
Dalton
Transactions

PAPER

Cite this: Dalton Trans., 2014, 43,
17255

Received 23rd July 2014,
Accepted 12th September 2014

DOI: 10.1039/c4dt02234c

www.rsc.org/dalton

Down- and up-converting dual-mode YPO4:Yb
3+,

Tb3+ nanocrystals: synthesis and spectroscopic
properties†

Tomasz Grzyb,*a Rafal J. Wiglusz,b Aleksandra Gruszeczkaa and Stefan Lisa

Tetragonal YPO4 nanocrystals doped with Yb3+ and Tb3+ ions were synthesized by 900 °C annealing

of precursors obtained with a co-precipitation method in the presence of glycerine. These materials

exhibited intense green luminescence under ultraviolet excitation and up-conversion emission from the
5D3 and 5D4 Tb3+ excited states after irradiation with near infrared light (λ = 980 nm). The structure

and morphology of the products were analysed by recording X-ray diffraction patterns and transmission

electron microscopy images. The obtained nanomaterials were single-phased with spherical shaped

nanocrystals that had an average size of 18 ± 3 nm. The spectroscopic properties of YPO4:Yb
3+,Tb3+

nanocrystals were investigated based on their excitation and emission spectra. The time-resolved lumi-

nescence traces were measured, and the luminescence lifetimes of Tb3+ and Yb3+ ions were calculated.

The most effective dopant concentrations were determined to be 5% Yb3+ and 15% Tb3+, which exhibited

the most intense ultraviolet excited emission and up-conversion. Because the integral intensity

was observed to be dependent on the power of the pumping laser, a cooperative energy transfer (CET)

mechanism underlying the observed up-conversion was proposed.

Introduction

In recent decades, efforts to synthesize new luminescent
nanomaterials activated by lanthanide (Ln3+) ions have been
the subject of intense research.1–5 Luminescent Ln3+-doped
materials are required for next generation plasma display
panels (PDPs), mercury-free fluorescence lamps, fiber ampli-
fiers, forensic sciences and particularly light emitting diodes
(LEDs).6–9 However, materials that exhibit up-conversion (UC)
properties have attracted special attention due to their poten-
tial applications in solving current challenges in cancer diag-
nosis and therapy as well as in the utilization of solar energy.
Therefore, there is growing interest in developing up-conver-
sion nanocrystals for various applications, such as bioimaging,
photodynamic therapy and drug delivery.10–14 UC in solar cells
has been developed to improve spectral absorption properties
of the materials and their efficiencies.15,16

Rare earth (RE3+) orthophosphates have been extensively
investigated because they are promising hosts for emitting

Ln3+ ions.17,18 Their very low solubility in water, high thermal
stability and high quantum efficiencies for REPO4-based
phosphors are advantageous for the above mentioned appli-
cations.19 Up-conversion orthophosphates in the form of nano-
crystals have been studied since 2003.20

Lanthanide phosphates occur in two crystal structure forms
including xenotime with a tetragonal structure and monazite
with a monoclinic structure.21 The xenotime structure is
preferred by the heavy lanthanide ions from Tb3+ to Lu3+ with
REO8 polyhedron structures. However, the monazite structure
is typically observed for the light lanthanides (from La3+ to
Gd3+ ions) and larger REO9 polyhedra.

21

Up-conversion is a process in which two or more photons
from the infrared or near infrared (NIR) range can be con-
verted to photons with a higher energy than the absorbed
energy (i.e. typically from the visible or ultraviolet spectral
range). The idea of sequential absorption was proposed by
Bloembergen in 1959.22 However, the energy transfer process,
which is important for Ln3+-doped materials, leading to up-
conversion emission was reported by Auzel in 1966.23,24 Since
that time, numerous studies have been performed.1,2,25–29 In
addition, the mechanisms of up-conversion have been studied,
and the main mechanisms responsible for the anti-Stokes
emission in Ln3+-doped systems (i.e. ground/excited state
absorption (GSA and ESA), energy transfer up-conversion
(ETU), photon avalanche (PA) and cooperative energy transfer
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(CET)) are known.25 However, improvement in the efficiency
of UC materials is still needed. In addition, the mechanisms
of up-conversion in nanocrystalline systems consisting of
Yb3+–Tb3+ ions are still not well understood.

The up-conversion Yb3+/Tb3+ pair of ions has been studied
in many micro-materials, such as oxides, fluorides, glasses
and polymers.30–41 In addition, the luminescence of the Yb3+/
Tb3+ co-doped phosphates has been widely studied in relation
to the cooperative energy transfer from two Tb3+ ions to
one Yb3+ ion as a quantum cutting system by down-
conversion.42–44 However, investigations of down- and up-con-
version in co-doped phosphates, especially in the nanocrystal-
line form, have been limited.45–49 The Tb3+ ion exhibits high
quantum efficiencies for luminescence due to the large energy
gap between the 7FJ ground state and the 5D4 excited state,
which results in the lack of multiphonon relaxation of the 5D4

excited state and the high usage of this ion as a dopant in
efficient phosphors. In addition, Yb3+ ions have many advan-
tages as dopants resulting in their wide application as effective
sensitizers for NIR radiation. One of the most important
advantages is the high oscillator strength of the Yb3+
2F7/2→

2F5/2 transition responsible for the absorption of this
ion at approximately 980 nm.

The main goal of the current paper is the evaluation of the
physico-chemical properties of YPO4 nanoparticles activated
with Tb3+ and Yb3+ ions, with special emphasis on the
luminescence properties of the obtained system. The role of
the reaction conditions and the influence of the dopant
concentration on the final form of the YPO4 particles have
been elucidated. The emission properties of the Yb3+ and Tb3+

co-doped system were fully characterized.

Experimental
Materials

All of the reagents were of analytical quality or spectral purity
for rare earth oxides. To synthesize the materials, the following
reagents were used: Y2O3, Yb2O3 and Tb4O7 were obtained
from Stanford Materials (United States, 99.999%), nitric acid
(HNO3) was obtained from POCh S.A. (Poland, ultra-pure),
ammonium phosphate monobasic ((NH4)H2PO4) was obtained
from Sigma-Aldrich (Poland, ReagentPlus®, ≥98.5%) and
glycerine was obtained from POCh S.A. (Poland, pure p.a.,
99.9%). Rare earth oxides were dissolved in HNO3 to obtain
their nitrates. 1 M solutions were used for further synthesis.

Synthesis of YPO4:Yb
3+,Tb3+ nanocrystals

Yttrium phosphate nanocrystals doped with Yb3+ and Tb3+

ions were prepared using a two-step method. First, the co-
precipitation method was used to synthesize phosphates,
which were thermally treated at 900 °C. The procedure for
obtaining nanocrystals in the first stage is described below.
4 mmol of precipitate was formed in the reaction that was
carried out in a beaker containing a 25% solution of glycerine
in distilled water. To a beaker containing 100 mL of a glycerine

solution, 125% of the stoichiometric amount of NH4H2PO4

was added. Next, the solution was magnetically stirred and
heated to 50 °C. Simultaneously, 50 mL of the mixed solution
containing Y(NO3)3, Yb(NO3)3 and Tb(NO3)3 was prepared by
dissolving calculated volumes of rare earth nitrates in water at
a concentration of 1 M, in a 25% solution of glycerine. The fol-
lowing concentrations of dopants ions were chosen: (i) the
static molar concentration of Yb3+ was 10% and 5–30% of
Tb3+ ions and (ii) the static molar concentration of Tb3+ ions
was 15% and varied for Yb3+ ions in the range of 2.5–20% mol.
After reaching the required temperature, the solution of RE3+

nitrates was poured into a dropping funnel and slowly added
to the NH4H2PO4 solution under magnetic stirring. The reac-
tion was maintained for 30 min at approximately 50 °C.
The white precipitate was centrifuged and washed several
times with water and ethanol. The as-prepared powders were
dried for 24 h at 80 °C in the air and annealed at 900 °C for
2 hours.

Characteristics of the YPO4:Yb
3+,Tb3+ nanocrystals

Powder diffractograms were recorded on a Bruker AXS D8
Advance diffractometer in Bragg–Brentano geometry with
Cu Kα1 radiation in the 2θ range of 6° to 60°. The reference
data were obtained from the Inorganic Crystal Structure Data-
base (ICSD). In addition, X-ray diffractograms (XRD) were used
in crystallographic data refinement along with the Rietveld
method.50,51 Transmission electron microscopy (TEM) images
were recorded on a FEI Tecnai G2 20 X-TWIN transmission
electron microscope with an accelerating voltage of 200 kV.
High-resolution transmission electron microscopy (HRTEM)
and selected area electron diffraction (SAED) images were
recorded on a Philips CM-20 Super Twin electron microscope
with an accelerating voltage of 200 kV.

A Hitachi F-7000 fluorescence spectrophotometer with a
150 W xenon lamp was used for determination of the lumine-
scence properties (excitation and emission) of the samples at
room temperature. The excitation and emission spectra were
corrected for the instrumental response. For the up-conversion
measurements, the solid state 980 nm laser (Dragon Lasers)
was used as the excitation source. Emission lifetimes were
measured at 545 nm (under excitation at the 978 nm line of a
Ti:sapphire laser, LOTIS TII Belarus) using a Jobin-Yvon THR
1000 spectrophotometer (1200 mm−1 holographic grating), a
Hamamatsu R928 photomultiplier as a detector and a digital
oscilloscope LeCroy WaveSurfer 400 for data collection and on
a QuantaMasterTM 40 spectrophotometer equipped with an
Opolette 355LD UVDM tunable laser, which had a repetition
rate of 20 Hz, as the excitation source and a Hamamatsu R928
photomultiplier as a detector. The decay curve fitting was per-
formed using a single and double decay model with the Origin
9.0 software. The goodness of fit of the time traces was not
less than R2 = 0.998. Error bars presented in Fig. 10 and 11
were estimated by three times calculation of lifetime values
from the experimental data and further statistical analysis.
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Results and discussion

The methods for the synthesis of rare earth orthophosphates
have been studied for many years due to interest in their
structural properties.52–54 Further studies have been performed
to synthesize efficient REPO4-based phosphors and investigate
properties of Ln3+ luminescent ions incorporated into the
REPO4 structure as host materials.17,18,42,55,56 Recently, many
studies of REPO4 synthesized nanomaterials have been
reported.45,47,57–59 Most of the developed methods of synthesis
of REPO4 powders or nanomaterials are based on the precipi-
tation reaction between the RE3+ and PO4

3− ions.
The co-precipitation method is one of the most widely used

methods for nanomaterial synthesis.60–62 This method is
based on a chemical exchange reaction resulting in the precipi-
tation of an insoluble inorganic compound. The major advan-
tages of this method are that it is easy and inexpensive.
However, some requirements must be met to synthesize nano-
crystals with low aggregation, small particle sizes and narrow
distributions. In addition, the reaction environment, which
typically includes water, can result in a large amount of water
being adsorbed on the nanocrystal surface. Therefore, in our
reactions, glycerine has been used to inhibit excessive growth
of nanoparticles and lower their aggregation.3

Structure and morphology

After the formation of YPO4:Yb
3+,Tb3+, the XRD measurements

were performed. All of the Bragg reflections in the diffraction
patterns were indexed and assigned to the tetragonal crystal
system I41/amd space group no. 141 of the YPO4 crystalline
phases (see Fig. 1). No additional secondary phase, impurities
or amorphous forms were observed, which confirmed the
structural purity of the obtained compounds. This result con-
firmed that high lanthanide doping levels are achievable in

the YPO4 host material without altering the structure of the
host under the given synthesis conditions.

To determine the structural changes and calculate the cell
parameters of the synthesized YPO4 co-doped with Yb3+ and
Tb3+ ions, Rietveld analysis has been used.51 The structural
refinement method has several advantages over conventional
quantitative analysis methods. This method uses a whole
pattern-fitting algorithm, and all of the lines are explicitly con-
sidered. Therefore, even severely overlapped lines are typically
not a problem. The Rietveld refinement was performed based
on YPO4 crystals with a tetragonal structure using the crystallo-
graphic information file (CIF) no. 56113. Fig. 2 shows a com-
parison of the calculated cell volumes with the reference data.
The crystallographic data and structural refinement indicated
some changes in the structural parameters with the dopant
concentrations.

The calculated cell volumes increased as the concentration
of Tb3+ ions increased. For the Yb3+ doping, there was a
decrease in the cell volumes as the concentration of this
ion increased.

The significant difference between the unit cell parameters
of the YPO4 single crystal and those of the YPO4 nanoparticles
without dopant ions, which possess larger unit cell parameter
values, is caused by the so-called grain size effect.63,64

In this phenomenon, a reduction in the particle size
contributes to the creation of negative pressure on the crystal
lattice, which causes expansion of the lattice cell volume. In
the YPO4 nanocrystals that are co-doped with Yb3+ and Tb3+,
two effects play a role in causing differences in the cell
volumes between the reference and synthesized materials.
The first effect is due to the above mentioned grain size effect.
The second effect is related to the differences in the ionic radii
of the Y3+, Yb3+ and Tb3+ ions (for the coordination number,
CN = 8, r(Y3+) = 1.019 Å, r(Tb3+) = 1.040 Å, r(Yb3+) = 0.985 Å).
Substitution of the Y3+ ions in the crystallographic structure
by the smaller Yb3+ and bigger Tb3+ ions could result in con-
traction or expansion of the dimensions of the crystal cell.

Fig. 2 Dependence of the crystal cell volumes of the YPO4:Yb
3+,Tb3+

nanocrystals on the dopant ion concentration.

Fig. 1 XRD diffraction patterns of (a) 10% Yb3+, x% Tb3+ doped YPO4

and (b) x% Yb3+, 15% Tb3+ doped YPO4 nanocrystals annealed at 900 °C
for 2 h.
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The TEM images (see Fig. 3a) of the as-prepared sample
indicate that after the co-precipitation reaction, nanofibers
with a thickness of less than 5 nm are formed. Their length is
difficult to estimate due to the web that is formed. The sample
sintered at 900 °C for 2 h, which is shown in Fig. 3d–f, has
considerably different morphology with nanocrystals that
are rounded with an average size of 18 ± 3 nm. These crystal
sizes are typical for powders prepared by the co-precipitation
method and annealed at a higher temperature. High temperate
also causes aggregation of crystallites.

Spectroscopic properties

The luminescence of the YPO4:Yb
3+,Tb3+ nanomaterials

exhibits a dual nature. These nanomaterials can be excited by
ultraviolet (UV) radiation due to the f–d and f–f electronic tran-
sitions within the Tb3+ ions or by NIR radiation due to Yb3+

absorption and energy transfer between dopants ions. Both
excitation methods yield efficient green luminescence of the
Tb3+ ions. The presence of Yb3+ and Tb3+ dopant ions has a
strong influence on the observed luminescence properties
because these ions are responsible for dual mode excitation
and they can exchange energy, transfer charge and undergo
other processes due to their complex spectroscopic nature and
interactions between the ions. The luminescence excitation
spectra were measured in the range of 200–400 nm and
are shown in Fig. 4. These spectra are characterized by broad
excitation peaks located at higher energies and a series of
narrower peaks at lower energies. The broad excitation bands
at shorter wavelengths (with maxima at approximately 225 nm
in each sample) are associated with the 4f8→4f75d1 transition
in the Tb3+ ions, and the peaks located above 250 nm

originated from the f–f electronic transitions characteristic
of Tb3+ containing materials. By applying excitation with
sufficiently energetic photons, electrons from the 4f electronic
levels of Tb3+ ions can be promoted to the excited 5d
shell. This results in excited states with two configurations
as follows: a high-spin 9DJ state and a 7DJ low-spin state.65

According to Hund’s rule, the 9DJ states have a lower
energy than the 7DJ states. However, the 7FJ→

7DJ transitions
are spin-allowed and connected with the excitation band of
the transition, which has a maximum at approximately
235 nm.66,67 Normally, the spin-forbidden 7FJ→

9DJ transitions
can be observed in the range of 250–280 nm, and all of the
studied samples exhibited very weak intensities.

Fig. 4 Excitation spectra of (a) YPO4 doped by 10% Yb3+, x% Tb3+ and
(b) YPO4 doped by x% Yb3+, 15% Tb3+.

Fig. 3 TEM and SAED images of the as-prepared (a–c) and annealed (d–f ) YPO4:5%Yb3+,15%Tb3+ nanocrystals (annealed at 900 °C for 2 hours).
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The intensity of the 4f8→4f75d1 transition band is sensitive
to the concentration of the Yb3+ ions, as shown in Fig. 4b.

An increase in the amount of Yb3+ ions lowers the prob-
ability of the excitation of Tb3+ into the 4f75d1 state and
reduces the intensity of the excitation band associated
with this process. A combination of ions, such as Tb3+, has a
tendency to be oxidized by the Yb3+ ion, which can be easily
reduced to generate charge transfer states (CTSs). Indeed,
in the Yb3+ and Tb3+ co-doped materials, the Tb3+→Yb3+

charge transfer has been observed.33,68 After absorption of UV
photons, energy from the Tb3+ ions that was excited into the
4f75d1 state is transferred to the Yb3+ ions via emission at NIR
wavelengths.

This process requires the existence of an intermediate
Tb4+–Yb2+ CTS.68 The Tb4+–Yb2+ CTS has an energy higher
than the 4f75d1 state of the Tb3+ ions, but thermally
induced crossing between states is possible. In addition, the
Tb3+→Yb3+ energy transfer to the CTS is 10–102 times faster
than the relaxation of Tb3+ from the 4f75d1 state to the 5D4

excited state. Therefore, this charge transfer based mechanism
explains the observed changes in the excitation spectra and
quenching of the 4f8→4f75d1 excitation band.

Fig. 5 and 6 show the luminescence spectra which were
measured using UV (366 nm) or NIR (980 nm) excitation, of
the Yb3+ and Tb3+ co-doped YPO4 nanocrystals. The spectra in
Fig. 5 exhibit characteristic luminescence bands associated
with the f–f electronic transitions of Tb3+ ions. These tran-
sitions are due to radiative relaxation from the Tb3+ 5D4 energy
level to the 7FJ components of the ground state. Emission from
higher levels (i.e., 5G6 and 5D3) was not observed in the
samples due to cross-relaxation processes (CR) associated with
the Tb3+ ions.69,70 This process depopulated the 5D3 state of
the Tb3+ ion and transferred the energy difference between the
5D3 and 5D4 states to the neighbouring Tb3+ ion. This energy
difference match the energy gap between 7F6 and 7F0 energy

levels of the Tb3+ ion.70,71 The emission peaks at 489, 544, 588
and 622 nm can be assigned to the 5D4→

7F6,5,4,3 transitions,
respectively, and are responsible for the green luminescence
under UV irradiation of the prepared materials.

The insets shown in Fig. 5 show the integral luminescence
intensity of the Tb3+ ions as a function of the concentration of
(a) Tb3+ or (b) Yb3+ ions. The sample that exhibited the
most intense luminescence was doped with 5% of Yb3+ and
15% of Tb3+ ions. A concentration of Tb3+ ions higher
than 15% caused quenching of the green luminescence. In
addition, a concentration of Yb3+ ions higher than 5%
decreased the Tb3+ luminescence intensity. In materials doped
with Ln3+ ions, non-radiative processes, such as multiphonon
decay, quenching by impurities or energy migration among
active ions, are typically responsible for luminescence quench-
ing. For Tb3+ ions, multiphonon relaxation can be neglected
due to the high energy gap between the 5D3 and 5D4 or 5D4

and 7FJ levels, which require at least 5 or 15 phonons, respecti-
vely, to depopulate these excited states (YPO4 lattice phonon
energy is approximately 1080 cm−1).72 The observed emission
quenching as the concentration of Tb3+ ions increased may be
due to the energy transfer between two Tb3+ ions in the 5D4

excited state. As the result of this process, one ion is excited
into upper lying levels. However, the second ion becomes
depopulated. This process can also be explained by the slight
increase in the luminescence intensity of the measured
emission decays (see ESI†).73

In fact, the observed increase in the luminescence intensity
as the amount of Yb3+ ions increased in the sample is impor-
tant. According to the literature, the Yb3+ ions strongly quench
the emission of the Tb3+ ions due to cooperative energy trans-
fer from the Tb3+ ion in its 5D4 excited state to two Yb3+

ions.49,68 This effect can be observed in the luminescence
intensity when the Yb3+ concentration was higher than 10% or
as the shortening of Tb3+ luminescence lifetimes in the whole
range of Yb3+ concentrations (see Fig. 9). Similar results for

Fig. 6 Dependence of the up-conversion luminescence spectra of
YPO4:Yb

3+,Tb3+ nanocrystals on the concentrations of Tb3+ (a) and Yb3+

(b); insets: dependence of integral intensity on the concentrations of
Tb3+ (a) and Yb3+ (b) and emission in the 400–475 nm range.

Fig. 5 Emission spectra of (a) YPO4 doped with 10% Yb3+, x% Tb3+ and
(b) YPO4 doped with x% Yb3+, 15% Tb3+; dependence on Tb3+ (a) and
Yb3+ (b) concentrations and dependence of integral luminescence
intensity on the Tb3+ (a) and Yb3+ (b) concentrations (shown in insets).
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the changes in the luminescence intensity as the amount Yb3+

ions increased have also been previously reported.68,74

However, the cause of this unexpected phenomenon was
not explained and remains unclear. The mechanism of this
anomaly may be connected to the expansion of the crystal cell
volume after co-doping with Yb3+ ions. Cooperative energy
transfer is effective only over very short distances between
interacting ions.75 Therefore, an increase in the cell volume
decreases the efficiency of CET between Tb3+ and Yb3+ ions.
If other processes, such as phonon assisted energy transfer
(PET), quench the Tb3+ ions luminescence, another expla-
nation of the observed initial increase in Tb3+ luminescence
intensity is a backward energy transfer from neighbouring
Yb3+ ions that also pump the 5D4 excited state of the Tb3+ ion.

The up-conversion emission spectra of the co-doped YPO4

thermally treated at 900 °C were observed after excitation at
980 nm, and the results are shown in Fig. 6. The spectra are
similar to those obtained by UV excitation. The maximum
green emission was recorded for the sample doped with 15%
Tb3+ and 5% Yb3+ ions. The insets (see Fig. 6) show the inte-
gral luminescence intensity as a function of the concentration
of Tb3+ or Yb3+ ions. The estimated optimal concentrations
of Yb3+ and Tb3+ ions demonstrate that a relatively large
portion of the Y3+ ions in the host material must be replaced,
especially by the acceptor (i.e., Tb3+ ions). This fact is a direct
result of the relatively low probability of CET and small dis-
tances between interacting ions, which are effective for this
process.75 In addition to the emission from the 5D4 excited
state, small peaks associated with the transitions from the 5G6

and 5D3 states were observed and are shown in the insets in
Fig. 6.

The UC emission in the Yb3+/Tb3+ system is rare, and there
are only a few reports regarding up-conversion from excited
states higher than 5D4.

30,38,75–78 The only way to produce Tb3+

ions in the 5D3 or 5G6 excited state is via a three photon
process. The Tb3+ ion in the populated 5D4 level can be further
excited up to the 5D1 level by one photon through the ESA or
by energy transfer from a neighbouring Yb3+ ion. In addition,
cooperative energy transfer from three Yb3+ ions is possible.78

The power dependence of the Tb3+ emission (see Fig. 7) con-
firms these assumptions. In our previous studies of Yb3+/Tb3+

co-doped LaPO4 and GdPO4 hosts, we did not detect emission
from the 5D3 state of Tb3+ ions, which may be due to the
different crystal system in YPO4.

48,49

The dependence of the integral luminescence intensity on
the pumping laser power at 980 nm can provide insight into
the number of photons involved in the excitation process. The
relationship between the UC intensity IUC and the pumping
laser intensity IP is given by the following equation:

IUC ¼ αðIPÞn ð1Þ

where α is a proportionality factor and the exponent n rep-
resents the number of photons involved in the UC process.29

Fig. 7 demonstrates the integral luminescence intensity as a
function of the energy of the pumping laser.

The power dependence of the luminescence intensity
shown in Fig. 7 is complex. The differences between the slopes
calculated for each transition of the Tb3+ ions indicate that
the up-conversion mechanism involves additional processes,
which results in divergence between the obtained values.
In addition, when the power of the pumping laser was more
than 1 W, the energy transfer mechanism changed, and the
number of photons involved in this process was higher.
According to the conditions required to match the differences
between the Tb3+ and Yb3+ energy levels, cooperative
energy transfer has been previously proposed in many
studies.30,31,35–37,45,79,80 The most likely process involves a
simultaneous interaction of two excited Yb3+ ions with one
Tb3+, which results in excitation of the Tb3+ ions into a 5D4

state. However, at low temperatures, GSA and ESA processes
also lead to UC of Tb3+ ions after Yb3+ excitation.35,36 The pro-
posed scheme of the energy transfer mechanism between Yb3+

and Tb3+ ions in the YPO4 matrix is presented in Fig. 8.

Fig. 7 Integral emission intensity of the YPO4:10%Yb3+,15%Tb3+ sample
as a function of the pumping power of the NIR laser (980 nm).

Fig. 8 The proposed scheme of energetic processes occurring in the
YPO4:Yb

3+,Tb3+ samples.
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In general, the up-conversion in the Yb3+ and Tb3+ doped
YPO4 samples can be treated as a two photon process.
The observed deviations from the theoretical value can be
explained as described below. The cross-relaxation (CR) that
populates the 5D4 state from the 5D3 excited state of the Tb3+

ion is the most likely cause of more than 2 photons being
involved in the observed UC. When the energies of the
excitation source are less than 1 W, competitive processes
occur and lead to quenching of the Tb3+ emission.

The energy transfer (ET) between the Yb3+ and Tb3+ ions is
responsible for the relatively large increase in time observed in
the luminescence decay of Tb3+ ions after excitation at 940 nm
(see Fig. 9). A comparison of the luminescence decay of Yb3+

and Tb3+ after excitation at 940 nm indicated ET processes.
During the time when emission from the Yb3+ ions dis-
appeared, an increase in the luminescence of Tb3+ ions, which
are the energy acceptors, was observed.

The luminescence decays of the Tb3+ and Yb3+ ions in all of
the samples measured using UV and NIR laser light (355 nm
and 940 nm) are reported in the ESI.† The recorded decays
were used to calculate luminescence lifetimes, which are com-
pared in Fig. 10. The shapes of the measured Tb3+ and Yb3+

luminescence decay curves (λex = 355 nm or 940 nm) were non-
exponential due to the quenching processes. However, the
decrease in the lifetime may still be approximated using an
exponential function. The single exponential model for the
lifetime value calculations of the Tb3+ and Yb3+ ion (Fig. 10a,
b, d and e) luminescence was as follows:

I ¼ I0e�
t
τ ð2Þ

where I represents the intensity at any time, I0 is the intensity
at t = 0 and τ is the luminescence lifetime.

Luminescence decays of Tb3+ ions, which result from up-
conversion (λex = 940 nm), exhibited rise times in all of the
samples. Therefore, to calculate the luminescence lifetimes
and rise times, the following equation was used:

I ¼ ½I0 þ I1ð1� e�
t
τrÞ�e� t

τd ð3Þ

where I0 is the initial luminescence intensity at time t = 0, I1 is
the intensity added by the energy transfer, and τr and τd are
the rise and decay times, respectively. This equation fits the
decay profiles well for all of the samples. The calculated lumi-
nescence lifetimes and rise times are compared in Fig. 10.

The decay times were dependent on the dopant concen-
tration and became shorter with increasing amounts of Tb3+

or Yb3+ ions in the YPO4 host for each excitation wavelength
used. In more highly doped samples, the distance between the
donor and acceptor ions is shorter, and therefore, the energy
transfer occurs faster. In addition, phenomena such as cross-
relaxation and cooperative energy transfer become more
effective. The calculated values of the luminescence lifetimes
of the Tb3+ ions are typical for this ion for UV (355 nm) and
NIR (940 nm) excitations and are in the range of 1.5–3.8 ms.
The use of UV light for excitation caused much more effective
quenching as the amounts of Tb3+ or Yb3+ ions increased com-
pared to NIR radiation, and this result was especially notice-
able in samples doped with 30% Tb3+ ions (Fig. 10a, c, d and
f). The highly energetic UV photons generate larger numbers
of quenching centres than those generated from NIR radiation.
In addition, the lifetimes of Yb3+ were typical for this ion and
are in the range of 0.12–0.48 ms. The effect of the increasing
Tb3+ ion concentration on the luminescence lifetimes of
the Yb3+ ions (Fig. 10b) is in agreement with the proposed
energy transfer from Yb3+ to Tb3+ ions. The shortened lifetimes
associated with an increased amount of Tb3+ ions confirm
the effectiveness of this process. However, the relatively
simple electronic structure of the Yb3+ ions is not conducive

Fig. 9 Luminescence decays of the YPO4:5%Yb3+,15%Tb3+

nanocrystals.

Fig. 10 Luminescence lifetimes of the Tb3+ (a, c, d, f ) and Yb3+ (b, e)
ions in the YPO4 nanocrystals, which are as dependent on the concen-
tration of Tb3+ (a, b, c) or Yb3+ (d, e, f ).
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for concentration quenching, and this effect is visible in
Fig. 10b where a shortening in the Yb3+ lifetimes occurs
when the concentration of this ion was increased due to the
presence of Yb2+ ions or by radiation trapping caused by the
presence of resonant 2F7/2↔

2F5/2 transitions between Yb3+

ions.81

The calculated values of the rise times of Tb3+ lumine-
scence (Fig. 10c and f) are comparable to the lifetimes of Yb3+

ions when we take into account the proposed CET up-conver-
sion mechanism. The longest rise times were calculated for
samples doped with 10% Tb3+ ions in the series of samples
shown in Fig. 10c or 2.5% Yb3+, which is shown in Fig. 10f.

The efficiency of the cooperative energy transfer between
the Yb3+ and Tb3+ ions can be estimated based on the
measured luminescence decays. The method of calculation
has been previously described.31 In short, the following
equation can be used to calculate the cooperative energy trans-
fer efficiency (ηCET) for different Tb

3+ ion concentrations:

ηCET ¼ 1� τYb�Tb

τYb
ð4Þ

where τYb–Tb is the lifetime of Yb3+ ions in the presence of Tb3+

and τYb is the lifetime of Yb3+ in the absence of Tb3+ ions. This
method is also useful for the estimation of a backward energy
transfer efficiency (ηBT), which can be expressed as

ηBT ¼ 1� τTb�Yb

τTb
ð5Þ

where τTb–Yb is the lifetime of Tb3+ ions in the presence of Yb3+

and τTb is the lifetime of Tb3+ in the absence of Yb3+ ions.
The calculated values of both parameters (i.e., ηCET and ηBT)

are plotted in Fig. 11. The energy transfer efficiency increased
as the amount of Tb3+ ions in the YPO4 host increased. There-
fore the highest up-conversion was observed for the largest
concentrations used. However, the backward energy transfers
are also very effective in the studied system and become high

when Yb3+ concentrations exceed 10%. Therefore, these
materials can also be promising down-conversion systems.

Conclusions

Rare earth co-doped YPO4 nanocrystals can be synthesized
using a co-precipitation method. To obtain efficient UV-excited
and up-conversion luminescence, annealing of the as-prepared
tetragonal nanocrystals at 900 °C is necessary. As a result of
the thermal treatment, the obtained materials consisting of
nanofibers were converted to spherical nanocrystals. The XRD
studies confirmed that the obtained materials were a single
phase with a tetragonal crystal structure in the I41/amd space
group.

The observed luminescence exhibited a dual mode nature.
The prepared materials could be excited by UV or NIR radi-
ation yielding intense green luminescence. The spectroscopic
properties were analysed using both UV and NIR wavelengths
as excitation sources. The excitation spectra indicated the pres-
ence of a charge transfer Tb4+→Yb2+ state in the samples. The
best dopant concentrations that resulted in the highest lumi-
nescence upon UV light (365 nm) or NIR (980 nm) excitation
were 5% Yb3+ ions and 15% Tb3+ ions. In addition to the
typical Tb3+ ion emission from the 5D4 excited state, emission
bands associated with the transitions from the 5G6 and 5D3

states were observed due to up-conversion. The effects of the
presence of other quenching processes, such as cross-relax-
ation between Tb3+ ions, multiphonon quenching and back-
ward energy transfer from Yb3+ to Tb3+ ions were determined.
The dependence of the integral up-conversion luminescence
intensity on the pumping laser power confirmed that at least
two photons participated in the excitation of the Tb3+ ions.
In addition, evidence of a three photon process was observed
(i.e., increasing slope of the curves above 2). The recorded
emission decays exhibited a relatively long rise in the lumines-
cence intensity after the laser pulse, which confirmed that an
energy transfer occurred between the Yb3+ and Tb3+ ions. The
obtained results present a route for the synthesis of YPO4

nanocrystals doped with Yb3+ and Tb3+ ions showing efficient
UV-excited luminescence, as well as up-conversion under NIR
radiation.
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