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ABSTRACT

The structural and optical properties of Yb%*/Er®*/Eu®* co-doped LaVO4 nanoparticles have been investigated by XRD, FT-IR, HRSEM, DRS and fluorescence
analysis. The crystal structure of all the synthesized samples showed the existence of tetragonal LaVOy. Influence of Eu®* ions co-doping in Yb3*- Er®*: LavO,
nanoparticles are systemically studied for both upconversion luminescence and emission studies. The energy transfer mechanism involved in LavVO,4 phosphors is
presented in detail based on their absorption, upconversion emission and pump power dependence study. The green to red fluorescence intensity ratio and asym-
metry ratio are calculated with the variation of Eu®* ion concentration. The upconversion fluorescence intensity ratio increases with the increase of pump power
density which attributes the application of present phosphors as temperature sensors. Color purity of Yb®*/Er>*/Eu®" co-doped LavVO,4 nanophosphors hardly shows
any change with variations in pump power. Dual mode luminescence of these nanophosphors finds its applications in anti-counterfeiting inks.

1. Introduction

Rare earth ions doped phosphor material have achieved much
attraction in the field of fingerprint detection, anti-counterfeiting and
biological areas such as in-vivo bioimaging, therapy, drug delivery,
sensing, and bio labeling applications, owing to their superior lumi-
nescence efficiency [1-8]. In these materials, luminescence takes place
due to unique 4f-4f transition within ladder like energy levels present in
the rare earth ions. The energy levels, shielded by the outer orbits [9],
are insensitive to the host lattice environment and resemble that of free
ions [10]. Lanthanide-doped phosphors are well known to exhibit not
only conventional downconversion (DC) (i.e., Stokes shift) luminescence
but also efficient upconversion (UC) (i.e., Anti-Stokes shift) lumines-
cence [11-13]. In the nano regime, rare earth materials have been
developed to be an efficient luminescent probe, unlike quantum dots for
their indispensable role in energy transfer (ET) [14,15]. Several strate-
gies can achieve a combination of down and upconversion luminescence
in lanthanide nanoparticles (NPs) to obtain dual-mode luminescence: 1)
Assembly of different luminescence components to form composite
material, 2) Formation of UC/DC core/shell nanoparticles, 3) Combi-
nation of self-activated DC luminescence host and UC luminescence of
rare earth ions, 4) UC and DC luminescence from the same activator in
Yb3* co-doped system and 5) Direct approach through ternary lantha-
nide dopant system [16-21]. Multicolor emission from single host lattice
makes them special for human mankind [22]. Appropriate selection of
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host lattice plays a vital role in the luminescence efficiency of nano-
crystalline materials. In search of suitable host lattice for upconversion
luminescence, Lanthanide orthovanadate (LnVOy) is investigated to be
an important class of rare earth inorganic compounds for their unique
optical, chemical and electronic characteristics [23,24]. Among LnVOy,
Lanthanum orthovanadate (LaVO,4) generates impressive research for its
polymorphic behavior. Generally, LaVO4 can be crystallized either in
Monazite-monoclinic (m-LaVOy) or zircon-tetragonal (t-LaVOy4) crystal
structure [25]. t-LaVOQy is found to be a suitable host lattice, as it is
thermodynamically metastable (i.e., less stable) when compared to
m-LaVO4 [26]. From the standpoint of material chemistry and lumi-
nescence, Eu>* doped tetragonal LaVO, represent fascinating models to
improve fundamental ideas about their luminescence properties of
doped systems [27-29]. Among the rare earth ions, Er>*, Tm3", and
Ho®" ions are familiar due to their upconversion luminescence and they
are limited to multiplexing and multi-color applications for their
microsecond lifetime and limited emission wavelength [30,31]. Eudt
ions show longer emission lifetime in millisecond range than that of
Er", Tm®", and Ho®" ions [32,33]. Only a few reports are focused on
the UC emissions of Eu®* co-doped with Yb®* but not Eu®*alone due to
the unmatched energy diagram and absence of intermediate energy level
states [34]. Li et al., have recently studied the color tuning and
dual-mode luminescence in BaGdFs:Yb>*, Er®*, Eu®t [35]. Using Yb**
and Er®t (Tm®") ions as a double sensitizer, Eu3t doped fluoride
nanostructures show unusual UC spectrum from visible to UV [36]. Xia
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et al., have investigated the luminescence improvement by Eu* ions
doping in SrGdGaz0,:Yb>*, Er**, Eu®" system [37]. There are no much
reports to tune the upconversion emission using Eult ionsasa regulator
in LaVO4 host lattice. Especially the energy transfer mechanism between
Er’* and Eu®" ions have not been studied elaborately. There are no
studies made on energy transfer between Yb>"-Er**-Eu®" ions in LaVO4
host lattice. What is worth noting, LaVO4 compound has been investi-
gated only for upconversion emission in Yb>*, Er** co-doped systems.
Therefore, it is essential to study the behavior of activator dopant ions
(Eu®"), to better understand both upconversion luminescence and
emission process in LaVOj4.

Based on the literature, very low concentrations of Yb>" and Er®*
ions are optimal for the upconversion emission [38]. The high dopants
ion concentration increases the upconversion emission intensity, but
also affects the host lattice crystal structure and may even induce the
luminescence quenching [39]. In the present research work, we have
employed the host lattice LavVO,4 with 4 mol% Yb®" ions and 2 mol %
Er®" ions, to investigate their luminescence, energy transfer mechanism
on Eu®" ion co-doping. In this study, we have primarily concentrated on
the spectroscopic properties of Yb3*/Er®*/Eu®t co-doped LaVO,4
samples.

2. Experimental procedure
2.1. Synthesis of dual-mode luminescent nanoparticles (DLNPs)

Co-precipitation method followed by hydrothermal treatment is
adopted for DLNPs synthesis. A mixture of La(NO3)3-6H20, Yb
(NO3)3-5H20, Er(NO3)3-5H20 in 15ml of double distilled water is
added, such that the molar ratio of La®>*: Yb®": Er®* remains constant as
1: 0.04: 0.02, respectively. To that, varying concentration of Eu
(NO3)3-5H50 in 5ml of double distilled water is added and stirred for
15 min to get a homogeneous solution (Molar ratio of La>* to Eu* is
maintained as 0, 0.01, 0.02, 0.03, 0.04, 0.05). Subsequently, 10 ml of
Na3VOy is added dropwise to the above solution (VO3 : La®* =1.05)
under stirring with the pH 9. Followed by 30 min of stirring, the as-
obtained white colloidal dispersion is subjected to hydrothermal treat-
ment at 180°C for 24h. The resultant precipitate is separated by
centrifugation, washed thrice with double distilled water and ethanol
successively and then air-dried to get the white-colored solid.

The composition of dopants and sample name are presented in
Table 1.

2.2. Methods

The X-ray diffractogram of all the synthesized LaVO4 nanoparticles
are recorded at the scan rate of 1° min~! in the 26 range from 10 to 80°
on a Bruker DA Advance X-ray diffractometer equipped with Cu-Ka ra-
diation (A = 1.540562 ;\). The GSAS-EXPGUI58 program is used for the
Rietveld structure refinement from the powder XRD data. The refined
parameters are scale factor, background as Chebyshev polynomial, unit
cell parameters, profile function (Gaussian and Lorentzian parameters,
sample displacement) and atomic positions. The initial structural models
for all the doped LaVO4 nanoparticles are based on their single crystal X-

Table 1
Sample name and their corresponding dopants ion concentration for all doped/
co-doped LaVO4 nanoparticles.

Sample name Mol % of Yb>+ Mol % of Er®* Mol % of Eu®*

LV5U - - 5
LV4Y2E 4 2 -
LV4Y2E1U 4 2 1
LV4Y2E2U 4 2 2
LV4Y2E3U 4 2 3
LV4Y2E4U 4 2 4
LV4Y2E5U 4 2 5
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ray structures. The single crystal X-ray structure of tetragonal LaVOy is
used as a structure model for all the doped LaVO4 nanoparticles. The
structural models turned out to be the correct ones in all cases. For all
atoms, the isotropic thermal parameters from the single crystal X-ray
structure are used and not refined. Positional parameters and profile
functions are refined in alternate cycles until no substantial changes are
observed in the positional parameters. The structure refinement pro-
ceeded smoothly to yield acceptable agreement factors. The lattice pa-
rameters and cell volume are calculated from GSAS-EXPGUI58 program.
The crystallite size calculated from the highest intensity peak of the
prepared LaVO4 phosphor with the help of XRD peak broadening esti-
mation using the Scherrer’s formula (D = 0.89\/f¢ Cos8), where ‘D’ is
the crystallite size, ‘A’ is the X-ray wavelength and ‘0’, ‘B¢ is Bragg’s angle
and full width at half maximum (FWHM) of an estimated peak,
respectively. The Williamson-Hall (W-H) plot is used to calculate the
lattice strain present in the phosphor. The W-H plot is obtained from the
equation P Cos® = 4€Sinf + (0.89)/p¢ Cosd), where ¢ is the strain pre-
sent in the prepared LaVO4 phosphors. Lattice strain is calculated from
the slope of a plot of psCosd against 4Sin6. lonic radius percentage dif-
ference (D,) between dopant and substituted ions is calculated using the
expression as D, = Rg-Rg/Rg x 100%, where Rg and Ry are ionic radii (Co-
ordination number = 8) of La®>" ions and Yb®", Er®" and Eu®" ions,
respectively.

Morphology and size measurements of the doped LaVO4 nano-
particles are collected using a Hitachi S-4800 HRSEM operating at an
accelerating voltage of 5kV. Energy Dispersive X-ray Spectroscopy
(EDX) measurements are carried out using a Quanta 200 FEG HRSEM
operating at an accelerating voltage of 30 kV. FT-IR spectra are obtained
using JASCO FT/IR 6300 spectrophotometer using the KBr pellet tech-
nique. UV-Visible absorption spectra are recorded using a Shimadzu
UV-2600 spectrophotometer. UV-Vis-NIR diffuse reflectance spectra
(DRS) are recorded in the absorbance mode at room temperature in the
range of 400-1200 nm on Agilent technologies (CARY -5000) double-
beam spectrophotometer equipped with integrating sphere attachment
using BaSO4 as the reference. The instrument is interfaced with the
computer for data collection and analysis. For these measurements,
powder samples are filled in a hole of a sample holder, and the surface
smoothed. Fluorescence spectra are recorded on a FluoroMax-4 spec-
trofluorometer using Xe flash lamp at room temperature. The asym-
metric ratio is calculated as the relative emission intensity of electric
dipole transition (°Dg—’F3) to the magnetic-dipole transition
(5D0—>7F1). Luminescence decay curves are obtained from laser flash
photolysis spectrometer (Spectra-Physics LAB 150). Samples were
excited using Nd: YAG laser source at 266 nm (Fourth harmonics of a Nd:
YAG laser). Absolute quantum yield by direct excitation method is

calculated using the formula: n= ES”SE‘;, where Eg, Eg are emission re-

Sp—
gions and Sg, Sg are scatter regions of the sample and reference,
respectively. The UC emission spectra of the phosphor powders are
recorded from 400 to 900 nm through a Princeton triple turret grating
monochromator (Acton SP-2300) attached with a photomultiplier tube
(PMT) upon excitation with 980 nm continuous wave (CW) diode laser.
The upconversion is measured using the solid powder; the laser spot size
is kept the same when comparing samples and the measurement spectra
for all the samples are recorded under the same conditions. The position
of the 980 nm laser relative to the samples is identical during all mea-
surements and each sample is fixed on a metallic sample holder. Color
analysis, i.e. CIE (Commission Internationale de L’Eclairage) is carried
out using Color Calculator software. Dexter relation is used to study the
type of interaction between the ions and are expressed as I(c) =

c , Where C = concentration of the dopant ions, I(c) = emission

9
k[ 1+pc3

intensity corresponding to each dopant ion concentration, k and § are

constants for each interaction condition. (—%’) is the slope of In(I/C)
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versus In(C) and represents the interaction type between the dopant
ions, Where 6 =3, 6, 8, 10 indicates exchange, dipole-dipole, dipole-
quadrupole and quadrupole-quadrupole interaction between the acti-
vator ion species, respectively.

3. Results and discussion
3.1. Structural analysis

Lanthanum orthovanadates (LaVO4) can be crystallized with mono-
clinic type-monazite or zircon type-tetragonal crystal structure. The
diffraction peaks of all synthesized LaVO4 nanoparticles can be well-
indexed to standard tetragonal LaVO4 phase (JCPDS No: 10-705226,
space group: I41/amd (141)), without any secondary phase as an im-
purity (Fig. 1). Tetragonal LaVOy4 structure is composed of alternating
edge sharing LaOg dodecahedra and VO, tetrahedra forming chains
parallel to the c-axis. For each lanthanum or europium or vanadium
center, there are four bond bridges of La/Eu-O-V with a maximum angle
of 153° making the sigma bonding overlap efficiently and La/Eu oc-
cupies a high symmetry Dyq site environment.

The presence of broad and well-resolved diffraction peaks is a clear
indication for nanocrystalline products. Ionic radii of La®*, Yb3*, Er®*
and Eu®t with coordination number 8 are of 1.160, 0.985, 1.004 and
1.07 A°, respectively [40]. Radius percentage difference for La3+/Yb3+,
La®t/Er®t, and La®*/Eultare calculated as 15.1%, 13.5%, 7.8%,
respectively and much smaller than 30%, representing that the dopants
ions substitute the La>" site in LavVO4 host lattice and in agreement with
Vegard’s law [41,42]. The average crystallite size of all synthesized NPs
using Scherrer equation are found to be 15-50nm [43-45]. Lattice
strain (Supporting Information Fig. S1) induced by doping was evalu-
ated using the Williamson-Hall (W-H) method [46], a very small value
of tensile strain is noticed. Fig. 2 establishes the crystal structures of
LV4Y2E5U and all the synthesized LaVO4 nanoparticles (Fig. S2) from
Rietveld structural refinement of slow scan powder XRD data. Using
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Fig. 1. XRD patterns of a) LV5U (Eu>*:Yb>":Er®* = 5:0:0), b) LV4Y2E5U (Eu®*:
Yb3HEr®t =5:4:2), ¢) LV4Y2E4U (Eu®":Yb*":Er®* =4:4:2), d) LV4Y2E3U
(Eu":Yb3HEr*t = 3:4:2), €)LV4Y2E2U (Eu®t:Yb>H:Er®t = 2:4:2), f) LV4Y2E1U
(Eu®":Yb3HEr*t = 1:4:2) and g) LV4Y2E (Eu®":Yb*":Er*t = 0:4:2). Standard
tetragonal LaVO, corresponds to JCPDS 10-705226.
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Rietveld refinement procedure, we determined the lattice parameters
and cell volume of all the LaVO4 NPs and are given in Table 2. Lattice
parameters decrease with increasing Eu>" concentration, indicates the
efficient incorporation into the host lattice.

The surface morphology of all the synthesized Yb>*/Er®*/Eu®" co-
doped LaVO4 samples is studied using HRSEM images. LV4Y2E5U
(Fig. 3a) are disclosed as homogeneous spherical nanoparticles with an
average size ranging from 10 to 50 nm. The shape and size of nano-
particles are hardly changed with varying dopant ratio, which indicates
that doping does not influence their morphology (Fig. S3). Energy
dispersive X-ray (EDX) spectrum of LV4Y2E5U reveals the existence of
La, V, O, Yb, Er, Eu and uniform distribution over the nanoparticles are
presented in Fig. 3b and Supporting Information Fig. S4. Additionally,
EDX spectra for LV5U and LV4Y2E are shown as Supporting Information
Fig. S5.

In FT-IR spectra (Fig. S6), a strong absorption band at around
797 cm™! is assigned to the V-O bond vibration. The doublet peak
around 1420 cm ™! is due to the localized vibrations of the VO, group
present in the LaVO,4 host lattice. Broad absorption bands around
3300cm™! and 1637cm™! are attributed to the O-H symmetric
stretching and bending vibration of the adsorbed water molecules [7].
The spectra also show no significant difference between varying dopant
ion concentration in the LaVO4 host lattice.

3.2. Spectroscopic analysis

3.2.1. Absorption study

The absorption spectra of all the prepared nanoparticles consist of a
strong and broad absorption band at a shorter wavelength (274 nm)
which attributes to the charge transfer (CT) transition from VO3~ groups
to Ln®" ions and are allowed by Laporte selection rules (Fig. 4 (i)) [47].
The f-f transitions of Eu®" ions are not observed in the solution medium,
owing to their forbidden transition. The UV-Vis-NIR absorption spectra
of all the synthesized LaVO4 nanoparticles in the range of 200-1200 nm
are measured against BaSO4 compound as a reference standard sample
(Fig. 4 (ii)) and enlarged view in Fig. S7. Peak around 220 nm is
attributed to the electronic transitions from O 2p valence band to La 5d
6s conduction band, i.e., host excitation. The broad and intense band
around 250-350 nm is related to the overlapped CT bands, i.e., 0%~ to
La®t CT (~260 nm, symmetry allowed) and 0% to VPt CT (~340 nm,
symmetry forbidden, within VO3~ groups) [24]. The weak and sharp
peaks around 390 nm are due to 5L6<—7F0 transition of Eu®* ions [48].
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Fig. 2. Final Rietveld XRD plot of LV4Y2E5U (Eu®*:Yb3*:Er®* = 5:4:2) with the
values of agreement factors and y2 (red, observed; green, calculated; black,
vertical bars — positions of the Bragg reflections; pink, the difference between
observed and calculated intensities).
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Table 2
Summary of the lattice parameters, crystallite size and strain of doped LaVO,4
nanoparticles.

Sample Name a=b c(A°) Cell Crystallite Strain

(A°) Volume size (nm)
a°y?
Standard 7.4578 6.5417 363.84
Tetragonal
10705226

LV5U 7.4568 6.5324 363.23(4) 20.72 0.00074
@ 6)

LV4Y2E 7.4499 6.5408 363.02(6) 29.99 0.00516
6) ®)

LV4Y2E1U 7.4533 6.5356 363.07(8) 53.61 0.00104
(©)] (12)

LV4Y2E2U 7.4526 6.5356 363.05(9) 22.65 0.0043
(10) (15)

LV4Y2E3U 7.4550 6.5382 363.37(9) 19.21 0.00278
(10) 15)

LV4Y2E4U 7.4499 6.5318 362.52 21.56 0.0043
(10) (16) (10)

LV4Y2E5U 7.4468 6.5305 362.15(8) 16.67 0.00194
8) a3

With increasing Eu®* concentrations, CT bands shift towards the longer
wavelength side and thus affects their shape. When only Eu®" is used as
a dopant (LV5U), CT bands split thereby resulting the second CT band as
maxima in comparison to the first transition. This is due to decrease in
the symmetry of the VO3~ groups and increased average distance be-
tween Eu®* ions and surrounding VO3 .

The absorption spectra exhibits eight absorption peaks at ~366 nm,
~379nm, ~407 nm, ~490nm, ~524nm, ~545nm, ~655nm and
~802nm are corresponding to the f-f electronic transitions from the
ground state (G.S) 4115/2 to 4G9/2, 4G11/2, 2H9/2, 4F7/2, 2H11/2, 453/2, 4F9/2
and “Io /2 excited states of Er®" ions, respectively [49,50]. The broad
absorption band at around 974 nm is due to large cross-section of Yb>"
ions corresponding to the 2Fs/5«2F7, transition. The remaining very
weak four absorption peaks are due to °Lg—'Fq (~390nm),
5Dy’F3(~444 nm), °Dy—"Fo(~460 nm) and "F;<°D;(~536 nm) tran-
sitions of Eu®" ions [51].

3.2.2. Effect of Eu>* doping on luminescence

3.2.2.1. Emission study. In Yb%*/Er®*/Eu®" co-doped LaVO4 nano-
particles, there are two emitting ions (Er3+, Eu®") and therefore their
emissions are studied for both UV and NIR excitation. A series of Yb>*/
Er®*/Eu®" co-doped LavO,4 (Molar ratio of Eu®™ =0, 0.01, 0.02, 0.03,
0.04, 0.05) and Eu®* doped LaVO4 (Molar ratio of Eu®* =0.05) are
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synthesized to investigate the influence of different Eu>* doping con-
centrations. The emission spectra (Fig. 5 (i)) obtained under UV irradi-
ation (274 nm) is by the excitation of VO3~ groups and energy level
diagram is schematically presented in Supporting Information Fig. S8.
Fig. 5i (a-f) shows the typical emissions of Eu®t ions in tetragonal
LaVOy, which corresponds to f-f transitions of Eu®* ions. A weak emis-
sion band observed around 300-500nm is due to vanadate lattice
(Fig. 5i Inset) [26,52,53]. The broad emission band of VO3~
(300-500 nm) overlaps with absorption bands of the Eu®" ion °Lg<"F,
(~390nm), °D3<’F3 (~444nm), °Do<’Fy (~460nm)). Fig. 5i (a-f)
shows the variation in the emission intensities with a similar profile for
different Eu®>" concentrations.

The emission spectra of Yb3*/Er3*/Eu®t co-doped LavO4 nano-
particles emit an intense peak at ~618 nm corresponding to °Dg—Fy
transition, along with other emission peaks at ~593 nm, ~649 nm and
~697 nm which are due to the °Dg—’F1, °Do—’F3 and °Do—’F4 transi-
tions of Eu®* ions, respectively [54]. A weak band appears at ~ 536 nm
corresponding to the °D;—’F transition suggests that the cross relaxa-
tion between Eu®' ions and multiphonon relaxation in the °D; excited
state are low [24]. The electric dipole transition (5D0—>7F2) is hyper-
sensitive in nature which is more intense than the magnetic dipole
transition (5D0—>7F1) attributing the occupation of Eu®* ions in Dogq sites
without an inversion center in tetragonal LaVOj4. A very low intensity of
the ®Do—’Fy transition at ~580 nm indicates its forbidden nature by
Judd-Ofelt theory but observed due to J mixing effects. This discloses the
presence of crystallographic non-equivalent sites of Eu>* ions in LavVOy4
host lattice. °Dg—"Fy transition also indicates that Eu®* ions are in a
higher asymmetrical environment in LaVO4 host lattice. The peak at
593 nm is due to the °Dy—"F; magnetic-dipole transition, free from host
matrix environment and Eu®* occupies a site with inversion center. The
peak at 618 nm due to the >Dy—"Fj electric-dipole transition depends on
the host lattice environment, forbidden by parity selection rules and
Eu®" occupies a site without inversion center (low symmetry site). The
ratio 1(°Dg—"F2)/1(°Dg—"F,) ‘known as asymmetry ratio’ gives infor-
mation about the coordination environment of Eu®" ions in the LaVO4
host lattice. This ratio gives information about the occupation of Eu*
ions in higher or lower symmetry sites, degree of distortion from
inversion symmetry of Eu®" ions surroundings in host lattice and color
purity. High value of asymmetric ratio ( >1) recommends that the Eu®"
ions are located at high asymmetry sites of different valency and may
form strong covalent bonds with the surroundings. In LaVOy4 host lattice,
the value of asymmetric ratio obtained is 6.1 (> 1). This large value
gives the measure of distortion degree from the inversion symmetry of
Eu®* jons local environment in the LaVO, host lattice and hence leads to
increase in red emission intensity (618 nm) [55].

With the increase in Eu>* concentration, the peak intensity increases

b)

428
321 La
214~

107~

1 1 LA L} T I T T T
100 200 300 400 500 600 7.00 800 900 1000 11.00 1200 13.00 14.00 1
Energy - keV

Fig. 3. HRSEM image a) and of LV4Y2E5U (Eu®":Yb>*:Er®* = 5:4:2) and b) EDX spectrum of Yb®*/Er®*/Eu®* co-doped LaVO, nanoparticles.
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and there is a direct consequence of Eu®' concentration and distance
between Eu®" ions. This indicates that the Eu®' ions do not undergo
cross-relaxation process and therefore has high quenching concentra-
tion. The average distance (R) between Eu" ions can be calculated
1y

; V= Unit cell volume,

according to the equation R = 2<4ﬂxN

x = Concentration of Eu®* ions, N = Available number of crystallo-
graphic sites occupied by Eu®" ions in the unit cell [56]. The corre-
sponding R (Eu®*-Eu®") values are 2.588nm (x=0.01), 2.054nm
(x=0.02), 1.795nm (x=0.03), 1.630nm (x=0.04) and 1.512nm
(x=0.05) in Yb**/Er**/Eu®" co-doped LaVO, nanoparticles. This
clearly establishes that the energy transfer between Eu®" ions is strongly
dependent on the average distance between Eu>" ions. With the increase
in Eu®* concentration, R values decreases which in turn leads to increase
in emission intensity and therefore energy migration cannot be omitted.
Energy migration among Eu®" ions in Yb>*/Er**/Eu®" co-doped LavO,
nanoparticles may takes place in such a way that some of the excited
Eu" ions return to ground state non-radiatively [57,58]. The strength of
the resonance energy transfer between Eu®' ions in Yb%*/Er®*/Eu*
co-doped LaVO,4 nanoparticles can be estimated by using Dexter

relation. The plot of In(1/C) versus In(C) (Supporting Information Fig. S9
(i) gives the 0 value as 3. According to Van Uitert, 8 = 3 corresponds to
the energy transfer among nearest neighbor ions [59]. This indicates
that the concentration quenching in Yb%*/Er®*/Eu®" co-doped LavOy
nanoparticles compared to LV5U, may be a consequence of exchange
interaction between neighboring dopant ions.

Emission spectrum of LV4Y2E sample (Fig. 5g) consists four weak
emission bands at ~ 490 nm, ~524 nm, ~545nm and ~655nm corre-
sponding to the *F7/2 — *lis 2, 2Hi1/2— *l1s/2, *S3/2— *I15/2 and *Fo,
9= 4115 /o transitions of Er®" ion because under UV irradiation, Yb%* ions
cannot be excited. Under UV radiation, the vanadate groups transfer its
energy to the activators ions (Eu®"or Er®"), which then finally emit
bright visible luminescence. Fig. 5 (i) establishes that in the Yb3+/Er3+/
Eu®" co-doped LaVOy, host lattice, energy transfer from VO3~ groups to
Eu®" ions is more efficient than that to the Er°* ions [60]. Therefore, the
optimum concentration for efficient emission process in
Yb3*/Er®* /Eu®t co-doped LaVO4 nanoparticles is 5mol % Eu®". The
emission spectra of LV4Y2E5U nanoparticles recorded at various tem-
peratures (Aex =274nm) are shown in Fig. 5 (ii). With increase in
temperature from 5 °C to 25 °C, the emission intensity enhances slightly
but it decreases faster upon further increase in temperature from 30 °C
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to 80 °C. This decrement in emission intensity at higher temperature is
due to the thermal quenching phenomenon. Eu®" ions show high
vibronic transitions if the Eu®* ion is at the centre of symmetry site.
Therefore at a lower temperature, vibronic interactions are well
conserved, resulting in strong increase of luminescence intensity. At
high temperatures, quenching of fluorescence is ascribed to the ther-
mally activated resonance crossovers from °Dj state to CT states and
then followed by return crossovers to a lower °Dj states. The forced
electric dipole 5D0—>7F4 (697 nm) transition splits into 696 and 702 nm
above 30 °C, indicates the possibility of at least two different local sites
for Eu®" ions, as it is sensitive to the local environment. This may be due
to the impact of local crystal environment altered by the co-dopants at a
higher temperature in LV4Y2E5U.

Fragments of the CIE chromaticity diagram with color coordinates of
Yb3*/Er3*/Eu®t co-doped LaVO4 nanoparticles as a function of Eu®*
concentration and Eu®t co-doped LaVO,4 nanoparticles are shown in
Supporting Information Fig. S9 (ii). The color coordinates of undoped
(LV4Y2E) and doped Eu>" ions are located in the blue and orange-red
region, respectively. With the variation of Eu>" ion concentration, the
CIE coordinate shifts from orange-red region towards the deeper red
region and also close to the edge of the color diagram indicating the high
color purity of the prepared samples. Thus, Yb>*/Er®*/Eu* co-doped
LaVO4 nanoparticles may be suitable for color tunable display device
applications.

The decay time behavior of ~618 nm (Fig. 6), ~593nm and
~697 nm (Fig. $10) emission bands for Eu>* doped and Yb%*/Er®*/Eu®*
co-doped LaVO4 nanoparticles monitored at 266 nm excitation have
been analyzed. Decay curves for all Eu" concentrations are

= Experimental data 618 nm

T, =938 ps

g . ——— .
()

:n'= Su2 15

T, ~ 629 ps

Intensity (a.u)

1 L] 1 1
0 1000 2000 3000 4000

Time (us)

Fig. 6. Decay curves for the Eu®* emission at 618 nm of a) LV5U (Eu®*:Yb%*:
Er*t =5:0:0), b) LV4Y2E5U (Eu®":Yb*":Er®" =5:4:2), ¢) LV4Y2E4U (Eu®':
Yb3tEr®*t = 4:4:2), d) LV4Y2E3U (Eu®":Yb3":Er®" =3:4:2), e) LV4Y2E2U
(Eu®":Yb®H:Er®" = 2:4:2) and f) LVAY2E1U (Eu®*:Yb3T:Er®t = 1:4:2).
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biexponential implying two different regions of co-doped LaVO4 nano-
particles like surface and bulk-related Eu®" ions. All decay curves are
fitted using double exponential decay function as I= Ip+ I exp (-t/
T1) + I exp (-t/72) [61]. This biexponential decay in microsecond-time
range is due to spin and parity forbidden f-f transitions in
Yb3*/Er®t /Eut co-doped and Eu®" doped LaVO4 nanoparticles. With
increase in Eu®" concentration, luminescence lifetime decreases which
is attributed to an increase in the spontaneous emission transition
probability. This indicates that shorter the emission lifetime, the stron-
ger the emission intensity [29]. This phenomenon can be correlated to
the decrease in the local symmetry of Eu®* ions. Luminescence lifetime
for 593 and 697 nm emission decreases with increase in Eu>* concen-
tration. Luminescence lifetime of Eu>" ions oscillates between 0.94 and
0.54 ms, under 266 nm excitation and tabulated as Table S1.

Under 274 nm excitation, the absolute quantum yield of the devel-
oped Yb/Er®* /Eu" co-doped and Eu®" doped LavO, nanoparticles
are calculated to be 7-9%. Y. Zhydachevskyy et al., explained the
downconversion process in Yb®' co-doped Gd;O3 phosphors with a
quantum yield (3-8%) and overall quantum efficiency (35%) by coop-
erative energy transfer [62].

3.2.2.2. Upconversion study. To investigate the upconversion mecha-
nism of Eu®" ions in Yb3*/Er®* doped LavO,4 nanoparticles, upconver-
sion emission spectra (Fig. 7i) have been recorded in the range of
400-900 nm upon 980 nm continuous wave laser diode excitation. The
frequency upconversion emission spectra of the Yb'/Er®": LavO,
nanoparticles contains blue band at 490 nm, two dominant green
emission bands at 524 nm and 545 nm, red band at 655nm and NIR
band at 802nm corresponding to 4F7/2—>4115/2, 2H11/2—>4115/2, 483/
2= 4115/2, 4F9/2 - 4115/2 and 419/2 - 4115/2 transitions of ]5‘.1’3Jr ion,
respectively [63].

The upconversion peak positions remain unaltered with the incor-
poration of Eu*" ions. In addition, with Eu®" ions as a co-dopant in
yb3*/ErSt doped LaVO4 nanoparticles, a weak orange-red emission
peak at approximately 618 nm corresponding to °Do—Fy transition of
Eut ions is observed.

It is clear that with the increment of Eu®" ion concentration, the
upconversion emission from Er’" ions decreases (Fig. 7 (i)). With
increasing Eu®" ions concentration, Eu®" ions tend to substitute Er>*
ions partly and reduce the energy transfer from the Yb3* to Er>* ions,
which in turn increase the energy transfer to Eu®* ions, resulting in the
increase of Eu>" and decrease of Er®* emissions, simultaneously. It is
found that the change in G/R ratio does not follow the trend with
increasing Eu" concentration (Table 3), indicates that the decrease of
green and red emissions is not gradual. This can be explained by the
energy transfer mechanism in Yb®*/Er®*/Eu®* co-doped LavOy4 nano-
particles. The intensity of upconversion emission bands in Yb>*/Er*
doped LaVO, seems to be higher than that of Yb**/Er®t /Eu®* co-doped
LaVO4 nanoparticles. The appearance of 618 nm band and the reduction
of other emission peak intensity in the upconversion emission spectra of
the Yb3*/Er®* /Eut co-doped LaVO,4 nanoparticles is due to the cross
relaxation [*Foo(Er’)+"F3(Eu’") — “Ii5/2Er* )+ Do(Euh)] from
Er®* to Eu®' ions [22].

In Yb3*/Er®*/Eu* co-doped LavO, nanoparticles, the dipole-dipole
interaction (60 = 6) is responsible for the non-radiative energy transfer
between the activator ions and hence the concentration quenching is
obtained using Dexter’s formula (Fig. 7 (ii)). The efficient green emis-
sion from YbS'/Er*t/Eudt co-doped LaVO,4 nanoparticles can be
detected by the naked eye and is further confirmed by CIE color co-
ordinates (As an inset in Fig. 7 (ii)).

To understand the possible upconversion mechanism the energy
level diagram for the co-doped LaVOy, system is schematically presented
in Fig. 8.

In Yb3*/Er3*: LavO, nanoparticles, at first Yb>* ions absorb 980 nm
radiation through ground state absorption (GSA) process and excited to
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Fig. 7. (i) Upconversion spectra of a) LV4Y2E5U (Eu®":Yb*":Er** = 5:4:2), b) LV4Y2E4U (Eu®*:Yb>":Er’* = 4:4:2), ¢) LV4Y2E3U (Eu®":Yb>":Er®* = 3:4:2), d)
LV4Y2E2U (Eu®":Yb3"Er®t = 2:4:2), e) LV4Y2E1U (Eu®":Yb3":Er®* = 1:4:2) and f) LV4Y2E (Eu>":Yb3":Er®" = 0:4:2) and (ii) Dexter plot of all the Yb**/Er**/Eu®’
co-doped LaVO,4 nanoparticles. Enlarged view of 618 nm and CIE color coordinates as an inset in (i) and (ii), respectively. (Agxcitation = 980 nm).

Table 3

Upconversion emission intensity and G/R ratio in doped LaVO,4 nanoparticles.
Sample Green Integrated Intensity Red Integrated Intensity G/R
name (G) (505-570 nm) (R) (640-680 nm) ratio
LV4Y2E 767120 57294 13.39
LV4Y2E1U 446396 35890 12.44
LV4Y2E2U 357048 22866 15.61
LV4Y2E3U 304128 20841 14.59
LV4Y2E4U 182394 9963 18.31
LV4Y2E5U 109101 9752 11.19

2F5,, level. The Er** ions are promoted to “I;1 5 level both from Yb3*
ions by energy transfer (ET-1) process as well as by GSA process from the
ground state of Er®" ions. After that, the excited state absorption (ESA-1)
occurs from the *I;; ,2 level and populates 4F7/2 level of Er®" ions. The
ET-2 process from Yb®" to Er®" ions also populates the “F;,, level. Non-
radiative relaxation (NRR) process occurs from 4F7/2 level and then
populates 2Hyq,o and #Ss/o energy levels of Er’" ions. A part of the
population in 4111 /2 energy level relaxes down to 4113 /2 level and then by
ESA-2 process gets promoted to *Fo level. Finally, the radiative emis-
sion occurs from 4F7/2, 2H11 /2 483/2 and 4F9/2 levels to the ground state
4115/2, resulting in peaks at 490 nm, 524 nm, 545nm, and 655 nm,
respectively. Some Er>" ions from *Fg 5 level relax down non-radiatively
to the 419/2 level and therefore 419/2 - 4115/2 transition occurs resulting
in 802 nm [64,65].
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Fig. 8. Energy level diagram for Yb>"-Er**-Eu®'system in LaVO,4 host lattice,
representing the mechanism responsible for upconversion emission (V= Vir-
tual state).

In the case of Yb>*/Er®/Eu®" co-doped LavO, nanoparticles, large
availability of Er** ions in 2Hy;/ and *Ss - energy level enhances the
probability of energy transfer from Er>" ions to °Dy energy level of Eu*
ions. Thus, emission band corresponding to 618 nm of Eu>* ions are
amplified with increasing Eu®" ions concentration. Other than the en-
ergy transfer from Er®* to Eu®" ions, the cooperative energy transfer
from Yb®* to Eu®" ions is also responsible for increasing the intensity of
the 5Dy—7F; upconversion emission of Eu" ions. The cooperative en-
ergy transfer from Yb>* to Eu®" ions increases the population of °D;
level. The multiphonon relaxation from the “F, 2 and 5D; level populates
the 2Hy; /25 483/2 and 5Do levels and enhances the respective emission
bands [66-69].

The photon number involved in the upconversion emission can be
calculated from the slope value of double logarithmic plot between
upconversion emission intensity and laser pump power (Fig. 9a). The
relation between upconversion emission intensity (Ic) and pump power
(P) can be expressed by the equation I, « P", where n is the number of
photons involved in the upconversion process [12]. Fig. 9a shows the
In-In plots of upconversion emission on laser energy in Yb>*/Er®t/Eu®*
co-doped LaVO4 nanoparticles. The slope values indicate that
/2 — 15,2 (802nm), *Fo/s — 15,2 (655nm), *Sz/2 — I15/2 (545nm)
and 4F7/2 -5 /2 (490 nm) transitions are due to two-photon absorp-
tion processes in Yb3*/Er3* /Eu®* co-doped LaVO4 nanoparticles.

The upconversion emission intensity enhances with increase in pump
power density for all the samples (Fig. 9b). With variation in the pump
power density, the population of the 2Hj1 /5 level increases than that of
the #S3/5 level and thus the emission intensity of two green emission
bands alter. Thus, the fluorescence intensity ratio (FIR) of two thermally
coupled levels (AE = ~735 cm’l) increases, which follow a Boltzmann
distribution of Er®* ions (*Hy; /2 &483 ,2) [70]. With the increase in laser
pump power density from 7.01 W/cm? to 75.9 W/cm?, the FIR of the
samples LV4Y2E, LV4Y2E1U and LV4Y2E4U increases from 0.52 to
4.64, 0.39 to 3.69 and 1.09 to 3.85, respectively. At room temperature
(T=300K), the sensor sensitivity for LV4Y2E, LV4Y2E1U and
LV4Y2E4U samples is obtained as 6.1 x 102K}, 4.6 x 103K~ and
12.8 x 1073k ! respectively. In LV4Y2E, FIR variation is maximum
because energy transfer occurs only from Yb®* to Er®* ions. In case of
LV4Y2E1U and LV4Y2E4U samples, energy transfer occurs from the
Yb3* to both Er®* and Eu®* ions and also from Er®* to Eu®" ions. Thus,
with the increase of Eu®' ions concentration, the population of ’Hyy /2
and *S; /2 levels decreases. As a result, different tendency of FIR varia-
tion is observed in all the samples.

4. Conclusions
In summary, a series of tetragonal phased LaVO4:Yb%*/Er®* nano-

particles with variable Eu®" concentrations are prepared by co-
precipitation technique followed by hydrothermal treatment at 180 °C
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Fig. 9. Upconversion emission intensity (at different wavelengths) as a function of pump power for a) LV4Y2E1U (Eu>":Yb3":Er®* = 1:4:2) and b) corresponding FIR

of doped LaVO, nanoparticles.

for 24 h. On Eu3* ions co-doping, the emission intensity of Er>* ions
decreases which confirms the energy transfer and cross relaxation pro-
cesses between Er** and Eu" ions. The pump power dependence study
shows that the upconversion FIR increases with the increase of laser
pump power, which indicates that the developed LaVO4 phosphors may
be used in temperature sensors. The developed nanophosphors exhibit
intense green upconversion luminescence upon NIR radiation and red
luminescence upon UV excitation. This dual-mode luminescence is a
unique property of LaVO4:Yb3"/Er®*/Eu®" nanoparticles and develop
as novel phosphors in anti-counterfeiting applications. Based on the
experimental observations, it is concluded that the developed nano-
particles can be used in NIR to green upconverters, optical temperature
sensors and color tunable display devices.
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