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Synthesis and Spectroscopic Properties of Yb
3+
 

and Tb
3+
 Co-doped GdBO3 Materials Showing 

Down- and Up-conversion Luminescence 

Tomasz Grzyb*, Konrad Kubasiewicz, Agata Szczeszak and Stefan Lis  

Gadolinium orthoborates doped with Yb
3+

 and Tb
3+

 ions were synthesised by the sol-gel Pechini 

method. Materials annealed at 900 °C were composed of the monoclinic GdBO3 phase with 

micrometre-sized crystals. Structural properties of the products were analysed by X-ray diffraction 

(XRD) and transmission electron microscopy (TEM). Composition of the prepared materials was 

determined with inductively coupled plasma optical emission spectroscopy (ICP-OES). The materials 

showed intense ultraviolet (UV) or near infrared (NIR) excited green emission, which resulted from 

down- or up-conversion processes taking place in their structure. Spectroscopic properties were 

investigated on the basis of measured excitation and emission spectra. Also, luminescence decays 

showing a short rise of emission in time after NIR excitation were measured. The dependence of 

integral up-conversion intensity on the energy of the pumping laser was measured. The results 

indicated a two-photon process based on cooperative energy transfer (CET). The analysis of 

synthesised series of samples allowed to indicate those with the best emission under a UV or NIR 

excitation source. 

 

 

 

1. Introduction  

For many years much attention has been paid to inorganic 
nanophosphors, including rare earth orthoborates, e.g. REBO3 
(RE = Y, La, Gd), due to their efficient visible emission whose 
colour depends on the dopant ion, e.g. red for Eu3+ or green 
when Tb3+ is used.1–4 Luminescence of REBO3-based materials 
can be activated by radiation from vacuum ultraviolet (VUV) to 
ultraviolet (UV).5,6 Additionally, their chemical and thermal 
stability allows to employ such compounds in a variety of 
applications, such as colour plasma display panels or Hg-free 
fluorescent lamps.  
 Currently, a number of studies is being carried out to find 
ideal materials that could be used in medicine and biology for 
fluorescence imaging. Increasingly more often, up-converting 
nanoparticles (UCNPs) doped with lanthanide ions, Ln3+, are 
being considered for bioimaging, biolabelling or drug 
delivery.7,8 Such a type of nanosystems is highly promising due 
to their intense visible emission based on the anti-Stokes up-
conversion process, which is especially efficient in lanthanide-
doped inorganic materials.9 The most often studied systems are 
based on fluorides as host materials and the following pairs of 

ions: Yb3+/Er3+, Yb3+/Tm3+ or Yb3+/Ho3+.2,10,11 However, in 
some cases also efficient emission from other, less studied pairs 
can be obtained, e.g. Yb3+/Eu3+ or Yb3+/Tb3+.12–15  
 Dual-mode luminescence, based on down- and up-
conversion is an interesting phenomenon, which can be used in 
the designing of materials for special applications. 
Nanoparticles showing UV or NIR excited luminescence can be 
applied in multiplexed and highly sensitive bioassays.16 Also 
advanced security markers, can be based on the dual-mode 
emission what gives a new opportunities for  anti-counterfeiting 
aplications.17 
 Generally, the mechanism of up-conversion luminescence 
consists in the conversion of near infrared (NIR) or infrared 
(IR) low-energy radiation to high-energy UV or visible (Vis) 
light.9 In the former group of dopant pairs, visible emission is 
possible due to ground- or excited-state absorption (GSA or 
ESA, respectively) and energy transfer up-conversion (ETU). 
However, for Yb3+/Tb3+ and Yb3+/Eu3+ systems, the mechanism 
of anti-Stokes emission involves cooperative energy transfer 
(CET) from Yb3+ to Tb3+ or Eu3+ ions.15,18–19 Most often, low 
phonon energy of the matrix, e.g. fluorides promote efficient 
emission by diminution of multiphonon quenching of an 
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emitting ion.20 However, the CET between Yb3+ and Tb3+ ions 
is possible in host matrices, such as REBO3, which exhibit 
higher phonon energy in comparison, for example, to fluorides 
(350 cm-1 and ~1000 cm-1, respectively).20,21 Otherwise, non-
radiative transfer of energy takes place and Yb3+ quenches Tb3+ 
emission by a phonon-assisted energy transfer.22 
 Many attempts have been made to determine and 
systematise the crystal structure of REBO3 compounds. Levin 
et al. began with a division into three fundamental crystal 
structures of REBO3, aragonite, calcite and vaterite, which are 
analogous to the crystalline forms of CaCO3. The crystal 
structure of REBO3 depends on the ionic radius of the rare earth 
ion. These compounds crystallise in orthorhombic, trigonal or 
hexagonal systems, respectively.23 Then several papers 
discussed different types of crystal structure, space groups and 
point symmetry sites.24–31 More recently, ErBO3 nanocrystals 
were synthesised and their crystal structure was confirmed as a 
monoclinic pseudowollastonite-type structure, space group 
C2/c.32 Most recently, we published two new structures, i.e. 
monoclinic and triclinic ones, determined for the GdBO3 
nanopowders and synthesised by the sol-gel Pechini and 
hydrothermal method, respectively.6,33  
 According to our knowledge, no articles have been 
published describing down- and up-conversion in gadolinium 
orthoborate based on cooperative energy transfer (CET) 
between Yb3+ and Tb3+ dopant ions. This type of down and up-
conversion mechanism was investigated in our earlier work in 
GdPO4:Yb3+,Tb3+ and LaPO4:Yb3+,Tb3+ nanocrystals.14,15 In that 
paper, the modified sol-gel Pechini method of synthesis was 
used to obtain monoclinic GdBO3:Yb3+,Tb3+ materials. The 
Pechini method allows to prepare powders with proper 
homogeneity, crystallinity and relatively small particle size 
without using advanced and expensive equipment or 
complicated procedures. A detailed structural and 
photophysical characterisation of the synthesised materials was 
made. The luminescence properties of up-converting 
GdBO3:Yb3+,Tb3+ powders were carefully studied. 

2. Experimental 

2.1. Synthesis  

GdBO3:Yb3+,Tb3+ nanopowders were synthesised by the 
modified sol-gel Pechini method. Appropriate oxides of rare 
earth elements: Gd2O3, Yb2O3, Tb4O7 (99.99%; Stanford 
Materials, United States), were dissolved in nitric acid HNO3 
(ultra-pure; POCh S.A., Poland) in order to obtain nitrates 
RE(NO3)3. An excess amount of acid was removed by 
evaporating the solutions several times. In the first step, citric 
acid monohydrate (p.a. grade; CHEMPUR, Poland) and 
ethylene glycol (p.a. grade; CHEMPUR, Poland) were mixed 
together in deionised water with stoichiometric amounts of 
RE(NO3)3 solutions.  An excess of citric acid (12 g per 1 g of 
product) and ethylene glycol (1 mL per 1 g of product) was 
added. Then an aqueous solution of orthoboric acid H3BO3 
(p.a.; POCh S.A., Poland) was poured into the solution with 

100% excess to the stoichiometric amount. The homogeneous 
solution was dried at 80 °C for 24 h to remove water and to 
provide a co-polymerisation reaction and gel formation. 
Finally, the dark resin was annealed at 900 °C for 3 h and white 
powders were obtained. 

2.2. Apparatus 

X-ray diffraction (XRD) patterns were measured using a Bruker 
AXS D8 Advance diffractometer in Bragg-Brentano geometry, 
with Cu Kα1 radiation (λ = 1.541874 Å) in the 2θ range from 6° 
to 60°. The reference data were taken from our previous paper, 
in which we revised the structural properties of GdBO3  

 
 
Fig 1 XRD diffractograms of GdBO3 doped with Yb

3+
 and Tb

3+
 ions after annealing 

at 900 °C for 2 h. 

synthesised by the sol-gel Pechini method.6 Transmission 
electron microscopy (TEM) images were collected on a FEI 
Tecnai G2 20 X-TWIN transmission electron microscope, 
which used an accelerating voltage of 200 kV. The composition 
of the prepared materials was determined with a Varian ICP-
OES VISTA-MPX inductively coupled plasma optical emission 
spectrometer. The composition of the samples was similar to 
the theoretical composition, e.g. the analysed dopant 
concentrations in the sample GdBO3:15%Yb3+,15%Tb3+ were 
17%Yb3+ and 16% Tb3+, or in sample 
GdBO3:10%Yb3+,30%Tb3+ they were 10% Yb3+ and 27% Tb3+. 
 The excitation spectra of the samples were measured on a 
Hitachi F-7000 fluorescence spectrophotometer equipped with 
a 150 W xenon lamp. Excitation spectra were corrected for 
instrumental response. A QuantaMasterTM 40 
spectrophotometer equipped with an Opolette 355LD UVDM 
tunable laser as the excitation source and a Hamamatsu R928 
photomultiplier as a detector were used for the emission and 
luminescence decay measurements. All measurements were 
done at room temperature. 
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3. Results and discussion 

3.1. Structure and morphology 

The synthesised materials crystallised as monoclinic crystals 
with the space group of C2/c. Experimental XRD patterns 
presented in Fig. 1 fit well with the theoretical diffractogram 
taken from the Crystallographic Open Database and from our 
previous results.6 The dopants were neutral for the phase 
composition and no impurities of other compounds were found. 
The previously described method and appropriately selected 
amount of H3BO3 in the gel precursor were responsible for high 
purity of the obtained samples.6 A smaller amount of this 
reagent caused the formation of an extra phase of triclinic 
GdBO3. The excess of H3BO3 was employed to equalise 
evaporation loss. Well-defined XRD peaks and their narrow 
shape confirmed high crystallinity of the products. Small full-
width at half maximum (FWHM) indicates an average size of 
individual crystals above 100 nm.  
 There are two types of Gd3+ sites in the crystallographic 
structure of GdBO3. Both are 8-coordinated by O2- anions. The 
symmetries of these sites are: Ci and C1 with a ratio of 1:2.34 
 TEM images (Fig. 2) of the synthesised materials show a 
plate-like shape of the crystals with quite an irregular structure 
caused by annealing conditions. The crystals sintered and 
formed aggregates. However, their sizes are similar and in the 
range of 400-600 nm. 

 
Fig. 2 TEM images of GdBO3 annealed at 900 °C for 2 h: (a) pure host material, (b) 

GdBO3 doped with 10% Yb
3+

 and 15% Tb
3+

 ions and (c,d) doped with 10% Yb
3+

 

and 20% Tb
3+

. 

3.2. Spectroscopic properties 

The GdBO3:Yb3+,Tb3+ material can be excited by UV or by 
NIR radiation as a result of f-d and f-f electronic transitions 
within Tb3+ ions and as a consequence of Yb3+ absorption and 
energy transfer between dopant ions.14 Luminescence excitation 
spectra were measured in the range of 200–400 nm and are 
presented in Fig. 3. Broad excitation peaks at shorter 
wavelengths and a series of narrower peaks at lower energies 
can be observed. Broad excitation bands with maxima at around 
230 nm in each sample are connected with the 4f8→4f75d1 
transition of Tb3+ ions. The bands appearing above 250 nm 
originate from f–f electronic transitions of Gd3+ and Tb3+ ions. 
Excitation of the 4f electrons of the Tb3+ ion results in their 
promotion to the excited 5d shell. Hence, excited states with 
two configurations, i.e. the high-spin 9DJ state and the 7DJ low-
spin state, are formed.35 The 9DJ states have lower energy than 
the 7DJ states (Hund’s rule), but only the spin-allowed 7FJ→

7DJ 
transitions can be observed and are connected with the 
excitation band with a maximum at around 230 nm.36 Spin-
forbidden 7FJ→

9DJ transitions were not observed in our 
samples.  

 

 
Fig. 3 Excitation spectra of GdBO3:Yb

3+
,Tb

3+
 materials (λem = 544 nm); 

dependence on Tb
3+

 (a) and Yb
3+

 (b) concentrations. 

 The two groups of excitation bands that appeared in the 
range of 250–325 nm are connected with 8S7/2→

6IJ and 
8S7/2→

6PJ transitions of Gd3+ ions and confirm a direct energy 
transfer between Gd3+ and Tb3+ ions. The small peaks above 
350 nm are the excitation bands of Tb3+ ions. The relatively 
small intensity shows how ineffective direct excitation into the 
parity-forbidden f-f electronic transitions of Tb3+ ions is. 
 The excitation spectra presented as depending on the Yb3+ 
concentration (see Fig. 3b) show that the intensity of the 
7FJ→

7DJ transition band is sensitive to the concentration of 
Yb3+ ions and that increasing the concentration of these ions 
reduces the intensity of the excitation peak. An explanation for 
this phenomenon is the charge transfer between the Tb3+ and 
Yb3+ ions occurring in the prepared materials after UV 
irradiation.37,38 The formation of a charge transfer state (CTS) is 
the result of the tendency of Tb3+ ions to be oxidised and the 
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easiness of Yb3+ ion reduction. Under UV light the Tb3+ ions 
are excited into the 4f75d1 state, from which energy is 
transferred to the Yb3+ ions with the formation of the 
intermediate, Tb4+-Yb2+ CTS.37 Next, Yb3+ ions are radiative 
deexcitated with emission of NIR light. This process could be 
important for applications requiring down-conversion of UV 
light, and it is known to be highly efficient.39 

 Green luminescence of the GdBO3:Yb3+,Tb3+ materials 
shows a dependence on the Tb3+ ion concentration. The ions are 
known from cross relaxation (CR) of the higher excited states 
as well as relatively high concentration quenching.40 Fig. 4 
shows the luminescence spectra of Yb3+ and Tb3+ co-doped 
GdBO3 materials after excitation with UV light (235 nm). The 
presented spectra demonstrate characteristic luminescence 
bands connected with f–f electronic transitions of Tb3+ ions. 
Emissions from higher, 5G6 and 5D3, levels were not observed 
in all the samples due to CR processes connected with Tb3+ 
ions.41,42 The insets presented in Fig. 4 show the integral 
luminescence  

 
Fig. 4 Emission spectra of GdBO3:Yb

3+
,Tb

3+
 materials (λex = 235 nm); dependence 

on Tb
3+

 (a) and Yb
3+

 (b) concentrations and as insets: dependence of integral 

intensity on Tb
3+

 (a) and Yb
3+

 (b) concentrations. 

intensity of Tb3+ ions depending on the concentration of (a) 
Tb3+ or (b) Yb3+ ions. The highest luminescence intensity was 
observed for samples doped with 15% of Tb3+ ions. 
Concentrations of Tb3+ ions higher than 20% cause quenching 
of green luminescence. The addition of Yb3+ ions into 
GdBO3:Tb3+ resulted in a reduction of Tb3+,green emission. 
The Yb3+ ions strongly quench Tb3+ ion emission. The energy 
of the Tb3+ ion can be cooperatively transferred from the Tb3+ 
ion in its 5D4 excited state to two Yb3+ ions.14,37 This effect can 
be observed in the luminescence intensity as well as in the 
shortening of luminescence lifetimes in the whole range of Yb3+ 
concentrations (see Fig. 7). 
 Up-conversion of GdBO3:Yb3+,Tb3+ materials under 
excitation with a 973 nm laser are presented in Fig. 5. The 
spectra characteristics are almost identical with those obtained 
under UV excitation, which arises from the properties of Tb3+ 
ions; only the intensities were alternated. Maximum up-

conversion emission should be expected for samples doped 
with 20% of Tb3+ and 5% of Yb3+ ions when the insets 
presented in Fig. 5 are taken into account. Integral 
luminescence intensity depended on the concentration of Tb3+ 
or Yb3+ ions, which resulted from the cross relaxation and 
energy quenching properties of Yb3+ ions. 

 
Fig. 5 Dependence of up-conversion luminescence spectra of GdBO3:Yb

3+
,Tb

3+
 

materials on concentrations of Tb
3+

 (a) and Yb
3+

 (b); insets: dependence of 

integral intensity on concentrations of Tb
3+

 (a) and Yb
3+

 (b). 

 As should be supposed, considering CET as the main 
mechanism of observed emission, a relatively large part of Gd3+ 
ions in the host material must be replaced, especially by the 
acceptor Tb3+ ions.43 

Figs 6a-d present the luminescence decays of Tb3+ and Yb3+ 
ions in all samples measured using UV (235 nm) and NIR laser 
light (973 nm). These are strongly dependent on the 
concentrations of dopant ions. They have a non-exponential 
character and, additionally, those obtained after excitation with 
973 nm present a short rise of luminescence after the excitation 
pulse. This observation is a direct result of the energy transfer 
between Yb3+ and Tb3+ ions. An increasing concentration of 
Yb3+ ions does not significantly change the shape of the 
collected decays; but when the Tb3+ ion concentration 
increases, the character of the observed curve changes, which 
suggests that Tb3+-Tb3+ interaction appeared. 
The recorded decays were used to calculate luminescence 
lifetimes (see Fig. 7), assuming that they can be approximated 
by 
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Fig. 6 Luminescence decays of GdBO3:Yb

3+
,Tb

3+
 materials during observation of 

Tb
3+

 emission under λex = 235 nm (a, b) or λex = 973 nm (c, d), which are 

dependent on Tb
3+

 (a, c) or Yb
3+

 (b, d) concentrations. 

  
using an exponential function. The following single exponential 
function was used for the Tb3+ lifetime calculations after UV 
excitation: 

τ

t

eII
−

⋅= 0                   (1) 

where I represents intensity at any time, I0 is the intensity at t = 
0 and τ is the luminescence lifetime. 
 Because decays obtained as the result of up-conversion 
present a rise time, the calculations of luminescence lifetimes as 
well as rise times were done using the following equation: 

dr

tt

eeIII
ττ

−−

−+= )]1([ 10                           (2) 

where I0 is the initial luminescence intensity at time t = 0, I1 is 
the intensity added by energy transfer, and τr and τd are the rise 
and decay times, respectively. The calculated luminescence 
lifetimes and rise times are compared in Fig. 7.  
 The calculated values of lifetimes show a dependence on 
the dopant concentrations and became shorter with increasing 
amounts of Tb3+ or Yb3+ ions in the GdBO3 host for the 235 nm 
excitation wavelength that was used. The up-conversion 
luminescence lifetime values initially increase with the 
increasing amount of Gd3+ ions in the host. Higher than 15% of 
Tb3+-doped samples are quenched by cross relaxation 
processes, therefore the lifetime becomes shorter. The effects of 
an increasing concentration of Yb3+ ions on the emission of 
Tb3+ ions shows the effectiveness of these ions’ quenching 
properties for Tb3+ luminescence. The calculated values of the 
luminescent lifetimes of Tb3+ ions are similar to those in the 
literature and are in the range of 0.3–3.9 ms.14,44 The rise times 
presented in Figs 7c and d are in the range of 6–270 µs and 
become shorter with increasing concentrations of luminescent 
Tb3+ or sensitising Yb3+ ions. The reason for this observation is 

that the average distance between the donor and acceptor ions is 
smaller and  

 
Fig. 7 Luminescence lifetimes (decays and rise times) of Tb

3+
 in GdBO3 materials; 

dependence on the concentration of Tb
3+

 (a, c) and Yb
3+

 (b, d). 

 
therefore energy transfer occurs faster. The longest rise times 
were calculated for samples doped with 5% of Tb3+ ions in the 
series of samples presented in Fig. 7c or 1% Yb3+ as showed in 
Fig. 7d. 
 The number of photons involved in the up-conversion 
process can be estimated from the dependence of integral 
luminescence intensity on pumping laser power at 973 nm. The 
relationship between up-conversion intensity IUC and pumping 
laser intensity IP is given by the following equation: 

nII )( PUC α=                                  (3) 

where α is a proportionality factor and the exponent n 
represents the number of photons in the up-conversion process 
involved.45 Fig. 8 presents the integral luminescence intensity 
plotted as a dependence on the energy of the pumping laser. 
The plotted points can be fit with a linear function which has a 
slope value of 2.45 ± 0.05. The obtained results suggest that at 
least two photons were involved in the energy transfer between 
Tb3+ and Yb3+ ions. The differences between the Tb3+ and Yb3+ 
energy levels enforce the cooperative energy transfer as the 
main mechanism responsible for the observed up-
conversion.19,46–48 In this process simultaneous interaction of 
two excited Yb3+ ions with one Tb3+ occurs, resulting in 
excitation of Tb3+ ions into the 5D4 state. The observed higher 
than theoretical value of slope can be explained by the transfer 
of another photon between the Yb3+ and Tb3+ ion in the 5D4 
excited state, resulting in excitation to its 5D3 state. Then the 
cross relaxation between Tb3+ populating 5D4 from the 5D3 
excited state of the Tb3+ ion occurs, which is the most probable 
explanation for a higher number than 2 of photons involved in 
the observed UC and the lack of transitions from the 5D3 
excited state. 
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Fig. 8 Integral emission intensity of the GdBO3:10%Yb

3+
,20%Tb

3+
 sample as a 

function of the pumping energy of the laser (λex = 973 nm). 

 
  

 
Fig. 9 Scheme of the energy transfer process responsible for the observed up-

conversion occurring in the GdBO3:Yb
3+

,Tb
3+

 samples. 

 The proposed mechanism of energy transfer between Yb3+ 
and Tb3+ ions leading to up-conversion luminescence is 
presented in Fig. 9. The excitation of Yb3+ ions under 973 nm 
wavelengths results in CET processes toward the excited state 
energy levels of the Tb3+ ions. The energy difference between 
the 5D4 excited state of Tb3+ ions and the 2F7/2 excited state of 
Yb3+ ions excludes sequential absorption of NIR photons. 
Therefore, one from the most often observed, energy transfer 
up-conversion process (ETU), can be excluded as responsible 
for the emission of our samples. This mechanism is typical for 
pairs of ions in which the sensitisers are Yb3+ ions and emitters 
are Er3+, Tm3+ and Ho3+ ions.9–11 

Conclusions 

Gadolinium orthoborates doped by Yb3+ and Tb3+ ions can be 
synthesised by the sol-gel Pechini method followed by 
annealing of the precursors at 900 °C. XRD studies confirmed 
that the obtained materials were single phase and had a 

monoclinic crystal structure with the C2/c space group. As a 
result of Tb3+ and Yb3+ co-doping, the observed luminescence 
had a dual mode nature. The obtained materials could be 
excited by UV or NIR radiation, which resulted in intense green 
luminescence. Spectroscopic properties were analysed by 
collecting excitation and emission spectra under UV and NIR 
excitation. Luminescence decays were also measured. 
Excitation spectra in the UV range indicated that the 
4f8→4f75d1 transition of Tb3+ ions was strongly quenched by 
Yb3+ ions as a result of the charge transfer Tb4+→Yb2+ state 
occurring in the samples. The highest luminescence under UV 
light (235 nm) excitation was observed in a sample doped only 
by 15% of Tb3+ ions. When NIR (973 nm) light was used, the 
highest emission was observed for a sample doped with 5% of 
Yb3+ and 20% of Tb3+ ions. Observed emission was based on 
transitions from the 5D4 excited state of Tb3+ ions. Comparison 
between GdBO3:5%Yb3+,20%Tb3+ sample and other Yb3+ and 
Tb3+ co-doped materials studied by our group clearly indicated 
that gadolinium borate is a better host compound presenting 
much more intense up-conversion luminescence (see Fig. 10). 
YPO4, LaPO4 and GdPO4 doped by Yb3+ and Tb3+ ions were 
chosen as the best emitting from the series witch differed Yb3+ 
or Tb3+ concentrations.14,15,49 

 
Fig. 10 Comparison of the up-conversion luminescence of materials doped by the 

optimal amount of Yb
3+

 and Tb
3+

 ions, giving the highest emission intensity. 

By analysing the luminescence decays and calculated lifetime 
values we also found the effects of the presence of other 
quenching processes, such as cross relaxation between Tb3+ 
ions and backward energy transfer from Tb3+ to Yb3+ ions. The 
dependence of up-conversion luminescence intensity on 
pumping laser power affirmed that two photons took part in the 
excitation of Tb3+ ions. 
 Prepared materials can be applied in such areas as security 
markers or forensic sciences, where dual-mode luminescence is 
undoubtedly an advantage. The use of Yb3+/Tb3+ based 
luminescence can improve currently used methods.  
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and up-conversion) were synthesised by the sol-gel Pechini method and analysed. 
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