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The optical spectroscopy and the decay kinetics of samples with composition Sr3Yb(PO4)3, Sr3Yo.98Ybg.02(PO4)s3,
Sr3Y(.98Erg 02(PO4)3 and Sr3Ybg ggErg 02(PO4)3 have been studied at room temperature. The presence of efficient
energy transfer and migration processes has been clearly evidenced in the Sr3Yb(PO4)3 and Sr3Ybg 9gEro.02(PO4)3
materials, giving rise to strong visible upconversion upon excitation in the spectral region around 1 pm in the
latter material. The strong anti-Stokes emission is connected to fast migration in the 2Fs 5 level of Yb%", due to

the inefficient concentration quenching for this ion. In this class of materials, the upconversion processes could
be optimized even in the presence of high concentrations of the Yb>* sensitizer.

1. Introduction

Eulytites constitute a family of inorganic materials having formula
A3M(POy4)3 (A = Ca, Sr, Ba; M =Y, La-Lu, Bi) and a cubic structure [1].
They are characterized by the presence of a single site for both divalent
cations A and trivalent cations M, with a coordination number of 9 and a
local point symmetry Cs. The shortest inter-cationic distance is distinctly
short, as for A = Sr it is lower than 4 A [2]. This has been shown to
enhance the rates of energy transfer and migration processes involving
trivalent lanthanide ions [2-5]. In particular, the excellent agreement
between experiments and state of the art calculations [2] has clearly
shown that in these materials short range interactions, such as exchange
and electric quadrupole-electric quadrupole, strongly contribute to the
transfer of excitation between first neighbouring cations. Due to this
behaviour, in the case of A3Tbg goEug.10(PO4)3 (A = Sr, Ba), excitation
into the °Dy4 level of Tb" leads to very fast and efficient migration
among the Tb3" subset of ions, until excitation is trapped by the Dy
level of an Eu®* acceptor ion located as nearest neighbour with respect
to the donor. Concentration quenching of the 5Dy level is weak, as its
decay time is 3.11 ms in SrglagggTbg1(PO4)3, 2.98 ms in
Sr3Y0.99Tbg 01(PO4)3 and 2.68 ms in Sr3Tb(PO4)s, corresponding to a
concentration quenching loss in the range 10-14 %. The overall result is
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a high effective 5D4(Tb3+)—>5D0(Eu3+) energy transfer efficiency (ngr =
0.93 for SrgTbo'goEuO'lo(PO4)3, 0.90 for Sr1,5Ba1,5Tb0,90Eu0_10(PO4)3 and
0.87 for BagTbo_goEuO_lo(PO4)3) [2]

In the field of upconversion luminescence, the most widely used
lanthanide pair is the Yb>*/Er®* one, and anti-Stokes emission is ob-
tained upon excitation of the 2Fs 5 level of Yb®T, followed by subsequent
Yb3*SEr®t energy transfer steps sequentially populating the green and
red emitting levels of Er’, through its “Fi1 /2 intermediate level [6]. To
enhance the excitation rate, a relatively high concentration of Yb®" is
normally used (around 20 mol%) [7,8] and energy migration in the 2F5 /2
level is exploited to improve the effective energy transfer rate, by
reaching a donor ion which is as close as possible to an Er>* jon, which
can be involved in the upconversion process. However, Yb>* concen-
trations in the materials higher than 20 mol% are seldom used [9,10],
due to the onset of concentration quenching of the luminescence [8,10,
11]. This problem can be avoided by using ultrasmall monodispersed
particles (such as 7-10 nm NaYbF4 doped with Er®t or Tm3+), where
presumably energy migration to quenching traps is impaired by to the
small particle size [12].

The inefficient concentration quenching observed in the >Dy levels of
Tb3" has spurred us to study the same behaviour in the case of SrsYb
(POg4)3, where the 2F5/2 level (lying around 10000 cm ™) cannot be
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depopulated in a non-radiative way neither by cross-relaxation nor by
multiphonon relaxation. This is due to the lack of intermediate levels
above the ground state, and to the relatively low energy of the vibra-
tional quanta in the eulytite lattice (980-1030 em™Y) [13]. For this
reason, we have found it interesting to investigate the optical spectros-
copy of SrgYb(PO4)s, both undoped and doped with Er, with the aim of
checking if efficient upconversion can be observed in the doped mate-
rial, due to efficient Yb>*-Yb>* and Yb>*-Er>* energy transfer processes
occurring across short interionic distances.

In the present study we will present a detailed investigation of the
various energy transfer processes occurring in undoped and Er®* doped
Sr3Yb(PO4)3 leading to visible upconversion upon excitation in the Yb3*
energy level located in the NIR region.

2. Experimental

Eulytite samples with compositions Sr3Yb(PO4)3 (SYb),
Sr3Y0.08Ybg.02(PO4)3 (SYYb), Sr3Yp.9gErg.02(PO4)3 (SYEr) and SrsY-
bo.08Er.02(PO4)3 (SYDEr), were prepared in polycrystalline form by solid
state reaction at high temperature (1250 °C, 48 h) as previously
described by some of us [1].

X-ray diffraction (XRD) patterns were collected using a Thermo ARL
X’TRA powder diffractometer, in Bragg-Brentano geometry, with a Cu-
anode as X-ray source and a Peltier Si (Li) cooled solid state detector
with a scan rate of 1.2 °/min and an integration time of 1.5 s in the 5-90
° 20 range.

Luminescence spectra upon visible excitation were measured by a
Fluorolog 3 (Horiba-Jobin Yvon) spectrofluorometer. The equipment
was composed by a Xe lamp (450 W), a double excitation mono-
chromator and a single emission monochromator (mod. HR320). The
emitted signal was detected by means of a photomultiplier in the photon
counting mode. All measurements were performed at room temperature.

For excitation in the infrared, a Ti:sapphire laser (3900S from
Spectra-Physics), was used and the equipment is constituted by a
monochromator (SpectraPro-500i, from Acton) and a photomultiplier
tube (Hamamatsu) and an InGaAs detectors for the visible and infra-red
spectral regions, respectively.

Luminescence decay curves were obtained exciting the samples with
8 ns pulses using an Optical Parametric Oscillator (OPO) pumped by a
frequency tripled Nd:YAG laser (LS-2145-OPO from Lotis TII). To
enhance sensitivity in NIR range, we employed a photomultiplier tube
(Hamamatsu R5509-73), controlled by a high voltage power supply
(Hamamatsu C9525) integrated into our system. The excitation wave-
length was tuned with the assistance of a high-brightness mono-
chromator (Shamrock 320 from Andor), while the intensity evolution
over time was recorded by coupling a digital oscilloscope (LeCroy
WaveRunner 6000). All measurements were performed at room
temperature.

3. Results
3.1. Structural details

Undoped Sr3Y(PO4)s and Sr3Yb(POy4)3 eulytites crystallize in the
cubic space group I 4 3d (number 220). (PDF card 00-044-0320 and PDF
card 00-048-0409, respectively), with almost the same cell volume
(1033.29 and 1028.59 A%, respectively). The Sr>*/M>" pairs of cations
are disordered on a single crystallographic site, whilst the oxygen atoms
of the phosphate groups are distributed over three partially occupied
sites [1]. The Y>* and Yb3* ions, and the Ert dopants are accommo-
dated in the single disordered cationic site 16¢ having C3 point group
symmetry.

XRD experiments confirmed that all the obtained materials are single
phase with a eulytite-type structure (Fig. 1).

As expected, the cell parameters determined from XRPD data, are
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Fig. 1. X-ray powder diffraction (XRPD) patterns of the samples under inves-
tigation. The PDF card 00-044-0320 of Sr3Y(PO,)s is also reported.

only slightly affected by the nature of trivalent cation. In particular, the
cell volumes are within the range of 1028.59 A3 [for Sr3Yb(PO4)s] -
1033.29 A® [for Sr3Y(POy4)sl, as reported in Table 1.

3.2. Luminescence spectroscopy

3.2.1. Yb®*'-based materials

The energy level structure of the Yb®* and Er®" ions investigated in
this study is presented in Fig. 2.

The excitation and emission spectra of SYYb and SYb are shown in

Table 1
Crystallographic cell parameters of the samples under investigation.

Sample Cell parameters
a(A) Volume (A%)

SrsYb(PO4)s 10.094" 1028.59°
SYb 10.098(1) 1029.7(1)
SYbEr 10.105(1) 1031.8(1)
SYYb 10.108(1) 1032.8(1)
SYEr 10.110(1) 1033.3(1)
Sr3Y(PO4)s 10.110° 1033.29"

2 PDF card 00-048-0409.
b PDF card 00-044-0320.



X. Hu et al.

22}
»-
3/2
20t _
[ “Fsp
K 4F7/2 _“-.‘
| Sg/z '.'.m
14}
! aF, N
Energy 1 T T—,
(1 03 Cm-1) U
10+ . .
S U ;
st ||l ZFSQ
. 4I ‘—-- .
6} 11/2 :
E)\esz 980 -
| )
- :
2t 1372
ot- 4|1slz--- | 2F7/2
Er3* L

Fig. 2. Energy level structure of the Yb®* and Er®* ions showing the levels
involved in the upconversion process and the ones responsible for the red and
green emission of Er®*. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 3, together with a schematic energy level diagram for the 2F; /5 and
2F5,, multiplets of the Yb>* ion (Fig. 4). The spectra, obtained upon
emission and excitation in the NIR region, show the well-known %Fy,
9<2Fs 5 transitions around 1 pm.

The decay curves of the 2Fs 5 level of Yb®* in SYYb and concentrated
SYb are shown in Fig. 5.

They are perfectly exponential with decay times of 1.370 and 0.440
ms, respectively. These values imply that the quenching loss in
concentrated SYb, presumably due to migration and transfer to killer
centres, is of the order of 68 %, i.e. a quenching efficiency equal to 0.68.
This value is significantly higher than for SrsTb(PO4); with respect to
Sr3Y(.99Tbg.01(PO4)3 (10 %) [5], but for the concentrated material the
luminescence of Yb®" is still very strong. The perfectly exponential
decay presumably indicates that the transfer to the killer centres is
preceded by a very fast migration process, in qualitative agreement with
what observed in the case of Sr3Tb(PO4)s and BasTb(PO4)s [2,5].
However, we point out that in materials containing high amounts of
Yb3* self-quenching processes more complicated than energy migration
to unwanted impurities may occur, as shown by Auzel et al. [14]. This
could at least partly explain the stronger quenching of the Yb®* emission
in Sr3Yb(PO4)3, compared to Sr3Tb(PO4)3 and BagTb(POy4)s.

3.2.2. Er’'-based materials

The room temperature emission spectrum of SYEr in the visible re-
gion, obtained upon excitation at 378 nm (not shown), is, as it is usual,
dominated by the green (PHy; /25 453 /2)—>411 5,2 transition, whilst the 4Fg/
5 = 1 /2 transition is distinctly weaker. The excitation spectrum (not
shown) of the emission at 545 nm from (*Hy; /2 483/2) is dominated by
the hypersensitive transition 4115/2—>4G11 ,2 located in the UV region.
The Er®" spectra are similar to many other data reported in the literature
(see for example [15]). The decay curves of the luminescence from both
(2H11 /2 483 ,2) and 4F9/2, upon excitation at 378 nm, are slightly
non-exponential with effective decay times which are very similar, both
close to 17 ps. This behaviour is presumably explained by the fact that
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Fig. 3. Room temperature excitation (red line) and emission (black line)
spectra of (a) SYYb and (b) SYb samples. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

the upper level is the main feeding state of the lower [16].

The emission spectrum of the same material in the NIR (1400-1700
nm), obtained at room temperature upon excitation at 890 nm in the
11,2 level (Fig. 6) is composed of a strong and structured band peaking
close to 1550 nm. This feature is assigned to the transition from *I;3/5 to
the ground state “I;s5/5. The upper lying state is populated through
multiphonon relaxation from N T s2 to the lower lying 4113/2 as their
energy gap is about 3800 cm ™}, and in eulytites it can be spanned by less
than four vibrational quanta due to P-O stretching modes [13]. The
excitation spectrum measured with observation at 1066 nm shows a
strong band peaking at extending from 890 to 1050 nm, assigned to the
411 5 /2—>4111 /2 transition of Er’t.

The decay profile of the I ,2 level in SYEr, obtained with Aexe = 920
and Agps = 1020 nm, is shown in Fig. 7. The curve is exponential, as
expected for isolated Er®* centres, with a decay constant of 0.217 ms.

3.2.3. Yb*'-Er®*-based materials

The anti-Stokes emission spectra of SYbEr, obtained upon laser
excitation in the region close to 1 pm, where both Er®* and Yb®* absorb
radiation, are shown in Fig. 8.

The spectra are composed of two Er®" transitions located in the
visible region, i.e. (®°Hyx /25 483 /2)—>4115 /2, and 4F9 /2 — I 5/2. The relative
intensity of the “Fo /2 — “Iis /2 band slightly increases when the excitation
moves from 975 to 920 nm. These data show that in the present eulytite
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Fig. 5. Room temperature 2F5/2 decay curves of Yb3* in SYYb (red line) and
SYb (black line). Aexe = 920 nm; Aey = 1020 nm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

host the upconversion deriving from the Yb®*/Er®* is strong.

The excitation spectra measured with Ayps = 545 and 658 nm, i.e. in
the (®Hy; /25 453 /2)—>411 5/2 and “Fq /2 — e 5,2 transitions, are composed of
two bands (Fig. 9) that can be ascribed to the 2F7/2—>2F5 /2 transition of
Yb3* (see the spectra shown above for the SYb sample). This clearly
indicates that excitation in the NIR predominantly populates the 2Fs o
level of Yb3*, that acts as a sensitizer in the upconversion process, due to
its high concentration with respect to Er>*.

In the case of SYDbETr, the decay profile of the NIR emission, obtained
upon pulsed excitation at 920 nm, i.e. in the 2F5/2 and *I; ,2 levels, is
characterized by a fast buildup at short times (about 13 ps), followed by
an exponential decay with a decay constant close to 109 ps (Fig. 10).

Based on the energy level diagram, the two energy levels are quasi-
resonant, and therefore the analysis of the decay profiles is not trivial.
We propose that the risetime is associated with the kinetics relative to
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Fig. 7. Room temperature “I;;,, decay curve of the NIR emission of Er’* in
SYEr. Aexe = 920 nm; Aer, = 1020 nm.
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Fig. 8. Room temperature anti-Stokes emission spectra of SYbEr upon excita-
tion at two different wavelengths (Aexe = 920 nm; black line and Aeye = 975 nm;
blue line). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

the faster decaying I 2 level of the Er®" ion, which is fed by the slower
decaying %Fs,; level of the Yb®* ion, responsible for the absorption of
most of the photons [17,18]. This assumption is supported by the fact
that *I;1 » is also depopulated by the upward transition associated with
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Fig. 10. Room temperature decay curve of the NIR luminescence of the SYbEr
sample. (Aexe = 920 nm; Aep, = 1020 nm).

the upconversion process. According to this reasoning, we assign to the
decay time of the Yb®™" ion, in the Er®* containing material, the value
100 ps. This value gives rise to an energy transfer efficiency nr, evalu-
ated using the following equation, where 7y, g and 7y, are the decay
times of Yb®" in the presence and in the absence of Er’t, respectively,

Nr= 1'TYb—Er/TYb (1)

having a value of 0.75. This transfer efficiency is ultimately responsible
for the upconversion process; it must be regarded as very high, and
accounts for the strong anti-Stokes emission observed for the material
under investigation.

4. Discussion

The high efficiency estimated for the energy transfer process leading
to upconversion in SYbEr appears to be promising for possible applica-
tions. However, in order to fully evaluate the potential of the present
approach to upconversion, a more detailed discussion is necessary.

The overall efficiency of the processes leading to upconversion (1¢ot)
can be approximately calculated using the following equation

Ntot = (1‘T]quench) X N1 X Cyb 2

where Nguencnh is the quenching efficiency (0.68, see above) and therefore
(1-Nquencn) is the energy migration efficiency in the Yb3* subset of ions
(0.32), nr is the energy transfer efficiency between Yb®+ and Er®* (0.75)
and cyp is the fraction of the Yb®" present in formula (0.98), and
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therefore responsible for the sensitization of the upconversion. This
calculation yields the value n¢ ¢ =~ 0.24. The calculation is only
approximate, as other loss mechanisms should have been considered.
Among them, the most important one is the multiphonon relaxation
from I /2 to 4113/2. This process has been studied before [19,20], but in
order to obtain the nonradiative decay rate, the knowledge of the
radiative lifetime of the *I;; ,2 level is required. This value could be
obtained on the basis of the absorption spectra through a Judd-Ofelt
calculation, but unfortunately these data are difficult to obtain for
powder eulytite samples, in the absence of suitable single crystals.
Another possibility would be the experimental measurement of the
quantum efficiency of the luminescence originating from *I;;  of Er®",
but this measurement unfortunately lies beyond the experimental fa-
cilities of our laboratories. Despite the lack of this information, the
present calculation appears to yield a reasonably high value, taking into
account that the material under investigation is almost fully concen-
trated (98 %) in the Yb>" ions that are responsible for the absorption of
photons.

On the other hand, in the fluoride materials currently used to
generate upconversion, the concentration of Yb>" is normally lower
than 20 mol% [9,10], so that cyp, < 0.20. This lower concentration of
Yb3* gives rise to values of 1 being in principle five times lower than
the one reported here. Another feature of the materials described here is
that fast energy migration brings rapidly the excitation in the proximity
of the Er** ions, so that the energy transfer rate is maximized. On the
contrary, in fluoride materials where cy, < 0.20 the average distances
between Yb®* and Er®" are longer, so that the Yb>*—>Er®* energy
transfer is bound to be less probable. Finally, the oxide materials
described here are much less prone to the contamination by quenching
impurities than the fluoride ones normally presented in the literature
[21], and their synthesis does not require the use of hazardous
fluoride-based reagents.

5. Conclusions

In the present paper we have presented a detailed study of the optical
spectroscopy and excited state dynamics of the eulytite materials with
compositions Sr3Y.98Ybo.02(PO4)3, Sr3Yo.98Er0.02(PO4)3, Sr3Yb(PO4)3
and Sr3Ybg ggErg g2(PO4)s. In particular, we have concentrated our
attention on the Yb>™—Yb3* and Yb3"—Er®" energy transfer processes
leading to upconversion from NIR excitation to emission located in the
green and red spectral regions. We have shown that fast energy migra-
tion in the Yb®* subset of ions leads to the efficient population of the
Er’* energy levels that give rise to anti-Stokes emission. The overall
efficiency of the upconversion process has been estimated, and a
promising, but approximate, value of 0.24 has been obtained. The ma-
terials under investigation could hold some promise for future applica-
tions in the field of upconversion phosphors. However, we must point
out that upconverting materials are particularly important when ob-
tained as isolated and well-defined particles of nanometric size, and that
eulylite materials have not been synthesized in this form yet, to the best
of our knowledge. This could be tricky, since oxide nanomaterials are
prone to aggregation, and isolated particles could be hard to obtain. In
any case, the present study could be useful, in order to develop new
schemes to improve upconversion research.
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