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A B S T R A C T   

This paper reports the frequency upconversion and cooperative luminescence in YBO3:Yb3+-Er3+ sample. After 
cw diode laser excitation, at 980 nm, three clear bands were observed at around 650, 545 and 484 nm, corre
sponding to red, green and blue emissions, respectively. The bands centred at 650 and 545 nm can be attributed 
to upconversion emissions from Er3+ ions. Mechanisms of energy transfer upconversion and excited-state ab
sorption of pump radiation are proposed in order to explain these radiative transitions. The blue emission at 
484 nm is analysed with the aim to elucidate if it can be attributed to cooperative luminescence from Yb3+-pairs. 
Finally, the color diagram is presented so as to study the color purity of the sample.   

1. Introduction 

Synthesis and luminescent properties of rare earth borates, denoted 
as REBO3, have been widely investigated during recent years. Among 
these compounds, yttrium borates (YBO3) doped with trivalent rare 
earth (RE3+) ions have been intensively studied for different applica
tions, for example, Hg-free fluorescent lamps, plasma display panels 
(PDPs) [1–3], solar cells [4,5] or waveguide thin films [6]. YBO3 have 
attracted much attention due to their good chemical and thermal sta
bility, easy synthesis, low toxicity, wide band gap, excellent optical 
damage threshold, good maintenance [7,8], high ultraviolet (UV) 
(200–400 nm) transparency, strong vacuum ultraviolet (VUV) absorp
tion and high luminescent efficiency under VUV excitation 
(100− 200 nm) from Xe/He gas plasma. With respect to the synthesis, 
various chemical techniques have been developed looking for high 
quality compounds. Some of these techniques involve solid-state re
actions [9], glycothermal methods [10], combustion synthesis [11], 
hydrothermal methods [12–14], spray-pyrolysis [15], high temperature 
ball milling [16], precipitation [17], electrochemical deposition [18] or 
sol-gel [6,19]. 

The majority of studies are focused on increasing the photo
luminescence quality and, in this sense, YBO3 is considered a particu
larly useful host lattice for the luminescence of RE3+ ions. It is well 
known that RE3+ ions present f–f energy level transitions in a broad 
range of emission wavelengths. Among these systems, YBO3:Eu3+ is one 
of the most studied due to its usefulness as an orange-red phosphor [20, 

21] for PDPs. Other examples are the YBO3:Ce3+ phosphor whose in
terest is related to the blue emitting luminescence [22] and the YBO3: 
Tb3+ system due to its potentiality as a green phosphor [23,24]. 
Furthermore, RE3+ co-doped samples, such as the YBO3:Tb3+-Eu3+

system, have been researched to make white light emitting diodes [25], 
and RE3+ tri-doped such as the YBO3:Tb3+-Eu3+-Dy3+ phosphor, which 
is capable of producing white light by combining blue, green, yellow, 
orange and red emissions when excited at 365 nm UV light [26]. 

Among RE3+ ions, Yb3+ and Er3+ have been intensively studied due 
to their good optical properties. In the case of Yb3+ ions, the simple 
levels configuration, consisting only of two manifolds, the 2F7/2 ground 
state and the 2F5/2 upper level, with a typical energy separation of about 
10,000 cm− 1 [27], reveals some advantages, for example, a superior 
energy storage capability associated to the long lifetime of the excited 
2F5/2 level. The broad and strong absorption band spectra, at about 
980 nm, makes it suitable for tuneable diode excitation. These systems 
can easily be pumped by commercially available laser diodes. Thus, in 
compounds where Yb3+ ions are forming clusters, cooperative lumi
nescence at around 500 nm is possible [28]. With respect to the Er3+ ion, 
one of the greatest interests concerns the upconversion mechanism, in 
which lower energy light, usually near-infrared (NIR) or infrared (IR), is 
converted into higher energies, UV or visible emissions [29]. With 
respect to upconversion, the Er3+ ion is one of the most efficient active 
center due to its favourable energy level structure. Optical properties 
can be enhanced by combining different RE3+ species via interaction 
mechanisms among ions. Some ions can be photon pumped, acting 
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efficiently as sensitizers and transferring their excitation to a neigh
bouring acceptor ion. In this sense, in Er3+-Yb3+ co-doped materials, the 
incorporation of Yb3+ ions can lead to an increase of the Er3+ lumi
nescence. The strong absorption at 980 nm of Yb3+ ions mentioned 
before and the large spectral overlap between the Yb3+ emission and the 
Er3+ absorption are responsible for the efficient energy transfer between 
both ions, with a significant increase in the upconversion emission [30]. 

In previous work [31], polycrystalline of pure and Er3-Yb3+ co-doped 
YBO3 samples were synthesized and characterized by X-ray diffraction 
(XRD) and Second Harmonic Generation (SHG) experiments. XRD al
lows the conclusion of a crystal structure according to a 
non-centrosymmetric space group (C2). On top of that, the existence of 
an intense SHG was observed in both matrix after pulsed laser excitation, 
in good agreement with the XRD pattern analysis. In this paper, IR to 
visible energy upconversion associated to Er3+ ions, and cooperative 
processes related to Yb3+ ions, are studied in order to explain the origin 
of the emissions. Cooperative luminescence is interpreted from mea
surements of lifetimes and cooperative emission. Thus, chromaticity 
coordinates are calculated and represented in the color diagram. 

2. Experimental 

High purity crystalline powder samples of YBO3 and Er0.1Y
b0.1Y0.8BO3 were synthesized by solid-state reaction. The starting ma
terials were Y2O3 and H3BO3 and Er2O3, Yb2O3 for the doped compound 
with 99.99 % purity in adequate proportion. The Er2O3, Yb2O3 and Y2O3 
powders were preheated at 600 ◦C for 5 h. The preheated powders were 
then weighed, mixed, ground and pressed into pellets for heat treatment 
at 850 ◦C into a platinum crucible for 48 h. 

Upconversion and cooperative emissions spectra were measured by 
exciting the sample with a commercial continuous-wave (cw) laser 
diode at 980 nm. The luminescence of the RE3+ ions was focused onto a 
0.18 m focal length single-grating monochromator (Jobin Yvon Triax 
180) with a resolution of 0.5 nm. The luminescence decay curves were 
measured by exciting the sample with a 10 ns optical parametric oscil
lator (OPO) laser (Ekspla NT342/3/UVE) sintonised at 975 nm. The 
signal was acquired by a digital oscilloscope (Tektronix 2430A) 
controlled by a personal computer. All measurements were made at 
room temperature and were corrected by the spectral response of the 
equipment. 

3. Results and discussion 

The upconverted luminescence spectrum was obtained under exci
tation of the co-doped sample with a cw laser diode at 980 nm. The 
result is shown in Fig. 1, in which three clear emissions of red, green and 
blue bands centred at around 650, 545 and 484 nm, respectively, can be 
observed. From the analysis of Fig. 1, the energy level diagram presented 
in Fig. 2 and previous works [32], it can be inferred that upconverted 
emissions corresponding to the 650 and 545 nm are caused by the 
4F9/2→4I15/2 and 4S3/2(2H11/2)→4I15/2 transitions, respectively, from 
Er3+ ions. The green emission can be separated into two bands, related 
to the 2H11/2→4I15/2 transition at 529 nm and the 4S3/2→4I15/2 transi
tion, mentioned before at 545 nm. The multiplets observed can be 
associated, in principle, to the crystal field effect, causing degeneracy 
via stark-splitting of Er3+ energy levels. As Fig. 2 shows, initially, cw 
laser excitation at 980 nm populates resonantly, via ground state ab
sorption (GSA), 4I11/2 and 2F5/2 levels of Er3+ and Yb3+ ions, respec
tively. From 2F5/2 level of Yb3+ energy transfer can increase the 
population of 4I11/2 level via (2F5/2,4I15/2)→(2F7/2,4I11/2) transitions. 
The 4S3/2(2H11/2) emitting levels can be populated via 4I11/2 by 
excited-state absorption of pump radiation (ESA) and/or energy transfer 
upconversion (labelled as ETU1) processes, involving a single or two 
excited Er3+ ions, respectively, or via an energy transfer upconversion 
(labelled as ETU2) process involving an Yb3+ ion. In an ESA process, the 
4F7/2 state is populated after the direct absorption of a second laser 

photon while the Er3+ ion is still at the 4I11/2 metastable level during the 
same laser pulse. Subsequent non-radiative relaxation, via lattice 
phonon in form of heat from the 4F7/2 state, feeds the 4S3/2(2H11/2) and  
4F9/2 emitting states. On the other hand, in an ETU1 process, one Er3+

ion is excited from the 4I11/2 metastable level up to the 4F7/2 level thanks 
to the energy transferred by another Er3+ ion in the 4I11/2 intermediate 
level, that decays to the 4I15/2 ground state, following the 
(4I11/2,4I11/2)→(4F7/2,4I15/2) scheme. For the ETU2 process, the 4F7/2 
state is populated after an energy transfer form an Yb3+ ion, according to 
the (2F5/2,4I11/2)→(2F7/2,4F7/2) process. It must be taken into account 
than the absorption cross-section of Yb3+ ions is much higher than the 
absorption cross-section of Er3+ ions, so the initial population process 
could be dominated by the energy transfer process from Yb3+ to Er3+. 

The last blue emission at 484 nm could be attributed to cooperative 
luminescence originated from coupled Yb3+-Yb3+states, impurities of 
Tm3+ ions or emissions from Er3+ ions. In the first case, emission in
volves neighbouring excited Yb3+ ion coupled states [2F5/2, 2F5/2] giving 
raise to luminescence corresponding to twice the energy of the 2F5/2 
level. For the study of the cooperative luminescence emission, the en
ergy level diagram for Yb3+-pairs can be interpreted considering a 
weakly coupled model [33] with a three-energy-level structure (see 
Fig. 3). The first level, [2F7/2, 2F7/2], is the ground state in which Yb3+

ions are not excited. The second level is degenerated, [2F5/2, 2F7/2], 

Fig. 1. Upconversion spectrum of Y(BO3): Er3+-Yb3+ co-doped sample under 
cw laser diode excitation at 980 nm. 

Fig. 2. Energy level diagrams of the Yb3+ and Er3+ ions showing possible 
excitation pathways and upconversion mechanisms. 
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[2F7/2, 2F5/2], and corresponds to one Yb3+ ion in the ground state and 
another one excited. The third level, [2F5/2, 2F5/2], is the situation in 
which two Yb3+ ions are excited in the 2F5/2 level. In this model, the 
energy associated to the second level is the same as the energy of the 
2F5/2 state, whereas the energy of the third level corresponds to twice the 
2F5/2 level. Taking this scheme into account, two NIR photons from the 
third level can be produced via successive radiative transitions:  

Yb(2F5/2)+ Yb(2F5/2)→ Yb(2F5/2)+ Yb(2F7/2)+hν (NIR)                               

Yb(2F5/2)+ Yb(2F7/2)→ Yb(2F7/2)+ Yb(2F7/2)+hν (NIR)                              

or one blue photon from the anti-Stokes emission as follows:  

Yb(2F5/2)+ Yb(2F5/2)→ Yb(2F7/2)+ Yb(2F7/2)+hν (blue)                              

In contrast to the cooperative luminescence case, the presence of 
Tm3+ impurities could be responsible for another way of blue emission. 
Although the starting Yb2O3 has 99.99 % purity given by the manu
facturer, the presence of Tm3+ impurities, in the form of oxides as 
Tm2O3, cannot be ruled out in the first instance, and small amounts of 
impurities, even in the order of few ppm, can produce clear lumines
cence. In fact, the emission due to unexpected impurities has been re
ported before [34]. In this case, the energy transfer upconversion 
mechanism is a little bit more difficult because there are no Stark Tm3+

levels in resonance with both excitation at 980 nm and 2F5/2→2F7/2 
transition of the Yb3+ ions. If the blue band was originated from Tm3+

ions, three photon absorption would be necessary to reach the 1G4 
emitting level [35–42] (see Fig. 4). This process can be described as a 

three-step exothermic phonon-assisted energy transfer. Under cw exci
tation at 980 nm, Yb3+ ions are promoted to the 2F5/2 level. From this 
level, a non-resonant energy transfer to a nearest Tm3+ ion excites to 3H5 
level (ETU1) from which non-radiative relaxation feeds the lower 3F4 
level. From this level, one photon can be reabsorbed by energy transfer 
from Yb3+ ions, promoting Tm3+ ions to the 3F3 level (ETU2), relaxing 
via multiphonon de-excitation to the 3H4 level. Finally, a third 
non-resonant energy transfer from Yb3+ ions can populate the 1G4 level 
(ETU3) from which the blue emission is produced according to 1G4→3H6 
transition. By contrast, in the case of cooperative luminescence, two 
simultaneously excited Yb3+ ions in the 2F5/2 state are de-excited, 
emitting a single photon corresponding to the sum of the energy of the 
two electronic transitions. 

In order to elucidate if this blue luminescence can be attributed to a 
cooperative process or emission fromTm3+ ions and, at the same time, to 
verify the above-described schemes for red and green emissions from 
Er3+ ions, the intensity of the upconverted signal on the incident pump 
power was measured and presented in Fig. 5. The upconversion emission 
intensity Iem, for an unsaturated process, is proportional to the n-th 
power of the incident pump laser power Ppump according to the following 
relation [43]: 

Iem = (Ppump)
n (1)  

where n is the number of photons involved in the population of the 
emitting level. The graphical representation of the integrated lumines
cence with respect to the pump power, in logarithmic scale for both axes, 
make it possible to obtain the number of photons through the slope of 
the curves after the linear fits to the data. The least square fit of the 
experimental results to Eq. (1) produces slopes of 1.02, 1.67 and 1.52 
values for red, green and blue emissions, respectively. This quadratic 
dependence of the intensities on the pump power indicates two photons 
are responsible for populating the emitting levels. For red and green 
emissions, the dependence is in agreement with the potential processes 
described above [44,45]. Thus, the values obtained for n indicate an 
unsaturated regime with no saturation effect observed in relation to 
Yb3+ absorption or saturation of excited states of Er3+ ions [46]. With 
respect to the blue emission, according to this quadratic dependence, the 
signal originates from cooperative luminescence by Yb3+-pairs [47,48]. 
The less than square dependence observed could be due to the presence 
of ETU mechanisms, in competition with cooperative luminescence. The 
emission from Tm3+ impurities can be ruled out because, as it was 
described above, three photons would be required to reach the 1G4 
emitting level. In fact, luminescence of a few ppm of Tm3+ may result in 
higher intensity than cooperative luminescence, which is a second-order 

Fig. 3. Schematic energy level diagrams of the Yb3+ ions and Yb3+-pairs. Lines 
show the Yb3+-Yb3+ cooperative process. 

Fig. 4. Energy level diagrams of the Yb3+ and Tm3+ ions showing the energy 
transfer upconversion mechanism. 

Fig. 5. Dependence of the integrated upconversion intensities as function of the 
incident pump power. The symbols represent the emission intensities at 484 nm 
(blue squares), 545 nm (green triangles) and 650 nm (red rhombus). 
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process. However, this result does not discriminate if the blue emission 
could be attributed to 4F7/2→4I15/2 transition from Er3+ ions, which also 
requires two photons. 

Moreover, with the aim to confirm the cooperative effect, the decay 
curves of the 980 and 484 nm emissions were analysed. The dependence 
of the NIR and cooperative luminescence on Yb3+ concentration, for 
single-doped sample, can be determined by means of a rate equation 
model as follows [49,50]: 

dN2

dt
= PN1 − CN2

2 −
N2

τ2
(2)  

where N1 and N2 represent the population densities of the ground state 
(2F7/2) and the excited state (2F5/2) levels, respectively, P is the pumping 
rate, C is the cooperative luminescence rate constant, and τ2 is the 
experimental lifetime of the NIR emission. The inverse or the term τ2 can 
be interpreted as the sum radiative and non-radiative de-excitation. The 
term CN2

2 indicates the loss in population of the excited state (2F5/2) level 
by the creation of Yb3+-pairs. The NIR intensity can be determined by 
taking into account that it is proportional to N2. Similarly, the cooper
ative intensity is proportional to N2

2. In this sense, it can be proven that, 
for low doping concentration, the NIR and cooperative luminescence 
intensities can be expressed, respectively, as [27,51]: 

INIR∝N2∝exp(−
t

τ2
) (3)  

ICL∝N2
2 ∝exp(−

t
τ2/2

) (4) 

Fig. 6 shows the luminescence decay curves for 980 nm and 484 nm, 
corresponding to Yb3+:2F5/2→2F7/2 and cooperative luminescence, 
respectively, obtained under 975 nm laser pulsed excitation to the 2F5/2 
level of the Yb3+ ions. As can be seen, the kinetics present a non- 
exponential character with a fast initial decaying. This fast-decaying 
component observed in decay profiles can be related to both the en
ergy transfer to Er3+ neighbouring ions and cooperative transfer to Yb3+

ions. In the second scenario, Yb3+ pairs would be responsible. Non- 
radiative de-excitation is not considered because the energy gap be
tween Yb3+ levels is very large and multiphonon relaxation by vibra
tional phonons is negligible. In the case of quenching, the energy 
transfer would be from active ions to impurities present on the sample. 

From these curves, the averages lifetimes have been calculated by 
using the following equation [52]: 

< τ >=

∫∞
0 I(t)tdt
∫∞

0 I(t)dt
(5)  

where τ is the effective decay time and I(t) is the intensity at time t. 
The lifetimes obtained are 1.5 μs and 4.9 μs for the 484 nm and 

980 nm emissions, respectively. The average lifetime due to a cooper
ative process is expected to be about the half of the NIR emission, 
indicating a strong evidence of cooperative luminescence [28,53]. The 
discrepancy observed in our results is due to the decay curves not being 
exactly exponential (as can be seen in Fig. 6), which could be related to 
the energy transfer processes from Yb3+ to Er3+. These energy transfers 
mechanisms are not considered in Eq. 2 and can be considered as being 
responsible for the slight lower life time value measured with respect to 
the expected value. However, the NIR intensity is proportional to the 
population of 2F5/2 level (N2F5/2

) and the blue intensity of the virtual 
level which produces the emission at 484 nm is proportional to (N2F5/2

)2. 
This is illustrated in Fig. 6, observing a good agreement in the over
lapping between the (N2F5/2

)2 (black line) and the 484 nm decay. Based 
on the kinetic discussions, and the power dependence of the emission, it 
can be concluded that the cooperative energy transfer between Yb3+

ions induces the cooperative luminescence. This result indicates that 
contributions from Tm3+ impurities or Er3+ ions can be excluded. 
Moreover, cooperative luminescence is an ideal signature of Yb3+ clus
tering in agreement with results obtained in other samples, for example, 
calcium aluminates [28], silica-based glasses [54] and alkaline-earth 
fluoride crystal [55]. From a structural point of view, cooperative 
luminescence is related to the Yb3+ pairing in Y3+ crystallographic sites. 
This process relies on Coulombian interaction between Yb3+ ions having 
a strong dependence on inter-ionic distances, confirming the clustering 
of Yb3+ ions in crystal. 

The basic requirements for PDPs are stability and emission color 
purity. In the framework of the Commission Internationale de I’Eclair
age (CIE) 1931, the XY chromaticity coordinate graph was plotted (see 
Fig. 7) for the study of the color purity of the sample. As can be seen, the 
CIE 1931 graph comprises a triangle of red, green and blue, where the 
position in the diagram is called the chromaticity point. The calculated x 
and y chromaticity coordinates are 0.29 and 0.64, respectively, corre
sponding to the green point in Fig. 7. As can be seen inset, an intense 

Fig. 6. Emission decay curves, under 975 nm laser pulsed excitation, of lumi
nescence at 980 nm (red line) and cooperative luminescence at 484 nm (blue 
line). Black line represents the quadratic emission decay of 980 nm 
luminescence. 

Fig. 7. Representation, on the CIE 1931 diagram, of chromaticity coordinates 
(green point) associated to the upconverted emissions. The inset corresponds to 
the image of the sample under cw laser excitation at 980 nm. In his image an 
intense green upconversion emission is observed. 
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green upconversion emission can be observed with the naked eye. This 
result indicates that a single infrared excitation makes it possible to 
obtain a green light color, whose coordinates are close to the values 
required for PDPs. 

4. Conclusions 

Upconversion to visible light has been obtained in the Y(BO3): Er3+- 
Yb3+ co-doped sample, after cw NIR laser excitation at 980 nm. The 
upconverted emissions correspond to red, green and blue bands centred 
at around 650, 545 and 484 nm, respectively. The red and green emis
sions can be interpreted as the result of an effective energy transfer from 
Yb3+ to Er3+ ions. For the blue luminescence, the intensity of the 
upconverted signal on the incident pump power was studied, resulting in 
two photons being required to produce this emission. As was concluded, 
impurities as Tm3+ ions can be ruled out, the nature of this emission 
being a cooperative luminescence process associated to Yb3+-pairs. 

In the color diagram, the chromaticity coordinates obtained are 
x = 0.29 and y = 0.64, corresponding to a dominant green emission 
color purity, fulfilling the requirement for high quality PDPs. For future 
works, samples with different concentrations of Er3+ and Yb3+, or 
including Tm3+ ions, could be synthesized in order to study the possi
bility of obtaining a tunable color display. 
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