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ABSTRACT: The phase-dependent upconversion lumines-
cence properties of LaVO,:Er’* were studied to provide new
insights into the design of new upconversion materials with high
efficiency. Er**-, Yb>*/Er**-doped t-LaVO, microcrystals were
successfully synthesized by the disodium ethylenediaminetetra-
acetic acid (Na,EDTA)-assisted hydrothermal method. X-ray
diffraction (XRD), inductively coupled plasma optical emission
spectrometer (ICP-OES), Fourier transform infrared spectros-
copy (FT-IR), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), Raman spectroscopy,
luminescence spectroscopy, and thermogravimetric analysis

zircon type

(TGA) were used to characterize the samples. The results indicated that t-LaVO, presents sheaf-like morphology, and the
possible formation mechanism for these sheaves was proposed on the basis of time-dependent experiments. Furthermore, the
phase-dependence (i.e., monoclinic- and tetragonal-type) upconversion luminescence properties were systematically studied, and
the upconversion mechanisms were proposed according to spectral, pump power, and the concentration of Yb*" dependence
analyses. It is worthwhile pointing out that the Er’*-doped t-LaVO, exhibits a brighter green emission, which is approximately 10
times that of m-LaVO,:Er’* using a continuous 980 nm laser diode as the excitation source. This remarkable improvement was
rationally analyzed on the basis of the composition, crystal structures, Raman spectra, morphology, and size. The comparative
experiments suggest that the local structure of Er’* was considered as an important reason for the higher fluorescence intensity of
t-LaVO,:Er**, which was also confirmed by the results of density functional theory (DFT) calculations.

1. INTRODUCTION

Upconversion phosphors, which rely on the conversion of
photons of lower energy to photons of higher energies, are
attracting extensive interest in recent decades, owing to their
superior features and a wide range of potential applications,
such as background lighting source, solid-state lasers, infrared
detection, and so on.'”” However, the upconversion lumines-
cent materials are facing the question of low efficiency at the
moment, which stringently limits their abundant applications.
Thus, to effectively increase their efficiency is an important task
for upconversion materials. Several ways have been reported to
enhance the upconversion fluorescence efficiency, for instance,
choosing suitable host materials, doping appropriate concen-
trations of lanthanide elements,® and impurity doping using
Li*.*

For high upconversion fluorescence efliciency, the fluoride
crystals with low phonon energy can reduce the nonradiative
loss and thus yield strong luminescence. Unfortunately,
fluorides are usually hygroscopic and have less favorable
chemical and photophysical stabilities compared with oxides’
matrixes, and additionally, most of the preparative routes for
Ln-doped halide-based upconversion nanoparticles are complex
and often environmentally harmful.” In various oxides matrixes,
lanthanide orthovanadates are potential hosts for luminescent
materials. For instance, Yb** and Er**-codoped YVO, exhibit
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strong upconversion luminescence, which is comparable with
the most efficient monoclinic NaYF,:Yb*, Er’* despite the
phonon threshold for the bulk YVO, being as high as ~890
em™L°

Among lanthanide orthovanadates, LaVO, exists in two
phases, viz., monoclinic (m-) monazite type and tetragonal (t-)
zircon type, with different reaction conditions. Generally, the
larger La®* prefers the monazite type due to its higher oxygen
coordination number of 9 as compared to 8 of the zircon type;
thus, the monazite type is the thermodynamically stable state.”
The t-LaVO, has similar structure compared to that of YVO,,
which suggests that it is a promising candidate for phosphors.
As expected, tetragonal zircon LaVO, is found to be a
promising phosphor candidate as revealed by Shao et. al.* On
the contrary, many reports confirm that m-LaVO, is neither a
suitable host for luminescent activators nor a promising
catalyst.”'” This attracts us to concentrate on the upconversion
properties based on the host materials of both t- and m-LaVO,.

For the preparation of monazite-type and zircon-type LavVO,,
thermodynamically stable m-LaVO, can be obtained by
conventional solid-state reaction.'’ However, the main
challenge lies in the synthesis of zircon-type LaVO, with
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higher crystallinity, which always means fewer traps and
stronger luminescence,'” because it is metastable and cannot
be obtained by conventional methods."” The growth of zircon-
type LaVO, has drawn much attention since the prior work by
Ropp and Carroll in which they successfully synthesized the
product via a precipitation method.'* Later, the synthesis of t-
LaVO, with high crystallinity by a hydrothermal method is
reported by Oka et.al,'” and they claimed that the formation of
t-LaVO, strongly depends on lanthanum and vanadium
sources. Until the year 2004, Jia et. al reported that m- and t-
phased LaVO, nanocrystals could be easily obtained by a
hydrothermal method in a controllable way with additives such
as EDTA.'®'"” Thereafter, the selective synthesis of m- and t-
LaVO, nanocrystals are attracting extensive interest in studying
phase-change processes and structure-dependent proper-
ties.'* ™" These works support easy and feasible ways to
prepare the metastable t-LaVO,.

Er’* has relatively large energy gaps and thus low
probabilities of nonradiative transitions among various excited
levels of the ions. Therefore, it is a well-known activating ion
for upconversion emission, and a great deal of research has
involved Er** doping.”' ~** To enhance upconversion lumines-
cence efficiency, a sensitizer with a sufficient absorption cross-
section is usually codoped along with the activator to take
advantage of the efficient energy-transfer upconversion process
between the sensitizer and activator. In Er’**-doped phosphors,
Yb** ions are typically sensitizer because the absorption cross-
section of Yb** jons in the NIR region is quite high compared
to other lanthanide ions. Additionally, the *F,, — °F;),
transition of Yb*" is well resonant with f—f transitions of
typical upconverting lanthanide ions such as Er’*, Tm*, and
Ho®, thus facilitating efficient energy transfer from Yb* to
other ions. Moreover, the difference between ground state and
excited state is approximately 10 000 cm™", which matches well
with inexpensive 980 nm laser diodes as well as the ‘I,
excited intermediate state of the Er’* jon.*®

To the best of our knowledge, there is no report about
upconversion luminescence properties of neither monazite-type
nor zircon-type LaVO,, although they have been considered as
fascinating downshift luminescence properties.”*~** Moreover,
the phase transition significantly influencing the upconversion
properties of phosphors has been reported. For example,
hexagonal-phase NaYF,:Yb*, Er** bulk materials exhibit about
an order of magnitude enhancement of upconversion efficiency
relative to their cubic phase counterparts.”” However, basic
research is lacking with respect to the reason for upconversion
fluorescence properties dependent on the phases. On the basis
of the above considerations, it is essential to study the
upconversion luminescence properties on the basis of the hosts
of both t- and m-LaVO, not only for developing novel
upconversion materials but also for the basic reasons of the
phase-dependent upconversion properties.

In this work, t-LaVO, Yb*'/Er’’-doped t-LaVO, were
fabricated via a hydrothermal method, which has already been
proven to be an effective way to synthesize metastable or novel
compounds in high crystallinity. Furthermore, upconversion
luminescence was demonstrated. In particular, we have given
the explanation for the phase-dependent enhancement
upconversion luminescence behavior using the crystal struc-
tures, electronic structures, Raman spectra, morphology, and
crystal size. Finally, the results are intriguing not only for
fundamental studies but also for the potential applications in
many fields such as solar cells and optical thermometers.
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2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

2.1. Preparation. (a) Samples Prepared via a Hydrothermal
Synthesis Process. Inspired by the work of Jia et al,'® we successfully
synthesized t-LaVO, by the Na,EDTA-assisted hydrothermal method.
All the chemicals were of analytical grade and were used as received
without further purification. First, a clear aqueous solution (solution a)
of La(NO,);, Yb(NO;);, and Er(NO;); with a total of 2.5 mmol was
obtained by dissolving La,0; (99.99%), Yb,0; (99.99%), and Er,O5
(99.99%) in dilute HNO; solution. Then, Na,EDTA solid and
NaZEDTA/La3+ with a molar ratio of 1 were added to solution a under
vigorous magnetic stirring to form solution b. Then, 2.5 mmol of
NH,(VO,); (99.6%) dissolved in 10 mL of heated deionized water
was dripped into solution b to obtain solution c. The pH value of
solution ¢ was adjusted to 9 with 1 mol/L NaOH aqueous solution.
Finally, a light yellow solution with a total volume of 70.0 mL was
obtained. The mixed solution was transferred into a 100 mL Teflon
autoclave, and then it was maintained at 180 °C for 12 h. The white
precipitates were separated via centrifugation and washed with ethanol
and deionized water. Lastly, it was dried in an oven at 60 °C for 24 h.

(b) Samples Obtained by a Solid-Reaction Method. Monazite-
type LaVO, and LaVO,:Yb*, Er** were prepared by a solid-state
reaction from stoichiometric amounts of La,0; (99.99%), NH,(VO,),
(99.6%), Yb,05 (99.99%), and Er,0; (99.99%). The stoichiometric
mixtures were mixed and ground thoroughly and then were sintered in
air at 900 °C for 12 h in a programmable furnace.

2.2. Characterization. The phase purity was recorded on a X-ray
diffractometer (DX-2500, Fangyuan) with Cu Ka radiation (4 =
0.154145 nm) operating at 40 kV and 60 mA. The element analysis
was performed on an inductively coupled plasma optical emission
spectrometer (Optima 2100DV, PerkinElemer). The morphologies of
the samples were observed by SEM (JSM-7001F, JEOL Ltd.). Further
structural characterization was performed on a high-resolution field-
emission transmission electron microscope (HRTEM) operating at
200 kV (JEM-2100, JEOL Ltd.) The chemical components were
analyzed by FT-IR (Nicolet AVATAR360, Nicolet Company) and
Raman (RM-1000, Renishaw) spectrometers. Upconversion emission
measurements were performed using the HORIBA Jobin Yvon
Fluorlog-3 Spectrofluorometer system using a continuous 980 nm
laser diode with power maximum of 2W as the excitation source.
Upconversion lifetimes were measured with a steady-state and
phosphorescence lifetime spectrometer (FSP920-C, Edinburgh)
equipped with a digital oscilloscope (TDS3052B, Tektronix) and a
tunable midband Optical Parametric Oscillator (OPO) pulse laser as
the excitation source. All the measurements were performed at room
temperature. Thermogravimetric analysis (TGA) tests were performed
under N, on an EXSTAR 6000 (Seiko Instrument Inc.)
thermoanalyzer at a scanning rate of 10 °C/min.

2.3. Computational Details. The initial structures of pure t-
LaVO, or m-LaVO, were constructed on the basis of the structural
information reported in refs 15 and 30, respectively. For Er’* doping
of t- or m-LaVO,, we used a 2 X 1 X 1 t- or m-LaVO, supercell
containing 48 atoms in which a La atom was substituted with a Er
atom to simulate Er** element doping.

The electronic structures were calculated via two steps. First, the
structures were optimized using the Vienna ab initio simulation
package (VASP).*! For the exchange—correlations functional, the
generalized-gradient approximation (GGA) of Perdew et al.** was
used. The cutoff kinetic-energy is set to be 500 eV. For the Brillouin
zone integration, a 9 X 11 X 8 or 5 X 9 X 11 Monkhorst—Pack special
k points grid was used for pure and Er doping samples, respectively.

An accurate description for electronic structures is by the full-
potential linearized augmented plane waves (FLAPW) method
implemented in the WIEN2k.**** The exchange—correlation potential
is Engel—Vosko with generalized-gradient approximation (EV-
GGA).”® A cutoff parameter Ry X K, = 7 and a nonshifted mesh
with 1000 k or 500 k points, respectively, are used for pure and Er**
doping cases.
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3. RESULTS AND DISCUSSION

3.1. Structure and Morphology Analysis. The crystal
structure of LaVO, presents two phases, zircon and monazite,
depending on the different experimental conditions. The crystal
phases of all the products were detected by XRD. Figure la
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Figure 1. (a) XRD patterns of (S1) t-LaVO,:1%Er*, (S2) t-
LaVO,:10%Yb*,1%Er*", and (S3) m-LaVO,:1%Er*. The standard
XRD patterns of JCPDS files no. 32-0504 (t-LaVO,) and no. 50-0367
(m-LavO,) are also shown. (b) and (c) represent the crystal
structures of t-LaVO, and m-LaVO,, respectively.

shows the XRD patterns of the t-LaVO,:1%Er**, t-LaVO,:10%
Yb**, 1%Er’*, respectively, marked as S1 and S2 prepared by a
hydrothermal method, and m-LaVO,:1%Er** noted as S3
synthesized via a solid-state reaction method. It is shown that
S1 and S2 can be well indexed to the t-LaVO, (JCPDS file no.
32-0504), and the patterns of S3 matches well with standard m-
LavO, (JCPDS file no. 50-0367), which reveals that the
reaction condition is a key factor affecting the crystal phase of
the products. The crystal structures of the two phases, t- and m-
LaVO, were, respectively, given as panels b and c on the right
of Figure 1. Regarding t-LaVO, with the I4/amd space group,
La atom coordinated with eight oxygens to form a LaOg
dodecahedron occupies D,y sites of the higher symmetry
environment. For m-LaVO, with the P2/n space group, La
atom, which is to be coordinated by nine oxygens forming an
irregular LaOgy polyhedron, occupies C; symmetry environ-
ment.">*" The nearest distance of La—La is 4.072 A for t-
LaVO, whereas it is 4.202 A for m-LaVO,.

The doping concentration of rare earth ions strongly
depends on the preparation condition especially for the
hydrothermal process.”® To get the relative precise amounts
on the doping content of Er, ICP-OES was employed to
analyze the products. The results of element content are listed
in Table 1. The results indicate that Er is, respectively, 0.33%
and 0.36% for the t-LaVO,:1%Er** and m-LaVO,:1%Er**
samples.

The presence of quenching groups of the sample would affect
the luminescence property. To further determine the chemical
composition of the product prepared via the hydrothermal
method, FT-IR spectroscopy of t-LaVO, was carried out, and
the result is shown in Figure 2. The spectrum exhibits a weak
peak at 441 cm™' and a main absorbable peak in the range of

Table 1. ICP Results of the t-LaVO,:1%Er** and m-
LaVO,:1%Er** Samples

t-LaVO,:1%Er**
1.01:1
0.33

m-LaVO,:1%Er**
0.95:1
0.36

molar ratio of La:V
Er** content (mol %)
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Figure 2. FTIR spectrum of t-LaVO, sheaf-like microcrystals.

720—980 cm ™, respectively, corresponding to the characteristic
vibrational mode of the La—O bond and the V—O bond (from
the VO,*~ group), and the peak at 1390 cm™" is associated with
the N—O bond from NO;~ groups.”” The weak bands at 2850
and 2923 cm™' can be assigned to the asymmetric and
symmetric stretching vibrations of the —CH, in the remaining
Na,EDTA. The smaller one at 1629 cm™ and the broad band
at 3429 cm™' are corresponding to the OH groups of H,0
absorbed on the surface of t-LavVO,.**

Figure 3 shows the SEM images of t-LaVO, and m-LaVO,.
(a) and (b) show that the product t-LaVO, looks like

Figure 3. (a) and (b) SEM images of t-LaVO, prepared at 180 °C for
12 h via hydrothermal synthesis, (c) and (d) SEM images of as-
obtained m-LaVO,.

strawsheaves with two fantails consisting of a bundle of
outspread nanorods bonding in the middle. The morphology
has also been observed in other lanthanide orthovanadates such
as CeVO,.”” The average diameter of the nanorods is 70 nm,
and the individual strawsheaf has an average length of about 2.4
um. (c) and (d) indicate that a large proportion of m-LavO,
particles presents spherical-like structures with diameter
ranging from 4 to 7 um which is much larger than that of t-
LaVvoO,.

3.2. Possible Formation Mechanism. As an important
organic additive, Na,EDTA has strong coordination ability with
La>* to form certain intermediate complexes.”” To determine
the crystal growth process and the assembly of the sheaf-like
microcrystals, we conducted time-dependent experiments by
keeping other reaction parameters unchanged. Figure 4 shows
the SEM images of LaVO,:Yb*", Er** (Na,EDTA/La** = 1:1,
pH = 9) prepared at 180 °C for different reaction times.
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Figure 4. SEM images of evolution for t-LaVO, prepared at different
hydrothermal times, (a) 10 min, (b) 30 min, (c) 4 h, and (d) 12 h. (e)
TEM images, and (f) HRTEM images and corresponding electron
diffraction pattern of t-LaVO, prepared at 180 °C, 12 h.

First, the relatively stable coordination complex (LaEDTA)"~
was formed by chemically bonding between Na,EDTA and
La*". Under hydrothermal treatment, the initial colloidal LaVO,
nuclei was formed, and EDTA? ions were released due to
reaction between the (LaEDTA)~ complexes and VO,*>". Thus,
nanoparticles with wide particle size distribution of 60—200 nm
and irregular morphology are found as shown in Figure 4a.
Then, the colloidal LaVO, nuclei can be mediated by the
adsorbed EDTA’" ligand on the LaVO, surface, and through
the interaction, the free energies of different facets would be
changed. Then, the initial nuclei serve as seeds for the growth
of highly anisotropic nanostructure in the solution-solid process
via the dissolution and crystallization mechanism.* Subse-
quently, the long rod-like structures with various lengths can be
detected with the increase of the reaction time to 30 min
(Figure 4b). Moreover, Na,EDTA can cap the side walls of the
nanorods in the fantails of the strawsheaves due to the
characteristic of its hydrophile, which has been mentioned
before.”” As for the sample prepared with reaction time of 4
and 12 h (Figure 4c and d), the tails of the strawsheaves have
fanned out, leading the nanocrystal splitting to form sheaves or
even double-headed broccoli-like spherulites of LaVO,. The
origin of the crystal splitting has been explained previously.”’
To further understand the fine structure of the strawsheaves,
TEM and HRTEM images are also shown in Figure 4e,f. The
electron-diffraction pattern given in the inset of Figure 4f
indicates the single-crystalline nature of the nanorods. The clear
lattice fringes in the HRTEM images confirm the high
crystallinity of the rods. The measured adjacent lattice spacings
of the nanorods are about 0.372 and 0.492 nm, which is
consistent with the interplanar spacing of the (200) and (101)
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facets of t-LaVO,, respectively. The close observation of the
HRTEM image indicated that (200) facets are parallel to the
side planes. Furthermore, the corresponding ED pattern has
been indexed. The spots could be assigned to the (200), (101),
and (002) facets. Combining the HRTEM image and the
corresponding ED pattern, it can be noticed that the [001]
direction is vertical to the side plane of the rods. These
observation suggests the growth of the nanorods along the
[001] direction.

On the basis of the above results, the possible formation
mechanism as well as the crystal dimension evolution process
of the nanostructures is proposed in Scheme 1.

Scheme 1. Schematic Illustration of the Growth Process of
LaVO, Using Na,EDTA as Additive
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3.3. Upconversion Luminescence Properties. Figure 5
displays the upconversion emission spectra of zircon-type and
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Figure 5. Room temperature upconversion spectra of t-LaVO,:1%Er**
and m-LaVO,:1%Er’* at 980 nm excitation. The inset gives their
integrated intensity.

monazite-type bulk LaVO,:Er’* with a doping level of 1 mol %
Er’* under the excitation of 980 nm laser diodes at 228 mW.
Both of them consist of three emission peaks around 525, 548,
and 670 nm which are, respectively, attributed to *H, ,—*;5,
*S3,—"T15/2, *Fojy—*I5), transitions of Er’*. The shorter-
wavelength emissions at 525 and 548 nm are predominated
and much more intense than the long-wavelength emission at
670 nm. The much stronger emissions at 525 and 548 nm are
in accordance with the green-emitting color as observed. The
energy gaps between *S; ), and *F,,, *I,,,, and *I;;, are about
3000 and 3600 cm™!, respectively.*” The phonon energy of
both the zircon and monazite LaVO, system is determined to
be around 860 cm™' from the discussion of Raman spectra
below. Thus, nonradiative relaxation processes of *S;, = *F,
and *I;;;, = *I,3), levels request a few phonon energies to
bridge the energy gap according the energy gap law. Therefore,
the nonradiative relaxation processes are ineflicient, resulting in
the relatively strong green emission peak. It is worthwhile to
note that the emission intensity of zircon-type LaVO,:Er’* is
much higher (about 10 times) than that of monazite-type
LaVO,:Er’", even though a smaller doping level of Er’" presents
in zircon-type LaVO, detected by ICP-OES. To better show
the relationship of the intensity, the inset of Figure S was also
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given. This phenomenon attracts us to understand the real
reason for the purpose of supplying basic data to develop novel
efficient upconversion materials. Actually, there are two main
factors influencing the luminescence intensities: crystal
structure including phonon energy, the distance between
luminescence centers, and both morphology and size.

From the analysis of crystal structures before, the local
structure of the rare-earth ions in t-LaVO, and m-LaVO, is
different, which can affect electronic transition probabilities
determining the luminescence intensity. This has been proved
by the work in ref 17. However, it is lacking of basic data to
reveal the effect of the local structure on electronic transition
probabilities. The electronic transition is related to the
electronic structures. Thus, we study the electronic structures
of LaVO, and Er’* doping for the sake of understanding the
reason for the enhanced upconversion. The electronic band
structures for the pure t or m-LaVO, and Er’* doping t or m-
LaVO, along high symmetry directions are shown in Figure 6.

(c) t—LaVOJ:Er‘“
4

(a) t-LaVO
42

TAMT z

(b) m-LaVOA‘

al | 03
ZGY ABDEC 26 YABD EC

Figure 6. Band structure plots for pure t-LaVO, (a) and m-LavO, (b),
Er-doped t-LavVO, (c) and m-LavO, (d).

Figure 6a exhibits that the valence band maximum as well as the
conduction minimum is located at the I" point, indicating that t-
LaVO, is a direct band gap material with a band gap of 3.14 eV.
As seen from the electronic band structure of m-LaVO, shown
in Figure 6b, the valence band maximum is located at the A
point and the conduction minimum is situated at the B point.
Unlike t-LaVO,, m-LaVO, is an indirect band gap material with
a band gap of 3.84 eV. The case of the larger band gap of m-
LaVO, compared to t-LaVO, accords with the reported trend
in ref 43. The obtained values are close to the experimental
values for t-LaVO, (3.18 eV)** and m-LavO, (3.5 + 0.2 eV)*®
measured from optical absorption edge, which confirms the
reliability of our calculations. These large band gaps indicate
that both phases of LaVO, are insulators.
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The doping cases for t-LaVO, and m-LaVO, are illustrated in
Figure 6c,d. For m-LaVO,:Er’* which has the P2/n space
group, Er’" would occupy the C; symmetry environment.
Whereas for t-LaVO,Er’* with I4/amd space group, Er’*
would occupy the D,y site higher symmetry environment.
The difference lattice sites of the luminescence center can lead
to the distinct band structures. Comparison between doping
cases with pure cases indicated that a narrow band appears for
the two cases arising from the localized Er f orbitals, which will
be confirmed by density of states. Comparing the two doping
cases, we found that the band of t-LaVO,Er’" rising from
localized Er f near 0 eV is much more dispersive than that of m-
LaVO,:Er**. The different dispersion is probably related to the
fact that the local structure of Er’* in t-LaVO, is different
compared to that of m-LaVO,. Large band dispersions, which
decrease the effective masses of electrons and holes, ensure a
fair mobility of the photoinduced charge carriers. Therefore, the
larger band dispersions of Er f states, viz,, the less-localized
nature of the Er f orbital, supply the possible condition that
leads to excellent upconversion fluorescence.

To investigate the source of the electron states near the band
edges, the contributions from each of the related orbitals to
total density of states for pure LaVO, and Er** doping LaVO,
are displayed by partial density of states (DOS) in Figure 7.
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Figure 7. Density of states plots and partial density of states for pure t-
LavO, (a) and m-LavO, (b), Er-doped t-LavVO, (c) and m-LavVO,
(d).

From Figure 7, the two pure cases exhibit some similar features.
It can be seen that the upper valence band between —4.0 eV
and the Fermi level (0.0 eV) was dominated by O s and V d
states. The large overlapping between O s and V d states
indicates the covalent bonding character. Turning to the
conduction band, it mainly consists of V d and La f states just
above the Fermi level, with some contributions of the O s
states. To assign the bands of the doping cases in Figures 6b,d,
the total and partial densities of states are depicted in Figure
7b,d. For the two doping cases, the energy bands between —4
and —0.5 eV are dominated by O s and V d states, and the
conduction band has been contributed by V d and La f states,
with some contributions of the O s states. It is difficult,
however, to recognize the small fraction of Er f in the
conduction band in Figure 7 because of the stronger peak of Er
f in the valence band. Comparing the two doping cases, the
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region covered by Er f for t-LaVO, is broader than that of m-
LaVO,. Actually, the bandwidth is mainly determined by the
extent to which orbitals on neighboring atoms overlap.
Therefore, the different bandwidth of Er f orbital suggests the
different local structure of Er’* in the two phases. This result
accords with the crystal structures of t-LaVO, and m-LaVO, as
well as the phenomenon from the observation of band
structures.

Furthermore, the ratio of integrated DOS in the energy
windows of —0.4—0 eV from the VB top to total electrons is 4%
and 2% for Er-doped t-LaVO, and m-LaVO,, respectively. The
larger DOS in the VB around the Fermi Energy Er implies an
increase of charge carriers of t-LaVO, than that of m-LaVO,.
This will lead to a higher transition from the ground state of Er.
The experimental observation is consistent with the theoretical
prediction. On the basis of the analysis above, the different local
structure of Er’* affecting electronic transition probabilities is
considered an important reason for the disparity of emission
intensity.

It has been reported that the involvement of large phonon
models effectively bridged some nonradiative relaxation
channels, which could induce the decreasing of luminescence
efficiency. A low phonon energy is a benefit for the high
upconversion efficiency of the product.” The information from
Raman spectra was employed to characterize the phonon
energies. The Stokes Raman spectra (4., = 532 nm) of t-LavVO,
and m-LaVO, hosts, which did not contain rare earth dopants
to prevent their photoluminescence from obscuring the much
weaker Raman signal, are shown in Figure 8. From the two

(a) t-LaVO,

T
100 200 300 400 500 600 700 800 900 10010 1100 1200 1300 1400 1500
Wavenumber (cm™)

(b) m-LaVO,

—— T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Wavenumber (cm™)

Figure 8. Raman spectra of (a) t-LaVO, and (b) m-LaVO,.

spectra, two parts are clearly observed, containing the high-
energy part between 745 and 880 cm ™" and the low-energy part
below 480 cm™. The former vibration peaks correspond to the
“internal” vibrations of the tetrahedral VO, group, and the
latter part mainly originates from the La—O vibrations.'°Com-
Comparing the two spectra, the number of vibration peaks in
the low-energy region assigned to La—O vibration peaks below
480 cm™' is quite different due to the different structures
between t- and m- LaVO,. The number of vibration peaks for t-
LaVO, is smaller than that for m-LaVO,. The decreased
number of vibration peaks for t-LaVO, is in accordance with
the lower coordination number (8) and the high symmetry
(D,4) of the La®* ions which have been indicated before. A
strong Raman peaks for t-LaVO, is around 861 cm™', whereas
that for m-LaVO, is around 858 cm™. This indicates the main
phonon energy of t-LaVO, is slightly higher than that of m-
LaVO, in our case. However, we cannot estimate the presence
of larger phonon modes such as —OH via Raman technology.
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The similar value of the main phonon energy suggests that it is
not the key reason influencing the luminescence intensities
between t-LaVO,:Er’* and m-LaVO,:Er**.

It is well-known the luminescent intensity is also related to
the average distance between luminescent centers. Before the
dopant-ion concentration reaches a certain level, the short
distance between active ions will increase the upconversion
luminescence. From the structure analysis in Figure 1, the
nearest distance of La—La is for t-LaVO, (4.072 A), which is
close to that for m-LaVO, (4.202 A). Thus, we considered that
it is also not a main factor resulting in the large difference of
luminescence intensity. Usually, the sample with high
crystallinity and a large crystal size exhibit higher luminescence
intensity. However, both the samples have good crystallinity
from the results of XRD patterns. In addition, the scale of
monazite-type LaVO,:Er** is much larger than that of zircon
type from SEM photograph. Therefore, the good crystallinity
and larger crystal size of m-LaVO,:Er** are not in accordance
with the lower emission intensity. According to the analysis
above, it is safe to consider that the different local structure of
Er’* is a key reason for the disparity of emission intensity in our
case.

Yb** is often used as a sensitizer for Er** because of the low
absorption cross section of Er’* in the NIR range. As expected,
the emission intensity at 525, 548, and 670 nm, respectively,
attributed to *Hy,,—"Ty5/5, *S30—"I15/2, *Fos—"I1s/, transitions
of Er’* was enhanced when Yb*" ions were doped into t-
LaVO,:1%Er** and m-LaVO,:1%Er**, which is obtained after
comparing both the intensities of t/ m—LaVO4:1%Er3+ and t/m-
LaV0,:10%Yb*", 1%Er’*. To study the mechanism of
upconversion luminescence, Figure 9 displays the upconversion
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Figure 9. Dependence of upconversion emission intensity of t-
LaVO,:10%Yb*, 1%Er** (a) and m-LaVO,:10%Yb*", 1%Er** (b) on
excitation power.

emission spectra of t- and m-LaVO,:10%Yb**, 1%Er’* under
laser diode excitation of 980 nm at various pump powers. From
the spectra, it is obvious that the emission intensities of the two
samples become stronger with enhanced pump powers.

3.4. Upconversion Mechanism. To understand the
populating mechanism of the *H,,,, *Sy/, and *F,, excited
states under irradiation of NIR light, the intensities of green
and red emissions as a function of the excitation power were
measured, as shown in Figure 10. It is well-known that the
relationship is expressed as
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(1)
where n is the number of photons required to populate the
visible emitting states. For the sample t-LaVO,:1%Er’*, by
fitting the data points, the slopes for the (*Hy,., *Ss5)-"I15)
and *F,,-"I)5/, transitions are 1.53 and 1.11, respectively. In
Yb* and Er**-codoped t-LaVO,, slopes of 1.83 and 1.26
respective for the (*H,, 5, *S/2)-"I;s/, and *Fy ,-*I,5 , transitions
can be obtained by fitting the data points. The corresponding
results are shown in Figure 8a,b. As for m-LaVO,:Yb**, Er**, we
obtained the similar fitting results. The slops for (*Hj,,
*S32)—Is)» and *Fy;,—*I;5,, transitions are respectively 1.21
and 1.01 in m-LaVO,:1%Er’*, and respectively 2 and 1.75 in m-
LaVO,:10%Yb*, 1%Er’*. From the results, a two-photon
process is involved to green and red emissions for both t/m-
LaVO,:1%Er** and t-m LaVO,:10%Yb3*, 1%Er*. The
calculated slope value being lower than the expected value is
due to the saturation in the upconversion process at higher
power as well as the local thermal effect, which have been
previously reported.***®

In order to better describe the upconversion behavior of t-
LaVO,:Yb*, 1%Er** and m-LaVO,:Yb**, 1%Er*, the Yb*
concentration-dependent upconversion luminescence spectra
of both t-LaVO,:Yb**, 1%Er’* and m-LaVO,:Yb*", 1%Er** are
shown in Figure 11. It has been reported that the variation of
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Figure 11. Yb3* concentration-dependent upconversion luminescence
properties of (a) t-LaVO,:Yb**,1%Er** and (b) m-LaVO,Yb*, 1%
Er*.
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GRR (i.e, the G/R emission intensity) depends not only on the
radiative transition and nonradiative transition process but also
strongly on the cross-relaxation process.” These processes are
very important to understand upconversion process.

From the GRR data, it can be concluded that (1) the GRR of
t-LaVO,:1%Er** is larger than that of m-LaVO,:1%Er*".
Actually, besides radiative transition, there are mainly two
upconversion population channels affecting the GRR, one is the
nonradiative relaxation of ‘F,,—*Hy;,,/*S;5, *S5/,—*Fo5, and
*I11/,—*1,3/,, the other is the cross-relaxation of
*F,/3+* 11 ,—*Fo/3+*Fy/,. The nonradiative relaxation of
*S3,2—*Fy,, and *I,;,,—*I,3,, (via the route
1,12+ 3,—*1,5,,+*Fy/,) and cross-relaxation of
*F,,+'1),,—*Fo),+*Fy), contribute to the red level population
while *F,,—*H,;,/*S;), leads to the green emission. Therefore,
the ratio of G/R depends on the competition between
4F7/2_21'111/2/453/2; and 483/2_4P9/2; 4113/2_4111/2 or
*F; 1+ T ;= "Foy+*Fy)y. In t-LaVO,:1%Er*", because of the
reside of the large phonon modes such as —CH, and OH—
bonds, the nonradiative relaxation from *Hy; ,/*S;/; to the red
level *F,, should be increased, which results in the decrease of
GRR. However, the experiment result is the converse. Thus, it
is not the main reason. From the SEM images of t and m-
LaVO,, the straw-like t-LaVO, is composed of nanorods. The
boundary effect of nanorods will suppress the cross-relaxation
among Er**. In addition, the actual doping level of Er** is lower
in t phase. The low level will prevent the formation of Er’*
clusters, finally affecting the cross-relaxation. These facts will
induce the larger GRR of t-LaVO,:1%Er’". (2) As the
concentration of Yb®" increases, the ratio of G/R tends to
decrease for t-LaVO,:Yb>*, Er’*, while in m-LaVO,:Yb*, Er** it
increases initially until that the concentration of Yb*" reaches
7% and subsequently slightly decreases. The varies of GRR
indicates that the intermediary level in the red channel
population is different from ‘I /2,47 for favorable energy
matching, the red level population route involves the *I; , level
via *Fsy(Yb¥)+*155(Er*") —"Fs 5 (Yb* ) +*Fy , (Er™).

In t-LaVO,:Yb*", Er**, the large phonon modes in t-LaVO,
will increase the probability of the nonradiative relaxation of
*83,—*Fy), and *I,;/,—*I,3,. Meanwhile, more Er’" will be
excited to excited sates with the increasing of the amounts of
Yb** including the *I,;,,—*F,, transition, which contributes to
the red level population route and reduces the GRR. As for m-
LaVO,:Yb*", Er’", the probability of nonradiative relaxation of
*S5,—"Fy, and *I,;/,—"1,3, is low to affect GRR, but the cross-
relaxation among Er’* is an important reason for red emission.
With increasing the concentration of Yb%*, the cross-relaxation
among Er** will be prevented gradually because of the energy-
transfer upconversion (ETU) process between Yb*>" and Er’*.
Thus, the ratio of G/R is increased initially. Finally, with 10 mol
% doping, a slight decrease of GGR which is likely caused by
the concentration quenching.48

Furthermore, to understand upconversion luminescence
behavior in t- and m-LaVO,:Er’* samples, the dynamic
processes of the excited states (*S;, and *F,),) for Er’* ions
in t-LaVO,:1%Er** and m-LaVO,:1%Er’* samples were
measured and compared under the excitation of 980 nm,
which is shown in Figure 12. For the *S;,,—I}/, transition of t-
LaVO,:1%Er*, the decay of the emission intensities is nearly
biexponential, which can be written as

I(t) = Lexp(—t/7;) + Lexp(—t/7,) (2)
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Figure 12. Typical dynamic processes of the *S;,—*I;5;, and
*Fy/,—*15,, transitions of Er’* in t-LaVO,:1%Er’* and m-LaVO,:1%
Er**samples.

where 7, and 7, represent the shorter and longer lifetime
constants, respectively, and I, and I, are the original
contribution for the shorter and longer decay times,
respectively. It is suggested that the appearance of biexponential
decay processes comes from the emissions of Er** ions at
different local environments.” In our case, the shorter process
should be attributed to the emissions of Er’* ions on the surface
of nanorods, while the longer process are relative with Er’* ions
at inner sites of crystals. As for m-LaVO,:1%Er’*, the
upconversion luminescence of *S;,,—*I;5, also decays double
exponentially. The double exponent behavior may involve
isolated and clustered Er** sites.”” The details are under
investigation in our further work. The *Fy,,—*I;/, transition in
both t- and m-LaVO,:Er’* decays multiexponentially, which
suggests the involving of *I;; , level and cross-relaxation among
Er’* in the samples.

On the basis of the discussion above, typical energy diagrams
and the possible mechanism for the upconversion luminescence
for Er**-doped and Yb*, Er**-codoped samples were given in
Figure 13ab, respectively. In Er’* single-doped system,
upconversion processes contain the excited-state absorption
(ESA) process and ETU process. The mechanism for ESA is
comparatively simple. Er** is first excited from the *I;/, level to

(b)E (103cm™ 1
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Figure 13. Simplified energy-level diagrams of (a) Er**, and (b) Er*",
Yb** and the possible mechanism for the upconversion luminescence.
The solid, dotted, and curve represent the radiative, energy transfer,
and multiphoton relaxation processes, respectively.
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the *I;, , level, and then to the *F;, level by the absorption the
energy of a second photon from the incident laser beam. The
state is unstable, and thus, the ions on the 4F7/2 level decay
nonradiatively to *Hyy ), *Sy/, and *F,, levels. Alternatively,
after initial excitation, the Er** on the “I;;,, level can decay
nonradiatively to the *I;5,, level and then populates the *F,,
level by the absorption of a second 980 nm wavelength photon.
In the ETU process, which is dominant at higher concen-
trations of Er** ions,”" two excited Er** ions on the *I;; , level
interact with each other. One Er’" ion transfers its energy to the
neighboring ion, leaving it in the higher excited state *F, ,, and
nonradiatively decays back to the ground state. Besides, from
the analysis above, the cross relaxation of
*F, )3+, /,—*Fo)y+'F,,, is the possible route to populate the
red level *F,,. For the emission process, the *Fy,, *S;/,, and
*H,, ), levels depopulate to the ground state emitting 662, 551,
and 524 nm lights, respectively.

For Yb*', Er’*-codoped sample, first, Er ** ions on *I;/, are
excited to *I;;,, by the ground state absorption (GSA) and/or
energy transfer of Yb** —Er **. Then the same laser pumps the
excited state electrons from the *I;;/, to the *H,,, levels via
ESA or the second-step ET of Yb*>* —Er *, the electrons relax
to *S;/,, *Hyy), generating green *S;,, *Hj, — ‘L),
transitions. The populating pathway of the red *F,, level is
as follows: after populating the *I;; , level, the electrons further
relax to *I;3,, then it is excited into *F,,, generating *F,, —
*I15/, transitions. Besides, the nonradiative relaxation from the
green *S;,, 2Hyy), level to *F,/, and the cross-relaxation of
*F,,+'1)1,—*Fo/y+'Fy, is another pathway for the population
of the red level.

It is known that t-LaVO, is a metastable zircon structure. To
illustrate the stability of the prepared t-LaVO,, the thermal
properties of as-prepared samples were investigated by TG-
DTA, which is exhibited in Figure 14. The first weight loss at
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Figure 14. TG—DTA curves of t-LaVO,:10%Yb**, 1%Er*".

around 40—200 °C is attributed to the evaporation of water
molecules present in the sample. The second weight loss from
200 to 400 °C is because of the burnout of the remaining
Na,EDTA, which has been confirmed by FT-IR. Especially, an
exothermic peak at 970 °C in the DTA curve is assigned to the
phase change from zircon phase to monazite phase.
Considering the strong green emission by upconversion
process which can convert the NIR light to high energy
photons that can be absorbed by the conventional sensitizer,
such as N719 dye ((2,2 '-bipyridyl-4,4 '-dicarboxylic acid)
ruthenium(II) complexes),”” and therefore, it may have
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potential to reabsorb the emitted light by LaVO,:Yb*", Er** and
regenerate excitons and enhance the photovoltaic conversion of
dye solar cells. Furthermore, the properties of the different
fluorescence intensity ratios of the main emission lines as well
as the distinguished fluorescence intensity for the two phases of
LaVO,, and the temperature of phase change around 970 °C
supplies the possible application for temperature measurements
around 970 °C.

4. CONCLUSIONS

In summary, we successfully synthesized Er’*-, Er’*/Yb*-
doped t-LaVO, with sheaf-like morphology using the
Na,EDTA-assisted hydrothermal method. On the crystal
growth process, Na,EDTA plays an important role in the
crystal splitting of the sheaf-like t-LaVO,. From a comparative
study on the t-LaVO,:Er’* and m-LaVO:Er**, it is found that
Er**-doped t-LaVO, exhibited a much more brighter green
emission than Er**-doped m-LaVO, using a continuous 980 nm
laser diode as the excitation source. This remarkable improve-
ment was attributed to the local structure of Er**. The study of
the upconversion properties for Er**-, Er**/Yb*'-doped t- and
m-LaVO, indicated that two-photon processes are responsible
for the green emissions via the analysis of the spectra and pump
power dependence. In addition, the Er’*-, Er’'/Yb*'-doped
metastable t-LaVO, microcrystals exhibit a stable characteristic
below 700 °C which was verified by TG-DTA. These properties
suggest that it may be a candidate for applications such as
energy relay solar cell light harvesting in the near-infrared
region and optical thermometers. We believe that this study will
provide new insights into the design of new upconversion
materials with high efficiency.
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