10-7 Pa. The binding
energy (BE) scale was calibrated using the peak of adventitious carbon,
which was set to 284.6 eV. The accuracy of the BE scale was + 0.1 eV.
The morphology and presence of elements in the samples were eval-
uated by scanning electron microscopy (SEM) with a Hitachi model SU
3500 with an accelerating voltage of 10.0kV. SEM was coupled with
Bruker model Quantax 100 energy dispersive X-ray spectroscopy (EDX)
for semi-quantitative determinations.

The up-conversion luminescent properties were determined with a
Hitachi F-7000 fluorescent spectrometer using a power-tunable 980 nm
diode laser. All measurements were performed at room temperature.

3. Results and discussion
3.1. Photo-reactivity of the precursor complexes

To evaluate the liquid-phase photochemistry, concentrations of each
precursor complex (< 107° mol/L) that were diluted in di-
chloromethane were exposed to a set of UV lamps (254 nm) to de-
termine the spectral changes of the irradiated samples at different time
intervals. Fig. 1 shows the optical absorption spectrum of each complex,
with all of them exhibiting a single band at 276 nm corresponding to a
sni—gt* electronic transition of a carbonyl group (C=O) of the ligand [41].
This same spectral absorption indicates that the ligands of each pre-
cursor complex are similar in terms of structure and functional groups.
In the development of photolysis, a slight increase in the degree of
absorption produced by the electronic excitation experienced by each
precursor complex is observed at the beginning. Subsequently, with the
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Fig. 1. Absorption spectral changes observed at room temperature of a solution
of the Y(tmhd); complex (3.16 x 10> mol/L) in CH,Cl, upon 124 min of UV
irradiation. Insets: (a) Er(tmhd); complex (4.61 X 10~ ° mol/L) after 146.8 min
of UV irradiation, (b) Yb(FOD); complex (2.26 X 10~ ° mol/L) after 229.8 min
of irradiation with 254 nm light. The arrows indicate the direction of the
spectral evolution with time.
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course of the UV radiation, a gradual decrease in the absorption bands
is observed. After 124, 147 and 230 min of exposure for the Y(tmhd)s,
Er(tmhd); and Yb(FOD)3 complexes, respectively, all bands associated
with the complexes were greatly diminished. No spectral evidence for
the presence of intermediate species is found during the photolysis
process. These spectral changes reflect the fragmentation of the pre-
cursor complexes, which results in the release of the metal ion and its
photo-reduction. Similar observations have been reported with other
types of B-diketonate complexes [42,43].

Films of the precursor complexes of Y(tmhd); with different molar
proportions of Er(tmhd); and Yb(FOD); were deposited on Si wafers by
spin-coating, and they were irradiated in air with a 254 nm UV source.
The FT-IR spectral changes associated with the solid state photolysis are
shown in Fig. 2. At time zero (t = 0h), an intense band at 2960 cm !
associated with the C-H vibration modes, bands at 1575-1504 and
1405-1352cm ™! associated with the antisymmetric and symmetric
carbonyl group (C=0) and bands at 1224-1132 cm ™! corresponding to
C-O vibration modes are observed. The difference in energy between
the antisymmetric and symmetric C=O stretching vibrations is in-
dicative of the nature of the bonding mode of the -diketonate ligands.
The intensity of the bands associated with (-diketonate complexes
gradually decreases with every 24 h of irradiation. After 144 h of ex-
posure, all bands associated with the 3-diketonate complexes are sub-
stantially diminished, and only a minimal intensity of bands attributed
to by-products from the photo-degradation of the p-diketonate com-
plexes are observed.

3.2. FT-IR and XRD characterization of the photo-deposited thin films

The photo-deposited samples were treated at different temperatures
from 350 to 950 °C and preliminary examined by FT-IR, as shown in
Fig. 3. The results show that for both samples (non-doped and co-
doped) annealed at 350 °C, this temperature was not enough to remove
the organic residues or to provide evidence for the formation of oxides.
The signal located at 3380 or 3395 cm ™ is associated with the vibra-
tional modes of hydroxyl groups (OH), the band (doublet) located at
1508 and 1400 cm ™! can be attributed to carbonate formation (CO3%)
[44,45], and finally, a weak signal at 845cm ™' corresponds to the
absorption of a small amount of CO5% [46]. The films under these
conditions most likely adopt a Y(OH)COs-type composition, and the
bands attributed to O-H and CO5? vibrations are due to moisture ab-
sorption during the measurement. These signals decrease significantly
when the samples are annealed at 650 °C, and a new signal appears at
~ 560 cm ™!, which corresponds the Y-O vibration mode in the forma-
tion of the metal oxide. Finally, when the samples are treated at 950 °C,
three new peaks appear in the spectrum at 460, 560 and 1078 cm ™!
that are associated with the Y-O stretching vibrations of the host lattice
[46].

Fig. 4 shows the XRD results of the samples of the Y,03 and Y,O3:Er-
Yb thin films annealed at 950 °C, and both samples show similar pat-
terns with two sharp and intense peaks corresponding to the (222) and
(622) orientations located at 29.2° and 58.7°, respectively, of the cubic
crystalline phase of Y,03 [14]. However, the presence of some peaks
assigned to the partial formation of hydroxylated species is observed.
The incorporation of co-doping (Er and Yb) into the host lattice con-
tributes to the reduction of secondary phases. To evaluate the degree of
incorporation of an additive into the host lattice or the replacement of
some of the ions of the crystal lattice by the introduction of the additive,
slight shifts in the diffraction peaks with respect to the positions of the
signals of the pure Y,O3 are used as evidence. The ionic radii of Er®*
and Yb®* are 103 pm and 116 pm, respectively, which are similar to the
ionic radius of the Y®* ion (104 pm) in the host lattice. Therefore, a
certain degree of substitution or incorporation of additives into the
crystalline lattice is possible. The inset in Fig. 4(a) and (b) shows the
variation of the peak positions of the (222) and (622) lattice planes,
respectively.
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Fig. 2. FT-IR spectra of the following films on Si(100) wafers exposed to UV light for 0, 24, 48, 72, 96, 120 and 144 h: (a) Y(tmhd)3 and (b) Y(tmhd)3 with 10 mol%

of Er(tmhd)3 and 10 mol% of Yb(FOD)3; complexes.

58

950 °C/ 3h

=~ 504 N \
3 350 °C /3h :
& 48
z
g kil 1
@ 845 cm’
}: 44

42 1080 cm’

40

AR 558 cm’

38 - 3380 cm”

1508 o’ 1401 o (a)

36

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm”)

Fig. 3. FT-IR spectra for the photo-deposited films of (a) Y,O3

(222)
Y503: Er-Yb
164 | v0q /“' (622)
14 4 \
_ 12
S
< 10
B —
-y o |25 29,029 295 | 300
2 (222)
2
E 64
44
(611)
2 * %*
a
o-() A A l-L .‘L
T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60
20

T
500

Transmittance (a. u.)

Intensity (a. u.)

56

950°C/3h

54

o
3]
L

\

350°C/

a
S

3h

IS
3
1

46 -

3395 cm’ >
1400 cm™ (b)

o
1508 cm”’
44

4000

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'W)

and (b) Y,Os3:Er-Yb as a function of annealing temperature.

(622)
Y203: Er-Yb
580 585 590 | 595
1,2 20
: (222)
08
04 (611)
(b) x|
0,0 A LL .
¥ T L T & T % T k: T ) T x T % T T % T
10 15 20 25 30 35 40 45 50 55 60
20°
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3.3. XPS and SEM-EDS analysis of the photo-deposited films

The chemical composition of the Y,05 films co-doped with Er and
Yb annealed at 950 °C was analyzed by XPS. The Y 3d signal in the Y5053
co-doped film (Fig. 5a) exhibits one doublet with binding energies at
158.4 and 160.5 eV corresponding to Y 3ds,» and Y 3ds,,, respectively,
and the separation between these contributions is 2.1 eV. These results
are consistent with the formation Y,03 [47,48].

The O 1s peak (Fig. 5b) consists of two types of contributions: one of
them located at 529.7 eV (95.5%) defined as Oy, corresponding to the
lattice oxygen in the Y—O bond due to yttrium oxide formation [42],
and the other contribution located at 532.0 eV (4.50%) defined as O.qs
attributable to the ionization of oxygen species adsorbed on the sample

404

surface [49].

The spectral regions corresponding to Er 4d and Yb 4d are observed
at 168.7 eV and 185.2 eV, respectively, assigned to Er,O; and Yb,O3
formation. These values are consistent with those reported by other
authors [50,51].

The surface morphology and the elemental composition of the Y,03
and Y,03:Er-Yb films annealed at 950 °C are displayed in Figs. 6, 7.
From the SEM images (Fig. 6(a)), we can see that the Y,O3 sample
consists of a relatively uniform surface with some circular formations of
different diameters belonging to the remaining solvent products of the
photo-deposition step. The elemental mappings performed via EDS are
shown in Fig. 6(b),(c),(d). As the mappings show, yttrium and oxygen
are homogeneously and randomly distributed on the film surface, and
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Fig. 6. SEM-EDS observation of the Y,O5 films annealed at 950 °C: (a) SEM image; (b) elemental composition from the EDS spectra; (c) elemental mapping of

yttrium; and (d) elemental mapping of oxygen in the film.

their arrangement lacks compactness or agglomeration.

The morphology of the Y,O5:Er-Yb film is exhibited in Fig. 7(a),
showing that the film consists of a smooth surface with some circular
formations that represent a lesser proportion than that in the previous
case. The distribution of elements by EDS (see Fig. 7(b)) shows the
presence of each of the elements involved (Y, O, Er and Yb), and the
elemental mappings (Fig. 7(c) and (d)) show that the additives are
homogenously and randomly distributed on the film surface. The re-
sults of the main elemental composition of each of the samples are
shown in Table 3. These values are close to the atom ratio in the stoi-
chiometric composition of Y,0s;. However, the O/Y ratio increases
slightly in the co-doped samples due to the contribution to the oxida-
tion reaction of each of the additives.

3.4. UV-visible spectra and band gap energy measurements of the films

The UV-vis transmittance spectra of the Y,03 doped with different
concentrations of erbium (expressed in mol%) were monitored in the
range of 200-1000, nm and the obtained spectra are shown in Fig. 8(a).
In general, the samples showed a low absorbance in the visible-NIR
region, whereas the absorbance was high in the UV region. The spec-
trum in the UV region contained two absorption bands located at 210
and 240 nm attributed mainly to the charge transfer process of the host
material and to transitions associated with extrinsic states, such as
defect states, vacancies and impurities, respectively [52]. The slight
decrease in transmittance along the spectrum results from the gradual
increase in the dopant concentration. Fig. 8b shows the UV-vis trans-
mittance spectra of pure, doped and co-doped Y,O; films. For the co-
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erbium; and (d) elemental mapping of ytterbium in the film.

Table 3 doped sample, an additional absorption band located at 308 nm is ob-
Percentage of each element obtained from the EDS analysis of the samples served, which can be attributed to the charge transfer band of Yb3t-0*
annealed at 950 °C. or the effect of the 4f electrons of Yb>* [53]. The optical band gap (Eg)
Sample/ O-K atom Yatom% Eratom  Ybatom O/Y of the pure, doped and co-doped Y03 thin films was calculated using
element % % % (1.5)° the Tauc plot method [54] (shown in the inset of Fig. 8b). The E; values
obtained for the Y503, Y503:Er and Y,04:Er-Yb thin films were 5.30 eV,
Y20, 59.04 40.96 - - 144 5.02eV and 4.78 eV, respectively. The results show that the introduc-
Y,05:XEr-Yb 55.70 34.05 5.05 5.20 1.64 A . - . .
tion of additives into the Y,O3 lattice produces energy levels in the
Observations: x = 10 mol% of Er and 10 mol% of Yb. energy gap between the conduction and valence bands (energy levels of
# corresponding to the theoretical value in the stoichiometry of Y50s. donors or acceptors) that result in the slight decrease of the optical
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doped and co-doped Y,Oj thin films. The inset shows the estimation of the optical band gap energy (Eg) of the pure, doped and co-doped samples.
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Fig. 10. Schematic energy level diagram showing the up-conversion me-
chanism of the Y,0s:Er and Y,03:Er-Yb thin films.

band gap; in addition to this factor, the defects of the material as well as
the oxygen vacancies also contribute to the formation of discrete energy
levels. Thus, the optical band gap energy is very sensitive to the pre-
paration method and the experimental parameters applied in the
synthesis.

3.5. Evaluation of the luminescent properties of the films

Several studies [55-57] have reported the behavior of the up-con-
version emissions from erbium ions as an additive in different matrices.
It has been observed that under an excitation at 980 nm, a green
emission occurs at 520-540 nm and another at 540-570 nm that are
assigned to the radiative transitions *Hy, 5 — *I;5/2 and Sz, —*I;5,2,
respectively, and a red emission at 640-690 nm corresponding to the
radiative transition “Fq /2 —>4115/2 of erbium ions.

Fig. 9(a) shows the up-conversion emission spectra of Y,O3 thin
films doped with different concentrations of erbium under an excitation
at 980 nm. The up-conversion spectra consist of an intense band cen-
tered at 529 and 538 nm and another of lower intensity at 570 nm
originating from the (®Hi1,2, 453/2)—>4115/2, radiative transitions. In
contrast, the red emission bands are very weak and cannot be clearly
visualized. The lack of intensity or the absence of some emission bands
in the visible spectrum has been documented by some authors [58].
These authors attributed this phenomenon to the differences in the

crystallinity, morphologies and the intrinsic defects of the material. In
our case, the presence of some diffraction peaks corresponding to the
(222) and (622) orientations demonstrate a specific crystalline or-
ientation and the partial crystallization of our films after they were
annealed at 950 °C. It is also likely that the formation of a small number
of secondary phases according to the XRD results is determinant in the
absence of some of the emissions in the visible spectrum. All these
factors may influence the luminescence properties of the films.

The results reveal that the doping concentration influences the in-
tensity of the emission; at low erbium concentrations (5 and 10 mol%),
weak emission signals are observed, and the maximum emission in-
tensity occurs at 15mol% of Er. However, the co-doped samples
(10 mol% of Er and 10 mol% of Yb) display a considerable increase in
their emissions in the green region of the spectrum, and in this way, the
energy transfer processes from ytterbium to erbium greatly contribute
to their up-conversion emissions.

As one approach to understand the up-conversion emission me-
chanisms, we first determined the excitation power dependence of up-
conversion emissions, given in Fig. 9b, and the number of photons re-
quired for the main emissions based on the following equation: I,  P"
where I, is the up-conversion emission intensity, P is the pumping
power, and n is the number of pumping photons required. The value of
n can be obtained from the slope of the linear plots between In (I,p) and
In(P) [59]. The calculated n values for the 529 and 538 nm emissions
are 1.72 and 1.58, respectively, as shown in the inset of Fig. 9(b).
Generally, a straight line with a slope of ~ 2 indicates that these
emissions are correlated with a two-photon absorption process, which is
responsible for the up-conversion emissions.

Based on our results, the possible up-conversion mechanisms for
doped and co-doped samples are discussed based on the simplified
energy level diagram shown in Fig. 10. In the doped samples, (1) the
erbium ions in the *I;5,, ground state are pumped by one of the NIR
laser photons to the Tq /2 state through ground state absorption (GSA),
(2) the other NIR laser photon promotes the population stored in the
“I11,2 level to the *F, , level via excited state absorption (ESA), (3) the
excited erbium ions in the *F,,, state decay non-radiatively and po-
pulate the ?Hy; 5 and *S5,, levels, and (4) the radiative relaxation from
these 2H;; /o and 45, - levels to the ground s > state gives emissions in
the green region from 529 to 538 nm and 570 nm corresponding to the
’H,,; o = 4115/2 and 453/2 — 4115/2 transitions, respectively. In the co-
doped samples, (5) the pumping light at 980 nm matches the %F,,, —
2Fs,, transition within the ytterbium ion. (6) After excitation, part of
the population stored in the 2Fs, level relaxes non-radiatively to the
ground F;,, state of the ytterbium ion, and (7) the other part of the



G. Cabello-Guzmdn et al.

population stored in the 2Fs,, level is promoted to the excited levels of
the erbium ion by an energy transfer process (ET) that can be generated
by two paths: (a) one of path involves the ET from the %Fs, level
(Yb®*) to the *F;, level (Er®*), which subsequently promotes steps (3)
and (4) previously described; and (b) the other path is the ET from the
2F5 /5 level (Yb®™) to the *I;y,, level (Er®*) and (8) further excitation
from the *I;;,, level (Er®") to “F,,, (Er**) occurs after ET from the
ytterbium ion in a second photon absorption, again stimulating steps
(3) and (4). Thereby, the mechanism of energy transfer constitutes a
decisive step in the up-conversion properties of the co-doped samples.

4. Conclusions

The photochemically active (3-diketonate complexes of Y(III), Er(III)
and Yb(III) were used as precursors in the preparation of Y,03:Er and
Y,03:Er-Yb thin films, and these films were subjected to post-annealing
at 950 °C. The results obtained via XRD, XPS and EDS showed the for-
mation of Y,03 and the presence of erbium and ytterbium in the co-
doped films. The doped samples under 980 nm excitation showed up-
conversion emissions from 529 to 538 nm and at 570 nm that were
assigned to the (*Hy1,2, *Ss/2)—"I15/2, energy level transitions of the
Er®” ions, corresponding to the green region of the spectrum. The ab-
sence of some signals in the visible spectrum was attributed to a partial
crystallization of the films after they were thermally treated at 950 °C.
The enhancement of the up-conversion emissions in the green region of
the spectrum was observed in the co-doped samples due to the energy
transfer from the Yb®* to Er®* ions. However, further studies are re-
quired to determine the detailed relationship between the up-conver-
sion properties and the crystalline structure adopted by the material.
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