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In this study we report significant enhancement of up-conversion emissions of LazOs:Er thin films when they are
co-doped with Er/Ln (where Ln = Nd or Ho). The proposed mechanisms by which the Ln ions contribute to these
emissions are based on different mechanistic routes. While the Lay,O3 samples co-doped with Er/Nd involves
processes, in the LayO3 samples co-doped with Er/Ho involves energy transfer

All samples were synthesized by a solid state photochemical deposition method followed by a subsequent
calcination process. The luminescent properties reveal that samples under 980 nm irradiation exhibit charac-
teristic up-conversion emissions that are focused in the green region of the spectrum and that the nature of
second activator (Ln) determines the degree of efficiency of these emissions.

1. Introduction

The up-conversion (UC) materials are a class of materials based in
the conversion of light, by which the absorption of two or more low-
energy photons (near infrared radiation) leads to the emission of one
photon of high energy (visible radiation) [1-3] This type of materials
generally comprise the inorganic host, sensitizer and activators. The
choice of host lattice is an important factor in obtaining efficient
up-conversion processes. The choice of the sensitizer and activators is
obtained by the co-doping between two different lanthanide ions (Ln'™)
into the host crystalline lattice with the purpose of exploiting the energy
transfer UC process.

The Lanthanum oxide (LayO3) emerges as functional material due to
their distinguished chemical, electrical and optical properties. Some of
its optical properties include: long range of band gap 4.3-5.6 eV [4,5],
long spectral range of transparency from visible to near infrared [4] and
low phonon frequency of 400-600 cm™! [6,7]. These properties are
decisive in the choice of a host material for a wide variety of Ln' ions as
activators. The low phonon frequency might be propitious to promote
emission, minimizing the energy loss due to non-radiative relaxations
[8] and the wide band gap between valence and conduction bands
endow it the capability to accommodate the energy level transition of
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most Ln'™ jons [9]. On the other hand, the Ln™ jons can easily substitute
in La™ lattice due to similar chemical properties, ionic radii and elec-
tronegativity of La' resulting in high efficient optical properties [10].

In this contribution, we have proposed to study the influence of
different additives (Nd or Ho) on the up-conversion emissions when
these are co-doped with Er in LayOj3 thin films. In this study, the co-
doped samples (LapOs:Er-Ln) where Ln = Nd or Ho, show an increase
in emission intensities. However, these emissions depend heavily on the
type of additive used. The difference in the emissions is attributed to the
different mechanistic routes that have been proposed.

2. Experimental details
2.1. Preparation of amorphous thin films

The precursor complexes lanthanum(IIl) tris(2,2,6,6-tetramethyl-
3,5-heptanedionate), [La(tmhd)s], erbium(IIl) tris(2,2,6,6-tetramethyl-
3,5-heptanedionate), [Er(tmhd)s], holmium(III) tris(2,2,6,6-
tetramethyl-3,5-heptanedionate), [Ho(tmhd)s] and neodymium(III)
tris(2,4-pentanedionate), [Nd(acac)s] were purchased from Sigma-
Aldrich Chemical Company. The substrates for film deposition were
quartz plates (2 x 2 crnz) and n- and p-type silicon (100) wafers (1 x 1

Received 24 September 2019; Received in revised form 12 November 2019; Accepted 26 November 2019

Available online 6 December 2019
0925-3467/© 2019 Elsevier B.V. All rights reserved.


mailto:gcabello@ubiobio.cl
www.sciencedirect.com/science/journal/09253467
https://http://www.elsevier.com/locate/optmat
https://doi.org/10.1016/j.optmat.2019.109579
https://doi.org/10.1016/j.optmat.2019.109579
https://doi.org/10.1016/j.optmat.2019.109579
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2019.109579&domain=pdf

G. Cabello-Guzman et al.

cm?), which were obtained from Wafer World Inc., Florida, USA.

For the deposition of LayO3 films, the La(tmhd); complexes were
homogenized in a CHyCly 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 60 s, and a thin film of the complex
remained on the chip. The quality of the films was examined using op-
tical microscopy (500x magnification).

For the deposition of LayO3:xEr-Ln films (Ln = Ho or Nd), solutions of
La(tmhd)s with different proportions of Er(tmhd)3 (where x = 5, 10 and
15 mol %) and a fixed portion in 10 mol % of Ho(tmhd)3 or 10 mol % of
Nd (acac)s, 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 pro-
cedures. 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 spec-
trum at different time intervals following a decrease in the IR absorption
of the complexes. After the FT-IR spectrum showed no evidence 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 pre-
cursor materials were deposited by spin-coating and irradiated as pre-
viously 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 temperatures (350-950 °C)
for 3 h in a programmable Lindberg tube furnace.

2.3. Characterization of the thin films

The FT-IR spectra were obtained with a 4 em™! resolution on a
PerkinElmer Spectrum Two FT-IR spectrophotometer. The UV spectra
were obtained with a 1 nm resolution on a PerkinElmer 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 PerkinElmer 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 1077 Pa. The binding en-
ergy (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 evalu-
ated by scanning electron microscopy (SEM) with a Hitachi model SU
3500 with an accelerating voltage of 10.0 kV. 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. Evaluation of the photo-reactivity of the precursor complexes
Fig. 1 shows the absorption spectral changes corresponding to

diluted concentrations (<10~° mol/L) of each precursor complex, when
they were exposed to UV illumination at 254 nm at different time
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intervals. The absorption band centered at 276 nm is associated to the &
— 1* electronic transition of a carbonyl group (C—=O0) of the p-diketone
ligands. The similarity of the absorption spectra responds to a same
ligand independent of the metallic specie of complex. It can be seen from
spectra that the intensity of the absorption band gradually decreases
after 88, 152 and 157 min of irradiation for the La(tmhd)s, Ho(tmhd)s
and Nd(acac); complexes, respectively. The exposure times for a
particular complex may vary depending on the type of solvent used and
the intensity of the UV lamp light. In this case, the experimental pa-
rameters were the same for each precursor complex, so that the differ-
ences in the irradiation time are due to the chemical nature of each
precursor or to its concentration in the solution. After having exposed to
each precursor complex under UV illumination, it is observed that all
absorption bands are substantially lost and no spectral evidence for the
formation of intermediate species is found during the photochemical
reaction. These results are consistent with other studies about the photo-
reactivity of other B-diketonate complexes [11-13], where the gradual
fragmentation of the precursor complex, the release of the metal ion
from the sphere of coordination of the complex and finally the
photo-reduction of the metallic species is proposed.

Fig. 2 shows the FT-IR spectral changes associated with the solid
state photolysis. Thin films of the complex La(tmhd)3 and thin films of
La(tmhd)s with different molar proportions of Er(tmhd)s and Ln
(B-diketonate)3 (where Ln = Ho or Nd) were deposited on Si(100) sub-
strates by spin-coating and subsequently irradiated with a 254 nm UV
source in aerated conditions. It is possible to observe a gradual decrease
with time in the intensities of the main signal associated to the
B-diketonate complexes. Previous to the irradiation on the films (t = 0),
we can identify some bands between 1385 and 1570 cm ! attributed to
symmetric and anti-symmetric C=0 stretching of the p-diketonate li-
gands. After 144 h of irradiation, the intensity of all bands attributed to
the complex are significantly reduced and only minimal signals are
observed. The only broad band remaining after irradiation between
1475 and 1370 cm™! can be assigned to CO3~ formation as by-products
from the photo-degradation of the precursor complexes.

3.2. Thermal treatment and preliminary characterization of the photo-
deposited thin films

Fig. 3 shows the FT-IR spectra of photo-deposited films that were
annealed at different temperatures (350, 650 and 950 °C) for a period of
3 h. The un-doped and doped samples with Erbium are exhibited as a
representative example. For samples annealed at 350 °C, the absorptions
between 3300 and 3700 cm™?, are due to the stretching mode of OH
groups, corresponding to structural OH and adsorbed H3O in the sam-
ples. The strong bands between 1400 and 1490 cm ™! are assigned to the
symmetric and asymmetric stretching vibrations of C=0 groups in
carbonate CO%’ species [14,15]. Probably under these conditions, the
samples adopt a La(OH)CO3 composition more than the formation of the
oxide. We have obtained similar results in a previous work using a
yttrium(III) -diketonate complexes as a precursor for the formation of Y
(OH)COg3 [16]. The samples annealed at 650 °C show the same signals
but decrease in intensity. It has been reported [14] that the thermal
decomposition of La(OH)CO3 to LayO3 takes two steps. First is the
transformation from La(OH)COs to LaO2CO3 and secondly the trans-
formation from LaO5CO3 to LayO3. Under these conditions the samples
annealed at 650 °C will probably adopt the LaO>COj3 intermediate phase
formation. Finally, when the samples are treated at 950 °C, new signals
appear between 485 and 990 cm ™}, the bands located in the range of
480-600 cm ! can be attributed to the La-O stretching frequencies of
the Lay03 which confirm the formation of crystalline LazO3 [14,17], and
the bands located in the range of 900-990 cm ™! which can be identified
as unidentately bound carbonate species [17]. In this way, it is possible
to affirm preliminary that samples under these conditions are formed by
a mixture of LayO3/Lay05COs.



G. Cabello-Guzman et al.

Optical Materials 99 (2020) 109579

1,6

1,2
b t =0 min
1,0
1,4
8 0,8
1 A =276 nm s
max 2 0,6
1,2 §
] t =0 min g 04
0 02 t;= 152 min
1,0 S ’
8 E 225 250 275 300 325 350 375
% 0.8 - 16 Wavelength / nm
£ | 1,4] (b)
8 06 1,2 t,=0min
2 = g 10
1 £08
0,4 8 06
g \
] < 044
0,2 -l t =88.5min o0 N t,=157.4 m|n'\.\77;ﬁ‘.
.\/ f 225 250 275 300 325 350 375
0.0 \!!% e V\(avﬁngthl nm
) 1 1 v 1 v I v I ' 1 ' 1 i 1 ' T T
225 250 275 300 325 350 375 400 425 450 475 500

Wavelength / nm

Fig. 1. Absorption spectral changes observed of a solution 1.56 x 10~ mol/L of the La(tmhd)s complex in CH,Cl, upon 88.5 min of UV irradiation (254 nm). Insets:
(a) solution (3.78 x 10~° mol/L) Ho(tmhd)s complex exposed to UV irradiation for 152 min, and (b) solution (4.52 x 1075 mol/L) of the Nd(acac)s complex exposed
at 157.4 min under irradiation with 254 nm light. The arrows indicate the sequence of the spectral evolution with time.
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Fig. 2. FT-IR spectral changes accompanying the photolysis of films on Si(100) substrates of (a) La(tmhd); and (b) La(tmhd)3; with 15 mol % of Er(tmhd); exposed to

UV light for 0, 24, 48, 72, 96, 120 and 144 h.

3.3. Structure, chemical composition and morphology of annealed films

The XRD patterns of annealed La;03 and La;O3 doped with Erbium at
950 °C are shown in Fig. 4. The diffractograms reveal that both samples
exhibit the same pattern with two intense peaks associated to the (101)
and (112) planes, assigned to the hexagonal phase LapO3 (JCPDS no 00-
024-0554) [18]. It is observed that undoped LayOs3 presents an addi-
tional plane in (100), which disappears in the doped sample LayO3:xEr
(where x = 15 mol %), which can be attributed to the degree of incor-
poration of the additive into the crystalline lattice. One of the evidences
to evaluate the degree of incorporation of an additive within the crys-
talline lattice of host material is the observation of a slight shift of the
XRD peaks of the doped sample with respect to the position of the XRD
signal of the pure sample. The inset in Fig. 4 shows the shift of the XRD
peaks of the (101) and (112) lattice planes. The introduction of erbium
as an additive in the crystalline lattice of LayO3 does not modify the

intrinsic structure of the matrix but can alter the lattice parameters of
the structure due to the differences in the ionic radius between the
introduced additive and the substituted lanthanum ions in the crystal-
line lattice. It is known that the ionic radius of Er'™ and La™ are 1.03 A
and 1.32 A, respectively. Given that the ionic radius of the Er' is slightly
smaller than the ionic radius of the La'", it is likely that a certain degree
of substitution will occur. The substitution of La™ ions by smaller ions
causes a slight shift towards higher 26 values in the XRD peaks, causing a
slight reduction of lattice size of the matrix [19]. However, a careful
observation in the diffractograms reveals a very specific crystalline
orientation given the appearance of some lattice planes that can be
interpreted as a partial crystallization of the samples annealed at 950 °C.
In this context, we think that a large part of the insertion of erbium into
the matrix can occurs in the grain boundaries, in the interstices or
dispersed over the deposit surface.

For the purpose of determining its chemical composition, the survey
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Fig. 4. XRD patterns of the annealed samples at 950 °C of (a) LazO3 and (b) LayO3 doped with 15 mol % of Er. The inset figures shows the shift of the diffraction

peaks corresponding to (101) and (112) lattice planes, respectively.

XPS spectrum of the LapOs:Er films annealed at 950 °C was obtained.
The spectrum (Fig. 5) shows the presence of La, O and Er in the samples.
The La 3d spectrum shown In Fig. 6a, is split into two well separated spin
orbit contributions with their respective satellites. Both contributions
identified as La 3ds,, at 852.5 eV and La 3ds/; at 835.6 eV suggests the
existence of La'! oxidation in the film. The energy difference of both
signals (AE = 3ds2 — 3ds,2 = 16.9 eV) indicate the formation of
lanthanum oxide [20,21]. The O 1s signal (Fig. 6, is determined by two
contributions, one located at 531.0 eV assigned to lattice oxygen (La—O)
and a second one located at 532.5 eV, associated to the ionization of
oxygen species (0%7) adsorbed on the surface or the presence of
carbonated species (CO%’) [18,22]. The Er 4d spectrum (not shown
here) reveals a weaker and broad signal centered at 168.9 eV corre-
sponding to the Er'! oxidation in the sample [23,24].

The morphology and elemental composition of the annealed samples
were examined by SEM and EDS, respectively, as shown in Figs. 7-9. It
can be seen from the SEM images in Fig. 7a (low magnification) and
Fig. 7b (high magnification) that the La;Os films have a microstructure
with micro-sized particles randomly distributed but with some ag-
glomerations on the surface of the substrate. The size of these agglom-
erations is variable and in a range of 6-10 pm with a distorted hexagonal
aspect which is consistent with the results obtained by XRD. The
composition of the constitutive elements (La and O) has been analyzed
by EDS (Fig. 7c) and elemental mapping show that lanthanum and ox-
ygen are homogeneously distributed over the surface in a compact

Intensity / Arb. Units

T T
600 400
Binding Energy / eV

T
800

1000

Fig. 5. XPS survey scan of the La;O3:xEr films photo-deposited and annealed at
950 °C for 3 h, where x = 15 mol% of erbium in the sample.

manner (Figs. 7d and e).

The morphological study was also applied to the co-doped samples
(Er/Ho and Er/Nd) with the purpose of verifying the presence and su-
perficial distribution of the additives in the films. In the case of the co-
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Fig. 6. High-resolution XPS spectra of the La;O3:xEr films photo-deposited and annealed at 950 °C (a) La 3d spectrum and (b) O 1s spectrum.

4"

. "v., ,a Ry
Wik inat’s

Fig. 7. SEM-EDS of La,0O3 films annealed at 950 °C: (a) low-magnification SEM image; (b) high-magnification SEM image; (c) elemental composition from EDS
spectra; (d) elemental mapping of lanthanum (red) and (e) elemental mapping of oxygen (blue) in the film. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

Fig. 8. SEM-EDS of La,03:xEr-Ho films (where x = 10 mol % of each additive) annealed at 950 °C: (a) low-magnification SEM image; (b) high-magnification SEM
image; (c) elemental composition from EDS spectra; (d) elemental mapping of erbium, and (e) elemental mapping of holmium in the film.

doped samples, a considerable change in the surface morphology is
observed. As shown in Figs. 8a and b corresponding to the LayO3:xEr-Ho
films, it is possible to observe an amorphous structure of fibrous char-
acteristics but uniformly distributed throughout the surface. According
to the results obtained by XRD it has been observed that the doping of

the films tends to suppress some lattice planes in the XRD spectrum,
probably by increasing the level of doping. In this particular case the co-
doping of different lanthanide ions contributes to that the morphology
of the film has a more amorphous appearance with a decrease in the
degree of crystallinity of the samples. We suggest that the incorporation
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Fig. 9. SEM-EDS of the La;03:xEr-Nd films (where x = 10 mol % of each additive) annealed at 950 °C: (a) low-magnification SEM image; (b) high-magnification SEM
image; (c) elemental composition from EDS spectra; (d) elemental mapping of erbium, and (e) elemental mapping of neodymium in the film.

of ions with different ionic radius (Er(r) = 1.03 f\; Ho(r) = 0.901 A and
Nd(@) = 1.11 ;\.) in a matrix can cause a certain degree of structural
instability and gradually a loss of the crystalline nature of LaOs.
Another possibility is that when generating the mixture between the
precursor complexes for the photo-deposition of the matrix and their
respective additives, a certain degree of incompatibility occurs, which
hinders an adequate deposition and crystallization of the annealed
samples. The EDS results (Fig. 8c) confirm the presence of La, O, Er and
Ho. The elemental mapping of each additive shown in Figs. 8d and e
demonstrates that the additives (Er/Ho) are distributed randomly over
the entire surface of the sample.

Fig. 9 shows the morphology of the LayO3:xEr-Nd sample. The low-
magnification (Fig. 9a) and high-magnification (Fig. 9b) images
clearly indicates a rather amorphous aspect distributed evenly on the
surface, very similar to the previous case. There are no significant
morphological changes between the co-doped samples, in this way; the
mixture of different precursor species in the photo-deposition and its
subsequent thermal treatment hinders the formation of the nucleation
sites in the formation of crystalline lattices. In Fig. 9c show the EDS
spectra of the chemical composition of the LapO3:xEr-Nd film with the
presence of La, O, Er and Nd. The examination by elemental mapping
(Fig. 9d and e) shows that the additives (Er/Nd) are uniformly dispersed
in the film. The results on the elemental composition of the un-doped
and co-doped samples are exhibited in Table 1.

3.4. Optical properties of the films

The spectral transmittance characteristics of the samples annealed at
950 °C are shown in Fig. 10. In Fig. 10a presents the levels of trans-
mittance as a function of the concentration of erbium as an additive. It is
observed that all samples have two types of absorption at 208 and 242
nm that can ascribed to electronic transitions from the O 2p valence
band to the La 5d6s conduction band of La;O3 and the transitions
associated to defect states of lattice material, respectively [25]. A slight

Table 1
Elemental composition obtained from the EDS analysis of the samples annealed
at 950 °C.

Film/ 0-K La atom Er atom Ho atom Nd atom o/

element atom % % % % % La

LayO3 54.2 45.8 - - - 1.18

LayOs3:xEr- 48.2 37.5 6.04 8.26 - 1.28
Ho"

LayO3:xEr- 48.6 36.2 7.10 - 8.10 1.34
Nd*

2 where x = 10 mol % of each additive.

increase in transmittance across the spectrum (200-1000 nm) occurs
when the level of doping increases. This phenomenon corresponds to
that for experimental reasons in the deposition of the films; the doped
samples presented a smaller thickness. A similar result has been ob-
tained with the co-doped samples (see Fig. 10b), from these data the
band gap (E;) values are obtained applying the Tauc plot method [26]
and these values are shown in the inset Fig. 10b. The E; value obtained
for the LapO3 was 4.46 eV, which increases slightly for doped and
co-doped samples. This slight increase can be attributed to the amor-
phous nature of the films doped and co-doped as observed in the images
by SEM.

3.5. Up-conversion luminescence properties of the films

It has been observed [27,28] that Erbium ions inserted in different
host materials present three typical emission bands at 510-530,
530-570 and 610-680 nm which correspond to the energy transfer of
2H11/2 - 4115/2, 453/2 - 4115/2, and 4F9/2 - 4115/2, respectively, under
excitation at 980 nm.

Fig. 11a shows the up-conversion emission spectra of LapOs:Er and
LagOg3:Er-Ln samples (Ln = Ho or Nd) observed under 980 nm laser
excitation. A series of emission bands can be observed in the green
spectral region centered at 540 nm (*s5 o — “Iis o transition) and in the
red spectral region centered at 680 and 700 nm both signals have been
assigned to 4F9/2 - 15 /> transition associated to the Er'™! ions. In
addition to these signals, a series of emission bands of varying intensity
are also observed. These emissions are broad and overlap each other,
very different from crystalline phosphors where the emission signals are
sharp and fine as a consequence of Stark splitting [29]. It has been
argued that energy positions of Stark levels and their oscillator strengths
strongly depend on the local chemical environment (ligand field) and
asymmetry at lanthanide ions site [30]. The variation of chemical
environment in amorphous solids may induce the variation of Stark
energy levels positions and consequently an alteration in the emission
signals with respect to the luminescence of a crystalline solid. This
characteristic shows that the material has a more amorphous appear-
ance than a crystalline aspect.

The results show that gradually increasing the erbium concentration
in the doped samples increases the emission intensity. However, when
the second additive (Ho or Nd) is incorporated a significant increase of
the erbium emissions is observed. In this way, energy transfer processes
can take place contributing to the up-conversion emissions.

To explore the underlying mechanisms of co-doping induced up-
conversion emission enhancement, we first determined the depen-
dence of up-conversion luminescence intensity on pump power as shown
in Fig. 11b revealing that the intensity of up-conversion luminescence
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increases with the increase of pump power.

The up-conversion luminescence intensity (Iyc) is proportional to the
“n”th of excitation power (Ijr) according to the expression: Iyc ~ I,
where n is the number of absorbed NIR photons per visible photon
emitted and can be obtained from slope (n) of In(Iyc) versus In(Ijr)
analysis. In this way, the value of n must be close to 2 [31].

Fig. 12 reveals the logarithm plots of the emission intensity as a
function of pump power for the green (540 nm) and red (680 nm, 700
nm) emissions respectively. For the green (540 nm) and red (680 and
700 nm) emissions, the values of the slope were determined to be 1.85,
1.63 and 1.65, respectively. These results show that the two photon
process is responsible for up-conversion emissions.

To understand the enhancement mechanism, we evaluate the up-
conversion emissions of the samples doped with Er. Fig. 13 shows that
upon excitation at 980 nm, the Erbium ions are excited from their
ground state ¢ 5/2) to an intermediate excited state (*111 /2) by a process
known as ground state absorption (GSA). The energy stored in the *I; /5
level is again excited to a higher energy level (*F;,5) by a process known
as excited state absorption (ESA). Both absorption processes (GSA and
ESA), would explain the number of absorbed NIR photons per visible

photon emitted in the doped samples. Both absorption processes can be
explained by the values close to n ~2 obtained from the expression Iyc
~ I"g. Continuing with the 4F7/2 excited level of erbium ions, these
decay non-radiatively to an intermediate energy level (*S/2) and later
decays radiatively to the ground state (4115/2). This 4S5 2 — 4115/2 tran-
sition is responsible for the green emission at 540 nm. On the other
hand, the red emissions located at 680 and 700 nm, occur first by a non-
radiative relaxation (4F7/2 - Ty ,2) and then by a radiative decay
assigned to 4F9/2 - 4115 /2 transitions.

The contribution of Nd™ ions in the co-doped samples (Laz03:Er/Nd)
is observed by a considerable increase in emission intensities centered at
540 nm and to a lesser degree to red emissions centered at 680 and 700
nm. This behavior is probably due to the fact that the Nd™ ions are
excited to the 4F3 /2 level from the ground sate (419 /2) under excitation at
980 nm. The energy could then be transferred (ET) to Er'! ions and
populate their “I;; 5 states, resulting in a significant increase in the
emissions of the Er'" ions through the ESA processes. Similar mecha-
nisms involving energy transfer processes (Nd"SEr'™) to explain
various luminescent emissions in different samples have been reported
[32-34].
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Fig. 12. Logarithmic (Ln) dependence of up-conversion luminescence intensity
on laser power at 540, 680 and 700 nm emissions of the La;03 doped with Er at
15 mol %. The n value denote the slope of the curve (number of absorbed NIR
photons) and r the value of the linear correlation coefficient.

Traditionally, in the co-doping of various materials, Ho™ ions have
been used mainly as activators due to their abundant electronic energy
levels for the up-conversion luminescence. However, upon 980 nm
excitation, the Ho' ions have low emission intensity and pump effi-
ciency because of their very low absorption cross-section [35]. This is
why the use of sensitizers from other lanthanide ions which help to
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absorb the energy received and transferred to the activators through
multiple-photon processes, have been proposed by several authors:
Yb—Ho [36], Er—Ho [37]. It is known that Ho'" ions inserted as an
additive have essentially two up-conversion emissions, one around
640-680 nm and another around 520-560 nm corresponding to the °Fs
- 418 and °S,,°F4 — >Ig electronic transitions, respectively [38].

In Fig. 11a it is shown the up-conversion emission spectra of La;O3:
Er/Ho samples. It is observed that the signals increase in intensity
compared to the doped samples (LapgOs:Er) but are significantly less
intense than in the LayO3:Er/Nd samples. Different luminescent evalu-
ations with LapOs:Ho doped samples showed only emission predomi-
nantly centered in the green region at 538 nm assigned to °Sy,%F4 — °Ig
transition of Ho'™ jons, and no signals are observed from the red emis-
sion. However, this green emission at 538 nm is less intense and overlaps
with the emission signal of the Er'! ions in the co-doped samples (LayOs:
Er/Ho).

Under this context, assuming that Ho™" ions have poor absorption at
980 nm, the source of excitation is received primarily by Er™! jons
through the GSA and ESA absorption processes, as previously mentioned
and shown in Fig. 14. The energy stored at level *F;/5 of Er'! ions is
transferred to levels 5F4 (582) of Ho™ ions, in other words there is an
energy transfer process (Er'' - Ho'™). The energy received immediately
translates into the emission of green from level 5F, to the basal state °Ig
of Ho™ ions. This contribution could explain why the emission in-
tensities in the green are more intense in the co-doped samples (LayOs:
Er/Ho) with respect to the LayO3:Er samples.

However, the LayO3:Er/Ho samples have a lower intensity than their
analogs (La03:Er/Nd), this behavior is due to the fact that the efficiency
of the emissions falls on the Er' ions. As has been observed, the samples
co-doped with Er/Nd, both additives are excited and one of them
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Fig. 13. Schematic representing of absorption modes (GSA and ESA) of Er ions and energy transfer (ET) processes from excited state of Nd ions to energy levels of Er

ions with their respective emissions.
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transfers its energy to the other (Nd™ - Er'"™) which means that emis-
sions in the visible spectrum are attributed to Erbium ions (Fig. 13).
While in the samples co-doped with Er/Ho the process is different, only
the Erbium ions are excited and transfer some of their energy to the Ho™
ions emitting in the green region of the spectrum (Fig. 14).

Finally, according to the results obtained, the increase in up-
conversion emissions through co-doping in a given material depends
largely on the nature of the additives used.

4. Conclusions

Lay05 films doped with Er'™ ions and co-doped with Nd™ and Ho™
were prepared by a simple photochemical method, followed by post-
annealing at 950 °C. The elemental composition, morphology and
phase formation were estimated using XPS, EDS-SEM and XRD mea-
surement respectively. The results indicate that co-doped samples have
amorphous characteristics, making it difficult to correlate the structure
of the material with its optical properties.

Under 980 nm excitation of samples doped with Er" ions, the up-
conversion emissions were observed at 540 nm aprox. These emissions
increase in intensity in the co-doped samples, due to energy transfer
processes occurring from Nd™ — Er'™ on one hand and from Er'™! — Ho™
on the other. However, the type of mechanism involved in the proposed
mechanism, contributes to explain why the emissions of the samples co-
doped with Er/Nd are more intense than their analogous co-doped with
Er/Ho. Subsequent studies incorporating the emissions lifetimes and
structural studies of the samples will confirm the proposed mechanism.

Finally, in light of these results, it is observed that although the co-

IIT

doping of lanthanide ions on La;O3 matrices contributes to an increase
of the up-conversion emissions, the incorporation and nature of the
second activator determines the degree of efficiency of the emissions.
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