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Lanthanide-doped GdVO4 nanorods that exhibit upconversion emission under 982 nm excitation have
been prepared by a facile room-temperature chemical co-precipitation method followed by a subsequent
annealing at temperatures of 600 °C, 800 °C and 1000 °C. Multicolor upconversion emission, including
white, was achieved by tuning the concentrations of dopant lanthanide ions (Ho>*, Er>*, Tm>* and Yb>*)
in GdVOy. It is found that four GdVO4 samples emit light with the white chromaticity coordinates of
(0.326, 0.339), (0.346, 0.343), (0.323, 0.327) and (0.342, 0.340) respectively, under a single-wavelength
NIR excitation. These coordinates are very close to the standard equal energy white light coordinates
(0.333, 0.333) according to the 1931 CIE diagram. By varying dopant lanthanide concentrations in
nanorods it is possible to produce upconversion emission with colors between red (0.504, 0.369), green
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(0.282, 0.577) and blue (0.142, 0.125) coordinates.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Recent years have witnessed great interest in white light gen-
eration for a variety of applications, such as flat panel displays,
three dimensional volumetric displays, solid-state lighting, liquid
crystal back lights, light emitting diodes, and biomedical imaging
[1—4]. In upconversion (UC) emission, which is a nonlinear multi-
step optical process that yields a visible or near-infrared (NIR)
emission through multiple absorption at NIR wavelengths, different
colors of UC emission from one material can be achieved by doping
the material with a different lanthanide ions [4—8]. In general, any
emission color, including white, can be produced by mixing emis-
sions of three primary colors, red (R), green (G) and blue (B).
Therefore, an appropriate choice of dopant Ln3* ions, like Er*t,
Ho®>*, Tm?*, Pr®* and Tb>*, may create targeted a color of UC
emission under a single-wavelength NIR excitation. For instance,
red, green and blue UC emissions can be respectively obtained from
the Ho>*, Er**, and Tm>*- doped materials, and UC emission of
other colors by tuning the concentration ratio of these ions [9].
Additional doping of materials with Yb>* ions, which have a large
absorption cross-section at 982 nm and facilitate the stepwise
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energy transfer to emitting ions, increases the UC emission in-
tensity by several orders of magnitude compared to the systems
without Yb3* ions. Although there is a large number of literature
reports on multicolor and white light production by down-
conversion emission of lanthanides, the UC still has to be exten-
sively researched [1—3,9—16].

In particular, the study of lanthanide doped nanomaterials for
multicolor UC applications, in both fundamental science and
technological research, is important since UC nanoparticles are
promising alternatives to traditional phosphors due to the reduced
light scattering and potential applications in biomedicine.

Herein, the goal was to prepare and optically characterize
nanocrystalline powders of Ln>* doped GdVOy that show tunable
multicolor UC emission under single-wavelength excitation at
982 nm. For this reason Ho>*, Er**, Tm>*, and Yb>*- doped GdVO,
nanorods were prepared by a room-temperature chemical co-
precipitation method and subsequent annealing route. Tetragonal
zircon-type gadolinium orthovanadate is a well-established host
for lanthanide ions with good features such as moderate cut-off
phonon energy and relatively high thermal conductivity [14].
Because of the same charges and similar ionic radii, electronic
structures and electronegativities, through doping of GdVOy, over a
wide range of doping concentrations, a part of Gd>* ions can be
easily substituted by other Ln>* ions without causing much change


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:dramican@vinca.rs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dyepig.2015.11.005&domain=pdf
www.sciencedirect.com/science/journal/01437208
http://www.elsevier.com/locate/dyepig
http://dx.doi.org/10.1016/j.dyepig.2015.11.005
http://dx.doi.org/10.1016/j.dyepig.2015.11.005
http://dx.doi.org/10.1016/j.dyepig.2015.11.005

2 T.V. Gavrilovi¢ et al. / Dyes and Pigments 126 (2016) 1-7

in the lattice structure [ 17]. We examined UC emission properties of
GdVO4 nanorods doped with different concentrations of lanthanide
ions, and calculated the color chromaticity coordinates of obtained
emissions.

2. Experimental details

2.1. Synthesis of GAVO4Ln®/Yb>* (Ln®t = Er*, HO*t, Tm’t, Tm3+/
Ho**/Er*+)

A chemical co-precipitation technique was used to prepare
GdVO4:Ln3*/Yb3* (Lnt = Er®*, Ho®*, Tm3+, Tm>*/Ho>*/Er**) with
different Ln>*/Yb>* concentration ratio, such as: Gdi_y_w
TmyYbyVO4 (x = 0.03; w = 0.1), Gdi_y_wEryYbyVO4 (y = 0.02;
w =0.1), Gdy_,_wHo,YbwVO4 (z = 0.01; w = 0.1) and Gd{_x_y_z_w
TmyEryHo,YbyVO4 (x = 0.03, 0.1; y = 0.01, 0.02; z = 0.005, 0.01;
w = 0.1,0.2,04).

All chemicals: gadolinium(IIl)-nitrate hexahydrate,
Gd(NO3)3 x 6H0 (99.9%, Alfa Aesar), erbium(Ill)-nitrate pentahy-
drate, Er(NO3); x 5H,0 (99.9%, Alfa Aesar), holmium(IIl)-nitrate
pentahydrate, Ho(NO3)3 x 5H,0 (99.9%, Alfa Aesar), thulium(III)-
nitrate pentahydrate, Tm(NO3); x 5H,0 (99.9%, Alfa Aesar),
ytterbium(Ill)-nitrate pentahydrate, Yb(NOs3)3 x 5H,0 (99.9%, Alfa
Aesar), amonium-vanadium oxide, NH4VO3 (min. 99.0%, Alfa Aesar)
and sodium-hydroxide, NaOH (min. 99%, Moss Hemos) were of the
highest purity available and were used without any further
purification.

An appropriate amount of NH4VO3 was dissolved into a (aq)
0.15 M NaOH resulting in a 0.05 M Na3VO4 with a pH = 12. The
mixture of 0.05 M aqueous solutions of Gd*>* ions and Ln3*/Yb**
ions in the corresponding stoichiometric ratio was afterwards
added drop wise (1drop/3sec) in a NazVO4 solution. A formed milk-
white opalescent precipitate of Gdj_x_y—,—wTmyEryHo,Yby,VO4
and mixture was additionally heated and stirred at 60 °C for 1 h.
The pH value of a milk-white suspension was about 9. In order to
adjust the pH value to 7, the precipitate was then separated from
the suspension by centrifugation, and washed out several times
with distilled water. Finally, the powders of
Gdq_x_y—z—wImyEryHo,Yb\yVOy4, were collected and dried at 60 °C
in air for 20 h.

The dried materials, which were synthesized with different
combinations of dopant ions (Ho>*/Yb?*, Er>*/Yb?*, Tm>+/Yb?™,
Ho>*[Er*+/Tm3+/Yb?"), are referred to as “as-prepared” samples. To
further enhance their crystallinity, the as-prepared samples in Series
1, Series 2 and Series 3 (see Table 1) were additionally annealed at
different temperatures T, (300 °C, 600 °C,800°Cand 1000°C) for 2 h.
Similarly, the as-prepared samples in Series 4 and Series 5 (Table 1)
were heat-treated at 800 °C and at 1000 °C for 2 h. As shown in
Table 1, a total of 36 samples, divided in 5 groups, were prepared.

2.2. Instruments

Powder X-ray diffraction (XRD) measurements were performed
on a Rigaku SmartLab diffractometer using Cu-Ko radiation
(A = 0.15405 nm). Diffraction data were recorded with a step size of
0.02° and a counting time of 0.7° min~! over the angular range of
10° < 20 < 100°. Crystallite sizes were estimated using the Hal-
der—Wagner method by analyzing all major diffraction peaks.

Transmission electron microscopy (TEM) studies were made on
a Tecnai G20 (FEI) operated at an accelerating voltage of 200 kV.
Samples were supported on a perforated carbon film (S147-4, Agar
scientific) and were dried in air for one day. It was observed that at
a high electron radiation dose defects were induced into the crys-
tals until their crystal structure disappeared. Therefore, for HRTEM
images the electron beam intensity was reduced strongly by

inserting a condenser aperture and by decreasing the spot size.
TEM micrographs showed that the powders in Series 4 and Series 5
(Table 1) had relatively large grains, therefore scanning electron
microscopy (SEM) measurements were also performed. SEM
studies were made on a SEM Lyra (Tescan) operated at 25 kV.
Samples were placed on a carbon adhesive tape and coated with
gold.

All room temperature UC luminescence emission spectra were
measured under 982 nm (MDLH 980 3w diode laser with
controller) excitation and detected with an AvaSpec-2048 Fiber
Optic Spectrometer system.

3. Results and discussion
3.1. Structural and morphological characterization

The phase identity and purity of all of the prepared powders
were investigated by XRD. All samples were nanocrystalline with
zircon-type crystal structure. XRD patterns of Ho>*/Yb>* co-doped
GdVO4 of as-prepared and annealed samples are given in Fig. 1 as
representative examples. All patterns clearly showed the presence
of single tetragonal zircon-type GdVOy crystal structure with space
group I4;/amd (JCPDS card no. 17-0260). No traces of any impurity
phases were noticed indicating that the dopant ions were suc-
cessfully incorporated into the host lattice. Clearly, the full width at
half maximum of diffraction peaks was gradually narrowed as the
annealing temperature increased up to 1000 °C.

The structural parameters of the 1THo10Yb-samples were eval-
uated by Rietveld refinement of the XRD data and results of the
analysis are summarized in Table 2. Microstrain values are low
suggesting good ion ordering in the nanocrystals. The average
crystallite size calculated by the Halder—Wagner method changes
from 14 nm to 59 nm for the as-prepared sample and the sample
annealed at 1000 °C, respectively. The Rietveld R-factors, profile
factor (Rp), weighted profile factor (Rwp) and the expected-
weighted profile factor (Re), as well as the goodness of fit (GOF)
are small indicating a highly satisfactory reliability of the fitting
procedure.

In general, the crystallinity of the nanoparticles can be improved
when samples are additionally heat-treated. As shown by
morphological and structural analysis, the Ln®>* -doping did not
change the crystal structure and morphology of the synthesized
materials. All prepared samples were nanocrystalline and had
similar morphology of particles — nanorods; typical TEM and SEM
images, obtained for Ho**/Yb3* co-doped GdVO, samples, are
shown in Fig. 2. Low magnification TEM images for 1Ho10Yb-ap
and 1Ho10Yb-300 samples (Fig. 2(a) and (b)) suggest that powders
are self-organized in bundles of nanorods aligned at different ori-
entations, while high magnification (Fig. 2(b) and (d)) suggest that
the bundles contain 5-6 individual nanorods (up to 20 nm in length
and from 5 nm in diameter). Images of samples annealed at a
temperature of 600 °C show that the nanorods grow into single
ellipsoidal particles (about 20 nm in size) (Fig. 2(e) and (f)). The
powders annealed at 800 °C and 1000 °C had larger grains, and
their morphology was observed by SEM (Fig. 2(g) and (h)); the
micrographs suggest that powder 1Ho10Yb-800 contains non-
regular spheres with size about 100 nm, while 1Ho10Yb-1000
powder contains long rods with diameter of about 1-2 pm.

3.2. Upconverting (UC) luminescence in GdVO:Ln>*/Yb?* samples

The UC luminescence of all annealed GdVO4:Ln3*/yb3*
(Ln®* = Ho®*, Er’t, Tm®" and Ho®*/EC* Tm>") samples (see
Table 1 for compositions) can be clearly observed under the exci-
tation of a 982 nm laser diode. The influence of a post-synthesis
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Table 1

Sample names and abbreviated sample names (with dopant ions type and doping concentrations) of all prepared GdVO4:Ln3*/Yb>* (Ln3* = Er3*,
Ho>*, Tm3*, Tm3*/Ho>*/Er3*) powders, as-prepared (ap) and heat-treated at different temperatures (300, 600, 800, 1000 °C).

Sample number Sample names

Abbreviated sample names

Series 1
S11 Gdo.89H00,01Ybo.1VO4-ap
s12 Gdo.s6H00.01Ybo 1V04-300C
S13 Gdo.ngO0.0]YbO.] V04-600C
S14 Gd0_39H00_01Yb0_1V04-8OOC
S15 Gdo.g9H00,01Ybp.1V04-1000C
Series 2
S21 Gdo.gsEro.02Ybo.1VO4-ap
S22 Gdo.gsEro.02Ybo.1V04-300C
23 Gdo.s8ETo.00Ybo 1V04-600C
S24 Gdg'ggErQoszQ.]VO4—800C
S25 Gdo ggErg02Ybo.1V04-1000C
Series 3
S31 Gdo.g7Tm ¢,03Ybo,1VO4-ap
S32 Gdg_g7Tm 0_03Yb0_1VO4-300C
S33 Gdgg7Tm ¢,03Ybg.1VO4-600C
34 Gdo.s7TM 0.03Ybo1VO4-800C
S35 Gdo.g7Tm ¢3Ybg1VO4-1000C
Series 4
541 Gdo.g4Tmo 03 Ero.02H00.01Ybo.1VO4-ap
S42 Gdo.g4Tmg 03 Er,02H00,01Ybo.1V04-800C
S43 Gdo_g4Tm0_03 Er0_02H00_01Yb0_1V04—1OOOC
S44 Gdo.74Tmo 03 Erg.02H00,01Ybo 2VOs-ap
545 Gdo.74Tmg o3 Erg,02H00,01Ybo 2V04-800C
S46 Gd0_74Tm0_03 Er0_02H00_01Yb0_2V04-1OOOC
S47 Gdo.54Tmo 03 Erg,02H00,01Ybo.4VOs-ap
548 Gdo.54Tmg o3 Erg02H00,01Ybo.4V04-800C
549 Gd0_54Tm0_03 Er0_02H00_01Yb0_4V04-1OOOC
Series 5
S51 Gdo.475Tmo.1Er0.02H00.005Yb0.4VO4-ap
S52 Gd0_475Tm0,1 E1'0_02H00_005Yb0_4VO4—800C
S53 Gd0_475Tm0_1Erg_02H00_005Yb0_4V04—1 000C
S54 Gdo.47Tmo 1Ero.02H00.01Yb0.4VO4-ap
S55 Gd0,47Tm0,1 El'QozHOo.o]Yb0'4V04—800C
S56 Gd0_47Trn0_1Er0_02H00_01Yb0_4V04—1OOOC
S57 Gdo.555Tmo 03Er0.01H00.005Ybo.4VO4-ap
S58 Gdo 555Tmo,03Er0.01H00.005Ybo 4V04-800C
S59 Gd0_555Tm0_03Er0_01 HOo_ongb0_4VO4—1 000C
S510 Gdo.545Tmg 03Er0,02H00.005Yb0.4VO4-ap
S511 Gdo .545Tmp,03Er0.02H00,005Ybo 4V04-800C
S512 Gdo.545Tmg 03Er,02H00,005Ybo.4V04-1000C

1Ho10Yb-ap
1Ho10Yb-300
1Ho10Yb-600
1Ho10Yb-800
1Ho10Yb-1000

2Er10Yb-ap
2Er10Yb-300
2Er10Yb-600
2Er10Yb-800
2Er10Yb-1000

3Tm10 Yb-ap
3Tm10Yb-300
3Tm10Yb-600
3Tm10Yb-800
3Tm10Yb-1000

3Tm2Er1Ho10Yb-ap
3Tm2Er1Ho10Yb-800
3Tm2Er1Ho10Yb-1000
3Tm2Er1Ho20 Yb-ap
3Tm2Er1Ho20 Yb-800
3Tm2Er1Ho20 Yb-1000
3Tm2Er1Ho40 Yb-ap
3Tm2Er1Ho40 Yb-800
3Tm2Er1Ho40 Yb-1000

10Tm2Er0.5Ho40 Yb-ap
10Tm2Er0.5H040 Yb-800
10Tm2Er0.5Ho40 Yb-1000
10Tm2Er1Ho40 Yb-ap
10Tm2Er1Ho40 Yb-800
10Tm2Er1Ho40 Yb-1000
3Tm1Er0.5Ho40 Yb-ap
3Tm1Er0.5Ho40 Yb-800
3Tm1Er0.5Ho40 Yb-1000
3Tm2Er0.5Ho40 Yb-ap
3Tm2Er0.5Ho40 Yb-800
3Tm2Er0.5Ho40 Yb-1000

(112) 312) 1Ho10Yb-1000

(TO)
101
(l ) .ll. A .hA M A A

k l 1Ho10Yb-800
| B T N Aln (T N

n I 1Ho10Yb-600
1Ho10Yb-300

1Ho10Yb-ap

Intensity (a.u.)

JCPDS-17-0260

T
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Fig. 1. Room temperature XRD patterns for Gdo sgH0g.01Ybo1VO4 samples, as-prepared
and annealed at different temperatures (Series 1 in Table 1). Vertical bars denote the
standard data for a tetrahedral zircon structure of a bulk GdVO4 (JCPDS, card No. 17-
0260).

thermal treatment was noticed in all recorded spectra. It was found
that there is an increase in the intensity of the UC emission peaks
with the increase of annealing temperature, with maximal emis-
sion intensity found for samples annealed at 1000 °C. This
enhancement of UC emission is a consequence of the higher crys-
tallinity and larger size of particles obtained at high temperatures,
as well as the more-efficient removal of adsorbed species on the
surface of particles at elevated temperatures. For this reason, UC
emission properties of the samples prepared at 800 °C and 1000 °C
are further considered and analyzed.

3.2.1. Red, green and blue UC emissions

The room-temperature UC spectra of GdVO4Ln>t/Yb3*
(Ln®>* = Er3*, Ho®>*, Tm3+) samples prepared at 800 °C and 1000 °C
are depicted in Fig. 3.

An analysis of these spectra was facilitated by schematic energy
level diagrams of Yb3*, Ho>*, Er**, and Tm>* ions presented in
Fig. 4. Three combinations of dopants in GdVOy4, Ho>*/Yb3*, Er¥+/
Yb3>* and Tm3*/Yb3t, gave (under the 982 nm irradiation),
respectively, red, green and blue (in web version) UC emission
which was directly visible by eye.

Ho>*/Yb>* co-doped GdVO, samples exhibit two emission
bands in their UC luminescence spectra: weak green emission
centered at 542 nm can be assigned to transitions from °F,4 and °S;
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Table 2
Structural details of synthesized GdgggH0¢01Ybo1VO4 samples, as-prepared and heat-treated at different temperatures (Series 1 in Table 1), calculated using Rietveld
refinement.
1Ho10Yb-ap 1Ho10Yb-300 1Ho10Yb-600 1Ho10Yb-800 1Ho10Yb-1000
a=b 7.1921(7) 7.1866(7) 7.1821(13) 7.1903(3) 7.1899(4)
c 6.3379(6) 6.3334(6) 6.3281(12) 6.3362(3) 6.3360(4)
Crystallite size (nm) 14.7(2) 16.2(3) 17.2(6) 52.6(6) 59.0(3)
Strain 0.23(10) 0.28(9) 0.16(2) 0.06(4) 0.033(13)
Rwp (%) 334 3.40 2.69 3.71 432
Rp (%) 2.56 2.58 2.06 2.71 3.20
Re (%) 2.18 2.14 2.19 244 233
GOF 1.5312 1.5884 1.2292 1.5228 1.8515

levels to the °Ig ground level of Ho>", while an intense red emission,
centered at 659 nm, is due to the °F5 — °Ig transition (see Fig. 3(A)).
The calculated CIE chromaticity coordinates of 1Ho10Yb-1000 (S15)
and 1Ho10Yb-800 (S14) samples are (X = 0.504, y = 0.369) and
(x = 0.411, y = 0.362), respectively, and they are located in the red
and orange spectral regions. The red to green emission ratio of
1Ho10Yb-1000 is larger than the ratio of 1Ho10Yb-800.

It is interesting to note, that, unlike the majority of phosphors,
Ho>*/Yb**-co-doped GdVO, exhibits both strong green down-
conversion emission and strong red UC emission [20]. A predomi-
nantly green UC emission is frequently observed in Ho>*/Yb?*-co-
doped inorganic materials, while dominant red UC emission has
been rarely reported [18]. Moreover, the strong red UC emission is
usually reported for relatively high concentrations of Ho>* and
explained by cross-relaxations among different levels of Ho>*
which inhibits green UC emission [19,20]. However, in this study,
we find strong red UC emission for relatively small Ho>* concen-
trations, and for all Ho>*/Yb>* concentration ratios (for more de-
tails on this phenomenon see Ref. 20 and references therein).

The UC emission spectra of GAVO4:Er>*/Yb>* powders consist of
two strong peaks in the green spectral range, at 525 nm (from 2Hq; |
2 — 4115/2 transition) and at 552 nm (from 453/2 — 4115/2 transition),
and a weak peak centered around 655 nm (from “Fopp — “Iy5p
transition) (see Fig. 3 (B) and 4). All these emissions are generated
by Er>" ions after being directly excited and excited via
Yb3*t — Er’* energy transfers. In these samples, the green UC
emission is more intense than the red one, and the green/red in-
tensity ratio increases with increasing sample preparation tem-
perature. The calculated CIE 1931 chromaticity coordinates are
(0.282, 0.577) and (0.290, 0.446), respectively, for 2Er10Yb-1000
(S25) and 2Er10Yb-800 (S24), and are in the green and green-
yellow color space regions.

The GdVO4:Tm3*/Yb3t samples exhibit UC spectra with three
distinct bands in a blue, red and near-infrared spectral regions
which can be assigned to 4f-4f transitions of !G4 — 3Hg (475 nm),
1G4 — 3F4 (650 nm) and 3Hs — 3Hg (800 nm), respectively (see
Fig. 3 (C) and 4). Two emissions are strong, at 475 nm and at
800 nm, while the emission at 650 nm is very weak. The calculated
chromaticity coordinates (X, y) of 3Tm10Yb-1000 (S35) and
3Tm10Yb-800 (S34) are (0.142, 0.125) and (0.14288, 0.12451)
respectively, which are located in the blue color region.

On the basis of energy-matching conditions, the possible
mechanisms for population of emitting levels, as well as radiative
and non-radiative pathways are illustrated in Fig. 4 [9,11,13,14].
Following an 982 nm excitation, an excited Yb>* ion transfers its
energy to Ho>" ion in the °Ig ground state, which results in an
excitation of Ho>* to the relatively long-lived excited state °Ig. For a
green emission, first, Ho>* ions in the °lg state accept energy from
the excited Yb*>* and transfer to the 5F4/552 levels, and then to the
513 level, producing a green emission band centered at 542 nm. For a
red emission, first, Ho>* ions in the 516 level de-excite to the lower-

energy °l; level via a nonradiative phonon-assisted relaxation;
then, upon receiving energy from the excited Yb>* ions, the higher
5F5 level is populated. Finally, the radiative transfer from °Fs ions to
the ground state °Ig results in a red emission centered at 650 nm.
Clearly, the levels °F4/>S; and °Fs of Ho>* can be populated by two
successive energy transfers from excited Yb>* [21].

The energy of the 4111/2 level of Er3* is very similar to that of the
2Fsp; level of Yb>*; thus, both Er>* and Yb** absorb 982-nm pho-
tons. However, the absorption cross-section of the 2F7/2 — 2F5/2
transition of Yb>* is much larger than that of the 4115/2 — 4111/2
transition of Er3* and the Yb3* ions absorb most of the excitation
energy, therefore, the energy levels of Er>* are mainly populated by
the energy transfers from the excited Yb>* ions. Following an ab-
sorption of a 982 nm photon, an excited Yb>* ion transfers its
excitation energy to the %Iy 2 Er’* level. For green emissions, first, a
second energy transfer from another excited Yb>* to a previously
excited Er>* jon leads to the excitation of the Er>* jon from the %Iy 2
to the upper 417/2 level. Next, nonradiative phonon-assisted re-
laxations occurs between “I7, excited level and 2Hy1j, 4S3), emis-
sions levels. For a red emission, first, the de-excitation of Er>* jons
in the %Iy 2 level via a nonradiative phonon-assisted relaxation
leads to the lower 4113/2 level; then, upon receiving energy from the
excited Yb>* ions, the Er** ions transit to the higher %o/ level. The
radiative relaxation of these higher energy states produces UC
emission. The two green bands at 525 and 552 nm are realized in
the cases of relaxation from excited-state levels 2Hy; 2 and 453/2 to
the Er** ground state (4115/2), while very weak red emission at
660 nm corresponding to relaxation from the excited-state level
4F9/2 to the Er** ground state. The overall UC process requires the
absorption of two photons in each case [22].

The blue and weak red and NIR emissions of Tm>* can be ob-
tained from the transitions of 1G4 — 3H6, g4 - 3F4 and 3H4 — 3H6,
respectively. The population of !G4 Tm>* level can be explained by
sequential three-photon energy transfer processes from excited
%Fs;2 Yb3*, which in a first step populates *F4 level by multiphonon
relaxation from the phonon-assisted excited 3Hs state, then a sec-
ond electronic energy transfer excites Tm>* to 3F, level, which
relaxes populating the infrared emitting 3F3 and 3Hy levels, and
finally the third electronic energy transfer populates !G4 level
which relaxes to the Tm>* ground state (*Hg) emitting blue emis-
sion at 475 nm and to the 3F4 level emitting red emission at
~650 nm. The population of 3Hy level is strongly favored by both
relaxation from 3F, level and non-radiative decay after the second
transfer from 2F5/2 level of Yb>* ions. The populated 3H, level re-
laxes to the ground state (*Hg) giving a strong infrared emission at
800 nm [9,14].

3.2.2. Multicolor and white light UC luminescence

As discussed earlier, NIR-to-red, NIR-to-green, and NIR-to-blue
upconversion luminescence was observed in Ho**/Yb3*, Er3*/
Yb3* and Tm3*/Yb>*-co-doped GdVO,4. Combinations of different
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View fild: 20.8 pm Det: SE
SEM MAG: 10.0 kx _ Date(m/dy): 04/13115

SEMHV:250kV | WI
View field: 4.15 pm Det: SE
SEM MAG: 50.0 kx _ Date(midly): 041315

Fig. 2. TEM and SEM images of Gdy ggH00 01Ybo1VO4 powders (Series 1 in Table 1). Low
magnification (left-hand side) and high-resolution (right-hand side) TEM micrographs
of the: (a, b) as-prepared sample; (c, d) the sample annealed at 300 °C and (e, f) the
sample annealed at 600 °C. SEM images of the samples: (g) annealed at 800 °C (scale
bar 1 um) and (h) annealed at 1000 °C (scale bar 5 pm).

intensities of red, green and blue UC emission can produce light of
different colors in the visible spectrum (including white). Addi-
tional Ho>*/Er*+/Tm>*- doped and Yb3*- co-doped GdVO, powder
samples were prepared to further study multicolor (red, green,
blue) luminescence of these materials under single wavelength
excitation at 982 nm, and, in particular, to investigate the possibility
of generating white light. First, samples having three different
concentrations of Yb>* (10, 20 and 40 mol%) and the constant
concentrations of Ho>* (1 mol%), Er>* (2 mol%) and Tm>* (3 mol%)
were prepared at 800° and 1000 °C. (Series 4 in Table 1) and
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Fig. 3. Room-temperature UC emission spectra (under 980 nm excitation) of (a) Ho**/

Yb3+-, (b) Er**/Yb**- and (c) Tm**/Yb3*-co-doped GdVO, powders annealed at 800 °C
and 1000 °C. Abbreviated sample names are explained in Table 1.
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Fig. 4. Schematic energy level diagrams of Yb**, Er**, Ho>* and Tm>* and proposed UC mechanisms in the Gdq_x_y—z-wImyEryHo,Yb,,VO, nanorods.

analyzed. Then, samples were prepared (Series 5, Table 1) with
constant concentration of Yb>" (40 mol%) and having variable
concentration of Ho>*, Er** and Tm3*, also at 800° and at 1000 °C.

Fig. 5 presents the UC luminescence spectra of white light for
10Tm2Er0.5Ho40Yb-800 sample excited with a 982 nm laser. It
could be expected, therefore, that the GdVO,4:Ho>*/Er3*/Tm3*/
Yb3* nanocrystalline powders would be tricolor (red-green-blue)
emitting phosphors. However, it should be emphasized that,
although the main UC processes of Ln>* ions are well known, the
relative intensities of the transitions influencing the color of the
emission in the nanocrystalline GdVO4:Ln>*/Yb®* depend non-
linearly on the Ln®** and Yb®* concentrations and on non-
radiative processes related to the host and its properties.

All 3Tm2Er1Ho10Yb-samples showed a strong red emission and
about as half as strong green emission, while their blue emission
was very weak. This finding is consistent with yellow luminescence
of 3Tm2Er1Ho40Yb-1000 (S43) (see Table 3). To balance intensities
of red, green, and blue emissions, Yb>* concentration was increased
in  GdVO4:HO*'/Er**/Tm3*/Yb>*  samples (keeping the

10Tm2Er0.5H040Yb-800

Intensity (a. u.)

T T T
500 550 600
Wavelength (nm)

400

Fig. 5. UC emission spectra of white light for 10Tm2Er0.5H040 Yb-800 sample excited
with a 982 nm laser.

concentration ratio between Ho>*, Er>* and Tm>" constant, Series 4
in Table 1). As a consequence, relative emission intensities were
changed since the red and green emission intensities simulta-
neously decreased. The effect can be explained as follows: when
the concentration of Yb>* ions increases to reach the heavy doping
level, the concentration quenching effect dominates the UC emis-
sion and leads to the decrease of both green and red emission bands
of Ho>* and Er3* [23]. Emission color tuning in such a way, by
varying the doping concentration of Yb>", resulted in one sample
(with 40 mol% of Yb>*+) showing yellowish-white luminescence.

Yellowish-white luminescence of the 3Tm2Er1Ho40Yb-800
(S48) sample led us to synthesize and study a series of samples with
constant Yb>* concentration (40 mol%) and different concentration
of Ho*>*, Er®* and Tm3* ions (Series 5 in Table 1). Experimentation
with the samples of Series 4 also showed that, in order to obtain
white-light emission, the intensity of blue light had to be further
increased by increasing the doping concentration of Tm>*. The
observed UC emissions of multicolor and white light were con-
verted to the CIE chromaticity coordinates which are listed in
Table 3 and plotted in Fig. 6.

Table 3
Calculated chromaticity coordinates (X, y) and emission color for prepared powders.
Sample number are explained in Table 1.

Sample number Chromaticity coordinates (X, y) Emission color

S14 (0.411, 0.362) Orange

S15 (0.504, 0.369) Red

S24 (0.290, 0.446) Green-yellowish
S25 (0.282, 0.577) Green

S34 (0.143, 0.124) Blue

S35 (0.142, 0.125) Blue

S42 (0.395, 0.413) Orange

S43 (0.417, 0.480) Yellow

S45 (0.394, 0.455) Yellow

S46 (0.395, 0.485) Yellow

S48 (0.354, 0.399) Yellowish

S49 (0.396, 0.441) Yellow—orange
S52 (0.326, 0.339) White

S53 (0.346, 0.343) White

S55 (0.323, 0.327) White

S56 (0.342, 0.340) White

S58 (0.362, 0.405) Yellowish-white
S59 (0.407, 0.399) Yellowish-white
S511 (0.354, 0.410) Yellowish-white
S512 (0.408, 0.432) Yellowish-white
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Fig. 6. The CIE 1931 chromaticity diagram of Gd;_x_y_, wTmyEryHo,Yb, VO, powders
excited with a 982 nm laser.

A pure white light was obtained in four samples (S52, S53,
S55, S56): the calculated chromaticity coordinates (x, y) of are
(0.326, 0.339), (0.346, 0.343), (0.323, 0.327) and (0.342, 0.340),
respectively. These coordinates fall in the white region and are
very close to the standard equal energy white light coordinates
(0.333, 0.333) according to the 1931 CIE diagram. Note that, so
far, only several other UC white-emitting Ho>*/Er>*/Tm>*- doped
and Yb3*- co-doped nanomaterials have been reported: BiPO4
chromaticity coordinates of (0.318, 0.356) [9], GdPO4 (0.328,
0.327) [11], YVO4 (0.323, 0.325) [13] and SiO,-coated and doped
GdVO4 with CIE coordinates located at the center of the white
area [14].

4. Conclusions

We have demonstrated that the concentrations of dopant ions in
Ho>*/Er**/Tm>*- doped and Yb3*- co-doped GdVO,4 nanocrystal-
line powders can be optimized to enable white UC emission from
material under NIR irradiation at 982 nm. This was achieved
because Ho>* ions in GdVO4 provide the red UC emission, contrary
to the green UC emission observed in the majority of other host
materials. Then, the white light UC was obtained from combina-
tions of three color emissions in four samples in GdVO4 with the
following concentrations of dopant ions: 10 mol%Tm,2 mol%
Er,0.5 mol%Ho,40 mol%Yb (two samples: annealed at 800 °C and
1000 °C) that emit light with the chromaticity coordinates of
(0.326, 0.339) and (0.346, 0.343) 10 mol%Tm,2 mol%Er,1 mol%
Ho,40 mol%Yb (two samples: annealed at 800 °C and 1000 °C) with
the chromaticity coordinates of (0.323, 0.327) and (0.342, 0.340).
The color of the UC emission can be tuned between red (0.504,
0.369), green (0.282, 0.577) and blue (0.142, 0.125) by varying
doping composition and concentration of lanthanide ions in GAVO4
nanoparticles. Further investigations will analyze differences in UC
efficiency between the mixture of single doped powders and the
multi-doped samples.
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