Dalton
Transactions

Accepted Manuscript

I R P This is an Accepted Manuscript, which has been through the
Dalton Royal Society of Chemistry peer review process and has been

u accepted for publication.
Transactions o

ot norgn crs a Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.

Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited

article. We will replace this Accepted Manuscript with the edited

and formatted Advance Article as soon as it is available.

A

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/dalton


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 10 Dalton Transactions

Table of Contents

The dual-mode luminescence of YPO, nanocrystals doped with Yb*" and Tb** ions, based on

down- and up-conversion is reported.
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Tetragonal YPO, nanocrystals doped with Yb>" and Tb** ions were synthesized by 900°C

annealing of precursors obtained with the co-precipitation method in the presence of
glycerine. These materials exhibited intense green luminescence under ultraviolet excitation
and up-conversion emission from the ’D; and °D, Tb>" excited states after irradiation with
near infrared light (A = 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 YPO,Yb*", Tb*"
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nanocrystals were investigated based on their excitation and emission spectra. The time-
resolved luminescent traces were measured, and the luminescence lifetimes of Tb> and Yb>"
ions were calculated. The most effective dopant concentrations were determined to be 5%
Yb*" and 15% Tb*", which exhibited the most intense ultraviolet excited emission and up-
conversion. Because the integral intensity is observed to be dependence 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 (Ln*") ions have been the
subject of intense research.”” Luminescent Ln*'-doped
materials are required for next generation plasma display panels
(PDPs), mercury-free fluorescence lamps, fiber amplifiers,
forensic sciences and especially light emitting diodes (LEDs).®
° However, materials that exhibit up-conversion (UC)
properties have attracted special attention due to their potential
applications in solving current challenges in cancer diagnosis
and therapy as well as in the utilization of solar energy.
Therefore, there is a growing interest in developing up-
conversion nanocrystals for various applications, such as
bioimaging, photodynamic therapy and drug delivery.''* UC
in solar cells has been developed to improve spectral absorption
properties of the materials and their efficiencies.'>'®

Rare earth (RE*") orthophosphates have been extensively
investigated because they are promising hosts for emitting Ln’"
ions.'”!® Their very low solubility in water, high thermal
stability and high quantum efficiencies for REPO,-based
phosphors are advantageous for the abovementioned
applications.'® Up-conversion orthophosphates in the form of
nanocrystals have been studied since 2003.%

Lanthanide phosphates occur in two crystal structure forms
including xenotime with a tetragonal structure and monazite
with a monoclinic structure.”’ The xenotime structure is

This journal is © The Royal Society of Chemistry 2013

preferred by the heavy lanthanide ions from Tb*" to Lu®*" with
REOg polyhedron structures. However, the monazite structure
is typically observed for the light lanthanides (from La®" to
Gd*" ions) and larger REO, polyhedrons.?!

Up-conversion is a process in which two or more photons
from the infrared or near infrared (NIR) range can be converted
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
19592 However, the energy transfer process, which is
important for Ln*"-doped materials, leading to up-conversion
emission was reported by Auzel in 1966.22* Since that time,
numerous studies have been performed.?>2"1%2%2 1 addition,
the mechanisms of up-conversion have been studied, and the
main mechanisms responsible for the anti-Stokes emission in
Ln*"-doped systems (i.e., ground / excited state absorption
(GSA and ESA), energy transfer up-conversion (ETU), photon
avalanche (PA) and cooperative energy transfer (CET)) are
known.”® However, improvement in the efficiency of UC
materials is still needed. In addition, the mechanisms of up-
conversion in nanocrystalline systems consisting of Yb**-Tb**
ions are still not well understood.

The up-conversion Yb*>*/Tb*" pair of ions has been studied
in many micro-materials, such as oxides, fluorides, glasses and
polymers.***' In addition, the luminescence of the Yb*'/Tb**
co-doped phosphates has been widely studied in relation to the
cooperative energy transfer from two Tb*" jons to one Yb>" ion
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as a quantum cutting system through down-conversion.**™**

However, investigations of down- and up-conversion in co-
doped phosphates, especially in nanocrystalline form, have
been limited.**° The Tb>" ion exhibits the high quantum
efficiencies for luminescence due to the large energy gap
between the 'F; ground state and the *D, excited state, which
results in the lack of multiphonon relaxation of the *D, excited
state and high usage of this ion as a dopant in efficient
phosphors. In addition, Yb*" ions have many advantageous as
dopants resulting in their wide application as effective
sensitizers for NIR radiation. One from the most important
advantages is the high oscillator strength of the Yb'
2F,,,—>Fs,, 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 YPO, nanoparticles activated
with Tb>" and Yb*" ions with special emphasis on the
luminescence properties of obtained system. The role of the
reaction conditions and influence of the dopant concentration
on the final form of the YPO, particles has been elucidated. The
emission properties of the Yb*" and Tb>* 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: Y,0;, Yb,O; and Tb,O; was obtained from
Stanford Materials (United States, 99.999%), nitric acid
(HNO;) was obtained from POCh S.A. (Poland, ultra-pure),
ammonium phosphate monobasic ((NH;)H,PO,) 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 HNO; to obtain
their nitrates. 1 M solutions were used for further synthesis.

Synthesis of YPO,:Yb*",Tb** nanocrystals

Yttrium phosphate nanocrystals doped with Yb** and Tb*" ions
were prepared using a two-step method. First, the co-
precipitation method was used to synthesize phosphates, which
were thermally treatment 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 NH,H,PO, was
added. Next, the solution was magnetically stirred and heated to
50°C. Simultaneously, 50 mL of the mixed solution containing
Y(NO3);, Yb(NO3); and Tb(NOs); was prepared by dissolving
calculated volumes of rare earth nitrates, which were dissolved
in water with a concentration of 1 M, in a 25% solution of
glycerine. The following concentrations of dopants ions were
chosen: (i) static molar concentration of Yb*>" was 10% and 10
—30% of Tb>" ions and (ii) static molar concentration of Tb*"
ions was 15% and varied for Yb*" ions in the range of 2.5 —
20% mol. After reaching the required temperature, the solution
of RE*" nitrates was poured into a dropping funnel and slowly
added to the NH,H,PO, solution under magnetic stirring. The
reaction 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.
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Characteristics of the YPO,:Yb*",Tb*" nanocrystals

Powder diffractograms were recorded on a Bruker AXS D8
Advance diffractometer in Bragg-Brentano geometry with Cu
K, radiation in the 26 range of 6° to 60°. The reference data
were obtained from the Inorganic Crystal Structure Database
(ICSD). In addition, X-ray diffractograms (XRD) were used in
crystallographic data refinement along with the Rietveld
method.”**" 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 at 200 kV.

A Hitachi F-7000 fluorescence spectrophotometer with a
150 W xenon lamp was used for determination of the
luminescence 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’
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 performed 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 R? = 0.998.
Error bars presented in Figs 10 and 11 were estimated by three
times calculation of lifetime values from the experimental data
and further statistical analysis.

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.’>>* Further studies have been performed
to synthesize efficient REPO,-based phosphors and investigate
properties of Ln*" luminescent ions incorporated into REPO,
structure as host materials.'”'®>3642 Recently, many studies of
REPO, synthesized nanomaterials have been
reported.*”743585 Most of the developed methods of synthesis
of REPO, powders or nanomaterials are based on the
precipitation reaction between the RE*" and PO, ions.

The co-precipitation method is one from the most widely
used methods for nanomaterial synthesis.®*®> This method is
based on a chemical exchange reaction resulting in the
precipitation of an insoluble inorganic compound. The major
advantages of this method are that it is easy and inexpensive.
However, some requirements must be met to synthesize
nanocrystals with low aggregation, small particles 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 nanocrystals surface. Therefore, in
our reactions, glycerine has been used to inhibit excessive
growth of nanoparticles and lower their aggregation.’

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 XRD diffraction patterns of a) 10% Yb*', x% Tb*>" doped YPO, and b) x% Yb**,
15% Tb*>* doped YPO, nanocrystals annealed at 900 °C for 2 h.

Structure and morphology

After the formation of YPO4:Yb3+,Tb3+, the XRD
measurements were performed. All of the Bragg reflections in
the diffraction patterns were indexed and assigned to the
tetragonal crystal system /4,/amd space group no. 141 of the
YPO, 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 confirmed that high lanthanide doping levels are
achievable in the YPO, host material without altering the
structure of the host under given synthesis conditions.

To determine the structural changes and calculate the cell
parameters of the synthesized YPO, co-doped with Yb*" and

Tb>" ions, Rietveld analysis has been used.’’ 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
considered. Therefore, even severely overlapped lines are
typically not a problem. The Rietveld refinement was
performed based on YPO, crystals with a tetragonal structure
using the crystallographic information file (CIF) no. 56113.
Fig. 2 shows a comparison 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 Tb*" ions increased. For the Yb®" doping, there was a
decrease in the cell volumes as the concentration of this ion
increased.

wd's

Fig.37

This journal is © The Royal Society of Chemistry 2012
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The significant difference between the unit cell parameters of
the YPO, single crystal and those of the YPO, nanoparticles
without dopant ions, which possess larger unit cell parameter
values, is caused by the so-called grain size effect.®>** 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 YPO, nanocrystals
that are co-doped with Yb** and Tb**, 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
abovementioned grain size effect. The second effect is related
to the differences in the ionic radii of the Y>', Yb*" and Tb>"
ions (for the coordination number, CN = 8, r(Y>") = 1.019 A,
r(Tb*") = 1.040 A, r(Yb*") = 0.985 A). Substitution of the Y**
ions in the crystallographic structure by the smaller Yb** and
bigger Tb>* ions could result in contraction or expansion of the
dimensions of the crystal cell.

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 Figs. 3d, e and 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 YPO, Yb*" Tb> nanomaterials
exhibits a dual nature. These nanomaterials can be excited by
ultraviolet (UV) radiation due to the f-d and f-f electronic
transitions within the Tb*>" ions or by NIR radiation due to Yb**
absorption and energy transfer between dopants ions. Both
excitation methods yield efficient green luminescence of the
Tb>" ions. The presence of Yb*" and Tb*" dopants ions has a
strong influence on the observed luminescent 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 4f>—4f’5d' transition in
the Tb>" ions, and the peaks located above 250 nm originated
from the f—f electronic transitions characteristic of Tb*"
containing materials. By applying excitation with sufficiently
energetic photons, electrons from the 4f electronic levels of
Tb*" ion can be promoted to the excited 5d shell. This results in
excited states with two configurations as follows: a high-spin
°D; state and a 'D; low-spin state.®> According to the Hund’s
rule, the °D; states have a lower energy than the D, states.
However, the 'F;—’D; transitions are spin-allowed and
connected with the excitation band of the transition, which has
a maximum at approximately 235 nm.**¢’ Normally, the spin-
forbidden ’F;—°D; transitions can be observed in the range of
250-280 nm, and all of the studied samples exhibited very weak
intensities.
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The intensity of the 4f>—4f"5d" transition band is sensitive
to the concentration of the Yb** ions, as shown in Fig. 4b.
An increasein the amount of Yb*'ions lowers the
probability of the excitation of Tb*" into the 4f"5d' state and
reduces the intensity of the excitation band associated with this
process. A combination of ions, such as Tb**, have a tendency
to be oxidized by the Yb*" ion, which can be easily reduced to
generate charge transfer states (CTSs). Indeed, in the Yb*" and
Tb** co-doped materials, the Tb**—Yb®" charge transfer has
been observed.®®* After absorption of UV photons, energy
from the Tb®" ions that was excited into the 4f’5d' state is
transferred to the Yb** ions via emission at NIR wavelengths.
This process requires the existence of an intermediate Tb*'-
Yb*" CTS.%® The Tb*'-Yb*" CTS has an energy higher than the
4f’5d" state of the Tb>" ions but thermally induced crossing
between states is possible. In addition, the Tb>*—Yb*" energy
transfer to the CTS is 10 - 10? times faster than the relaxation of
Tb*>" from the 4f75d! state to the *D, excited state. Therefore,
this charge transfer based mechanism explains the observed
changes in the excitation spectra and quenching of the
4f% 4f75d" excitation band.
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Fig. 4 Excitation spectra of a) YPO, doped by 10% Yb*, x% Tb*>" and b) YPO,
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Figs. 5 and 6 show the luminescence spectra, which were
measured using UV (366 nm) or NIR (980 nm) excitation, of
the Yb*" and Tb*" co-doped YPO, nanocrystals. The spectra in
Fig. 5 exhibit characteristic luminescence bands associated with
the f—f electronic transitions of Tb*" ions. These transitions are
due to radiative relaxation from the Tb** °D, energy level to the
'F, components of the ground state. Emission from higher
levels (i.e., °Gg and °D5) was not observed in the samples due to
cross-relaxation processes (CR) associated with the Tb**
ions.®’* This process depopulate the *Ds state of the Tb** ion
and transferred the energy difference between the D3 and °D,
states to the neighbouring Tb** ion. This energy difference is a
good match to the energy gap between 'Fg and 'F, energy levels
of the Tb>" ion.”""® 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 Tb®" ions as a function of the concentration of
(a) Tb®" or (b) Yb*" ions. The sample that exhibited the most
intense luminescence was doped with 5% of Yb** and 15% of
Tb*" ions. A concentration of Tb*" ions higher than 15% caused
quenching of the green Iluminescence. In addition, a
concentration of Yb*" ions higher than 5% decreased the Tb*"
luminescence intensity. In materials doped with Ln** ions, non-
radiative processes, such as multiphonon decay, quenching by
impurities or energy migration among active ions, are typically
responsible for luminescence quenching. For Tb*" ions,
multiphonon relaxation can be neglected due to the high energy
gap between the D, and °D, or °D, and ’F; levels, which
require at least 5 or 15 phonons, respectively, to depopulate
these excited states (YPO, lattice phonon energy is
approximately 1080 cm™).”> The observed emission quenching
as the concentration of Tb®" ions increased may be due to the
energy transfer between two Tb*" ions in the °D, 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
Supplementary Information).”

In fact, the observed increase in the luminescence intensity
as the amount of Yb*" ions increased in the sample is important.

This journal is © The Royal Society of Chemistry 2012

According to the literature, the Yb®" ions strongly quench the
emission of the Tb>" ions due to cooperative energy transfer
from the Tb*>" ion in its D, excited state to two Yb>" ions.*®*
This effect can be observed in the luminescence intensity when
the Yb*" concentration was higher than 10% or as the
shortening of Tb*" luminescence lifetimes in the whole range of
Yb*" concentrations (see Fig. 9). Similar results for the changes
in the luminescence intensity as the amount Yb** ions increased
have also been previously reported.”**® 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
Yb*" ions. Cooperative energy transfer is effective only over
very short distances between interacting ions.”> Therefore, an
increase in the cell volume decreases the efficiency of CET
between Tb*" and Yb*" ions. If other processes, such as phonon
assisted energy transfer (PET), quench the Tb*" ions
luminescence, another explanation of the observed initial
increase in Tb®" luminescence intensity is a backward energy
transfer from neighbouring Yb*" ions that also pump the Dy
excited state of the Tb*" ion.

The up-conversion emission spectra of the co-doped YPO,
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% Tb>" and
5% Yb*" ions. The insets (see Fig. 6) show the integral
luminescence intensity as a function of the concentration of
Tb®* or Yb*' ions. The estimated optimal concentrations of
Yb*" and Tb>* ions demonstrate that a relatively large portion
of the Y*" ions in the host material must be replaced, especially
by the acceptor (i.e., Tb** ions). This fact is a direct result of the
relatively low probability of CET and small distances between
interacting ions, which are effective for this process.”” In
addition to the emission from the °D, excited state, small peaks
associated with the transitions from the G4 and °Dj states were
observed and are shown in the insets in the Fig. 6.

The UC emission in the Yb**/Tb*" system is rare, and there
are only a few reports regarding up-conversion from excited
states higher than °D,.”%"77>3%30.78 The only way to produce
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Fig. 7 Integral emission intensity of the YPO4:10%Yb>*,15%Tb>" sample as a
function of the pumping power of the NIR laser (980 nm).

24 27

Tb*>" ions in the *D; or Gy excited state is via a three photon
process. The Tb*>" ion in the populated *Dy level can be further
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excited up to the °D; level by one photon through the ESA or
by energy transfer from a neighbouring Yb** ion. In addition,
cooperative energy transfer from three Yb®" ions is possible.”®
The power dependence of the Tb*' emission (see Fig. 7)
confirms these assumptions. In our previous studies of
Yb**/Tb*" co-doped LaPO, and GdPO, hosts, we did not detect
emission from the *Dj state of Tb*>" ions, which may be due to
the different crystal system in YPO,.*>*®

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 [yc and the pumping
laser intensity /p is given by the following equation:

Iy = a(l,)" Y]
where a is a proportionality factor and the exponent »n
represents the number of photons involved in the UC process.?
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 the Fig. 7 is complex. The differences between the slopes
calculated for each transition of the Tb®" 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 Tb**
and Yb®" energy levels, cooperative energy transfer has been
previously proposed in many studies,?®3>79-80:31.37.3045 The most
likely process involves a simultaneous interaction of two
excited Yb*" ions with one Tb>*, which results in excitation of
the Tb*>" ions into a *D, state. However, at low temperatures,
GSA and ESA processes also lead to UC of Tb*" ions after
Yb*" excitation.*® The proposed scheme of energy transfer
mechanism between Yb*" and Tb®" ions in YPO, matrix is
presented in Fig. 8.
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30 _._' SD
28 =
—
<% mp— Dy, °G¢
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> 18 :
2 16 cooperative
QC’ " energy transfer
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10 - 52 5/2 5/2
8
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4
2
2 2 2
0 Fapa 7/2 7/2

Fig. 8 The proposed scheme in the

YPO,:Yb*, Tb* samples.

of energetic processes occurring

In general, the up-conversion in the Yb*" and Tb*" doped
YPO, 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 D, state from the *Dj excited state of the Tb>" 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
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less than 1 W, competitive processes occur and lead to
quenching of the Tb** emission.

The energy transfer (ET) between the Yb** and Tb*" ions is
responsible for the relatively large increase in time observed in
the luminescence decay of Tb*" ions after excitation at 940 nm
(see Fig. 9). A comparison of the luminescence decay of Yb**
and Tb>" after excitation at 940 nm indicated ET processes.
During the time when emission from the Yb*>" ions disappeared,
an increase in the luminescence of Tb>* ions, which are the
energy acceptors, was observed.

The luminescence decays of the Tb*" and Yb** ions in all of
the samples measured using UV and NIR laser light (355 nm
and 940 nm) are reported in the Supplementary Information.
The recorded decays were used to calculate luminescence
lifetimes, which are compared in Fig. 10. The shapes of the
measured Tb*>" and Yb*>" luminescence decay curves (Lo = 355
nm or 940 nm) were non-exponential due to the quenching
processes. However, the decrease in the lifetime may still be
approximated by using an exponential function. The single
exponential model for the lifetime value calculations of the
Tb** and Yb*" ion (Figs. 10a, b, d and e) luminescence was as
follows:

t
I=1,-e" 2
where [ represents the intensity at any time, /, is the intensity at
t =0 and 7 is the luminescence lifetime.

Luminescence decays of Tb>" ions, which result from up-

conversion (Aq, = 940 nm), exhibited rise times in all of the

-
o
1
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Fig. 9 Luminescence decays of the YPO,:5%Yb>*,15%Tb*" nanocrystals.

samples. Therefore, to calculate the luminescence lifetimes and
rise times, the following equation was used:
t t

I=[ly+1,(1-¢ " )le ™ 3)
where I, is the initial luminescence intensity at time ¢ = 0, /; is
the intensity added by the energy transfer, and 7, and 74 are the
rise and decay times, respectively. This equation fit well to the
decay profiles for all of the samples. The calculated
luminescence lifetimes and rise times are compared in the Fig.
10.

The decay times were dependent on the dopant
concentration and became shorter with increasing amounts of
Tb* or Yb* ions in the YPO, host for each excitation
wavelength used. In more highly doped samples, the distance
between the donor and acceptor ions is shorter, and therefore,
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the energy transfer occurs faster. In addition, phenomena, such
as cross-relaxation and cooperative energy transfer, become
more effective. The calculated values of the luminescent
lifetimes of the Tb*" 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 Tb*" or Yb*" ions
increased compared to NIR radiation, and this result was
especially noticeable in samples doped with 30% Tb** ions
(Figs. 10a, ¢, 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 Yb*"
were typical for this ion and are in the range of 0.12 — 0.48 ms.
The effect of the increasing Tb®* ion concentration on the
luminescent lifetimes of the Yb'' ions (Fig. 10b) is in
agreement with the proposed energy transfer from Yb** to Tb**
ions. The shortened lifetimes associated with an increased
amount of Tb®" ions confirm the effectiveness of this process.
However, the relatively simple electronic structure of the Yb*"
ions is not conducive for concentration quenching, and this
effect is visible in Fig. 10b where a shortening in the Yb*"
lifetimes occurs when the concentration of this ion was
increased due to the presence of Yb®' ions or by radiation
trapping caused by the presence of resonant F;,<>’Fs),
transitions between Yb** ions.®'

The calculated values of the rise times of Tb*>" luminescence
(Figs. 10c and f) are comparable to the lifetimes of Yb** ions
when we take into account the proposed CET up-conversion
mechanism. The longest rise times were calculated for samples
doped with 10% Tb>" ions in the series of samples shown in
Fig. 10c or 2.5% Yb**, which is shown in Fig. 10f.
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Fig. 10 Luminescence lifetimes of the Tb* (a, ¢, d, f) and Yb>* (b, e) ions in the
YPO, nanocrystals, which are as dependent on the concentration of T (a, b, )
orYb* (d, e, f).
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Fig. 11 Cooperative energy transfer efficiency (ncr) and backward energy
transfer efficiency (nsr) as functions of the Tb* or Yb* concentrations.

The efficiency of the cooperative energy transfer between
the Yb*>" and Tb*" ions can be estimated based on the measured
luminescence decays. The method of calculation has been
previously described.’' In short, the following equation can be
used to calculate the cooperative energy transfer efficiency
(ncer) for different Tb*" ion concentrations:

1— Tyb-Tb

Meer = 4)
Tvb
where 7yy 10 is the lifetime of Yb®" ions in the presence of Tb>*
and tyy, is the lifetime of Yb>' in the absence of Tb>" ions. This
method is also useful for the estimation of a backward energy
transfer efficiency (#7z7), which can be expressed as:
T =1— Ttb-vb

1o 5)
where 7ry,_yy is the lifetime of Tb®* ions in the presence of Yb**
and 7y, is the lifetime of Tb*" in the absence of Yb’" ions.
The calculated values of both parameters (i.e., #cpr and 7t )
are plotted in Fig. 11. The energy transfer efficiency increased
as the amount of Tb> ijons in the YPO, host increased.
Therefore 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 Yb>" concentrations exceed 10%. Therefore,
these materials can also be promising down-conversion

systems.

Conclusions

Rare earth co-doped YPO, nanocrystals can be synthesized
using a co-precipitation method. To obtain efficient UV-excited
and up-conversion luminescent, 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 /4,/amd space
group.

The observed luminescence exhibited a dual mode nature. The
prepared materials could be excited by UV or NIR radiation
yielding intense green luminescence. The spectroscopic
properties were analysed by using both UV and NIR
wavelengths as excitation sources. The excitation spectra
indicated the presence of a charge transfer Tb*"—Yb*" state in
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the samples. The best dopant concentrations that resulted in the
highest luminescence upon UV light (365 nm) or NIR (980 nm)
excitation were 5% Yb*" ions and 15% Tb*" ions. In addition to
the typical Tb®" ion emission from the °D, excited state,
emission bands associated with the transitions from the G4 and
D5 states were observed due to up-conversion. The effects of
the presence of other quenching processes, such as cross-
relaxation between Tb* ions, multiphonon quenching and
backward energy transfer from Yb*' to Tb®" ions have been
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
Tb*" 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
luminescence intensity after the laser pulse, which confirmed
that an energy transfer occurred between the Yb®" and Tb**
ions. The obtained results present a route for the synthesis of
YPO, nanocrystals doped with Yb*>" and Tb®" ions showing
efficient UV-excited luminescence, as well as up-conversion
under NIR radiation.
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