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Demonstration of Eu>* — Eu?* Energy Transfer in NIR
Emitting CaO:Eu?*,Eu?* LED Phosphor and its Implication
for the Role of Eu** as a Killer Center for Long Wavelength

Eu?t Emission

Casper van Aarle,* Robert Ingham, Clara van der Heijden, Koray Budwilowitz,
Meesz Niehe, lulian Dugulan, and Hubertus T. Hintzen

While Eu?* — Eu3* energy transfer is well known, in this study the energy
transfer from Eu3* to Eu?* is reported for the first time. The predominant
condition for Eu>* — Eu?* energy transfer is a Eu?* 4f°5d band at lower
energy than the position of the Eu** 4f°[°Dy] level, which is fulfilled in
Eu-doped CaO. X-ray powder diffraction, Eu Méssbauer spectroscopy and
optical absorption measurements are employed to determine the Eu®* and
Eu2* concentrations in the prepared CaO:1at.%Eu samples. Synthesis in an
H,/N, atmosphere and addition of graphite powder as a reducing agent to
the starting mixture are found to result in respective Eu** and Eu?*
concentrations of 0.6-0.7% and 0.3-0.4%. For this sample, the Eu3* — Eu?*
energy transfer efficiency is estimated to be high (> 90%). This is explained by
the high oscillator strength of the 4f’ — 4f°5d excitation transition of the Eu**
ion to which energy is transferred. As the Eu** 4f°5d band lies below the Eu3+
4f°[°D,] level, Eu*>* does not act as a killer center for the near-infrared (NIR)
Eu?* emission at about 720 nm. Therefore, a full reduction of Eu3* is not
required to attain a high quantum efficiency. Implications of the demonstrated
Eu** — Eu?* energy transfer for application of long wavelength Eu?*

phosphors are discussed.

1. Introduction

Eu is an important luminescent center for lighting and display
applications, either in the divalent (Eu?*) or in the trivalent (Eu**)
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state. The Eu’" ion shows 4f°-4f° (mainly
°D, — ’F)) line emissions at fixed wave-
lengths in the red part of the spectrum in-
dependent of the host lattice, while the ra-
tio of the °D, — ’F, / °D, — ’F, emis-
sions is influenced by the presence of in-
version symmetry at the Eu** center.l!l On
the contrary, the Eu?t ion gives a 4f°5d
— 4f7 band emission with a peak max-
imum strongly dependent on the local
coordination of Eu’** in the host lattice,
which can shift from ultraviolet (UV) to
the infrared (IR) part of the spectrum.!>?!

Eu**-doped Y,0,S was already used as
red-emitting material in classical cathode-
ray (television) tubes before the charac-
teristics of Eu?*- and Eu’*-activated phos-
phors enabled the development of the tri-
color tube fluorescent lamp in the 70s
of last century as a next-generation light-
ing device. By mixing three phosphors
emitting in the blue, green and red part
of the spectrum according to the re-
quirement predicted by simulations, an
optimum combination of a high color
rendering index with a high lumen efficiency could be achieved,
outperforming the conventional fluorescent tube lamp-based
on mixing of blue and yellow light of Sb**,Mn?*-doped halo-
phosphate phosphor. The blue-emitting phosphor in the tricolor
fluorescent lamp was a Eu’**-doped aluminate phosphor with
beta-alumina structure (BaMgAl,,O,,:Eu**), whereas a simple
Eu’*-doped oxide phosphor (Y,0;:Eu**) was used as the red-
emitting component in combination with CeMgAl,, O,,:Tb as the
green-emitting material.[*]

Since the invention of efficient UV-blue emitting (Ga,In)N
light-emitting diodes (LEDs) by Physics Nobel prize winner
Nakamura in 1993, it became possible to design white light emit-
ting devices with higher efficiency and longer life-time. The first
white light LEDs were obtained by combining the blue-emitting
LED with a phosphor which absorbs part of the blue LED light
and converts it into yellow light, similar to the concept of mix-
ing blue and yellow light of Sb**,Mn?*-doped halo-phosphate
phosphor in the first fluorescent lamps. The already known

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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yellow-emitting phosphor Y;Al;O,,:Ce** (YAG:Ce) is well suited
as a blue-yellow conversion phosphor and still in use for this pur-
pose. In a later stage improved white light LEDs were developed
by applying phosphors converting the UV LED radiation into a
combination of blue, green and red light, similar to the concept
on which the tricolor lamp is based.

In the meantime, a wide variety of blue-, green- and red-
emitting phosphors have been proposed, developed and commer-
cialized, of which many based on Eu?*-doped materials.’] Red
Eu?* emission is usually found for covalent host lattices with
strong nephelauxetic effect and strong crystal field (sulfides, ni-
trides), while blue and green emission is obtained for all kinds
of host lattices with a rather weak nephelauxetic effect and weak
crystal field (phosphates, silicates, aluminates, borates). Exam-
ples of red-emitting Eu’*-activated phosphors are given by the
Eu?*-doped sulfides such as CaS:Eu?* and SrS:Eu?*, and the
Eu?*-doped nitrides such as Sr,SisNg:Eu?* and CaAlSiN;:Eu’*.
Because the nitride phosphors are chemically more stable than
the sulfide phosphors and moreover show less thermal quench-
ing of the luminescence, they are commercialized for application
in white light LEDs.

A further shift of the Eu’* emission beyond visible red
emission to longer wavelengths for lattices with still stronger
nephelauxetic effect and/or higher crystal field strength makes it
useless for application in white light LEDs for lighting or display
applications, because of the decreased eye sensitivity and con-
sequently lower luminous efficacy. At the same time, such long
wavelength IR Eu?* emission has recently become of interest for
application in near-infrared (NIR) LEDs for use in the fields of
biomedical imaging, remote sensing, security monitoring, agri-
cultural lighting, etc.[%]

However, compared to red Eu?" band emission for white light
LEDs, red line emission originating from Eu** has the advan-
tage of avoiding lumen losses for emissions at too high wave-
lengths, and therefore is of potential benefit when the Eu3* °D,
— ’F, emission at about 700 nm is not too intense. On the other
hand, the challenge with the Eu** ion is obtaining sufficient ab-
sorption of radiation emitted by the UV-blue pump LEDs. For
application of the well-known red-emitting Y,0;:Eu’** phosphor
in tricolor fluorescent lamps, the Eu* ion is excited in the Eu*
« O% charge transfer band whose position well matches with
the 254 nm line of the mercury gas discharge. Because the Eu**
-ligand charge transfer band cannot be shifted to lower energies
overlapping with the emission of UV-blue pump LEDs (370-
450 nm), the Eu** ion would not be efficiently excited in this
way.

As an alternative approach the absorption by 4f°-4f° transi-
tions ('F, — °L, excitation) at about 400 nm has been pro-
posed for Eu’*-doped materials, e.g. Ca,La(GaO);(BO;),:Eu’*.l"]
However, the absorption remains quite weak despite a high
Eu’* concentration which moreover may cause concentration
quenching of the luminescence. Therefore this approach does
not seem viable and the best way out is sensitization of the
Eu** luminescence by co-doping with e.g. VO,*, WO,%, Ce*,
or Eu?*. More recently, effective sensitization of Eu** by Tb**-co-
doping has been claimed for Li,Ba,La,;(MoO,)q:Eu*t, Tb**, and
the Eu** excitation probability was effectively increased more
than an order of magnitude by 1) proper host-lattice selection,
2) increased sensitization by co-doping, 3) optical interaction
with other down-converters for increased excitation at wave-
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lengths outside the blue regime, and 4) geometrical factors.[®!
Quenching of the luminescence may be caused by intervalence
charge transfer (Ce*t/Tb*"-Eu?") transitions, which can be re-
duced by interparticle energy transfer when mixing nanoparticles
of LaPO,:Tb/LaPO,:Eu and LaPO,:Tb/Y(V,P)O,:Eu.l"!

Energy transfer from Eu?* to Eu’* has been demon-
strated for several mixed valency Eu-doped phosphors, such as
YF;:Eu?t Eut% and CaAl,Si,Og:Eu?t,Eu**.'!l The energy of
the Eu?* 4£°5d band has to be higher than that of the Eu** emit-
ting 4f°° D] level, enabling 4f°["F,] — 4f°[°D,] excitation of Eu**.

In case of incomplete or inefficient Eu?* — Eu’* en-
ergy transfer, the Eu?* emission can be combined with red
Eu’* emission in a single phosphor. In this way for a
blue-green Eu’* emission (at 490-500 nm) a white light-
emitting phosphor can be created, analogous to the first white
light fluorescent lamp phosphor based on a halo-phosphate
host lattice co-doped with Sb** (blue light) and Mn?* (yel-
low light). Some examples of Eu**/Eu**-co-doped white light
emitting phosphors are MgSrLag(SiO,)0,:Eu?t,Eu*'2l and
Na;Al(PO,),F,:Eu?*,Eu3*.'}] Luminescent materials showing a
combination of Eu** and Eu** emission, as influenced by
the temperature, have become of interest as thermosensitive
phosphors for application in the field of remote temperature
sensing.[14]

As already mentioned, in case of a very high nephelaux-
etic effect (i.e., covalent lattice) and a strong crystal field (i.e.,
small site coordinated by highly charged anions), the Eu?*
emission will shift to the near-infrared (NIR) part of the spec-
trum. Consequently, the Eu** 4°5d level is at too low energy
for transferring energy to Eu**. Now, the most intense Eu*
4°P°Dy] — 4f°['F|] transitions overlap with the Eu** 4f —
4f°5d excitation bands. In this case, the reverse energy trans-
fer from Eu** to Eu?* would be expected according to the the-
ories on energy transfer developed by Férster and Dexter.[1>1]
However, so far, such Eu** — Eu?* energy transfer has never
been reported.

The series of MO (M = Mg, Ca, Sr, Ba) compounds with rock-
salt structure enables the variation of the crystal field strength by
changing M with different ionic radius, and therefore MO is an
ideal model system for studying the influence of M on the Eu**
4£°5d crystal field splitting, the co-existence of Eu?* and Eu3* and
energy transfer phenomena between them. Eu(II)O is also stable
with a rocksalt structure and can form solid solutions with MO.
In MO with rocksalt structure M is octahedrally coordinated with
six O% anions with inversion symmetry. For octahedral coordina-
tion with inversion (Oy,) symmetry the Eu?* 4£°5d band is split
into an e, and t,, level, while the Eu** ion can be used as a probe
for checking the absence or presence of local inversion symmetry
due to local distortions.

For studying whether or not Eu** — Eu?* energy transfer oc-
curs, in this work we have chosen for CaO:Eu. Literature data
confirm that the similar size of Ca’* and Eu** allows for the co-
existence of Eu?* and Fu?* in the CaO host lattice, and show that
the peak wavelength of the Eu?* band emission is at about 720
nm.!"”] The ionic radius of Ca?* is smaller than that of Eu?*, in-
ducing a high crystal field strength, and consequently a large
downward shift of the lowest 4£°5d(t,,) level. Because of the
long emission wavelength of Eu?* in CaO (i.e., low energy of
the lowest level Eu** 4{°5d band), energy transfer from Eu** to
Eu’* is no longer possible. Here we will report for the first time
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that energy transfer from Eu** to Eu?* takes place as verified in
CaO:Eu’t,Eu*t.

While CaO:Eu is a suitable model compound for studying Eu**
— Eu?* energy transfer, there has also been an emerging inter-
est in CaO:Eu as phosphor for LED applications. Recently, Qiao
et al. reported an internal quantum efficiency of about 76% on a
CaO:Eu sample showing exclusively Eu’** emission at about 740
nm,® in agreement with the results of Yamashita.'”l CaO:Eu
prepared with a special synthesis technique that was used to con-
struct a high-power NIR LED device with record performance.!8]
However, Zhao et al.l'! and Hao et al.?! reported Eu** emis-
sion bands at shorter wavelengths (about 661 and 460 nm, re-
spectively) for CaO:Eu samples prepared in different ways, en-
ables the use as red-,[*"] respectively blue-emitting phosphor!2’]
in white LEDs.

In this work, a number of Eu-doped CaO samples were pre-
pared with a solid state synthesis method in air versus mak-
ing use of various reducing agents (H,, Ca;N,, C). The Eu-
concentration was 1.0 at.%. The Eu** and Eu** concentrations
can be measured apart from each other by several techniques,
e.g. XPS,[2122] XANES,[2*2*] magnetic measurements!®®! or Eu
Mossbauer spectroscopy.l?! In this work, we have selected the
last technique because of its availability at our institute and the
possibility to measure the relative bulk concentrations of Eu?*
and Eu’" in a straightforward way. Moreover, information can
be obtained about site occupancies and bonding characteristics.
Eu Mossbauer spectroscopy has previously been used for the
characterization of the commercial phosphors Y,0;:Eu**1?’l and
BaMgAl,,0,,:Eu®*,1?® while relative Eu**/Eu** concentrations
have been determined for SrAl,,0,y:Eu**,Eu’*.[l As the main
result of this paper the occurrence of Eu** — Eu?" energy transfer
in CaO:Eu?*,Eu’* will be demonstrated by emission, excitation,
and time-resolved luminescence measurements. In addition, the
implication for its role of Eu** as a killer center for the Eu?* emis-
sion will be discussed.

2. Results

To see whether the synthesis yielded single phase reaction prod-
ucts, Figure la—c shows the powder X-ray diffractograms of the
three CaO:1at.%Eu samples. For comparison, the ICDD refer-
ence patterns for CaO and Eu,O, are shown in Figure 1d,e, re-
spectively. For CaO:1at.%Eu (air) in Figure 1a, very low-intensity
diffraction peaks are observed that cannot be ascribed to the CaO
phase. These diffraction peaks are marked with arrows that cor-
respond with Eu,O; and are therefore ascribed to Eu, O, left over
from the starting materials, possibly due to the low solubility of
Eu’* in CaO at the used firing temperature. A similar incomplete
incorporation of Eu, 0, was observed by Zhao et al. when doping
CaO with 2 mol.% Eu,0;.3”] All peaks in Figure 1b,c can be as-
cribed to the cubic CaO phase, no second phases are observed.
Apparently, synthesis under reducing conditions helps with in-
corporation of Eu, as the solubility of Eu?* is most likely higher
than that of Eu** owing to Eu(II)O having the same rock salt crys-
tal structure as CaO.

To determine the precision with which the lattice parameter a
can be measured, Figure 2a shows a plot of a calculated for each
diffraction peak of the Si internal standard versus f{0) (see Equa-
tion 6). The true lattice parameters of the Si internal standard as
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(a) CaO0:1%kEu (air)

v v v oy

(b) Ca0:1%Eu (Ha/N3)

(c) Ca0:1%Eu (C, Ha/N3)

L J j [

(d) PDF 00-037-1497 (CaO)

Intensity (a.u.)

(e) PDF 04-014-9534 (Eu,03)

30 40 50 60 70
26 (degrees)

Figure 1. X-ray diffractograms of a) CaO:1at.%Eu (air), b) CaO:1at.%Eu
(Hy/N3), and c) CaO:1at.%Eu (C, H,/N,). ICDD reference patterns d)
CaO (PDF 00-037-1497), and €) Eu,0, (PDF 04-014-9534).

5.438 o === (1) CaO undoped (a) Si
1 = (2) Ca0:1%kEu (air)
5.436 | —— (3) Ca0:1%Eu (Hy/N,) 2
1 =—— (4) Ca0:1%Eu (C, Hy/N5)
—~ 5.434 -
< ]
© 5.432
5.430 -
5.428 -
4.818 (b) CaO
4816 1  Ca0:1%Eu?™ 2
1< according to Vegard's law
—~ 4.814 -
< ]
T 4.812 -
4.810
i 4
4.808
. I : . r . .
0 1 2 3 4
f(6)

Figure 2. Lattice parameter a as a function of f(f) for a) Si internal
standard and b) CaO samples. The real lattice parameter is found at

fl6y =o0.
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Table 1. Lattice parameters of the internal standard Si (ag;) and the CaO
samples (ac,p) determined by extrapolating the fits with Equation (6) in
Figure 2 to f(f) = 0. Eu?* and Eu3* concentrations are estimated from
lattice parameters (see text).

Sample as; dc.o at.% Eu* at.% Eu?*
CaO undoped 5.4311 4.8116 0 0
CaO:1at.%Eu (air) 5.4310 4.8115 1 0
Ca0:1at.%Eu (H,/N,) 54311 48117 1 0
Ca0:1at.%Eu (C, H,/N,) 54310 4.8127 0.7 03

determined for f{f) = 0 are shown in Table 1. Despite linear de-
pendencies of a on f{#) with different slopes, the intercept value
is almost the same showing internal consistency. A value of a =
5.431+0.001 A is found, which corresponds well to the value of
5.43159 A specified by the National Institute of Standards and
Technology.*®! The minor spread in the lattice parameter deter-
mined for Si shows that variations in a of CaO larger than 0.001
A can be interpreted as real physical effects.

Figure 2b shows the lattice parameter a versus f{0) for the CaO
samples. As opposed to the Siinternal standard in Figure 2a, a for
CaO does not converge to the same value for all samples. Again,
the true lattice parameters are shown in Table 1. The effect of
doping with 1 at.%Eu for the CaO:1at.%Eu (air) and CaO:1at.%Eu
(H,/N,) samples is not apparent as they vary by only 0.0001 A
from the undoped CaO sample. As CaO:1at.%Eu (air) is expected
to contain exclusively Eu?*, it can be concluded that incorporation
of minor amounts of Eu** has negligible effect on a.

The change in a for CaO:1at.%Eu (C, H,/N,) is an order of
magnitude larger than for the other samples (0.001 A vs 0.0001
A). As CaO and Eu(I1)O both crystallize in the rock salt structure,
the lattice parameter expected for CaO:1at.%Eu®" can be calcu-
lated using Vegard’s law. Using a = 4.8116 A for undoped CaO
(Table 1) and a = 5.142 A for Eu(I1)0,1*?! it is calculated that a
= 4.815 A for CaO:1at.%Eu?* (CaygoFuy o, O). This value is indi-
cated in Figure 2 by the arrow. CaO:1at.%Eu (C, H,/N,) shows
about 30% of the increase in a versus undoped CaO compared to
what is expected for CaO:1at.%Eu*t. When assuming the effects
of Eu** on a are negligible, the Eu’* concentration can be esti-
mated to be about 0.3 at.% in this sample and consequently, the
Eu’" concentration is about 0.7 at.%.

Figure 3 shows the Kubelka—-Munk absorption spectra of
all three CaO:lat.%Eu samples in the 420-800 nm range.
CaO:1at.%Eu (air) shows no increased absorption compared to
the undoped CaO reference. This indicates that this samples con-
tains exclusively Eu**, as the absorption strength of the parity for-
bidden Eu*t 4f° — 4f° transitions is too low to be observable in
the figure. CaO:1at.%Eu (H,/N,) shows an absorption band that
corresponds well with the Eu?* 4f” — 4f°5d(t,,) absorption band
reported in literature for CaO: Eu?t, Eu*17) This shows that
the sample contains some Eu**, even though no lattice expan-
sion was observed with XRD (Table 1). CaO:1at.%Eu (C, H,/.N,)
shows stronger absorption from the 4f" — 4f°5d(t,,) band com-
pared to CaO:1at.%Eu (H,/N,), confirming its higher Eu?* con-
centration as shown with XRD (Table 1). Based on the Kubelka—
Munk absorption of CaO:1at.%Eu (H,/N,) compared to that of
CaO:1at.%Eu (C,H,/N,), it is estimated that the Eu?* concentra-
tion is approximately 0.1 at.% in CaO:1at.%Eu (H,/N,).
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Figure 3. Kubelka—Munk absorption spectra of CaO:1at.%Eu prepared

with three different synthesis methods using undoped CaO as reference
sample.

The presence of Eu?* has been directly demonstrated using Eu
Méssbauer spectroscopy. Using a *SmF, source and a EuF, ref-
erence sample, Eu** creates an absorption line around 0 mm s,
while the signal of Eu?* is typically positioned around —13 mm
s7L.12%] Figure 4a,b shows the Méssbauer spectra for CaO:1at.%Eu
(air) and CaO:1at.%Eu (H,/N,), respectively. They both contain a
single absorption line around 1 mm s, no absorption around -
13 mm s~! was observed. This indicates that the samples contain
primarily Eu**. The data was fitted with a single Lorentzian func-
tion, its fit parameters are provided in Table 2. The isomer shift

=
n

| (@) Ca0:1%Eu (air)

Absorption (a.u.)

| (b) Ca0:1%Eu (Ha/N,)

Absorption (a.u.)

3 | (c) Ca0:1%Eu (C, Ha/N3)
)
C
o
s
@]
(%]
O
< h
0.0 T T T |” T T
=20 -10 0 10
v (mm/s)

Figure 4. "TEu Mossbauer spectra of a) CaO:lat.%Eu (air), b)
CaO:lat.%Eu (H,/N,), and ¢) CaO:1at.%Eu (C, H,/N,). The signal at—13
mm s~ for CaO:Tat.%Eu (C,H,/N,) shows the presence of Eu?*.
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Table 2. Mgssbauer fit parameters for the Eu-doped CaO samples. § de-
notes the isomer shift and I" denotes the linewidth.

Sample ion 5 [mmsT] I [mms™] at.%
CaO:1at.%Eu (air) Eul* 1.02+0.02 3.06+0.07 1
Eu?t — — 0
CaO:1at.%Eu (H,/N,) Eul* 1.05+0.02 3.08+0.07 1
Eu?* — — 0
CaO:1at.%Eu (C, Hy/N,) Eut 1.08+0.04 3.12+0.13 0.6
Eu?* -11.31+0.46 12.13+1.89 0.4

is a measure of the 6s-electron density at the Eu nucleus, which
becomes higher for decreasing Eu-O distance and increasing co-
valency, while the line width gets larger for asymmetric and more
Eu’* centers. The isomer shift of 1.0-1.1 mm s7! is similar to that
observed for other oxide compounds,?®! such as Y,0;:Eu’*,[?7]
and considerably higher than that of the EuF; reference com-
pound because of the increased covalent character of CaO. The
linewidth higher than 3 mm s is very large,!*" ascribed to the
presence of more Eu** centres in CaO:Eul*!l with somewhat dif-
ferent isomer shift and linewidth values.

In Figure 4c, the Mdossbauer spectrum of CaO:1at.%Eu (C,
H,/N,) is shown. In addition to the Eu** absorption line around
1 mm st is, it also shows a line at about —11.3 mm s, indicat-
ing that the sample contains a significant amount of Eu?*. The
data has been fitted using two Lorentzian functions, of which
the fitting parameters are also provided in Table 2. The Eu®* iso-
mer shift is somewhat higher than for the CaO:1at.%Eu (air) and
CaO:1at.%Eu (H,/N,) compounds, while from the slightly larger
lattice parameter <a> a lower value is expected.!?’] This indicates
an increased covalency,*?! which is caused by the presence of
Eu’* in the sample. Some disorder seems to be introduced as
well, resulting in a larger linewidth, and both effects suggest that
Eu?* and Eu** are quite close to each other in the CaO host lattice.

The Eu?* isomer shift of about —~11.3 mm s™' is among the
highest (i.e., least negative) values reported?®! and in the range
of covalent compounds such as sulfides (isomer shift CaS:Eu =
-11.5 mm s3] EuS = -11.7 mm s)"'* and nitrides (isomer
shift Eu, SiN; =-10.66 mm s7};*] Eu, Si;N; =-11.88 mm s71;(*¢]
Eu,(BN,), =-11.4 mm s7!, Bu, 4;,Bag(BN,) = -10.7 mm s7).["]
The Eu?* signal with a linewidth of about 12.1 mm s™! (Table 2) is
very broad as compared with other Eu?*-activated phosphors.[?!
For SrAl,,0,4:Eu with magnetoplumbite structure the linewidth
increases from 3.6 mm s for 100% Eu (90% Eu?*) to 11.0 mm
s7! for 5% Eu (4.5% Eu?"), which is ascribed to paramagnetic re-
laxation effects.[?! Only a minor increase of the Eu?* linewidth
to 12.1 mm s! for more than a factor 10 lower Eu’* concen-
tration in CaO:1at.%Eu (0.3-0.4% Eu?*) is most probably due
to the high symmetric Ca?* site with inversion symmetry on
which Eu?* is incorporated in CaO, reducing the linewidth of
the Eu?* Mdssbauer signal. Due to further broadening of the
Eu?* signal for lower Eu** concentrations present in the sam-
ple CaO:1at.%Eu prepared in H, /N, atmosphere the detection of
Eu?* with Méssbauer spectroscopy was impossible for the used
measurement conditions.

Under the assumption that Eu?* and Eu** have the same
recoil-free fraction, the Fu?* and Fu?* concentrations can be esti-
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Figure 5. Photoluminescence excitation and emission spectra of a)
CaO:lat.%Eu (air), b) CaO:1at.%Eu (H,/N,), and c) CaO:1at.%Eu (C,
Ha/N,).
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mated from the ratio between the area under the absorption lines.
For CaO:1at.%Eu (C, H,/N,), this yields Eu’* and Eu** concen-
trations of about 0.4% and 0.6%, respectively, which is close to the
concentrations determined with XRD (Table 1). For CaO:1at.%Eu
(H,/N,), the absence of a Eu?* absorption line makes it impossi-
ble to estimate the relative concentrations in this sample. How-
ever, considering the argumentation before, the fact that the Eu*
Mossbauer isomer shift and linewidth are in between those of
the CaO:1at.%Eu (air) and CaO:1at.%Eu (C, H,/N,) samples is
consistent with the presence of some Eu?* in the CaO:1at.%Eu
(H,/N,) sample.

Figure 5a shows the photoluminescence excitation and emis-
sion spectra of CaO:1at.%Eu (air). When excited at 280 nm, the
emission spectrum (Curve 1) shows exclusively Eu** emission
due to the 4{°°D,] — 4f°['F)] transitions. From the 4{°’D,] —
4f°[’F,] emission (at about 625 nm) being stronger than the
4f°[°Dy] — 4f°[’F,] emission (in the range 590-595 nm) it can be
concluded that the inversion symmetry at the Ca?* site is lifted, ]
evidently as a consequence of the necessity of charge compen-
sation if Eu** is replacing Ca®*. The excitation spectrum when
monitoring the Eu** line emission at 625 nm (Curve 2) shows a
broad band centered at 250 nm which is ascribed to the Eu** CT
band.[1719]

When exciting CaO:1at.%Eu (H,/N,) at 280 nm (Figure 5b), it
shows primarily the same Eu** line emission as CaO:lat.%Eu
(air). In addition a weak broad emission band is observed be-
tween 700 and 800 nm, which is assigned to the Eu*t 4{°5d
— 4f7 emission. The excitation spectrum when monitoring the
Eu’* emission at 625 nm (Curve 2) shows the same Eu** CT
band as was observed for CaO:1at.%Eu (air). The excitation spec-
trum when monitoring the Eu?* 4f°5d — 4f” emission at 800 nm
(Curve 3) contains the 4f — 4{°5d(t,,) band between 400 and
750 nm and the 4f” — 4f°5d(e,) band between 200 and 400 nm.
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Figure 6. Photoluminescence decay under 280 nm excitation. a)
CaO:1at.%Eu (air) and b) CaO:Tat.%Eu (C, H,/N,).

Between 200 and 300 nm, the excitation spectrum of the Eu?*
emission shows a dip where the Eu** CT band is at maximum.
This is ascribed to competitive absorption between Eu?* and
Eu’t.

Figure 5c shows the emission spectrum of CaO:1at.%Eu (C,
H,/N,) under 280 nm excitation (Curve 1). It shows almost ex-
clusively Eu** 4f°5d — 4f” broad band emission between 650 and
900 nm with top at 720 nm. The low intensity Eu*" line emission
can still be observed around 625 nm. The excitation spectrum
when monitoring the Eu* emission at 625 nm (Curve 2) again
shows the same Eu** CT band at about 250 nm. The excitation
signal between 300 and 550 nm comes from the Eu?* 4{°5d —
4f7 emission slightly overlapping with the Eu** emission at 625
nm. The excitation spectrum when monitoring the Eu?* 4{°5d —
4f7 emission at 800 nm again contains the Eu** 4f” — 4{°5d(t,,)
and 4" — 4f°5d(e,) bands. Compared to CaO:1at.%Eu (H,/N,),
the excitation spectrum of the Eu** emission in CaO:1at.%Eu (C,
H,/N,) shows an increase in intensity between 200 and 300 nm.
This band was also observed by Yamashita in CaO:Eu?*,Eu** and
was believed to be part of the Eu** 4f — 4f°5d(e,) excitation
band.['”] However, based on the results presented in this work,
our presumption is that this band is the Eu** CT band as a result
of energy transfer from Eu’* to Eu?*, superimposed on the Eu**
417 — 4£°5d(e,) band.

The internal quantum efficiency of the CaO:1at.%Eu (C,
H,/N,) sample was measured by exciting the sample at 470 nm
in the 47 — 4f°5d(t,,) band and using undoped CaO as reference.
This yielded a value of ~20%.

Figure 6a shows the photoluminescence decay of CaO:1at.%Eu
(air) after excitation in the Eu** CT band at 280 nm. The 4f°[°D,)]
— 4f°[’F,] emission was monitored at 625 nm. The resulting de-
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cay curve has a primary decay component of 1.3 ms, which orig-
inates from the Eu** center with shortest decay time reported in
literature for CaO:Eu®*.177*148] The good correspondence with de-
cay time values reported for CaO:Eu®* in literature excludes that
any significant influence comes from the left over Eu,O; start-
ing material found in this sample (Figure 1), specifically because
this would produce a component with decay time of 170 us or
faster.*>>% The decay time of 1.3 ms is typical for Eu** substi-
tuted on a non-centrosymmetric site,l>!! as expected for destroy-
ing the inversion symmetry at the Ca?* site as a consequence of
charge compensation. The slight deviation from exponential de-
cay at longer timescales is ascribed to slower decaying Eu** cen-
ters, e.g., Eu** on the regular Ca?* site with inversion symmetry
and charge compensation at large distance.

The photoluminescence decay of CaO:1at.%Eu (C, H,/N,) af-
ter 280 nm excitation is shown in Figure 6b. At an emission wave-
length of 625 nm (Curve 1) the majority of the detected signal
comes from the Eu** 4f°[° D] — 4f°[F,] emission. The overlap of
the Eu?* 4f°5d — 4f” emission with the Eu’* 4f°[°D,] — 4f°['F,]
emission (Figure 5c) is visible as fast component with about 1
ps decay time. After about 10 ps, the signal from Eu?* has de-
cayed enough that the decay curve becomes representative for
the luminescence decay of Eu’*. Opposed to the Eu** emission
in Ca0O:1at.%Eu (air), the decay curve in CaO:1at.%Eu (C, H,/N,)
is severely non-exponential. After the first 50 ps, the decay con-
verges to a component with decay time of 140 s, almost ten times
faster than the 1.3 ms decay time observed in CaO:1at.%Eu (air).
This much shorter decay time is another indication of radiation-
less energy transfer from Eu’* to Eu?*.

At an emission wavelength of 800 nm (Curve 2), the Eu?* 4{°5d
— 4f” emission is monitored. The first 10 ps of the decay curve are
dominated by a fast component with a 900 ns decay time, which
matches well with the intrinsic decay time of the Eu** 4f°5d —
4f7 emission.['”] After 10 ps, a slow component becomes visible
that decays at the same rate as the Eu** decay curve (Curve 1).
This slow component originates from the 4{°5d — 4f emission
after Eu?* is excited through energy transfer from Eu’*.

3. Discussion

A primary condition for energy transfer from Eu** to Eu?* is that
the excitation bands of Eu?* overlap with the emission lines of
Eu’*. This requires that the Eu’* emission lies beyond about
600 nm, i.e. close to the NIR part of the spectrum. It is shown
schematically in Figure 7. On the left side of the figure is the situa-
tion for almost all known Eu?*-Eu?*-co-doped compounds, where
the lowest Eu* 4{°5d state lies above the Eu** 4{°[°D] state. Af-
ter Eu?t gets excited through Arrow 1, its emission wavelength
is short enough that after relaxation energy can be transferred to
Eu’* through Arrow 2. Eu** will then relax down to the 4{°[°D,]
state. There is not enough energy available to transfer its excita-
tion back to Eu** from the Eu** 4f°[°D,] state. Therefore, Eu**
will show 4f° — 4f° emission from the 4f°°D,] state (Arrow 3).
The situation in the left side of the figure is required for sensi-
tization of the Eu** emission by Eu?* as a co-dopant, resulting
in white light emitting phosphors if energy transfer is not com-
plete and the Eu?* is in the blue-green part of the spectrum.!1213]
s CaO:Eu**,Eu’* is a phosphor for which the situation on the
right side in Figure 7 applies. Here, the lowest Eu?*" 4{°5d state
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Figure 7. Schematic showing energy transfer between Eu?* and Eu3*.
Left: The lowest 4f°5d level of Eu?* lies above the Eu3* 4f°[°Dg] level and
energy transfer occurs from Eu?* to Eu®*. Right: The lowest 4f°5d level of
Eu?* lies below the Eu* 4f[°Dy] level and energy transfer occurs from
Eu?* to Eu?t.

lies below the Eu?* 4f°[°D,] state. In this situation, when exciting
Eu’* through Arrow 4 in the CT state, first it will relax down to
the 4f°°D,] state. Now, still enough energy is available to subse-
quently transfer its excitation energy to Eu?* through Arrows 5,
which will then relax down to the lowest 4f°5d state. Again, en-
ergy is lost in the relaxation process and transfer back to Eu** is
no longer possible. Therefore, finally Eu?* will show 4{°5d — 4f
emission through Arrow 6.

The efficiency of energy transfer # depends strongly on the os-
cillator strength of the acceptor ion.[®! The oscillator strength of
the donor ion has no effect as long as energy transfer between
donors is negligible.52] As the oscillator strength of the Eu?* 4f7
— 4f°5d transitions is about three orders of magnitude larger
than that of the Eu** 4f® — 4f° transitions, energy transfer from
Eu’* to Eu** can be much more efficient than energy transfer
from Eu?* to Eu’* for the same concentrations.

The energy transfer efficiency is typically calculated from
the normalized luminescence decay curves of the donor ion
with and without acceptor ions present in the sample.l>>! These
samples would in this case be CaO:1at.%Eu (C, H,/N,) and
CaO:1at.%Eu (Air), respectively. In this case, however, decay
curves of CaO:1at.%Eu are composed of the luminescence decay
from multiple Eu** centers, each with their own decay time. It is
likely that the presence of Eu?* influences the ratio between dif-
ferent Eu** centers, or even causes the formation of new kinds of
Eu’" centers, as suggested by the Méssbauer data. This would in
turn change the intrinsic luminescence decay of Eu** ions. The
situation is further complicated by the overlap between the Eu**
and Eu?* emission spectra in CaO:1at.%Eu (C, H,/N,), meaning
the Eu** decay cannot be measured without picking up signal
from the Eu?* decay (Figure 6). Because of this we use a simpli-
fied method and roughly estimate the Eu** — Eu?* energy trans-
fer efficiency (n) through Equation (1).

n=1-

1)

Tair

Here, 7,;, is the Eu** decay time of the CaO:1at.%Eu (Air) sam-
ple. Avalue of 1.3 ms is taken, corresponding to the primary com-
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ponent. 7 is the Eu** decay time of the CaO:1at.%Eu (C, H,/N,)
sample. As the decay curve of CaO:1at.%Eu (C, H,/N,) is non-
exponential, the slowest component of 140 ps is taken (Figure 6b).
Equation (1) is a simplified version of the well-known formula de-
rived by Inokuti and Hirayama, >3] where 7,; and 7. are replaced
by the mean decay times of their respective decay curves. Using
the decay times of the fastest component in the CaO:1at.%Eu
(Air) sample and slowest component in the CaO:1at.%Eu (C,
H,/N,) therefore results in a significant underestimation of the
energy transfer efficiency. With these decay times a value of n ~
90% is found, indicating that most of the excitations from Eu**
are transferred to Eu?*. This is also in line with the photolu-
minescence emission spectrum of CaO:1at.%Eu (C, H,/N,) in
Figure 5c, where upon excitation in the Eu** CT band, over 95%
of the emission spectrum consists of Eu?* 4f°5d — 4f” emission.

In phosphors where energy transfer from Eu?* to Eu* is pos-
sible, the internal quantum efficiency of the Eu’** emission de-
grades with increasing Eu** concentration.l’*] Asin CaO the Eu**
4f°5d — 4f7 transition lies at longer wavelength than the Eu**
4f°['F,] — 4f°[°D,] transition, the energy transfer is in the op-
posite direction. Therefore, it is no longer necessary to reduce
all Eu** to Eu?* to attain high internal quantum efficiency of
the Eu?* emission. In many cases, the decay time of the Eu?*
emission can be directly linked to its quantum efficiency, i.e., the
quantum efficiency is high for slow decay. The decay curve of the
Eu?* emission in CaO:Eu?*,Eu** reported in literature for vary-
ing Eu** concentrations is often well approximated by a single
exponential with 1 ps decay time,['”'8] in accordance with the de-
cay time of Eu>* measured in this work. This means that once
Eu?* is in the excited state, the probability of emission is similar
in all samples, i.e., the Eu?* is not quenched by presence of Eu*.
Additionally, when the ratio of Eu** to Eu?* is high, using a UV-
blue pump LED may result in some Eu* excitation through the
many 4f° — 4f° transitions in that wavelength region. As Eu**
— Eu?* energy transfer can also be efficient at low Eu?* concen-
trations, these excitations will still result in Eu?* emission. From
this can be learned that full reduction of Eu** to Eu?* is not nec-
essary for Eu?*-doped NIR LED phosphors.

Qiao et al. reported a high internal quantum efficiency of about
76% for CaO:Eu**,Eu’* despite a significant amount of Eu** con-
sidered as a killer center still being present in their samples.**]
However, from our work it has become clear that Eu** does not
act as a killer center for the Eu?* emission in CaO:Eu®*,Eu*t, due
to Eu3* — Eu?" energy transfer. Moreover, the internal quantum
efficiency reported in ref. [18] is much higher than the 20% of
the CaO:1at.%Eu (C, H,/N,) sample measured in this work. As
the Eu?* emission is not quenched, it must be concluded that the
difference in internal quantum efficiency is caused by a process
that occurs before Eu?* gets excited. This suggests that there is
parasitic absorption that does not result in luminescence. Such
parasitic absorption may be caused by impurities in the starting
materials, defects introduced by reducing conditions during syn-
thesis (e.g., o* vacancies), heat treatment (e.g., F-centers), or me-
chanical stress due to milling.?334] It has indeed been demon-
strated that many such defects will lead to additional absorption
bands.?? This suggests that the most effective way to increase
quantum efficiency of the Eu?* emission of a CaO:Eu phosphor is
to reduce the number of impurities and defects in the host com-
pound. This can be achieved by minimizing mechanical stress
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and annealing the samples, or using flux agents that prevent sin-
tering of the reaction product. Additionally, increasing the Eu
concentration would help to increase the probability that an in-
coming photon is absorbed by Eu instead of an impurity or defect.
Due to the poor solubility of Eu** in the CaO host, a higher Eu
concentration can potentially be achieved by using Eu(II)O as a
starting compound instead of Eu(III),0;.

For the development of NIR LEDs, there may be a desire to
shift the Eu?* 4f°5d — 4f’ emission to longer wavelengths than
the 720 nm in CaO:Eu. Longer emission wavelength can often
be achieved by increasing the crystal field strength around Eu?*,
which in turn can be achieved by reducing the ionic radius of the
host cation. For example in CaO, replacing part of Ca** by Mg?*,
resulting in Ca, Mg O solid solutions. Due to the smaller size
of Mg?*, the solubility of Eu** (which is larger than Ca?*), is ex-
pected to decrease. This effect and the similar ionic radii of Eu**
and Ca** will result in a relatively higher Eu** content. However,
due to the efficient energy transfer from Eu** to Eu?*, this does
not have to pose any problem for application.

Replacing the O% anion by S* or Se* to increase the nephelaux-
etic effect does not result in a longer Eu?* 4f°5d — 4f” emission
wavelength in compounds with the rock salt structure. In CaS for
example, the Eu?* emission maximum lies at 650 nm and when
going to CaSe the Eu?* emission maximum is at an even shorter
wavelength of 600 nm.[>>] While the increased nephelauxetic ef-
fect decreases the energy of the barycenter of the 4{°5d excitation
bands, the replacement of O% by the larger S* or Se* anions re-
duces the crystal field strength, which results in less splitting of
the 4f°5d excitation bands. The combined effect is that the low-
est 4f°5d level shifts to higher energy, i.e., shorter wavelength.
Another route to achieve a larger nephelauxetic effect is the par-
tial replacement of O% by N*. Due to the smaller ionic radius of
N3 compared to S%, this route likely does not decrease the crystal
field strength as much and is expected to result in longer wave-
length Eu?* emission. N* replacing O* however requires charge
compensation, which can be introduced in the form of Y** re-
placing Ca**. The presence of Y** ions may increase the relative
Eu’* concentration. Again, the presence of only about 0.3-0.4
at.% Eu?* might be enough to completely eliminate this problem
of ahigher Eu** concentration, as energy is efficiently transferred
from Eu* to Eu?* for NIR Eu?* emission.

4. Conclusion

In this work, the Eu?* concentration in CaO:1at.%Eu has been
increased by means of adding graphite powder to the starting ma-
terials and heating the starting mixture in an H, /N, atmosphere.
The increase in Eu?* concentration was confirmed through
X-ray diffraction, Eu Mdssbauer spectroscopy, and optical absorp-
tion measurements and estimated to be approximately 0.3-0.4
at.%. Using CaO:Eu** Eu** as a model compound, energy trans-
fer from Eu’* to Eu?* has been demonstrated for the first time.
Such energy transfer is possible because the lowest Eu** 4{°5d
band lies at a lower energy (13900 cm™!, about 720 nm) than the
Eu’* 4f°[° D] level. This means that the quantum efficiency of the
Eu?* emission does not degrade upon the increase of the Eu**
concentration, i.e., Eu** does not act as a killer center for NIR
Eu’* emission in contrast to UV-vis Eu’* emission. As a conse-
quence, it is not required to reduce all Eu** to Eu?* for obtaining
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high quantum efficiency of the Eu?* emission. Instead, it is es-
sential to avoid parasitic absorption due to impurities and defects,
e.g., as a consequence of mechanical stress. Even at dopant con-
centrations concentrations of only about 0.3-0.4 at.% Eu?*, the
energy transfer efficiency is high (> 90%), owing to the high oscil-
lator strength of the 4f7 — 4{°5d excitation transition of the Eu?*
acceptor ion. The discovery of such efficient Eu** — Eu?* en-
ergy transfer may pave the way for developing new strategies for
improvement of mixed valency Eu-doped phosphors, with long
wavelength Eu?* emission for application in NIR LEDs.

5. Experimental Section

Three samples of CaO:1at.%Eu were synthesized through a solid-state re-
action, meaning that 1at.% of the Ca?* ions were replaced by Eu** in the
mixture of starting materials. Stoichiometric amounts of CaCO; (Merck,
2N) and Eu, O3 (Aldrich, 4N) were mixed and ground in a mortar and pes-
tle. The mixture of starting materials was placed in an alumina crucible
and heated inside a tube furnace to 1200 °C for 10 h. At this temperature
CaCO; decomposes into CaO and CO, according to:

CaCO; — CaO + CO, @)

During the heating process, Eu was incorporated as a dopant in the CaO
host lattice. Three different synthesis methods were applied. One sam-
ple was synthesized in static air. The second sample was synthesized in
a flowing atmosphere of 7 vol.% H, and 93 vol.% N, (H,/N,) to help re-
duce Eu** in the Eu(l11), 0 starting material to Eu?*. The last sample was
also synthesized in an H,/N, atmosphere and in addition graphite pow-
der was added as a reducing agent by mixing with the powder mixture in
a stoichiometric ratio. In H,/N, atmosphere, the conversion of Eu** (in
the raw material Eu(Il1),05) into Eu?* was taking place according to the
reaction:

Eu(lll), 05 + H, — 2Eu(I)O + H,0 3)

When adding C and heating in H,/N, atmosphere, the additional reduc-
tion of Eu** would take place by the reaction:

Eu(l11),05 + C — 2Eu(I)O + CO ()

There was also an attempt to use CazN, in an H, /N, atmosphere as
an agent to reduce Eu**, in a similar way as Si;N, was effective for this
purpose.[3031] The expected reaction equation is:

3Eu(I1l),0; + CazN, — 6Eu(I)O + 3Ca0 + N, ()

According to this reaction equation, in the ideal case a solid solution
Cag 333 Eu(l1) 6670 with cubic rocksalt structure was formed. However, the
results obtained with this synthesis method were not conclusive with re-
spect to the increase of the Eu?* concentration, so possibly instead N3 on
the O% site was used as charge compensator for the replacement of Ca?*
by Eu*. Therefore, this synthesis route was not pursued anymore.

To study the effects of Eu-doping on the lattice parameters and opti-
cal absorption, one sample of undoped CaO was prepared by heating only
CaCOj3 to 1200 °Cfor 10 h in air. All reaction products were slightly sintered
and had to be lightly ground to a powder. Care was taken to minimize the
mechanical stress during this process, as this is known to cause lumines-
cent defects in Ca0.32-34] Since the samples were sensitive to reaction
with CO, and H,0, storage and handling was done in a nitrogen filled
glovebox (H,0 < 0.1 ppm) and airtight sample holders.

X-ray diffractograms were recorded using a PANalytical Xpert Pro MPD
diffractometer with copper anode. An X-ray tube voltage of 45 kV and
current of 40 mA were used. The measurements were performed with a
stepsize of 0.002° and 0.08 s counting time per step. The samples were
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contained in airtight sample holders covered with Kapton foil. For the de-
termination of the cubic lattice parameter a, Si was used as an internal
standard. As CaO and Si are both cubic lattices, a can be calculated for
each individual diffraction peak. Systematic errors in 6 caused by small
offsets in sample placement have been minimized by plotting a versus
the function f(9) and extrapolating to: f(8) = 0:1>°]

cos?(0) cos?(h)

fo) = sn@) 0 ®)

Kubelka—Munk absorption spectra were measured using a Bruker Ver-
tex 80V Fourier transform spectrometer, using a W lamp as light source
and Si photodetector. The semi-infinite thick samples were contained in
identical airtight sample holders with fused silica window, which were
mounted on a Pike EasiDiff diffuse reflection accessory. The specular re-
flection from the sample holder window was blocked by a beam blocker at
the exit of the sample chamber. A sample holder containing undoped CaO
was used as reference.

Transmission '°TEu M&ssbauer spectra were collected at room tem-
perature with a conventional constant-acceleration spectrometer using a
151SmF; source. Velocity calibration was carried out using a Fe,O; ab-
sorber and a 3’ Co source. The isomer shift values were reported relative
to EuF; as a reference sample. The Mdssbauer spectra were fitted with
Lorentzian functions using the Mosswinn 4.0 program.[3€]

Photoluminescence excitation and emission spectra were recorded us-
ing a 450 W Xenon lamp combined with a Horiba Gemini 180 monochro-
mator as the excitation source. The light coming from the sample passed
through an optical filter to remove the excitation light from the spec-
trum before passing through a Princeton Instruments SpectraPro SP2358
monochromator. The light was then detected by a Hamamatsu R7600-
20 PMT.

Internal quantum efficiency measurements were performed using a
Thorlabs M470L3 LED emitting at 470 nm as excitation source. The sam-
ple was contained in a white sample holder with fused silica window and
placed inside a Labsphere integrating sphere. The light from inside the
sphere was coupled into an optical fiber and detected using an Ocean In-
sight QEPro spectrometer. A sample holder containing undoped CaO was
used as a reference.

Photoluminescence decay curves and time-gated emission spectra
were measured using an EKSPLA NT230 OPO laser to excite the sam-
ple. The emission of the sample passed through a Princeton Instru-
ments SpectraPro-SP2358 monochromator before being detected by a
Hamamatsu R7600-U-20 PMT. An optical filter was placed in front of the
monochromator to filter out the excitation light of the laser. The signal
from the PMT was recorded using a CAEN DT5724F digitizer.
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