Chin. Phys. B  Vol. 22, No. 5 (2013) 057803

Near-infrared downconversion in Eu’>* and Pr’>*
co-doped KSrPO, phosphor*
Sun Jia-Yue(FMZEK), Sun Yi-Ning(#M#T*), Zhu Ji-Cheng(2k 75 /i),
Zeng Jun-Hui(¥4 Z /%), and Du Hai- Yan(Ff i
School of Science, Beijing Technology and Business University, Beijing 100048, China

(Received 1 June 2012; revised manuscript received 9 October 2012)

A novel near-infrared (NIR) downconversion (DC) phosphor KSrPO,:Eu?*, Pr3+ is synthesized by the conventional
high temperature solid-state reaction. The Eu* acts as an efficient sensitizer for Pr>t in the KStPO4 host. With broad-
band near-ultraviolet light excitation induced by the 4f—5d transition of Eu?*, the characteristic NIR emission of Pr3+,
peaking at 974 nm and 1019 nm due to 3Py —'Gy4 and ! G4 —3Hy transitions, is generated as a result of the energy transfer
from Eu?" to Pr’*. The luminescence spectra in both the visible and the NIR regions and the decay lifetime curves of
Eu®* prove the energy transfer from Eu?t to Pr3*. This Eu** and Pr3* co-doped KSrPOy, phosphor may be a promising
candidate to modify the spectral mismatch behavior of crystalline solar cells and sunlight.
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1. Introduction

Recently, photovoltaic (PV) generation has attracted
much attention because it is a sustainable way to generate
electricity.!'! Solar photovoltaic power generation is the core
component.[”! Most PV solar cells are made from crystalline
silicon, either single-crystal or multi-crystalline silicon. The
phosphor material studied in this work can be applied to
silicon-based solar cells. The peak of the spectral sensitiv-
ity of a c-Si solar cell is at around 1000 nm, corresponding
to its band gap 1.1 eV. However, sunlight’s emission peak is
in the visible region at around 400-700 nm. Most of the en-
ergy loss of the solar cells is related to the spectral mismatch:
photons with energy smaller than the band gap (Es) cannot be
absorbed (sub-band gap transmission) and a large part of the
energy of the photons with energy larger than the band gap is
lost as heat (thermalization loss).l>! Therefore, the energy loss
attributed to the spectral mismatch can be reduced by adapting
the solar spectrum before it is absorbed by the solar cell.

Recently, downconversion (DC) through a cooperative
energy transfer (CET) process has attracted growing attention.
Moreover, the DC is also known as the quantum cutting (QC)
luminescence because one photon can be ‘cut’ into two pho-
tons with smaller energy. In this way, DC materials are capa-
ble of harvesting a high-energy visible photon as two near-IR
(NIR) photons, so these materials are considered for applica-
tions as downconverters to enhance the efficiency of photo-
voltaic cells.*! Lanthanide ions are very well suited to use
in the DC, since they have a rich energy level structure that
allows for an efficient spectral conversion. Downconverters
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can be divided into ionic-like and band-like downconverters.
In band-like downconverters, the absorption takes place via
a band-to-band excitation in the host material, and the emis-
sion occurs via the energetic levels of the doping ions.>~7]
Meijerink et al. pointed out the necessity of a sensitizer that
shows strong absorption in the 300-500 nm region and can
transfer energy efficiently to the emitter in order to achieve ef-
ficient near-infrared quantum cutting.®! The excitation bands
of Tb®>*, Tm3*, and Pr’* are very weak and narrow due to
the luminescent nature of the 4f—4f transition. Therefore, in
order to improve the solar cell efficiency, it is important to ex-
plore rare-earth (RE) ion pairs, which show a strong and broad
absorption in the ultraviolet/visible (UV/VIS) region and effi-
ciently use the energy to emit more than two photons in the
NIR region. Wei et all! and Qu et al'%! have reported the
broad-band NIR downconversion of Bi** and Yb** codoped
cubic Y,03.

Eu?t and Ce*" are two promising sensitizer candidates,
both of which show broad and strong absorptions in the de-
sired spectral region due to the 4f—5d transition. Broad-band
quantum cuttings in Ce3*—Yb>* and Eu?>*-Yb3* co-doped
systems, in which Ce3* or Eu?>" acts as an energy transfer
(ET) donor, have been proposed and studied.'!! The Eu’*
might be a proper sensitizer ion, as its 4f—5d transition cov-
ers a broad spectral range and the energy of the 4f—5d transi-
tion can be tuned by changing either the crystal field strength
or the covalency of the host.[!2141 Furthermore, since the
QC was first presented by Somerdijk et al!'>! in 1974, they
found that Pr3* in YF3 can cut one incident vacuum ultravio-
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let photon into two visible photons. This downconversion lu-
minescence process has also been found in many Pr>*-doped
materials.[10-19]

In the present work, energy transfer and downconver-
sion luminescence are found and investigated in detail for the
(Eu”*, Pr3*) couple in KSrPO, phosphors. The dependencies
of the VIS and NIR emissions, decay lifetime, energy trans-
fer efficiency (ETE), and quantum efficiency (QE) on the Pr3+

concentration are also discussed.

2. Experiment

All the KStPO4:Eu?*, Pr3*, K+ phosphors were prepared
by the conventional solid-state reaction. The raw material was
a stoichiometric mixture of reagent grade KH,PO4 (A.R.),
SrCO3 (A.R.), Eu03 (99.999%), and Pr,03 (99.999%). In
general, the different valence states of the rare earth ions and
the Pr’* ion require a charge compensation mechanism. For
this reason, the host lattice was treated in our experiment with
the charge compensator ions K. The K,CO3 was added as
an easy substitute for Sr>* by Pr’*. The composition for
each material was prepared in a proper stoichiometric ratio
and mixed thoroughly in an agate mortar. First, the mixture
was heated up to 600 °C and kept at that temperature for 3 h in
air. After that, the samples were thoroughly mixed and heated
for 3 h in a CO atmosphere at 1300 °C to insure the complete
reduction of Eu’™ ions to Eu’*.

The X-ray diffraction (XRD) patterns were obtained on
a Shimadzu model XRD-6000 X-ray powder diffractometer
with Cu K, radiation (40 kV, 30 mA). The VIS emission spec-
trum was recorded using a Hitachi F-7000 fluorescence spec-
trophotometer, and a 150 W Xe lamp was used as the exci-
tation lamp. The NIR emission and excitation spectrum was
recorded using a FluoroLog-3 spectrofluorometer (HORIBA
Jobin Yvon, USA) with a 150 W Xe lamp as the excita-
tion lamp and a R1033P photomultiplier for signal detec-
tion. Luminescent decay curves were measured by using the
FluoroLog-3 spectrofluorometer with Nano LED (N-370) as
the excitation source and an R928P photomultiplier for signal
detection.

3. Results and discussion

The KSrPO4 host has an orthorhombic crystal structure,
and its lattice parameters are a = 0.7350 nm, b = 0.9634 nm,
and ¢ = 0.5562 nm. Figure 1 shows the XRD patterns of
sample KSrPO4:0.01Eu>*, xPr3*, xK* (x = 0.01, 0.05) and
the data of JCPDS card No. 33-1045 for pure orthorhombic
KSrPOy as a reference. No obvious second phase is detected,
which indicates that appropriate Eu**, Pr3* doping and sub-
stitution will have little effect on phase formation and struc-

ture. This may be attributed to their similar ionic radii (Sr2+,
r=0.112 nm; Eu**, r = 0.109 nm; Pr>*, » = 0.101 nm).[?!
The charge compensation of Pr3* to Sr>* has also been real-
ized by the codoping of K. The XRD results indicate that
the positions and intensities of XRD peaks agree well with the
data for KSrPOy.
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Fig. 1. (color online) XRD patterns of KSrP04:0.01 Eu?*,
KSrPO4:0.01Eu®*, 0.05Pr**, 0.05K*, and the standard data of
KSrPO4 (JCPDS No. 33-1045) as a reference.

Figure 2(a) shows the excitation and the emission spectra
in the visible region of KSrPO4:0.01Eu>". A broad blue emis-
sion band centered at 428 nm is observed under 336 nm exci-
tation. The excitation spectrum consists of a broad band cen-
tered at 336 nm due to the 47 —4f55d! transition of Eu?* 2!}
The excitation and the emission spectra of Pr’* in KSrPOy are
presented in Fig. 2(b). Three main excitation bands centered
at 445 nm, 470 nm, and 482 nm are assigned to the transi-
tions *Hy —°P; (j =0, 1, 2) of the Pr** ions, respectively.
Under the 336 nm excitation, three main emission bands cen-
tered at 527 nm, 602 nm, and 643 nm can be observed, which
are ascribed to the 3Py —3Hs, 3Py —>Hg, and 3Py —°F, tran-
sitions of the Pr3* ions, respectively.”>?3] The weak band is
due to the host absorption. By comparing the excitation emis-
sion spectrum of KSrPO4:Pr’* with the emission spectrum of
KSrPO4:0.01Eu?T, it can be seen that there is a significant
spectral overlap in the 440-500 nm region (shown in Figs. 2(a)
and 2(b)).
transfer from Eu®t to Pr’* is expected. Figure 2(c) gives

Therefore, the effective resonance-type energy

the excitation and the emission spectra of KSrPO4:0.01Eu?T,
0.003Pr3* phosphor. The 428 nm emission intensity of Eu>*
is very strong, resulting in the 602 nm emission of Pr’* being
very weak. The inset shows a magnification of Pr3* lumines-
cence in the 580—700 nm region. The excitation spectra mon-
itored at 428 nm and 602 nm are similar except for the differ-
ence in intensity. The presence of the 4f7 —4f%5d! transitions
of the Eu?" ions in the excitation spectrum of Pr’* indicates
that an efficient ET from Eu?* to Pr’* occurs.
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Fig. 2. (color online) Excitation and emission spectra in

the visible region of the single-doped and the co-doped sam-
ples, (a) KSrPO4:0.01Eu**, (b) KSrP04:0.003Pr3*, 0.003K*, (c)
KSrPO4:0.01Eu®*, 0.003Pr>*, 0.003K*. Inset shows the Pr** lumi-
nescence in the VIS region.
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Fig. 3. (color online) Excitation and NIR emission spectra of (a)
KSrP04:0.01Pr?*, 0.01K ™, (b) KSrPO4:0.01Eu?t, 0.01Pr3t, 0.01K*.
(c) For comparison, we also give the excitation (A = 1019 nm) and the
emission spectra (Aex = 336 nm) of KSrPO4:0.01Pr>+, xEu?t, 0.01K™*
(x=0,0.01).

Figure 3(a) shows the VIS and the NIR emission spec-
tra of KSrPO4:0.01Pr>*, 0.01K*. It is readily apparent that
the Pr3* jons exhibit distinct excitation and NIR-emission
features.!>*! By examining the NIR emission peak at 1019 nm,
we see that the excitation of Pr3* contains several bands cen-
tered at 445 nm, 470 nm, and 482 nm (red line), correspond-
ing to the transitions 3Hy =3P i (j=0, 1, 2), respectively. A
weak band peaking at about 325 nm is probably due to the
host absorption. The excitation spectra monitored at 974 nm
and 1019 nm are similar except for the difference in inten-
sity. When excited at 336 nm, 445 nm, 482 nm respectively,
there is a characteristic NIR emission peaking at 1019 nm,
which is assigned to the 1G, —3H, electronic transition of
Pr3*, and the emission around 974 nm is a second-order peak
that can be assigned to the 3Py =!Gy electronic transition of
Pr3* [2] as shown in Fig. 3(b). For comparison, we also give
the excitation and the emission spectra of KSrPO4:0.01Pr3t,
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x0.01Eu®*, 0.01K* (x = 0,0.01). From Fig. 3(c) we find
that the Pr’* NIR emission intensity of the KSrPO4:0.01Pr3t,
xEu”*, 0.01K* system under 336 nm excitation is about 20

times as strong as that of KSrPO4:0.01Pr>*, 0.01K*, which

confirms the highly efficient excitation and subsequent coop-

erative ET in the presently investigated material.
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Fig. 4. (color online) Emission spectra of (a) KSrPO4:0.005Pr>+,
xEu?*, 0.005KF, (b) KSrP0O4:0.01Pr3*, xEu?*, 0.01K*, and (c)
KSrP04:0.05Pr>*, xEu?*, 0.05K* (0 < x < 0.05) in the VIS region
from 380 nm to 700 nm and the NIR region from 900 nm to 1100 nm
(Aex = 336 nm). The inset shows the Pr3* luminescence in the VIS
region.
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Figure 4 shows the emission spectra of (a)
KSrP04:0.005P3*, xEu?*, 0.005K*, (b) KSrPO4:0.01Pr3+,
xEu?*, 0.01K", and (c) KSrPO4:0.05Pr**, xEu?*, 0.05K"
(0 <x <0.05). Under the 336 nm excitation, the intense char-
acteristic emission peaks of Eu?t and Pr3* are observed in
the emission spectra of all samples. As the Eu>* concentra-
tion increases, the emission intensities of both Eu?* and Pr3t
increase systematically, and reach maxima when x is about
0.01, then decline dramatically. Furthermore, the emission
intensity of the Pr3* and Eu** co-doped KSrPOy4 phosphor is
higher than that of single doped Pr**. A similar phenomenon
can be found in Figs. 4(b) and 4(c). Therefore the optimum
concentration of Eu?* in the Pr’* and Eu?>" co-doped mate-
rial is 1 mol%. The emission spectra of phosphors doped with
different concentrations of Pr3* at the fixed 0.01 mol Eu**
concentration are shown in Fig. 5.

The emission spectra of KSrPO4:0.01Eu?", xPr’*, xK*
in the VIS and the NIR regions excited at 336 nm are pre-
sented in Fig. 5. Compared to the emission spectra in the VIS
region of Eu?* and the NIR region of Pr’*, we find that the
VIS emission intensity of Eu>t decreases monotonously with
the increasing concentration of Pr3*. Meanwhile, it is found
that the NIR luminescence intensity of Pr3* increases at first,
reaching its maximum at x = 1 mol%. Then with the increase
of the Pr3*concentration, the emission intensity decreases,
which can be attributed to the concentration quenching effect
of Pr3* [23] Therefore, an effective energy transfer from Eu>*
to Pr37 is to be expected. The inset of Fig. 5 shows the Pr3+
luminescence in the VIS region from 580 nm to 700 nm. Two
visible emission bands centered at 602 nm and 643 nm can be
observed, which are ascribed to the *Py —3Hg and 3Py —°F,
transitions of the Pr>* ions, respectively. This phenomenon
further supports the existence of the ET from Eu?* to Pr3* [20]
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Fig. 5. (color online) Emission spectra of KSrPO4:0.01Eu2t, xPr3+,
xK* (0 < x <0.05) in the VIS region from 380 nm to 700 nm and the
NIR region from 900 nm to 1100 nm (Aex = 336 nm). The inset shows
the Pr3* luminescence in the VIS region.

To further prove the existence of the energy transfer
from Eu?* to Pr3*, we depict in Fig. 6 the luminescence de-
cay curves of Eu>* ascribed to the 4f°5d' —4f” emission at

428 nm for KSrPO,4:Eu’*, Pr’*, K doped with different Pr3+
concentrations under the 370 nm excitation. For the sample
without Pr3, a nearly single-exponential luminescence decay
is found with a lifetime of 0.552 ps. Obviously, the decay time
decreases rapidly with the increase of Pr>* concentration from
0 to 5 mol%, and the decay curve becomes nonexponential for
Eu?*—Pr** co-doped samples. The nonexponential character
is attributed to the variation in the distribution of Pr>* acceptor
ions around Eu?". Thus it results in a variety of ET rates for
different Eu”*. It is found that the luminescence decay curves
of Eu?* show the nonexponential characteristics (Fig. 6), and
the energy transfer efficiency ngrg and the total theoretical
QE nqE (regardless of energy loss)?’! can be calculated by

the following equations:[28’29]
n =1 flx%Prdt
o o fIO%Prdt7 M
1QE NEa(1 ’Tx%Pr) + 2Mx%pr, 2)

where I denotes the emission intensity of Pr3t, x% Pr stands
for the Pr3* concentration, and NEu Stands for the lumines-
cence QE of Eu?* and is set to 1. The lifetimes of the samples
are determined to be 0.552 us, 0.503 ps, 0.464 us, 0.398 s,
0.344 ps, and 0.298 ps for samples with 0 mol%, 0.3 mol%,
1 mol%, 2 mol%, 3 mol%, and 5 mol% Pr3+, respectively. The
decay lifetimes and the ETE each are plotted as a function of
the Pr3* doping concentration in the inset of Fig. 6. We can
see that the ETE increases monotonously and reaches a maxi-
mum value of 59% when the doping concentration of Pr3* is
5 mol%. The reduced sample lifetime can be ascribed to the
energy transfer from Eu?" to Pr3*. Therefore, the ET from
Eu?* to Pr*t in KSrPO,4:0.01Eu?t, xPr3*, xKt (0 < x < 0.05)
is proved.
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Fig. 6. (color online) Decay curves of the Eu?*:4f05d" —4f7 lumines-
cence (Aem = 428 nm) under the 370 nm excitation. The different frac-
tions x of Pr3* in the samples are indicated. Inset shows decay lifetime
and ETE as a function of the Pr3* doping concentration.

For KSrP04:0.01Eu”*, 0.01Pr3>*, 0.01K™* phosphors, the
QE has been found to be about 159%. The low ETE of
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KSrP0O4:0.01Eu?*, xPr’*, xK* (0 < x < 0.05) phosphors
may be ascribed to the inefficient excitation of Pr3* for the
phosphors’ forbidden transition or the low absorption cross-
sections for UV-VIS photons.*"]

The schematic energy levels with the transitions that may
be involved in the ET process from Eu”** ions to Pr’* ions
in KSrPO4 phosphors are given in Fig. 7. The Eu** ions ab-
sorb energy from the excitation source and are excited to the
4f95d! level. We give the most likely energy transfer path
based on our experiments. Then, the Eu>" ions are relaxed
to the split excited state along with a Stokes shift. The emis-
sion occurs through the parity-allowed transition from the ex-
cited state to the ground state 4f7 3% After the excitation of
the Eu?T 4f05d! states, the electrons can either relax radia-
tively to the 4f ground state, producing a broadband lumines-
cence in the visible range, or resonance transfer to Pr3* by
activating Pr** from the ground *Hy level to the excited 3P,
(445 nm), 3Py /14 (470 nm), or *Py (482 nm) level. Then they
relax to the emitting level 3Po, in which the process of NIR QC
Py —'Gy —>3H4) occurs. Thus two NIR photons are emitted
whenever one visible photon is absorbed.
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Fig. 7. Schematic energy-level diagram of ET process from Eu** to
Pr3* in KSrPO,:0.01Eu?*, xPr3*, xK* phosphors.

4. Conclusion

In summary, Eu?* and Pr** co-doped KSrPO4 phosphors
were successfully synthesized by the conventional high tem-
perature solid-state technique. An XRD analysis was carried
out to prove the phase purity. The emission spectra prove the
existence of an energy transfer from Eu>* to Pr3* that leads to
900-1100 nm infrared emission and the visible luminescence
of Eu?T from 350 nm to 500 nm. The Eu’* ions correspond
to a broad blue emission band centered at 428 nm, and Pr37 is

at 1019 nm with a second-order peak at 974 nm. The lifetime
of Eu?* drops rapidly with the increasing Pr’* concentration,
and the energy efficiency increases until 5 mol% Pr>7 is intro-
duced, where it reaches the maximum of 59%. As for the en-
ergy of the NIR emission just above the band gap of crystalline
Si, the spectral conversion material studied in this work may
have practical applications in high efficiency silicon-based so-
lar cells.
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