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Abstract: Influence of dopants on the structure, morphology and luminescence properties, and in
particular the energy transfer mechanism of GdVO, co-doped with Bi** and Yb?®" ions is discussed.
Submicro- and microcrystals were prepared by the microwave-assisted hydrothermal method. Phase
purity, size and structure of obtained samples were characterized by the X-ray powder diffraction and
the transmission electron microscopy. Luminescence properties were investigated by analyzing
photoluminescence and excitation spectra and decay time curves. Intense yellow-green luminescence
from Bi** ions in the range of 400-800 nm and the near-infrared emission from Yb** ions about 1000
nm upon an indirect excitation via the (0%-V°*) charge transfer state at 266 nm and via the (Bi**-V°*)
charge transfer state at 330 nm was recorded. No concentration quenching effect was observed in the
samples doped with up to 7 mol% of Yb** ions. The near-ultraviolet sensitized near-infrared emission
has been explained by the energy transfer from the GdVO, host and Bi*" ions to Yb*" ions. The
energy transfer processes between the host and dopants ions have been characterized in detail. The
impact of phonon-assisted processes on the near infrared Yb** emission has been investigated. The
obtained spectroscopic characteristics prove that GdVO, co-doped with Bi** and Yb*" ions is a
promising candidate for use as the phosphor in luminescent concentrators in photovoltaic
applications, which can increase the efficiency of silicon-based solar cells.

Keywords: vanadates; lanthanides; luminescence; energy transfer; microwave-assisted hydrothermal
method

1. Introduction

Silicon technology used in photovoltaic applications has limitations related to the upper limit of
energy conversion efficiency, which for traditional single-junction solar cells is usually around 30%
[1]. Most of the solar energy that hits the cell passes through without being absorbed or becomes heat
energy instead. The challenge is to increase this efficiency and reduce energy losses. To enhance the
efficiency of silicon-based solar cells the inefficient ultraviolet (UV) photon can be converted to
available near-infrared (NIR) photon at around 1 um, where the Si solar cell exhibits the most efficient
spectral response. For this purpose, the use of lanthanide-based luminescent concentrators for solar
cells is a very good idea, giving the possibility to convert the chosen energy of sunlight into specific
wavelengths [2]. In this scheme, the photoluminescence (both downshifting and downconversion
process) takes part in the conversion of high-energy photons into low-energy ones. The downshifting
iS a one-to-one conversion process, where a photon in the UV-blue is converted into a photon in the
red-NIR. In turn, the downconversion processes is more effective because one UV-blue photon is
converted at least into two red-NIR photons. Due to the limited absorption capacity of rare earth (RE)
ions resulting from their weak absorption, the development of a way of sensitization of their emission

1



is crucial. Most of the current research carried out in this direction concerns the development of
methods of obtaining such materials, which, by co-doping or selecting an appropriate matrix, will
absorb and effectively transfer energy to RE ions in a wide range [2,3]. GdVO, co-doped with Bi** and
Yb** ions was selected as a candidate who could meet the above-mentioned requirements. GdVO,
itself is an excellent host lattice for a variety of luminescent ions due to its wide range of UV
absorption and an efficient energy transfer from [VO,]* vanadate groups to activator ions [4,5]. When
the host is doped with Bi** ions, the edge of the excitation band shifts toward longer wavelengths with
an increase of Bi®" content, which can enhance energy transfer efficiency [6]. On the other hand,
doping with Yb** ions allows for a near-infrared emission at around 1 um. This work is in line with
the current research trend, which aims to develop suitable phosphors and methods of obtaining them
for use as luminescent concentrators. In addition to the obvious condition of spectral matching, one of
the ways to enhance conversion efficiency is to maximize the transfer of absorbed solar energy to
luminescent centers [3,7].

2. Experimental

The powders of GdVO,: 1% Bi*", x% Yb** (x = 0, 1, 5, 7 mol%) phosphors and undoped GdVO,
matrix were prepared by the microwave-assisted hydrothermal method [8]. High purity (99.999%)
oxides: Gd,0s3, Yh,03, Bi,O3 and a high purity (99.996%) ammonium metavanadate (NH,VO3) were
used as starting reagents for a preparation of the samples. Details of synthesis have been already
published in our previous work [9], where we also proved on the example of GdVO,: Bi**, Eu** that
the maximum content of Bi*" ions to avoid their influence on uncontrolled crystal growth is 1 mol%
[10]. Briefly, the stoichiometric amounts of oxides were dissolved in ultrapure 65% nitric acid to
obtain nitrates. At the same time, the stoichiometric amount of NH,VVO; was dissolved in water. Then,
the solution of obtained nitrates was slowly added (one drop per second) to the NH,4VO; solution
while stirring vigorously. After that the reaction mixture was stirred for another 30 minutes. The
homogeneous mixture was transferred to 100 mL Teflon tube and then placed into an autoclave for
microwave hydrothermal treatment and allowed to heat for 60 minutes at 180 °C. The obtained
precipitate was filtered, washed several times with both distilled water and ethanol. The precipitate
was then dried at 60 °C for 24 hours. Finally, the product was calcined at 800 °C for 3 hours in air in
order to completely dehydrate the material by removing residual OH groups.

Microwave hydrothermal treatment was carried out in an ERTEC — Magnhum Il microwave
reactor (frequency — 2.45 GHz; power — 600 W). Structural studies of the samples were carried out by
means of a X’Pert PRO PANalytical X-ray diffractometer using CuKo radiation (A = 1.54056 A).
Samples’ morphology and microstructure were studied by the use of the Philips CM-20 SuperTwin
transmission electron microscope, operating at 160 kV and providing 0.25 nm resolution. Each sample
was prepared by grinding a small amount of the sample in a mortar. Then, the ground sample was
dispersed in methanol, and a droplet of the suspension was put on the carbon covered microscope grid.
Before the measurement, samples were additionally purified using the plasma-cleaner for 1 minute.
The Raman spectra were measured using a Renishaw InVia Raman spectrometer equipped with a
confocal DM2500 Leica optical microscope, a thermoelectrically cooled CCD as a detector and an
argon laser operating at 488 nm. The spectral resolution of Raman spectra was 2 cm*. Absorption
spectra were measured with an Agilent Cary 5000 spectrophotometer, employing a spectral bandwidth
(SBW) of 0.3nm in the visible and ultraviolet range and 0.8 nm in the near infrared range.
Photoluminescence excitation and emission spectra were measured using an FLS980 Fluorescence
Spectrometer from Edinburgh Instruments with an ozone-free 450W Xenon lamp and with detectors:



standard photo- multiplier Hamamatsu R928P and NIR PMT cooled by liquid nitrogen for near
infrared emission. Excitation spectra were recorded by using different detector VIS (225-850 nm) and
NIR (900-1100 nm). Luminescence decay curves for Yb*" ions were recorded with using an FLS980
Fluorescence Spectrometer from Edinburgh Instruments with a 150W Xenon pulsed lamp, whereas
luminescence decay curves for Bi** ions were recorded by using a femtosecond laser (Coherent Model
“Libra”) emitting 89 fs pulses and pulse energy up to 1 mJ. Conversion Module OPerA) for tuning the
laser wavelength between 230 and 2800 nm (Ae. 266 nm). The decay curves were recorded with a
Princeton Acton 2500i 0.5 m grating spectrograph coupled with a Hamamatsu C5680 streak camera
operating in the 200-1100 nm spectral region with a temporal resolution of 20 ps. All measurements
were performed at room temperature (300 K).

3. Results and Discussion

Figure 1 presents the X-ray powder diffraction (XRD) patterns of GdVO, samples with 1% (in
molar ratio) of Bi*" and Yb*" doping concentration ranging from 0% to 7% (in molar ratio) obtained
directly after the synthesis by the microwave-assisted hydrothermal method (Fig. 1a) and after
annealing (Fig. 1b). The necessary calcination process aimed to remove from the material the remains
of hydroxyl (OH) groups, including those from the first coordination sphere of dopant ions, which are
one of the main reasons for quenching the luminescence of rare-earth ions through a process of
multiphonon relaxation [11]. As shown in the further part of the work by the luminescence
measurement, the removal of internally bonded OH groups surrounding lanthanide ions is finally
completed after heat treatment at 800 °C. The XRD patterns for all samples clearly show the presence
of the tetragonal zircon-type GdVO, crystal structure corresponding to the PDF [00-017-0260] card.
As can be seen on a zoom of the (200) diffraction peak in Figure la’, the increase of Yb*'
concentration in the sample causes a shift of the diffraction peaks to a higher angle side. This result
means that the lattice parameters slightly decreased after co-doping with Yb** ions. The lattice
contraction effect can be due to the smaller Yb* ions doping, which introduced in the place of the
Gd* ion [12,13]. On the other hand, this lattice contraction can be also due to a size effect [14]. It is
observed also that with increasing of Yb** ions a size of crystallites decreases, what is clearly visible
in the TEM photos in Figure 2 a, b, ¢ and increases after annealing process (Fig. 2 A, B, C). Therefore,
two factors can influence on the lattice contraction effect. After annealing at 800 °C, the lattice
contraction effect is also noticed but much smaller (Fig. 1b’) than for as-prepared samples. An
influence of particle size on lattice parameters has been also analysed in other oxide materials like
GdVO,:Eu®" [15] and CoFe,O, [16], there was observed that a lattice parameters increase with
increasing of particle size after annealing. The annealing process results in a decrease in the defects,
internal strains due to coalescence of crystallites, which in turns results in an increase in the average
size of the nanoparticles. Therefore during annealing in the air atmosphere, the lattice contraction
effect becomes smaller.
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Figure 1. XRD patterns of GdVO,: 1% Bi**, x% Yb** (x = 0, 1, 5, 7) obtained directly after the
synthesis (a) and after annealing at 800 °C (b) and a zoom of the (200) diffraction peak of GdVO,
pattern and samples with the various concentrations of Yb®" directly after the synthesis (a’) and after
annealing at 800 °C (b’).

Transmission electron microscopy (TEM) images in Fig. 2 present the morphology of the
obtained samples. The shape and size of particles change significantly after annealing at 800 °C. The
size and in particular the shape of the particles is more spherical without clearly exposed walls, which
can be seen in the as-prepared particles. Increasing the size of the crystallites with the with annealing
temperature is a result of the Oswald’s ripening process [17]. The change in grain size depending on
the annealing temperature and its significant effect on the luminescence properties has been observed
and described earlier for GdVO, co-doped with Bi** and Eu®" ions, but synthesized by modified
Pechini’s method [6]. In addition, it can be seen from the TEM images that the grain size decreases
with increasing of Yb*" ions concentration from 1% to 7% for samples obtained directly after the
synthesis (Fig. 2 a, b, ¢) and remains almost unchanged for the samples annealed at 800°C (Fig.
2 A, B, C). This helps to clarify previous doubts as to the reasons leading to the observed the lattice
contraction effect. By analyzing the peak shift (200) before and after annealing (Fig. 1a' and b’) and
comparing it with the corresponding TEM images, it can be concluded that in the studied case the
effect of doping with heavier and smaller ions has a weaker effect on the network parameter than the
mentioned size effect related to the surface structure. This effect has been observed and analyzed in



our earlier work about GdVO, co-doped with Bi** and Yb*" ions but synthesized by modified
Pechini’s method, which yields grains much more heterogeneous and agglomerated [12].
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Figure 2. TEM images of the samples obtained directly after the synthesis: (a) GdVO,: 1% Bi**, 1%
Yb**, (b) GdVO,: 1% Bi**, 5% Yb**, (c) GdVO,: 1% Bi**, 7% Yb** and after annealing at 800 °C (A),
(B) and (C), respectively.

The UV-visible-NIR diffuse reflectance spectra of pure and co-doped GdVO, annealed at 800 °C
are presented in Figure 3. The strong absorption band below 600 nm of the spectrum is ascribed to the
host absorption, where for pure GdVO, this band can be primarily ascribed to the charge transfer (CT)
transition from O? to different levels of VV** in the tetrahedral [VO4]* group and for GdVO, doped
with 1% Bi* ions it can be also ascribed to the metal-to-metal charge transfer (MMCT) transition
from Bi** to VV°* [18,19]. Whereas in the NIR range (inset), it can be seen the absorption peak at
around 985 nm, which is co-called a zero phonon line of the Yb® ion. The zero phonon line is the
transition from the lowest Stark level of the F-, (1) ground state to the lowest Stark level of the ’F,
(5) excited state of Yb*" ion. The position of the absorption peak is the same as in the Yb*" doped
GdVO, crystal [20]. This absorption transition is visible only for the highest Yb*" concentrations (5%
and 7%) in the studied samples. It can be seen also that the absorption edge is shifted in direction of
the longer wavelengths for samples doped with Bi®** ions. This red shift of the absorption edge results
from the fact that Bi** ions contribute to narrowing of the band gap [21,22]. In addition, the studied
materials are optically transparent in the red range. Since the host absorption is very strong compared
to the absorption of Yb* ions, an excitation of dopant ions indirectly e.g. using wavelength in the
near-UV range is possible due to this property of the host.

Figure 4 shows the near-UV and NIR part of the range of the photoluminescence excitation (PLE)
spectra depend on the Yb®" concentration when monitoring the emission from Yb** ions at 984 nm in
the near-UV range and at 1005 nm in the NIR range. The band in the range 290-370 nm consists of
two CT bands: [VO,]* CT band and (Bi**-V*>*) MMCT band, while the group of bands in the range of
900-990 nm is the Yb*' absorption band corresponding to the ’F, — %Fg, transition. A shape of the
absorption bands does not change with increasing of Yb*®* ions concentration. The observed PLE
spectra prove that the indirect excitation of Yb®" ions is possible. Comparing spectra from Figures 3
and 4 it can be seen that the range of observed absorption bands does not coincide with the recorded
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excitation spectra. This shows that the optically active area is below 370 nm. On the other hand, the
area in the range of 370-600 nm, which does not contribute to luminescence, it may be associated with
a distortion of the structure [22] or defects of the surface, which are related to a change in a
morphology of the host [23] or the presence of a trace amount of passive impurities [24,25]. These
effects may be responsible also for the dark-yellow color of powders.
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Figure 3. UV-visible-NIR diffuse reflectance spectra of pure and Bi**/Yb®* co-doped GdVO,
annealed at 800 °C.
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Figure 4. Photoluminescence excitation (PLE) spectra of Yb** ions in Bi**/Yb** co-doped GdVO,
annealed at 800 °C upon Aem = 984 nm - in the near-UV range and upon A, = 1005 nm - in the NIR
range.

Raman spectra of pure and co-doped GdVO, obtained directly after the synthesis as well as
annealed at 800 °C are presented in Figure 5. In Figure 5a there are seen internal (higher-frequencies)
and external (lowest-frequencies) vibrational modes of the crystalline lattice in the GdVO, compound.
The internal vibrational modes correspond to internal vibrations of the [VO,]* tetrahedra and the
external vibrational modes comprise translations and librations of the [VO,]> tetrahedra as rigid units
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against the rare-earth ions [26]. Internal modes consist symmetric vs(VO,) and asymmetric vas(VO.)
stretching vibration modes in the range of 800-900 cm™ and asymmetric d.(VO,) and symmetric
34(VO,) bending modes, which are typically present in the range of 300-500 cm™, whereas the external
vibrational modes four peaks are observed in the range of 100-300 cm™ [27,28]. The most intense
peak at 882 cm™ corresponds to a maximum phonon energy in the GdVO, compound. This value is
similar to that in the GdVO, crystal (884 cm™) [29] and obtained in our earlier work about GdVO, co-
doped with Bi** and Yb* ions (882 cm™) synthesized by modified Pechini’s method [12]. Raman
spectra presented for samples annealed at 800 °C in Figure 5b contain additional peaks that have been
identified as vibrational modes coming from V,Os impurity [30,31]. These additional peaks are not
observed in Raman spectra for samples directly after synthesis. It can mean that amorphous V,0s
impurity has undergone a crystallization process after annealing at 800 °C, and therefore, becomes
observable in Raman spectra as clear peaks. The presence of this impurity explains also yellowish
color of powders after annealing (V.Os crystals have dark-yellow color). This impurity is a separate
phase in the doped GdVO, compound obtained by synthesis and occurs in a negligible amount that is
undetectable on XRD patterns of samples. This allows for the use of the synthesized material for
further spectroscopic studies.
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Figure 5. Raman spectra of GdVO, host, GdVO,: 1% Bi** and GdVO,: 1% Bi**, x% Yb* (x =0, 1, 5,
7) obtained directly after the synthesis (a) and after annealing at 800 °C (b). The asterisks mark V,0s
impurity (see text).

In Figure 6 the reflectance, excitation and emission spectra of the 1% Bi** doped GdVO, and co-
doped with the highest concentration (7%) of the Yb*" ions samples annealed at 800 °C have been
compared. All spectra have been normalized to the maximum of their band. It can be seen that
reflectance spectra and excitation spectra in the UV-visible range for both samples are very similar.
The identical shape of the excitation spectra for both samples indicates that the same energy range is
responsible for the emission of both Bi** and Yb*" ions. This, in turn, may mean that the Yb®" emission
is an effect of energy transfer from the Bi®* ions. Upon 330 nm irradiation, exciting both the (Bi**-V°*)
MMCT state and also partially the (O*-V°*) CT one (a strong overlap of both bands), the GdVO,
sample doped with 1% Bi** shows an intensity yellow-green emission which is represented by a broad
band in the range of 400-800 nm with a maximum at 575 nm. This band is associated with the MMCT
— 'S, transition of the Bi** ion. In the case of the sample 1% Bi**/ 7% Yb** co-doped GdVO,, apart
the emission from the Bi*" ions, the emission in the near-infrared range from the Yb** ions has been
also observed. The specific band in the NIR range (930-1070 nm) with a maximum at 984 nm (a zero
phonon line) is well known and interpreted as the ’Fe, — 2F4p, transition of the Yb®* ion. The obtained



results show that under indirect excitation (330 nm) the investigated co-doped material exhibits a
visible and NIR emission as an effect of energy transfer from Bi** ions to Yb*" ions,
Wavenumber (cm™)
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Figure 6. Excitation spectra at Aem = 575 nm (Bi**) and Aem = 984 nm (Yb**) (@), reflectance spectra
(b), emission spectra (Aexe = 330 nm) of Bi** (c) and Yb*" (d) of Bi** doped GdVO, (dash line) and
Bi**/Yb* co-doped GdVO, (solid line) annealed at 800 °C, respectively.

The energy transfer process between Bi** and Yb®* ions is very well visible in Figure 7. Upon an
excitation both in the UV and near-UV range, the emission intensity from Bi*" ions decreases with the
increasing concentration of Yb*" ions. It confirms that a part of energy form excited Bi*" ions can be
transferred to the Yb®" ions leading to the NIR luminescence with the simultaneous possibility of
modulating the intensity of both bands by selecting the appropriate level of doping with Yb* ions.
Additionally, the Yb* luminescence quenching effect for the concentration of Yb* ions in the range
of 1% - 7% at both 266 nm and 330 nm excitation is not observed.

Figure 7. Photoluminescence emission spectra of GdVO,: 1% Bi**, x% Yb** (x = 0, 1, 5, 7) annealed
at 800°C upon excitation Aee = 266 NM (@) and Aeye = 330 nm (b). *Artefacts from the xenon lamp.
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In Figure 8, the Yb®* luminescence and NIR excitation spectra (a, b) plotted and Raman spectrum
(c) for the sample with the highest concentration of the Yb® ions at room temperature are reported.
Dashed lines mark the expected position of Raman modes originated from the GdVO,: 1% Bi*", 7%
Yb* sample (see Figure 5a and 5b). The shown spectra were adjusted to the same energy scale, by
taking the origin of the absorption and the emission at the zero phonon line, in coincidence with the
Rayleigh line of the laser (488 nm) used to record the Raman spectra. By rotating the absorption
spectrum around the origin of 180°, we get a direct comparison with both emission and Raman spectra,
which are then drawn to the lowest frequency side [32]. Keeping in mind the hypothesis that the
Raman spectrum should reflect vibronic structures accompanying each pure electronic transition [33],
this simple experimental method helps to distinguish between electronic and vibronic transitions.
Absorption spectra recorded at room temperature in Figure 8 are broad which testifies to their
vibrational nature caused by electron-phonon coupling and what confirm overlapped absorption peaks
seen in the excitation spectrum with two vibronic bands which appear below 200 cm™ (Fig. 8b and c).
This is a typical phenomenon for Yb** doped orthovanadates [34,35] and for other oxides compounds
e.g. orthosilicates [36]. This coupling manifests itself even in the Yb** doped GdVO, spectrum
recorded at 25 K [37] and also in the Yb* doped YVO, spectrum recorded at 4.2 K [35]. The
vibrational structure accompanying the electronic transitions makes it difficult to identify the crystal
field components of the Yb®* ion electronic levels. In addition, the broadband emission and the
inability to distinguish individual electron transitions in the powder sample also results from the
crystal anisotropy because the crystals of GdVVO, form optically uniaxial crystals analogously to YVO,
crystals [35]. When comparing the excitation and Raman spectra presented depending on the
concentration of Yb®* dopant in the samples in the Figures 4 and 5, it can be seen that the electron-
vibronic excitation spectra do not depend essentially on the concentration of Yb** and the size of the
crystallite grains.
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Figure 8. Comparison of Yb* emission (a), Yb** NIR excitation (b) and Raman spectrum (c)
showing electronic and vibronic structure Yb*" ions in the GdVO,: 1% Bi**, 7% Yb*" powders
annealed at 800 °C.

Figure 9 presents the effect of energy used for excitation on the NIR emission spectrum of the
same GdVO,: 1% Bi*', 7% Yb** sample annealed at 800 °C. It can be seen that the intensity of Yb**
emission changes significantly with the corresponding excitation wavelength. Upon direct excitation
in the Yb® ion (Aexe = 951 nm), the intensity of emission with a maximum at 984 nm is very weak due



to the poor absorption of the Yb®" ions as it was shown in the inset of Figure 3, whereas upon indirect
excitation at 266 nm in the (O*-V°*) CT state or at 330 nm in the (Bi**-V°*) CT state [12] an intensity
of the Yb*®* emission is much higher. This can be explained by the effective energy transfer from the
host and Bi*" ions to Yb®" ions and a strong absorption of the host in the near-UV range (see Figure 3):
the intensity of Yb®* emission is higher at 266 nm excitation than at 330 nm excitation. A difference in
the emission intensity observed for Yb®" ions depending on the excitation in a type of the CT state may
be due to the fact that because of the concentration of [VO,]* groups in the matrix the transfer is much
more probable than via Bi** ions, which play the role as a co-dopant.
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Figure 9. Impact of excitation wavelength on NIR emission spectra of the GdVO,: 1% Bi**, 7% Yb**
annealed at 800 °C upon Aee = 266 nm in the (0?-V°") CT state, hexe = 330 nm in the (Bi**-V°") CT
and Aexe = 951 nm in the Yb®" ion, respectively.

In order to characterize the energy transfer processes occurring in the studied material, we
focused on the analysis of these processes when the samples were excited with two wavelengths: (1)
266 nm in the (O%-V*") CT state and (2) 330 nm in the (Bi**-V**) CT state. Upon 266 nm excitation,
the [VO,]* groups are excited in the host matrix which next can transfer the energy directly to Yb®"
ions and also to Bi*" ions, which was confirmed by Wei et al. in the work on GdVO,4: Yb** [38] by the
presence of the (0%-V**) CT band in the excitation spectrum for Yb®" ions and in Figure 6 in this work
in the case of excitation spectrum for Bi®" ions. Energy transfer between the [VO,]* groups and Bi**
ions occurs through a thermally assisted migration process what was described by Moncorgé et al. [39]
and Cavalli et al. [19]. Whereas, energy transfer from the host to the Yb** ions can occur theoretically
in two ways: (1) through downconversion process owing to the absence of the energy overlap between
the vanadate groups emission and absorption of Yb*" ion and resonance between the energy of
vanadate groups emission and the sum of the energy of absorption of two Yb** ions [40] and (2) as a
phonon-assisted energy transfer from excited [VO,4]* groups to (O*~Yb*") charge transfer state (CTS)
[41]. In order to establish what mechanism of Yb*®" emission takes place in studied material, we have
measured the power dependence of Yb** emission first. We have monitored the power dependence
NIR emission intensities “Fs;, — 2F7;, transition of Yb*®* ion upon excitation with a 266 nm diode laser
source. In general, the emission intensity | varies with Nth order of the incident pump power P as | «
PN. This dependence is classically described by N photon power-law P", where N is the order
parameter determined by the slope of the log-log plot [42]. The dual-logarithmic plots for the
integrated emission intensity versus pump power for ’Eg;, — 2F4p transition in the 1% Bi3+/(1%, 5%,
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7%)Yb* co-doped gadolinium vanadate phosphor upon 266 nm excitation are shown in Figure 10.
The slope values were found to be 1.20, 1.35 and 1.47 for samples with 1%, 5% and 7% Yb*,
respectively. Assuming two photon cutting for downconversion process [VO,]* — 2(Yb**)* the slope
should be close to 1/2, as R. V. Yadav has recorded in Bi**/Yb*" co-doped gadolinium tungstate
phosphor [43]. This suggests that the NIR emission of Yb*" ions in this compound is rather a linear
process. Since the GdVO, powder compound has high phonon energy (882 cm™) and evident overlap
of bands in Raman spectrum with Yb®" absorption below 200 cm™ is seen, it is more probable that a
phonon-assisted energy transfer occurs in studied material. However, the order parameter N is
significantly larger than 1 and increases with the content of Yb®" ions. It means that the energy transfer
process between [VO,4]* groups and Yb** ions is not solely a one-photon process. In his work J. Zhao
has observed that character of energy transfer process changes depending on concentration of Yb**
ions [44]. For low concentration of Yb** ions the energy transfer process from [VO,]* groups to Yb**
ions is dominated by the single photon energy transfer but for higher concentration of Yb® ions —
above 0.08 in Ba,LaV30;; host [44], the downconversion process occurs, and its possibility gradually
rises with the increase of Yb** concentration. The results from power dependence measurements in
studied material in this work indicate a similar substantiation. In Bi*'/Yb* co-doped GdVO, the
emission of Yb** ions observed upon 266 nm excitation comes mainly from the single photon energy
transfer but with an increasing concentration of Yb*®* ions, the downconversion process can occur.
Taking account the type of energy transfer process that is dominant in this material upon excitation of
266 nm, i.e. a phonon-assisted energy transfer, the course of this process should be considered, which
results in NIR emission of Yb*" ions. Generally, NIR luminescence of Yb®" ion can be excited in
different ways: (1) by direct excitation of 2F;, — 2Fs, transition in Yb®* ion; (2) by nonradiative
relaxation of the (O*—Yb®*") CT state; (3) by radiative transition CTS — %Fs;, or by (4) impact
excitation by hot electrons or holes [45]. The first and fourth way does not take place because the Yb**
ions are not excited directly, nor the electrons in the valence band. The third way does not take place
either, because the emission from the (O?~Yb**) CT state is not observed in studied material, as is in
the case of the YPO4: Yb® [46]. Therefore, only the second way remains, via the nonradiative
relaxation of the (O?—Yb*") CT state, similar to the case of Yb** singly doped tellurite glasses [47]. In
turn, the occurrence of downconversion process in the Bi*"/Yb®*" co-doped GdVO, compound can
more dominate at low temperatures — below 200 K at 266 nm excitation, what Jiang et al. has reported
in Bi**, Yb*" co-doped YVO, phosphor [48], which is due to a low efficiency phonon-assisted energy
transfer in low temperature.
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Figure 10. Power dependence of Yb*" emission of the system GdVO,: 1% Bi®*, x% Yb** (x = 1, 5, 7)
excited by 266 nm.

In the case of direct excitation in the (Bi**-V°*) CT state (Aex. = 330 nm), the excited Bi** ions
emit the light in the visible range and can transfer a part of their energy to the excited states of Yb**
ions, what is manifested by a decrease in the intensity of the Bi®* emission band in the Bi**/Yb*" co-
doped GdVO, system (see Figure 7). That is why two types of emission (visible and infrared) are
observed at the same time. This energy transfer occurs despite the lack of the energy overlap between
the Bi*" emission band and the absorption band of Yb* ions or (O*~Yb*®") CT state. Due to the fact
that resonance between the energy of Bi** emission and the sum of the energy of absorption of two
Yb* ions is possible, a downconversion process can be also between Bi** and Yb®" ions. An efficient
transfer energy from excited Bi** ions to two neighboring Yb®* ions by the downconversion process
was reported in the Gd,03 [49,50] and Y,0; [51] hosts and Yadav et al. has recorded quantum cutting
process in Bi**/Yb*" co-doped gadolinium tungstate phosphor [43]. In this situation, it is likely that
downconversion may also occur between Bi** and Yb* ions in the GdVO, host so this mechanism can
be considered as one of the likely relaxation channels but no direct evidence was found for it in this
work. Therefore, for the studied Bi**/Yb* co-doped GdVO, system, the following energy transfer
processes model takes place, presented in the form of a schematic diagram in Figure 11. In this model,
upon the excitation with UV light (266 nm), the [VO,]* groups absorb UV photons and are excited
from the ground state A, to the higher excited state of 'T,. The excited state of [VO,]* group is split
into two levels, the energy of higher level is close to the energy of (O> —~Yb**) CTS, which is located at
a relatively high-energy region (A < 250 nm) [38]. With the help of the phonons, the excited [VO,]*
groups can transfer its energy to the O* —Yb*" couple taking them to the excited charge transfer state,
from which Yb*" via nonradiative relaxation downs to the 2Fs, state and follows emission a NIR
photon around 1 um [41]. At the same time, the excited [VO,]* groups relaxing to the lower excitation
state of 'T, can transfer its energy also to the Bi*" ions and to excite their (Bi**~\V°**) MMCT state,
from which next Bi® ions relax down and emit a green photon or transferring its energy to one nearby
Yb* ion probably with the help of the phonons, followed by one NIR photon emission. When excited
with near-UV light (330 nm), the Bi** ions directly absorb near-UV photons [12,19] and are excited
from the ground state 'Sy to the their (Bi**~V**) MMCT state and then can relax down and emit a
green photon or transfer their energy to one of the nearby Yb®" ions. Due to the large overlap between
the (O%-V°*) CT state of the host and the (Bi**-V**) MMCT state of the Bi*" ion, upon 330 nm
excitation the [VO,]* groups are also excited, so they also absorb part of this energy and can transfer it
to the Bi** and f-f excited state of Yb®" ions, but their contribution to the absorption of this near-Uv
energy is much smaller than at 266 nm excitation.
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Figure 11. Schematic diagram of the [VO,]*, (Bi**-V**) MMCT and Yb*" energy levels and the
energy transfer processes in the system GdVO,: Bi**, Yb*" upon excitation (1) Aexc = 266 nm and (2)
hexc = 330 nm, where CTS and ET refer to charge transfer state and energy transfer, respectively.

To gain a deeper insight into the energy transfer processes between Bi** and Yb®* ions, their
decay curves at the room temperature were also recorded. Figure 12 shows the luminescence dynamic
curves for the (Bi**-V®*) CTS emission at 575 nm upon excitation Aexe = 266 nm with the different
concentration of Yb* ions. The curves of the single doped GdVO,: 1% Bi*" and co-doped GdVO,: 1%
Bi*, 1% Yb** phosphors upon excitation Ae; = 266 nm show single exponential decay with the decay
time of 3.65 ps and 3.45 ps, respectively. At a higher concentration of Yb** (5% and 7%), the decays
are no longer single exponential curves and they show here the ongoing and more effective energy
transfer process [49,52]. The decay time for samples co-doped with 5% and 7% of Yb* only for the
longer component is shown in the Supplementary Material — Table S1. The values of the Bi** decay
times obtained are similar to those recorded for a similar concentration range of co-dopants in YVOy:
Bi®, Yb® [48] or even YVO,: Bi*", Eu* [53] upon excitation Aexe = 266 nm and Aee = 330 nm,
respectively. The single exponential character of the decay curves for the sample without Yb** and
doped with 1% Yb*" means the existence of only one relaxation process, which indicates that each Bi**
donor ion has a similar distribution of Yb*" acceptor ions around it. As the Yb®* concentration
increases, the homogeneous distribution of Yb®* acceptor ions around each Bi** donor is disturbed,
resulting in a non-exponential decay as well as a decrease in the Bi*" lifetime. The introduction of the
Yb* dopant creates extra decay pathways of Bi** emission due to the energy transfer to Yb**, which
enhances the Bi®* decay rate. These results strongly confirm the existence of energy transfer from Bi**
to Yb*" in the GdVO, host. Additionally, the excitation in the (O%-V*") CT state at 266 nm or direct in
Bi*" ions at 330 nm does not noticeably affect the Bi** emission decay time (as shown in the
Supplementary Material — Table S1).
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Figure 12. Decay curves of the (Bi**-V°*) CTS emission at 575 nm upon excitation Ae = 266 nm for
various concentration of Yb** ions in GdVO,: 1% Bi*', x% Yb** (x =0, 1, 5, 7).

Based on Forster-Dexter theory on energy transfer and taking into account that only one energy
transfer channel is operative, the probability and efficiency of energy transfer from the Bi** donor to
the Yb*" acceptor ions can be characterized as follows [54]:

Ppi_yp = %(2’_0_ 1) (4)
Npi-yp = 1 — (:—0) (5)

where 7, and # are the fluorescence yield of the Bi** donor in the absence and presence of the Yb*"
acceptor ion, 7p is the decay constant of the pure Bi*" donor. An alternative way to calculate the non-
resonant energy transfer probability and efficiency based on the Bi** donor luminescence decay time
in co-doped samples consists of adopting the relation [55]:

e (- (2) 0
Npi-yp = 1 — (T—TO) (7

where 17, and z represent the lifetime of Bi** in the absence and presence of Yb**, respectively. All
calculated results of Pg; v, and #gi_y, are shown in Figure 13. It was found that the probability and
efficiency of the energy transfer from Bi** to Yb®" increase with the Yb®* concentration, which
indicates a much more efficient energy transfer process occurring in the samples with higher Yb*" ions
concentration. The largest energy transfer efficiency from Bi** to Yb®* is 29%. This is also a strong
proof of the energy transfer from the Bi** to activators.
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Figure 13. Dependence of the energy transfer probability Pg; v, () and efficiency #g;_ys, (b) in GAVOy:
1% Bi**, x% Yb** (x = 0, 1, 5, 7) as a function of Yb*" doping concentration.

The decay curves for the Yb** emission at 984 nm for different concentrations of Yb*" ions upon
excitation dexe = 266 nm shown in Figure 14a also exhibit single exponential behavior for all the
samples. The luminescence lifetimes (t) for the ?Fs, state were evaluated from a single exponential fit
and are shown in Figure 14b. It is observed that the lifetime does not change substantially with
increasing the Yb®" concentration. The lack of the observed significant reduction of the Yb*" lifetime
for higher concentrations of Yb*" ions in the sample indicates, therefore, no occurrence of a
concentration quenching in the studied material when doped with Yb®" ions in the range of 0 - 7%,
compared to the Bi*" and Yb**-doped Y.,Oj3 host [41]. The obtained values of the Yb®* lifetimes are
similar to those recorded for a similar concentration range of co-dopants in YVO,: Bi®*, Yb** [48]
upon excitation Aexc = 266 NmM. Here, too, the excitation in the (02'—V5+) CT state at 266 nm or in the
Bi** ions at 330 nm or directly in the Yb*" ions at 951 nm, does not noticeably affect the Yb** emission
lifetime (Supplementary Material — Table S2).
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Figure 14. Decay curves of the ?Fs, level of Yb®* emission at 984 nm (a) and lifetime of Yb** (b)
upon excitation Ae = 266 nm for various concentration of Yb** ions in GdVO,: 1% Bi**, x% Yb** (x
=0,1,5,7).
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4, Conclusions

A structure, morphology, luminescence properties and energy transfer mechanisms of GdvVO, co-
doped with Bi*" and Yb* ions obtained by the microwave-assisted hydrothermal synthesis method
have been studied. The co-doped GdVO, material has a strong host absorption (0*-V°*) CT band and
the (Bi**-V®*) CT absorption band in comparison to the absorption of Yb* ions, which allows for the
excitation of dopant ions indirectly. Recorded Raman spectrum for studied material has showed that
the absorption spectrum has a vibrational nature caused by electron-phonon coupling. Furthermore, the
electron-vibronic excitation spectrum does not essentially depend on the concentration of Yb*" and the
size of the crystallites.

Observation of the CT bands in PLE spectrum, when monitoring the emission from Yb** ions at
984 nm, demonstrates the involvement of the host and Bi** ions in the generation of the Yb*" emission.
Upon near-UV excitation Bi** and Yb*" ions , the co-doped GdVO, shows an intense yellow-green
emission coming from the Bi** ions and the near infrared emission from the Yb** ions, simultaneously,
as an effect of energy transfer from the host and Bi** ions to the Yb* ions. Additionally, upon the
indirect excitation, an intensity of the Yb*" emission is much higher than upon direct excitation in Yb**
ions.

The mechanism of energy transfer process in the GdVO, co-doped with Bi**/Yb** ions depends
on concentration of Yb*" ions. For a low concentration of Yb*" ions the emission of Yb* ions
observed upon 266 nm excitation is due to the phonon-assisted energy transfer from the excited
[VO.]* groups to the O*~Yb*" charge transfer state and then, by nonradiative relaxation to the f-f
excited state of Yb®" ions In case of higher concentration of Yb** ions, a downconversion process can
occur. In turn upon 330 nm excitation, the phonon-assisted energy transfer or downconversion may
occur between Bi** and Yb*" due to no energy overlap between the Bi*" emission band and the
absorption band of Yb® ions. The energy transfer efficiency from Bi** to Yb** at the highest Yb**
concentration (7 mol%) is 29% (no evidence of the luminescence concentration quenching of Yb**
ions in the range of 1 - 7 mol% has been noticed). The Bi**/Yb®* co-doped GdVO, producing a NIR
photon around 1 um in a phonon-assisted ET process, offers the possibility of improving the spectral
response of the silicon solar cells to short-wavelength sunlight.
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diffraction measurements, to Mr. Robert Kowalski for fluorescence decay time measurements by using
a femtosecond laser, to Dr. Robert Tomala for help in emission measurements in excitation power
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Highlights:
1) GdVO,:Bi*",Yb** phosphors were prepared by a microwave-assisted hydrothermal method.
2) GdVO,:Bi**,Yb** can be excited by broadband UV light and produce VIS and NIR emission.

3) A phonon-assisted energy transfer between the host, Bi** and Yb>* ions was confirmed.
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