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abstract

In this work, we focused on the syntheses, structure and spectroscopic properties of GdVO4:Dydp and DyVO4 (nano)particles
of different sizes and shapes (spherical nanoparticles of 2 nm, 4 nm, and 20 nm in size, nanorods with a few nanometers in
diameter and up to 1020 nm in length and microparticles of 1 €8 mm) obtained by four synthetic methods. The size effect on
the structure, Raman active modes, and photoluminescence emission intensities was analyzed by X-ray diffraction, Raman and
photo-luminescence spectroscopy, scanning and transmission electron microscopy, and diffuse reflection spectroscopy. All X-
ray diffraction patterns clearly indicated presence of a single tetragonal zircon-type phase; absence of impurity phases indicate
that the dopant Dy3p ions were successfully and uniformly incorporated into the GdVO4 host lattice due to the equal valence
and similar ionic radii. Micro-Raman measurements support the XRD measurements and showed Raman-active modes of the

REVO4 systems (RE %4 Gd, Dy). The difference between the two hosts in the diffuse reflectance spectra was observed and it

could be attributed to more effective Gd3b ions on the charge transfer bands and different polarization (compared to bulk
material) in smaller nanoparticles. Photoluminescence spectroscopy showed several bands in the visible and near-infrared

regions which can be exclusively attributed to the fef transitions of Dy3p ions.

1. Introduction

dopant ions and crystal structure of the host material. Ln-doped phosphors are
primarily used in conventional, novel, and emerging display and lighting

Lanthanide (Ln)-doped luminescent inorganic materials play an important
role in everyday life due to their unique structural and physicochemical
properties, in particular, optical properties which make them potentially
useful in a wide range of applications. These materials, both microcrystalline
and nanocrystalline, can exhibit down-conversion or up-conversion
luminescence under ultraviolet (UV) or near-infrared (NIR) excitation,
depending on the selected
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technologies and their advantages include high energy conversion efficiency,
purity in spectral colors, strong emission and high thermal stability and
conductivity [1e4].

Rare-earth orthovanadates with general formula REVO4 (where RE is a
rare-earth element, including lanthanoids from La to Lu as well as Y and Sc)
have proved to be good host lattices for optically-active trivalent Ln ions. Due
to the same valence, similar ionic radii, ectronegativities and electronic
structures between RE ions in a host and dopant ions, doping is possible in a
wide range of con-centrations without much affecting the lattice structure.
Such materials exhibit intense luminescence emission caused by an efficient
energy transfer from the vanadate groups to Ln ions, and
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wide colour tuning is easily made by selection of dopant ions. Both undoped

and Ln-doped REVO4 nanostructures have been exten-sively studied as an
important class of multifunctional materials which are very attractive for
different applications such as phos-phors, optical polarizers, laser host
materials, scintillators, and photocatalysts [5e8].

By appropriate selection of a matrix, Dy3 p-doped materials show
excellent luminescent properties due to a large number of closely spaced
energy levels in the visible (Vis), NIR and mid-infrared (Mid-IR) spectral

regions. In the Vis region, Dy3b gener-ally have two dominant emission
bands. One is the blue band due to the 4F9/2 / 6H15/2 transition, while another
is the yellowish band due to the hypersensitive 4F9/2 / 6H13/2 transition.
Since Dy3 P ions are among several the NIR and Mid-IR emitting Ln ions,
Dy3b -based materials have been studied as potentially useful in the NIR and
Mid-IR region, in particular, in construction of Mid-IR lasers and amplifiers
[9,10].

It is well known that all physical, chemical, mechanical and optical
properties are size-dependent in nano-scale range. The nanomaterials
generally are showing reduced quantum efficiency of emission in small-size
particles. Up to now, the size effect on photoluminescent properties of several
different materials has been studied [11e13].

Herein, our focus was mainly on the syntheses, structure and
spectroscopic properties of luminescent GdVO4:Dy3 and DyVOy
(nano)particles of different sizes and shapes. In particular, with a view to
incorporating Dy3b- containing nanoparticles in silica waveguides, it was
interesting to assess their luminescence per-formance in the NIR region.
GdVO4 was used as a host for Dy3b ions because of several reasons: an easy
doping, high absorption cross section, low phonon energy, efficient energy

transfer from V034 group to the Dy3b ions, low sensitivity to humidity, high
melting point (~1800 C), and high potential for multi-functional applica-tions

[7,8]. Unlike GdVOy4, DyVOy is relatively less studied and only dozen or so
reports on it are available in the recent literature [14].

2. Experimental
2.1. Materials and methods

Two different series of powdered samples, S1 and S2, respectively, of

GdVO4:Dy3b and DyVOg4 with different particle sizes were syn-thesized by
four different methods: the high-temperature solid-state, co-precipitation,
reverse micelle and colloidal techniques. All chem-icals: gadolinium(lll)

oxide, Gd203 (99.99%, Alfa Aesar), dysprosium (I11) oxide, Dy203 (99.99%,
Alfa Aesar), gadolinium (111) nitrate hexa-hydrate Gd(NO3)3 6H20 (99.99%,
Alfa Aesar), dysprosium (I11) ni-trate hexahydrate, Dy(NO3)3 6H20 (99.9%,
Alfa Aesar), ammonium vanadate, NHzVO3 (Alfa Aesar, 99.999%),

Na3CgH507x2H20, trisodium citrate dihydrate ( 99%, Sigma Aldrich),
NaOH, cyclohexane, Triton X-100, and n-pentanol were of the highest purity
commercially avail-able and were used without further purification. Milli-Q
deionized

Table 1

water (electrical resistivity % 18.2 MU cm l) was used as a solvent. Using
different techniques of synthesis, the series S1 and S2

were prepared similarly to our previously reported syntheses of Ln

- doped GdVO4 materials [8,15e17]. Throughout the manuscript, the

samples are denoted as in Table 1 (See below). For the GdVO4:Dy3b samples

concentration of Dy3b ions was 2 mol% with respect to Gd3b ions. Here,

procedures used for preparation of GdVO4:Dy3b are given in more detail,

while the DyVO4 samples were produced analogously.

2.1.1. The high-temperature solid-state method

In a typical synthesis, the Gdp03, Dy203 and NHzVO3, were ho-
mogeneously mixed by dry grinding and heated for 1 h in open crucibles at
800 C. The products were removed from the furnace, cooled down to room
temperature, ground, and reheated at 1100 C for 3 h to complete the reaction.
Then, the powder was homoge-neously ground, washed with 2 M NaOH
solution water and methanol and finally calcined at 1150 C for 90 min to
improve the crystallinity of material and to remove ligands attached to
particle surfaces during the washing step.

2.1.2. The co-precipitation method
Typically, an appropriate amount of NH4VO3 was dissolved in agueous

solutions of NaOH. A mixture of aqueous solutions of Gd3b and Dy3 b ions

was added drop-wise to a NH4VO3 solution. A formed milk-white opalescent

precipitate of GdVO4:Dy3p was additionally heated and stirred at 70 C for 1
h. The precipitate was separated from the suspension by centrifugation, and
washed several times with distilled water. Finally, the collected powder of
GdVO4:Dy3p was dried at 70 C in the air for 20 h. To improve their

crystallinity and to get particles of different size and morphology, the as-
prepared powder was additionally annealed at 600 C for 2 h.

2.1.3. Reverse micelles method

A typical synthesis was performed at room temperature by us-ing three
separately prepared solutions: 1) An oil phase mixture of cyclohexane, Triton
X-100, and n-pentanol in a corresponding volume ratio; 2) a mixture of

aqueous solutions of Gd(NO3)3 6H20 and Dy(NO3)3 6H20 and, 3) an

aqueous solu-tion of NH4VO3. The solution 3) was drop-wise added into
mixture of the solutions 1) and 2) under continuous magnetic stirring. After
stirring and aging for 24 h, methanol was added to destabilize the solution and
resulting precipitate was separated by centrifugation and washed several times
by methanol and water. The collected precipitate of GdVO4:Dy3b was dried
at 70 C in the air for 20 h.

2.1.4. Colloidal synthesis
It is noteworthy that, to the best of our knowledge, both, GdVO4:Dy and

DyVOg4 nanoparticles were obtained, for the first time, in the colloidal form
with the lowest diameter ever reported. In brief, solution of trisodium citrate

dihydrate was added drop by drop to the mixture of Gd(NO3)3 6H20 and
Dy(NO3)3 6H20 solution,

Sample names, method of synthesis, preparation temperature and obtained morphology and size.

Samples name Method of synthesis

Preparation temperature T ( C) Morphology and size

S1-1 (GdVO4:Dy)
S2-1 (DyVO4)
S1-2 (GdVO4:Dy)
S2-2(DyVO4)
$1-3 (GAdVO4:Dy)
$2-3 (DyVO4)
S1-4 (GdVO4:Dy)
S2-4 (DyVO4)
S1-5 (GdVO4:Dy)
$2-5 (DyVO4)

High-temperature solid-state
Co-precipitation with annealing
Co-precipitation without annealing
Reverse micelle

Colloidal

1150 Irregular spheres
1-8 mm

600 Nanospheres
20nm

70 Nanorods
2nm 10 nm

70 Nanospheres
4 nm

70 Nanospheres
2nm




followed by vigorous stirring at room temperature. After complex-ation

between Gd3b (Dy3b) and citrate ions, the solution of NH4VO3 was added.
The slow growth of particles and the removal of excess ions were achieved by
dialysis against distilled water for 24h. Pow-der samples were finally obtained
upon evaporating the aqueous colloidal solutions and drying them in the air at
70 C for 20 h.

2.2. Characterization methods and instrumentation

Powder X-ray diffraction (XRD) measurements were performed on a

Rigaku SmartLab diffractometer using Cu-Kay, 2 radiation (I % 0.15405 nm).
Diffraction data were recorded with a step size of 0.01 and a counting time of
1 deg/min over the 2q range of 10 €90 . Transmission electron microscopy
(TEM) studies were made on a Tecnai G20 (FEI) operated at an accelerating
voltage of 200 kV with point resolution of 0.25 nm and line resolution 0.102
nm.Microstruc-tural characterization was done using a JEOL JSM-6610LV
scanning electron microscope (SEM). Diffuse reflection spectra
measurements were recorded with 1 nm resolution on a Shimadzu
UVeVisible UV-2600 (Shimadzu Corporation, Japan) spectrophotometer
equipped with an integrated sphere (ISR-2600 Plus (for UV-2600)) in the
range from 220 nm to 1350 nm. Luminescence measurements in UVeVis
region were performed with an Fluorolog-3 Model FL3-221 spectro-
fluorometric system (Horiba JobinYvon) utilizing a 450 W Xenon lamp as an
excitation source for steady-state emission measurements. MRaman spectra
were recorded using a Labram Aramis Jobin Yvon Horiba I Raman system with a
He-Ne laser source of 632 nm and equipped with a confocal microscope and an air-
cooled CCD. A 100X objective was used to focus the laser on the sample as well as
to collect the Raman spectra, with a spatial resolution of about 1 mm. A wave-

number accuracy of about 2 cm ! can be achieved with an 1800 line/

b

ions tran-sitions

in the NIR region was performed using the 488 nm line of an Arb ion laser as
an excitation source and 330 nm of a Xenon lamp. The luminescence was
dispersed by a 320 mm single-grating mono-chromator with a resolution of 1
nm. The light was detected using a Hamamatsu photomultiplier tube and
standard lock-in technique. Excitation spectra were recorded using a Xe lamp
coupled to a single grating monochromator as an excitation source, in a
spectral range extending from 250 to 650 nm. Finally, quantum vyield
measurements have been obtained by Hamamatsu Quantaurus-QY C11347-
11.

mm  grating. Photoluminescent (PL) spectroscopy of Dy3

3. Results and discussions
3.1. Structural and microstuctural properties

(Bulk) samples obtained by the high-temperature solid-state method were
studied in detail by SEM, while all other (nano-structured) samples were
examined by TEM. No difference in morphologies between the two series of
samples (see Table 1) was observed and the only representative SEM/TEM

images for GdVO4:Dy3b at two different resolutions (photographs at left and
right) are presented in Fig. 1. The SEM images (Fig. 1a and b) show that the
powders are composed of chunks of irregular spherical particles with an
average diameter ranging from 1 mm to 8 mm. Nanoparticles (about 20 nm
in size) could be seen in the TEM mi-crographs (Fig. 1c and d) of the
powders prepared by co-precipitation method and annealed at 600 C.

As is shown for GdVO4:Dy3b (Fig. 1le and f), the powders of non-

annealed as-prepared GdVO4:Dy3 P and DyVO4 obtained by co-precipitation
are self-organized in nanorods bunches that are ori-ented to each other in
range of different angles. The bundles contain 5-6 nanorods with diameter
size of 2e3 nm and about

10 nm in length. High-magnification TEM images (Fig. 1g and h) show

nanoparticles approximately 3e4 nm in diameter obtained

for samples fabricated by reverse micelle method. This finding is consistent
with the crystallite size evaluated by means the XRD measurements. Note
that similar values for the crystalline domain size and the microscopically
estimated average particle size of the nanoparticles imply that each particle
consists of a single crystal-lite. The smallest nanoparticles, nanospheres of
about 2 nm in size (see Fig. 1i and j), were produced by colloidal route.

Typical XRD patterns of all prepared powders are shown in Fig. 2. All the
patterns clearly indicate the presence of a single tetragonal zircon-type phase

of GdVOy4 (DyVO4) matching closely with JCPDS card No. 00-017-0260,

and JCPDS card No. 00-016-0870, respectively. Both, GdVO4 and DyVO4,
crystallize in the zircon-type

4) structure (Z Y4 4, space group 41/"‘ ) at 3-
tions. In this structure the vanadium atom in the [VO4] groups is
tetrahedrally coordinated with O2 ions, while the Gd3p or Dy3p
cations are coordinated by eight oxygen atoms forming a distorted
dodecahedron [18].

The absence of impurity phases and very small shift of re-flections
compared to the reflection positions of pure GdVOy indi-cate that the dopant
Dy3b
lattice due to the equal valence (p3) and similar ionic radii (Dysb, ionic radius

Y 1.027 A and Gdgb, ionic radius ¥ 1.053 A). Relatively intensive and
narrow reflection peaks suggest that samples synthesized at higher
temperature are highly crystalline, and that no additional thermal treatment is
necessary. However, the XRD diffraction patterns of thermally un-treated
samples indicate the presence of an amorphous phase.

ions were successfully and uniformly incorporated into the GdVO4 host

All structural parameters (average crystal size, unit cell param-eters and

strain) of the synthesized GdVO4:Dy3p and DyVOg4 par-ticles with different
sizes were estimated by the Halder-Wagner method and by structural Rietveld
refinement and these values are given in Table 2. There is a significant
difference in the lattice vol-ume (See Fig. 3) between bulk particles and
nanoparticles. It has been noted that the size of the unit cell is larger in small
nano-particles (S1-5 and S2-5) made up of small crystals than unit cell for
micrometer samples (S1-1 and S2-1). Nanorods are an exception (Fig. 3)
maybe due to different morphology and orientation of nanoparticles. The
lattice expansion could be related to several effects on particle surface, such
as: defects, cation auto-reduction, absorbed molecules and negative surface
stress [18,19].

Micro-Raman measurements support the XRD measurements and the
observed Raman active modes are in a good agreement with the data in the

literature. As discussed in Ref. [20], the Raman-active modes of the REVO4
system, which can be considered to be composed of two sublattices of RE and
VOg4 units, are decomposed in the terms of the irreducible representations of

the D4h point group as:

G % A1g(N1, N2) b B1g(2T, N3, N4) b B2g(N2)b Eg(2T R, N3, N4) )
where nj (i % 1,..., 4) correspond to four internal vibrational modes
(symmetric and asymmetric stretching and bending) of the VO4 tetrahedron
and T/R corresponds, respectively, to the translational or rotational motion
involving both the RE and VO4 units [21].

Analyzing the Raman spectra reported in Fig. 4, we can clearly see the
Raman-active modes of the REVO4 systems (RE 4 Gd, Dy): the modes
observed in the region 260-1000 cm ~ are internal stretching and bending
vibrations of the VO4 tetrahedra and the modes observed at 124, 156, and 245
cm ! are external ones.

The difference in the Raman position for the bulk particles of two series,
can be attributed to the difference in atomic numbers between Dy and Gd
[21]. Focusing the attention on the samples with low dimensions we can
observe differences related to the broadening and the shift of the Raman
peaks that could be attrib-uted to inhomogeneous distributions and different
polarization in smaller nanoparticles compared to bulk material [22].
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Fig. 1. SEM/TEM images at two different resolutions (left and right) of (nano)particles prepared by different synthetic methods: the solid state method (a,b); co-precipitation with annealing at T %4

600 C (c,d); co-precipitation without annealing (e,f); reverse micelle method (g,h); colloidal route (i,j).
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Table 2
Structural parameters of the synthesized GdVO4:Dy3p and DyVOu4 particles of different sizes.

Samples Average crystal Unit cell parameters
size (nm) 3
aYb(A) c(A) V (A) strain
S1-1 56.0 7.149 6.307 322.34 0.077
S1-2 18.7 7.182 6.308 326.41 0.16
S1-3 138 7.147 6.303 321.96 0.13
S1-4 3.8 7.166 6.375 327.37 1.13
S1-5 19 7.287 6.315 335.33 1.70
S2-1 55.9 7.146 6.306 322.02 0.079
S§2-2 18.2 7.186 6.303 325.48 0.28
S2-3 143 7.136 6.286 320.09 1.13
S2-4 4.1 7.149 6.390 326.58 0.75
S2-5 21 7.292 6.384 339.46 12
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Fig. 3. Dependence of lattice volume on average crystal size.

3.2. Optical properties

3.2.1. Diffuse reflectance spectra
Diffuse reflectance spectra of the powdered samples from Series |

(GdVO4:Dy) and Series 1l (DyVO3) in the UVeViseNIR range are

given in Fig. 5a and b. In the Vis-NIR region, the spectra exhibit similar
spectral features: for both Series strong bands appear at the same wavelength
positions (754 nm, 809 nm, 866 nm, 906 nm, 1105 nm and 1306 nm) and

correspond respectively to intra-configurational 4f9 -4f9 electron transitions
from the 6H15/2 ground state to the 6F3/2 (6F1/2), 6F5/2, 6F7/2, 6H5/2, 6H7/2
(6F9/2) and 6Hg/z (6F11/2) excited states of the Dy3b ions [23].

In the UV region, broad and strong bands of all the samples could be
attributed to charge transfer (CT) transitions inside V034 groups. The (one-
electron) charge transfer occurs between the 2p orbital of oxygen (O2 ) and
the vacant 3 d orbital of the central vanadium (V™) in the tetrahedral VO™4
with Tq symmetry. Ac-cording to the molecular orbital theory, energy levels
involved are the ground 1A1 state and the excited 1T1, 1T2, 3T1, and 3T2

states. Then, in all the vanadates, the transitions 1A1 / (1T1, 1T2) give rise to
a broad and intense CT absorption band in the UV region [24].

However, as it can be seen from Fig. 5a and b, there is a difference
between two series of samples. Although all the samples exhibit ab-sorption
in the same spectral region, it appears that GdSp ions more affect the CT
bands. Regarding Series 1 (Fig. 5a), it seems that CT is more prominent for
smaller nanoparticles (samples: S1-3, S1-4 and S1-5) than larger ones (sample
S1-4) and bulk material (sample S1-5). Some other differences in the spectra
could be attributed to different polarization (compared to bulk material) in
smaller nanoparticles.

The band gap values calculated from the corresponding diffuse reflectance
spectra are given in Table 3. The band gap, Eg, was estimated from the

absorption edge wavelength of the inter-band transition according to the
following equation:

(FKM(R) E phot)” % AE phot. Eg), @
where FkMm(R) is the KubelkaeMunk function, with Fkm(R) va (1 R)2/ 2R, R
is the observed reflectance, A is the constant, and E phot. is the photon energy
(hn). According to Equation (2), the corresponding band gap Eg value was
determined by extrapolating the steepest portion of the graph on the Ephot.
axis at (Fkm(R) Ephot.)2 Y4 0 (shown in Fig. 5¢ and d). The calculated band
gap energies are given in Table 3.

Note that the increase in band gap values with a decrease in size of
nanoparticles can hardly be attributed to a quantum confine-ment effect. The
main reason is that the Bohr radii for vanadate hosts appear to be very small.

For instance, for lanthanide-doped YVO4 materials, Mialon calculated that

Bohr radius is 1.15 A [25]. However, the increase of band gap energies, could
be related to the Moss-Burstein effect. This effect arises when the electron
carrier
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Table 3

Estimated band gap energy, Eg (eV), for all synthesized samples.

Samples Band gap values Eg (eV)
S1-1 3.28
S2-1 3.65
S1-2 3.70
S2-2 3.86
S1-3 3.51
S2-3 3.65
S1-4 3.72
S2-4 3.78
S1-5 3.86
S2-5 3.79

concentration exceeds the conduction band edge density of states and the
Fermi level, which now lies in the conduction band since all the states below
the Fermi level are occupied states. In nano-crystalline materials band
bending effect takes place at grain boundaries due to their increased surface to
volume ratio. For smaller grains, the band bending effect is large where as it
becomes flatter for larger grains [26].

3.2.2. Photoluminescence emission spectra in the UVeVis spectral region

It is well-known that, under UV excitation, the vanadate mate-rials
themselves show luminescence emission originating from
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transitions inside VO34 groups. Moreover, GdVOy is an excellent host
material for Ln ions such as Eu3 , Dy3b, Sm3b, Tm3 b, etc. for two reasons:
(a) following UV absorption, the excited vanadate groups VO34 can
effectively transfer energy to Ln dopant ions, thus exciting them to higher
energy states and (b) Gd3 has a strong absorption peak at ~280 nm and
thereby energy transfer is possible to the excited states of the activators
Ln®® 271.

Fig. 6 shows photoluminescence (PL) emission spectra in the UVeVis
spectral region excited at 321 nm. In almost all samples, a host emission was
observed as a broad band with tail up to 500 nm and maximum at about 370
nm. It could be recognized as sym-metric part of CT attributed to the

transitions (3T1,3T2) /1A1 of the VO34 groups. All the spectra show the
Dy3b ions emission from two closely separated states (4F9/2 and 4I15/2) to
the ground state (6H15/ 2), peaking at 483 and 455 nm, and from 4Fg/2 to the

6H13/2 tran-sition, peaking at 572 nm. Regarding Series 1 several features
need to be explained. A luminescence intensity was the highest in the sample
prepared (S1-1) or annealed (S1-2) at elevated tempera-ture. This is mainly
caused by an improvement in crystallinity, in-crease in doping efficiency, and
increase of particle size. The as prepared nanoparticles (S1-3, S1-4 and S1-5)
exhibited low lumi-nous efficiency arising from grain boundary effects.
Namely, the activator ion in the crystal is most efficient when located in the
bulk in a regular crystal field; activator ions located on the surface or on the
grain boundaries are considered to be non-luminescent or even luminescence
quenching regions. Clearly, these effects are more prominent in smaller
nanoparticles due to their high surface areas.

Unlike GdVO4:Dy3b where both excited V034 and Gd?’b ions may

b

transfer energy to dopant Dy3 ions, in the case of undoped DyVOg4 energy

transfer to Dy3 ions is possible only from V034 . This could explain the
lower luminescence intensity in the samples of Series 2. In fact, a significant
luminescence intensity was observed only in the sample prepared at elevated
temperature (S2-1), almost certainly due to the above-mentioned effects.

3.2.3. Photoluminescence emission spectra in the NIR spectral region
and photoluminescence excitation spectra

In the NIR region from 1100 nm to 1450 nm, similar PL spectra were
recorded for both the bulk GdVO4:Dy3b (sample S1-1, Fig. 7) and the bulk

DyVO4 (sample S2-1, not reported here) using exci-tation wavelengths 330
nm (Xenon lamp) and 488 nm (argon line). Several bands centered at | 4
1178, 1294, and 1371 nm and respectively attributed to the fef transitions
4F9/2 / 6F5/2, 6F11/2 b 6H9/2 / 6H15/2, and 4Fg/z / 6F1/2 were observed [28].

However, a weak emission signal in the NIR region was found for all other
samples of both series. Moisture adsorbed on nanoparticle surfaces

is likely responsible for quenching of luminescence. Note that the first band
(Fig. 7) contains several sharp lines at: 1131 nm, 1148 nm, 1161 nm, 1178
nm and 1196 nm and it resembles emission in the Vis region around 580 nm.
This could be seen as the emission of the second order [29].

In order to estimate the most suitable pumping scheme for the emission
bands at 1178 nm and 1371 nm, excitation measurements were performed on
the bulk systems (the sample S1-1) and exci-tation spectra divided by lamp
spectrum are given on Fig. 8.

By analyzing the excitation spectra shown in Fig. 8, it is possible to
conclude that the V034 /Dy3 b energy transfer is very efficient and that
absorption coefficient of the vanadate charge-transfer transition is several

orders of magnitude higher than that of the 4f transitions in the Dy3b ions.

Finally, the following value for quantum yield at 330 nm was obtained by
quantum yield measurements of GdVO4:Dy3 p: 6.5% (bulk material), 5.4%
(nanoparticles of 20 nm) and 0.1% (nano-particles of 2 nm). For the sake of
comparison, quantum yields for 2 at. % Dy3p doped GdVO4 samples
annealed at 500 and 900 C were found to be 4% and 7%, respectively [30].

However, note that the maximum value of quantum yield of 26.3% was
determined for the bulk sample at 310 nm. Extremely high quantum efficiency

could be assigned to charge transfer attributed to the VO34 groups.
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Fig. 7. NIR PL spectra (from 1.10 to 1.45 mm) of the bulk GdVO4:Dyab (sample S1-1) under
(lamp) 330 nm and (laser) 488 nm excitation.
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Fig. 8. Excitation spectra of the bulk GdVO4:Dy3p (sample S1-1) monitoring the emission at 1178 nm and at 1371nm.

4. Conclusions

GdVO4:Dy3b and DyVOg4 samples with particles of different morphology
and size were prepared by four synthetic methods: spherical nanoparticles of
2 nm, 4 nm, and 20 nm in size, nanorods with a few nanometers in diameter
and up to 10e20 nm in length and microparticles of 1e8 mm (bulk material).

XRD measurements evidenced that all GdVOg4 particles crystallized in a
single tetragonal zircon-type crystal structure with space group 141/amd

b

indicating that the dopant Dy3 ions are successfully incorporated into the

host lattice, due to equal valence and similar ionic radii between Dy?’b and

GdSb ions. Micro-Raman measurements support the XRD measurements. For
the bulk materials, the difference in the Raman position was observed and it
could be attributed to the different atomic number of Dy and Gd. Analyzing
the emission spectra, in the UVeVis spectral region, all the spectra show the

Dy3b ions emission from two closely separated states (4F9/2 and 4I15/2) to
the ground state (6H15/2), peaking at 483 and 455 nm, and from 4Fg/z to the

6H13/2 transition peaking at 572 nm, while emission spectra in the NIR
spectral region exhibit several bands at | ¥4 1178, 1294, 1371 nm, which are

attributed to 4F9/2 / 6F5/2, 6F11/2 b 6H9/

2 /6H15/2, 4F9/2 / 6F1/2 transitions, respectively. Due to strong emission in

the NIR spectral region, these luminescent GdVO4:Dy3b and DyVO4
(bulk)particles incorporated in silica waveguides could find potential
application for enhancement of 1.3 mm photoluminescence.
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