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Luminous efficacy (LE) and colour rendering index (CRI) of various simulated phosphor-
converted warm white-light emitting diodes are calculated. Actual measured phosphor emission
spectra are employed for this task. The efficacy and CRI of Eu® activated red emitting
phosphors are superior to Eu? emitting nitride-based phosphors, however, Eu®* suffers from low
absorption strength in the blue spectral range. Tb*" exhibits comparatively strong absorption in
this range and can be used as a sensitizer for Eu**. A solid solution series of (Tby. Eu,)2M0301,
(TM:Eu®") powders and ceramic discs is prepared by conventional solid state synthesis.
Complete transfer from Tb* to Eu®' is achieved in the (TbosEuo.2):M03O1, sample and a red
colour point is realized upon 487 nm (Tb* "Fs>°D,) excitation with a quantum efficiency of 94%.
Full conversion of a 380 nm LED and improved conversion of a 465 nm LED was achieved
employing TM:Eu®" ceramics. The position and temperature related shift of the Eu®" Stark
sublevels is determined from temperature-dependent emission and excitation spectra. These
spectra also reveal excited state absorption from thermally excited Eu** "F; ’F, and F5 states.
High-temperature measurements in the range of 350 to 800 K show a Tys of 627 K. Decay
measurements exhibit a clearly visible rise time. A new method to determine energy transfer
rates from rise time curves is developed. From the energy transfer rates the transfer mechanism
and efficiency can be determined with a higher degree of confidence compared to methods
based on luminescence intensities.
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Introduction

Solid state lighting, especially on the basis of phosphor-
converted light-emitting diodes (pcLEDs), is gaining ever
increasing importance.' ! For the generation of white light
with a high colour rendering index (CRI) generally a blue LED
coated with yellow emitting YAG:Ce phosphor is used. While
high luminous efficacies (LE) can be achieved with such a
setup, the emitted light is cool white since almost no red light is
emitted."! For domestic lighting application warm-white light,
resembling that of incandescent light sources, is generally
considered the most suitable.’! However, introducing red
emitters inevitably results in a decreased luminous efficacy due
to the reduced human eye sensitivity in the red spectral range
and due to a reduced package gain caused by spectral
interaction between the yellow (green) and red emitting

This journal is © The Royal Society of Chemistry 2013

converter materials. Warm-white light sources commonly
employ broad-band red emitters such as Sr2Si5SN8:Eu2+ and
CaAlSiN3:Eu2+.1! While these phosphors are highly efficient,
their emission reaches into the deep red spectral range around
700 nm where the eye sensitivity is zero, resulting in a
comparatively low luminous efficacy.[® Therefore, the choice
of the red emitting phosphor greatly influences the LE of the
pcLED. It has been shown in simulations that the application of
red narrow-band or line emitting phosphors is required to
achieve high luminous efficacies in warm-white light emitting
pcLEDs.P~'"I However, these works employed Gauss curves to
simulate the phosphors’ emission spectra. To the best of our
knowledge there is no overview yet of the LE and CRI that can
be theoretically achieved on a pcLED when applying different
commercially available phosphors. Eu®" activated red emitting
phosphors generally exhibit high LE compared to band-
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emitting Eu?" activated red-emitting phosphors, but they suffer
from low absorption in the blue spectral range. The use of
sensitizers is a suitable method to overcome such shortcomings
as for  example in  the commercial  phosphors
BaMgAl,,O,7:Eu®*",Mn*" or LaPO,:Ce** Tb*>". Eu**, however,
cannot be sensitized by Ce’" as a Ce*'/Eu®" metal-to-metal
charge transfer quenches the luminescence.™'') The energy
transfer from Tb>" to Eu’' is well documented in published

literature, making Tb®" a potential sensitizer for Eu®"[435444%-

S0 Tb*" exhibits absorption around 487 nm, but as the
underlying transition is spin- and parity forbidden as well,
absorption in principal is not significantly stronger than that of
Eu®" itself. Tb,Mo030, is a known host material that overcomes
this limitation to some extent.’!! The Tb*" concentration is high
and molybdate hosts often lead to enhanced absorption strength
of the 4f4f transitions.!*” This results in a comparatively strong
Tb*" absorption in the blue spectral range.

LED Spectra Calculations

In order to evaluate the value of red line emitting Eu**
phosphors, we simulated spectra composed of a blue 465 nm
(1000 cm™, 22 nm FWHM) LED spectrum in combination with
spectra of either Y;Al;0,,:Ce*" (YAG:Ce) or LuzAls0,,:Ce®*
(LuAG:Ce) and  either  Sr,SisNg:Eu**  (Sr258:Eu"),
CaAlSiN;:Eu** (CASN:Eu®"), Tb,Mo;0;,:Eu*" (TM:Eu®"),
LisLa,Bas(MoOy)g:Sm**  (LBLM:Sm®"), Mg;4,GesOy:Mn*"
(MG:Mn*"), or K,SiFgMn*" (KSF:Mn*"). A second set of
spectra was created by simulating the spectrum of a fully
converted near-UV emitting LED (395 nm) with blue emitting
BaMgAl,O,;:Eu*"  (BAM:Eu®") emitting
SrSi,N,0,:Eu®"  (Sr1222:Eu®") of the
aforementioned red emitting phosphors. The commercially

and  green

and any one
available (Sr,Ca)AISiN;:Eu®" phosphor has a similar emission
to Sr,SisNg:Eu®", so the results should be similar as well. All
emission spectra were taken from self-made phosphor samples,
except that of KSF:Mn*" which was digitized from the Adachi
and Takahashi publication.!'?)

The experimental emission spectra were combined by summing
their intensity values to yield simulated pcLED emission
spectra. The ratio of the phosphors was adjusted to result in a
spectrum with a correlated colour temperature (CCT) of 2700 K
and 3000 K, respectively. The CIE1931 x/y colour points of the
spectra were chosen according to ANSI C78.377 (2700 K:
0.4578/0.4101; 3000 K: 0.4338/0.4030). There is only one
distinct way to combine three spectra to yield a specific colour
point. For each simulated spectrum LE and CRI were calculated
employing Osram Sylvania Color Calculator v4.59.°% The
results are presented in Table 1 and Table 2. It should be noted
that the calculated LED spectra are no replacement for
measurements on real pcLEDs, as potential changes of the
overall spectral shape due to re-absorption processes are not
considered. Moreover, we are aware of the fact that Eu®' is
solely weakly absorbing radiation at 465 nm since the 4f-4f
transitions at this position have are rather low oscillator
strength. Therefore, the ratios given in the tables are not ratios
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for the physical amount of phosphor, but the ratio of the
emission integrals on the combined spectrum. For practical
application, absorption, quantum efficiencies and reabsorption
would need to be taken into account. However, the results pose
as a guideline as to what can theoretically be achieved when
employing a certain phosphor blend.

Table 1: Luminous efficacies (LE) and colour rendering indices (CRI) of
various pcLEDs comprising a 465 nm blue LED at correlated colour
temperatures of 2700 K and 3000 K, respectively.
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465 nm 270K W0E

T (W] (LEDGamevRedy R LEIMWWI pp it o
YACEY 90 359 009057034 90 357 0.11:0.60:0.2
L‘};”ﬁf/;:csi;, 85 313 0.08:043:049 84 319 0.10:.43:0.4
gﬁs(f\}ffu; 95 260 0.06:038:0.56 93 272 0.08:0.3:0.4
SoCel 8BS 309 007043049 84 315 0.10:1.43:0.4
yaocel 1 o 0.06:0.40:0.54 83 254 0.08:0:14:0.4
E@gﬁiﬁ 93 337 0.08:0.56:035 94 339 0.11:09:0.3
L‘%ﬁ&ii* 73 345 0.06:0.44:0.50 75 343 0.09:0.46:0.4
fuAmel 92 290 006030065 92 292 0.08.0.53:0.6
E‘X*Sg‘:%i; 78 225 0.04:025:0.71 79 231 0.06:0.25 9.6
LAGTEl 89 283 006030064 89 286 0.07.,.53:0.6
hodiel 43 18 003027070 48 205 0.05:0.29:0.6
LAOSel 64 314 006043051 67 315 0.08:1.45:0.4

For both Eu®" and Sm®" the emission only slightly depends on
the host material, therefore the results should hold true for most
available hosts. For the highest LE and a high CRI Eu’'is the
most suitable red emitter. Compared to CASN:Eu®" an increase
in LE of 31% (3000 K) or 38% (2700 K) is realized. For a high
LE with an excellent CRI KSF:Mn*" is the most suitable red
emitter. It offers almost the same CRI as CASN:Eu?" but with
25% (3000 K) or 30% (2700 K) higher LE. Sr258:Eu’*" and
LBLM:Sm®" exhibit no particularly strong advantages, but offer
a good CRI with a LE higher than CASN:Eu. It should be noted
that the performance of Mn*" strongly depends on the host
material. 660 nm emitting MGM:Mn*'results in a low LE and
low CRI at the same time.

To enhance the CRI of Sr258:Eu*" comprising pcLEDs
YAG:Ce can be substituted with LuAG:Ce. This decreases the
LE but increases the CRI to close to 90. All other investigated
red phosphors, with the exception of LBLM:Sm®*" which
behaves similar to Sr258:Eu®’, suffer from combination with
LuAG and should be combined with YAG:Ce.

Another approach to warm-white light generation is the full-
conversion near-UV LED. The advantage is the low
reabsorption since ideally all applied phosphors solely absorb in
the near-UV spectral range. In this scenario Eu®" offers the

This journal is © The Royal Society of Chemistry 2012
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highest LE as well, but the CRI has decreased. Among the
investigated red emitting phosphors only Sr258:Eu’** and
LBLM:Sm®*" exhibit a very good CRI of 89 and 91,
respectively. The highest LE can be achieved with Eu®’, at the
cost of a slightly decreased CRI.

Table 2: Luminous efficacies (LE) and colour rendering indices (CRI) of
various pcLEDs comprising a full-conversion UV LED at correlated colour
temperatures of 2700 and 3000 K, respectively.

BAM:Eu? 2700 K 3000 K
+
+
Sr1222E CR LE Ratios CR LE Ratio
2 ; [Im/  (BAM/1222/ | [lm/  (BAM:1222:
W] Red) W] Red)
Sr11122+23:E 3 350 00904005 oo o 0.11:0.42:04
TM:Eu* ! 6
Sr1222:E
2+
u?t+ 0.07:0.27:0.6 0.10:0.30:0.6
LBLMs 91 312 . 91 315 0
m3>
Sr1222:E
u? + 0.05:0.23:0.7 0.07:0.26:0.6
CASNEw 34 232 ] 85 240 ;
2+
Sr1222:E
2+ . . . .
Sr;58';j L8305 0.07.0527.0.6 9 308 0.10.0(.)300.6
Sr1222:E o o
e 50 205 0.05.0(.)25.0.7 ss o4 0.06.0&27.0.6
MG:Mn*'
Sr1222:E
> 0.09:0.41:0.5 0.11:0.43:0.4
Lkspm 80 348 0 82 347 e
44
n

Experimental Section

Powder samples of (Tb,_Eu,),Mo0;0,, (TM:Eu*") with 0 < x < 1
prepared by solid state reactions.
Stoichiometric amounts of high purity TbsO; (99.99%,
Treibacher), MoOj3 (99.95%, AlfaAesar) and Eu,O; (99.99%,
Treibacher) were thoroughly blended in an agate mortar

were conventional

employing acetone as grinding medium. The resulting mixtures
were dried, transferred to porcelain crucibles and calcined two
times at 900 °C for 10 h in air with an intermediate grinding.
After the first annealing step some particles emitting green-light
or orange-light could be observed under a UV lamp in the
indicating the presence of pure Tb,Mo;O0,and
Eu,;Mo030,; instead of the solid solution. The second annealing

powder,

step resulted in a homogeneously emitting solid solution
powder. The TbsO; educt is of mixed valence,
(Tb™) sTb™Y 5)405, therefore requiring reduction of Tb*".
Despite the low annealing temperature apparently all Tb*" is
reduced to Tb*>" as the samples exhibit a slightly yellowish body
colour very unlike brownish TbsO,. The reflection spectrum
depicted in Fig. 3 underlines this conclusion. Ceramic discs
were produced by pressing 100 mg of the synthesized powders
at 0.87 GPa for two minutes in a hydraulic uniaxial press. The
green bodies were sintered at 850 °C for 5 hours under air. If
placed uncovered in the furnace, the ceramic discs exhibited

This journal is © The Royal Society of Chemistry 2012
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brownish discolorations. Placing the green bodies between two
alumina discs prevented the discoloration which is assumedly
caused by partial oxidation of Tb>* to Tb*'.

XRD, fluorescence, reflection and decay measurements and
temperature dependent reflection and external quantum
efficiency (EQE) measurements were performed as published
earlier."®! An integration sphere with an inner shell made of
Spectralon was used for room temperature reflectance and
quantum efficiency measurements. The lattice parameters were
calculated from XRD patterns of the synthesized powders
employing STOE WinXPOW software.!'¥]

Results and Discussion

Three modifications of Tb,Mo;0,, and Eu,Mo5;0,, exist, the
high-temperature a- and B-phases, which crystallize in the
monoclinic C12/c1 (15) and the tetragonal P42,m (113) space
group, respectively and the metastable orthorhombic Pba2 B’
phase. '3 The melting points of the Tb and Eu compounds
are 1172 and 1144 °C, respectively. The a/B-transition occurs at
835 (Tb>") and 881 °C (Eu’") while the metastable B’ phase
forms at 160 (Tb*") and 180 °C (Eu*").l') The XRD patterns
depicted in Fig. 1 show that the B’ phase was obtained in this
work as expected from the synthesis conditions.

Th,Mo,0

,M0.0,, (Tby Eu, ), Mo,0,,

[T

(Thy,Euy ), Mo, 0,

L
i

(Tb,4Eu, ,),M0.0,, Eu,Mo,0,,

IR

Eu,Mo,0,,
Mater. Res. Bull. (1971) 6, 545

0.2

Ll s

Tb,Mo,0,,
ICDD 04-009-6395

L

Il Hu

| | |“' |l‘.||. nljiull.[u ] | A “I |th|. ulj||| ) Ll

20 30 40 50 60 10 20 30 40 50 60
26 26

1

3

Fig. 1: XRD patterns of the synthesized (Tb;..Eu,),M030;, powders with x = 0, 0.1,
0.4, 0.6, 0.8, 1 and reference patterns of orthorhombic Tb,Mo030;, and
Eu;Mo0301,.

The ionic radii of Tb** and Eu®" differ by merely 2% and both
end members crystallize in the same space group. Therefore,
according to Vegard’s law, a complete solid solution series
should exist with a linear dependence of the lattice constants on
the Tb*'/Eu’'concentration.!'” The unit cell volume for the
synthesized powders plotted against the Eu’" concentration in
Fig. 2 exhibits an approximately linear behaviour. The unit
cell’s b and c axis are of almost the same length, rendering an
exact determination from our powder samples difficult.

J. Name., 2012, 00, 1-3 | 3
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Fig. 2: Volume of the unit cell of (Tby,Eu,),M0301, as a function of the Eu®
concentration.

Both Eu®* and Tb*" exhibit characteristic reflection spectra in
the UV and visible spectral range caused by multiple
intraconfigurational [Xe]4/® = [Xe]4/® and [Xeldf® > [Xel4f
transitions, respectively. All transitions are parity forbidden
according to Laporte rule so their probability and absorption
strength is low. However, at sufficiently high activator
concentrations the lines are intense enough to be readily
distinguished as depicted in Fig. 3. The reflection spectra of all
samples consist of a broad band and several lines. Furthermore,
the high reflectance in the visible range indicates high sample
quality and the absence of Tb*". Incorporated Tb*" would result
in a brownish body colour due to a Tb*"/Tb*" metal-to-metal
charge transfer (MMCT) as can be observed in TbsO;. The
broad absorption band in the UV-C to UV-B range is assigned
to ligand-to-metal charge transfer (LMCT) transitions. These
are essentially transitions from O* 2p to Mo®" 4d or to Eu*" 54
bands or orbitals and are commonly observed in Eu*" doped
molybdates.?*??! DOS calculations have shown that a 4d band
of Mo®" in molybdates is often located around 4 eV, matching
the spectral region of the observed absorption band.l**** Such
transitions are spin and parity allowed and result in high
absorption. Efficient excitation is possible via O*/Eu*" LMCT
transitions and this mechanism has been widely applied in
fluorescent lamps to excite Eu’" in oxides.*>**) Contrary to
that, the O*/Mo® LMCT is often partly quenched at room
temperature, resulting in poor excitability in that spectral

region.’!

4| J. Name., 2012, 00, 1-3
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Fig. 3: Reflection spectrum of (Tbo 9Eug.1),M0301,.

In today’s commercial pcLEDs the excitation wavelength is
either around 400 nm for near-UV LEDs or around 450 nm for
blue LEDs,**" i.e. excitation via the CT bands is not possible.
The Eu®" activated samples exhibit two prominent absorption
lines at 394 nm and 465 nm, originating from the "Fy > Lg and
"Fo = °D, transitions. While the energy of these transitions fits
to the emission spectra of near-UV and blue LED chips very
well, the low absorption cross-section hinders an efficient
application in phosphor converted LEDs (pcLEDs). Trivalent
Terbium exhibits a relatively broad and strong line absorption
multiplet peaking at 487 nm with a FWHM of 10 nm. This
broad absorption can be assigned to transitions from the ’Fg¢
ground state to the *Dy state. The ligand field generated by the
O ligands lifts the m; degeneracy of both states.”™] Due to the
symmetry of the dopant sites each +m; pair is degenerate, so
that for an odd number of f-electrons J+1 distinct levels emerge,
i.e. 7 and 5, respectively. The large number of potential
transitions from and to the ground and excited state sublevels
explains the observed broad absorption line.

Th,Mo,0,, st

A,,=541.5 nm

S |(TheBuy,)Mo,0,,
®© |A,=615nm
-
>
=
(7] b
L (b)
9 T T T T T
c Eu,Mo,0,, 27
Apy=615nm 29 28 "

/

(c)

e e
250 300 350 400 450 500 550 600
Wavelength / nm

Fig. 4: Excitation spectra of (a) Tb,Mo0301;, (b) (TbogsEuo4)2M030:, and (c)
Eu;Mo30;, with emission monitored at 541.5 nm and 615 nm, respectively.

The excitation spectra as depicted in Fig. 4 exhibit the different
transitions of single and co-doped samples. As discussed earlier

This journal is © The Royal Society of Chemistry 2012
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the broad structured band between 250 and 350 nm is attributed
to the O*>Mo®" and Eu*" LMCT, respectively. Due to the
higher positive charge and reduction potential of Mo®", the low-
energy shoulder is assigned to Mo® LMCT, while the high-
energy shoulder is assigned to Eu®* LMCT. However, the
Tb,Mo;0,, sample (a) exhibits a band apparently consisting of
two components as well. Since no Eu®" is present and the
emission at 541.5 nm was monitored, this cannot be ascribed to
a Eu’* LMCT. The Tb®" LMCT is at much higher energies,
however, the lowest 4f-5d transition of Tb>" is reported to be
located around 275 nm in [TbClg]>"?*?} Therefore, this high-
energy shoulder is tentatively assigned to a Tb®" 4£5d
transition. The excitation of the Tb,Mo0;0O;, sample (a) was
measured monitoring the green 541.5 nm emission of Tb*".
Peaks that could be attributed to specific transitions were
assigned a number that can be found in Table 3 and Fig. 5. The
Tb*>* excitation spectrum shows the "Fs ©> °D, transition as a
prominent feature as depicted in Fig. 4. Similarly the observed
transitions in the Eu,Mo;0;, sample (c), monitored at the red
615 nm emission of Eu®" were assigned numbers which are
included in Table 3 and Fig. 5. While all transitions of Tb**
seem to originate from the Fg ground state, in the Eu,Mo;0,
excitation spectra transitions that apparently originate from the
excited 'F L F,, and "F; states can be observed. According to
Boltzmann equation, weighted with the respective number of
degenerate states,?” the percentile population at 297 K of the
four lowest-lying ’F; levels in TM:Eu*" is 68.9%, 28.6%,
2.49% and 0.015%, respectively. The 'F; level is merely
slightly populated and among the potential transitions only the
'F; > °D; can be observed as a weak line multiplet centred at
447.5 nm. This can be explained by the transition being
partially allowed due to AJ = 0.
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Fig. 5: Fraction of the energy level diagram of Eu® and Tb* with observed
. f [32]
transitions, created from Dieke.
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Table 3: Tb*" (1-9) and Eu* (10-29) intraconfigurational transitions with
their respective peak wavelengths, wavenumber and number assigned for
reference in illustrations in this work.

This table spans two columns and has been placed at the end of the
manuscript!

To further investigate this finding, temperature dependent
excitation spectra of the red 615 nm emission of Eu,Mo3;0;,
were recorded (Fig. 6). Lines that were assigned to transitions
from excited states increase in intensity with increasing
temperature while those originating from 'F, transitions
decrease with increasing temperature due to thermal quenching
of the emission. Furthermore, the ’F, lines exhibit a blue-shift
with increasing temperature as depicted in the inset of Fig. 6.
The inset shows the lines attributed to the "F, = °D, (J = 0,1)
transitions, respectively. The ’F, = °D, transition around
580 nm is strongly forbidden due to AJ=0 and is therefore of
weak intensity. The observed blue shift is the same for all ’F,
transitions and can be quantified to approximately 20 cm™ from
100 to 500 K or 0.05 cm™ K!. The "F,>°D,, transition around
591 nm exhibits no such shift as do none of the other transitions
originating from either ’F, or ’F,. Therefore, we conclude that
the 'F, ground state shifts to lower energy while the excited
states remain at their respective energy position. Furthermore, a
red-shift of the O* = Mo® LMCT band can be observed with
increasing temperature. A phase-transition can be ruled out as
the cause as the shift progresses steadily within the 100 to
500 K range and the p = B’ transition occurs around 450 K.['®
The orthorhombic Ln,;Mo0;0;, phase seems to possess negative
thermal expansion coefficient according to Xiao et al.l*!]
Though charge transfer transitions are not as sensitive to
distance changes, the decreased O*/Mo®" distance could
explain the observed red-shift.

— 100K
— 300K
— 500K

T T T T T T T
580 582 584 586 588 590 502 594|
Wavelength [nm]

Wb

T T T T
250 300 350 400 45 500 550 600
Wavelength /nm

Intensity /counts

Fig. 6: Temperature dependent excitation spectra of Eu;M030,, monitoring the
red 615 nm emission of Eu**. The inset depicts the "Fo > °Dg and 'F; > °Do
transition lines.

At 100 K the lines can be resolved to their respective Stark
components. The inset of Fig. 6 depicts this for the 'F; > °Dj,
transition. The 'F, level is split into J+1 = 2 distinct Stark
sublevels, resulting in two transitions peaking at 591.2 nm and
591.8 nm, respectively. Similarly, the ’F; = °D, transition
around 535 nm results in four lines, since both states are split

J. Name., 2012, 00, 1-3 | 5
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into two distinct sublevels. From the spectral positions of the
peaks of the four’F, = °D, (J = 0,1,2,3) transitions the energy
positions of the Stark sublevels of °Dy, *Dy, °D, and *D; were
determined. The energetic position of the two 'F; sublevels
were calculated by applying these values to the spectral
positions of the peaks of the two 'F, 2> 3 D, transitions in the
excitation spectrum. The determination of 'F, sublevels was not
possible since due to the large number of transitions involved
the individual peaks could not be sufficiently discerned. The
obtained values are listed in Table 4. The accuracy of the
absolute values is at least 0.5 nm, corresponding to 30 to 15 cm’
!, depending on the spectral position. The relative accuracy, i.e.
the positions of the sublevels relative to each other is 0.1 nm,
corresponding to 6 cm™ or less.

Table 4: Energy of the Stark sublevels of the 'F, (J=0, 1) and °D, (/=
0,1,2,3) of Eu*".

Level mj Energy [cm™]
Fo 0
7F1

0 307
+1 323
Dy 0 17215
D, 0 18968
+1 19001
D, 0 21492
+1 21468
£ 21422
D; 0 24337
+1 24355
) 24372
+3 24393

Emission spectra of (Tb;_Eu,),Mo030;, (0 <x< 1) upon 487 nm
excitation were recorded and are presented in Fig. 7 (a). The
487 nm radiation excites the 'Fg>°D, transition in Tb>*. The
corresponding *D,>’Fs emission peaking at 541.5 nm can be
observed in all spectra, but decreases in intensity with
increasing Eu®* concentration. At x > 0.2 the green Tb*
emission is completely quenched. Even at low concentrations
such as x = 0.001 Eu®" emission can be observed, indicating a
highly efficient Tb®" to Eu®" energy transfer. The dominant
peaks of the Eu’' emission are located around 590 nm, 615 nm,
and 700 nm, corresponding to transitions from Dy to 'Fy (J =
1,2,4), respectively. The nature of the Eu’* emission will be
discussed in more detail later in this work. Upon exciting at
487 nm via Tb**, the Eu’" emission intensity increases with
increasing Eu®" concentration until a maximum is reached at
20% after which the intensity starts to decreases. This is mainly
caused by the decreasing Tb>' concentration and subsequent
decreasing absorption in the 487 nm range. A second potential
factor is concentration quenching of the Eu’* emission. To
disentangle these two phenomena the emission was recorded
upon 465 nm excitation which directly excites the Eu®" ions

6 | J. Name., 2012, 00, 1-3

("Fy © °D3) and eliminates the influence of the energy transfer
on the emission intensity. The spectra are presented in Fig. 7
(b). If Eu®" is directly excited the highest emission intensity can
be achieved for the sample comprising 60% Eu*".

(b)

0.5 0.5

Normalized Intensity /counts

sjunody Ajsusju pazijewioN

0.0 r T ~ - = - 0.0
525 550 575 600 625 650 675 700 725 600 605 610 615 620 625 630 635
Wavelength /nm

Fig. 7: Emission spectra of (Tby.,Eu,),M0301, with different Eu®* concentrations
upon (a) 487 nm excitation and (b) 465 nm excitation.

To determine the thermal quenching (TQ) behaviour of
TM:Eu**, emission spectra of (TbggEug.4),M050,,
recorded in the range of 350 to 800 K with a high temperature

were

sample holder. Similar to the temperature-dependent excitation
spectra, a blue-shift of some of the Stark sublevels with
increasing temperature could be observed (Fig. 8 (a)). This is
attributed to lattice contraction and an increase of the strength
of the ligand field influencing the central Eu*" ion. This causes
an increase of the Stark splitting and consequently of the energy
distance between the *D and some of the ’F; sublevels.

Emission intensities in the range of 550 — 800 nm were
integrated and plotted over the temperature as depicted in Fig. 8
(b). The emission
temperature of 500 K, while at higher temperature thermal

intensity remains constant up to a

quenching sets in. The normalized data points were fitted with
the Boltzmann equation

;_EA (1)

1+Bx*e k«T

I(T) =

where B is the quenching frequency factor and £, is the energy
required to activate the thermal quenching process. The fit as
depicted in Fig. 8 (b) resulted in £4 = 0.84 eV % 0.04 eV which
corresponds to a 7ys of approximately 627 K. The relative
emission intensity at 400 K, 74,
performance at the average work temperature of a high-power
LED, equals 99.6%. The temperature at which the relative
emission intensity has decreased to 90%, Ty, equals to 548 K.

corresponding to the

This excellent temperature stability renders TM:Eu®* as a
promising candidate for warm-white pcLEDs.

This journal is © The Royal Society of Chemistry 2012
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Fig. 8: (a) Temperature dependent emission spectra of the 5DD > 7F2 transition of
Eu® upon 487 nm excitation (Tb3+) and (b) integrated emission intensities with
the corresponding Boltzmann fit.

the of TM:Eu*, a
(Tby¢Eug4)2M030;, ceramic disc (0.4 mm thickness) was
placed on a 380 nm UV-emitting LED and a 465 nm blue LED,
respectively. Fig. 9 (a) depicts the emission spectrum of the
380 nm LED and Fig. 9 (b) shows the spectrum of the same
LED behind a (Tbgy¢Eug4),M050;, ceramic disc. The 380 nm
LED excites both Tb®" and Eu**. Tb®" absorbs mainly via the
'F¢ = °D; and °L,, transitions at 378 nm and 372 nm,
respectively. Eu®" absorbs via the ’Fy = °Lg and °L; transitions

To investigate LED performance

at 394 nm and 399 nm, respectively. Almost full conversion of
the UV radiation could be achieved, resulting in an orange-red
CIE1931 colour point of x = 0.641, y = 0.325. Fig. 9 (c¢) and (d)
depict the emission spectra of a blue 465 nm LED and of the
same LED behind the (Tbgg¢Eug4)>,M030;, ceramic disc. The
blue LED emission is absorbed by both Tb*>" and Eu®**. The
involved transitions are Tb** ’Fg = °D, (487 nm) and Eu** 'F,
> °D, (465nm) and to a lesser extend Eu’* "F, > °D,
(473 nm). The CIE 1931 colour point is in the purple region
with x =0.213,y =0.114.

@ ——380 nm LED

X [——380 nm LED mf
+Tb,Mo,0,Eu (40%) ceramic:
. A J{

360 380 400 420 350 400 450 500 550 600 650 700 750 8
Wavelength / nm Wavelength / nm

b 1 — s nm LD @ — i mED
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0. H,A T
0

400 450 500 550 4 450 500 550 600 630 700 750 8
Wavelength / nm

Wavelength / nm
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°
&
<
&
Siunos  Aysuslu| pozyieusion
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Fig. 9: (a) Emission spectrum of a 380 nm LED and (b) emission spectrum of the
same 380 nm LED behind a (TbogEugs)M0301, ceramic disc. (c) Emission
spectrum of a 465 nm LED and (d) emission spectrum of the same 465 nm LED
behind a (TbosEug.4)2M0301, ceramic disc.

In both LEDs TM:Eu®" exhibits increased absorption strength

compared to a non-sensitized Eu®" phosphor due to the
simultaneous absorption by Tb**and Eu**. No Tb*" emission

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry C

could be observed due to the very efficient energy transfer to

Eu3+

External quantum efficiencies (EQE) were determined for

excitation at 465 nm (Eu®® excitation) and 487 nm (Tb>"

excitation). Here, the EQE is defined as
N

EQE — absorbed photons

(2)

Nemitted photons

The results are listed in Table 5. The EQE increases with
increasing Eu®" concentration until it reaches a maximum of
94% at 20% Eu®". At low Eu®" concentrations the fraction of
photons absorbed by the host structure without conversion to
red light is comparatively large, resulting in the observed lower
EQE. Increasing the Eu®" concentration further results in a
decrease of EQE. This is attributed to concentration quenching.
The emission spectrum of the 20% Eu’" sample already
possesses a red colour point with hardly any green Tb**
emission visible. Therefore, TM:Eu®" (20%) is the most
promising sample of the concentration series, combining a high
EQE with a red colour point.

Table 5: Quantum efficiency of TM:Eu®* with different activator
concentration upon 465 nm and 487 nm excitation.

Eu’" concentration [%] EQE (Ahx =465nm) EQE (A = 487 nm)

0 74
1 56 80
5 70 89
10 74 85
20 73 94
40 75 80
50 63 72
60 65 67
80 46 48
100 48

Decay curve measurements for the Eu*" °D, > 7F, emission
around 615 nm upon 487 nm (Tb>* "F¢ > °D,) excitation
presented in Fig. 10 (a) revealed the existence of a pronounced
rise time of the Eu®" emission. The established term rise time
describes the phenomenon that the emission intensity increases
for a period of time following excitation. In the diagram it is
visible as a rising of the decay curves in the range of 10“s. The
emission intensity measured in a decay experiment is
proportional to the number of excited activator ions. Therefore,
an increase of the emission intensity implicates an increase in
the number of excited activator ions over time. Since the
excitation source is switched off at the beginning of a decay
measurement, this phenomenon indicates some sort of energy
transfer. Either within the activator ion, i.e. from one excited
state to the other or between two separate ions. Upon 465 nm
excitation (Eu*" ’F, > °D,) no rise time could be observed
(Fig. 10 (b)). Therefore, the rise time is caused by energy
transfer from Tb>" to Eu®*. As depicted in Fig. 10 (a) the length
of the rise time decreases with increasing Eu®* concentration
due to decreasing mean minimal sensitizer and activator
distance. The decay time of Eu®" decreases independent of the
which is caused by concentration
decreasing internal

excitation pathway,

quenching and reflects the quantum

J. Name., 2012, 00, 1-3 | 7
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efficiency (IQE). The IQE is defined here as the probability of
the occurrence of a radiative transition to the ground state as
opposed to that of a non-radiative relaxation and is proportional
to the decay time. The value differs from the EQE in so far as
losses occurring due to competing absorption processes and
reabsorption of generated photons in the material are
disregarded. The sample possessing the highest IQE is the 0.1%
Eu’" sample contrary to the 20% sample possessing the highest
EQE. This demonstrates the influence of host absorption on the
EQE of activators with low absorption coefficients. Several

attempts to determine the energy transfer rate from rise time

curves can be found in literature.*>=3%
(a) A= 487 nm u 0.1%Eu” (6) A,=4650m - 0% Eu”
A=6150m : ::ﬁ;’"::: A= 615nm * 10%E"

& 10%Eu*

Logarithmic Intensity
Ayisuayu) oajwyyuebo

1 2

Time /ms

Fig. 10: Decay curves of 615 nm emission of (Tb;,Eu,),M0301, with x = 0.001,
0.01, 0.1, 1 under (a) 487 nm and (b) 465 nm excitation.

However, these models are only valid if a complete energy
transfer occurs from the sensitizer to the activator, i.e. a transfer
efficiency of ngr = 1. This is obviously not the case for
TM:Eu®" with Eu®" concentrations lower than 20% as Tb>"
emission can be observed. Therefore, the following differential
equations are used to model the decay behaviour:

dn
= ~(ETrp gy + Arp) * Npp

(3)

dNgy
dt

(4)

+ETp,Eu * Nrb — Agu * Ny

Nrp and Ng, are the number of excited Tb®" and Eu®" ions,
respectively. ETry g, is the rate of the energy transfer from Tb**
to Eu®". Apand /g, are the combined rates of non-radiative and
radiative transitions to the ground state of the respective ion.
Solving the differential equations results in

C1*ETThEu
(ETTb,Eu+ATb)—AEu
[e~ETrpEutAto)*t _ o=AEu*t]

Ngy () = Cy x e~ et —
(5)

There is no unique solution to this function when fitting a decay
curve. It is only possible to determine the sum of ETr, g, and
A1, but not their separate values. However, Equation (5) can be
simplified to

NEu(t) =—C+x [e_ATb.total*t — e_AEu*t]

(6)
where Aty ot = ETTo + A1p. It Was also assumed that C, = 0 as

the number of directly excited Eu®" ions will be very small
compared to those excited by energy transfer when irradiating

8 | J. Name., 2012, 00, 1-3

with 487 nm. A single parameter C can be used instead of the
fraction in Equation (5) as parameter C; can take any value and
therefore the value of the fraction is independent of any of the
other parameters. Employing Equation (6) to fit the decay
curves yields three parameters:C, Aty ora and Ag,. Parameter C
has no purposeful meaning as it is strongly influenced by the
measurement setup. Ag, is the decay rate of Eu*" and ATb total 18
the decay rate of Tb>", being the sum of ET- Tb,eu and Ay, the rate
of energy transfer and the rate of radiative decay of Tb*".

To extract the energy transfer rate ETr,p, from Aryom two
methods can be employed. One way is to derive it from the
energy transfer efficiency ngt, which is defined as the ratio of
the energy transfer rate to the total decay rate:

_ ETtpEu
Ner = 3~ —
Thb,total

(7)

ETrpEu = ATb total * MET (8)

The energy transfer efficiency ngr is frequently calculated from
either luminescence intensities or lifetimes by employing
equations

(9)

T
Ngr =1——=
Tso

Is
Ngr =1——

Iso

(10)

where tg and /g5 are the luminescence life times and intensities,
respectively, of the sensitizer in presence of the activator and
150 and Iy, are those in absence of the activator.*** In case of
TM:Eu®**, however, these methods cannot be employed as they
assume a constant sensitizer concentration, whereas here the
sensitizer concentration decreases with increasing activator
concentration.

Therefore, the ratio of ETr, g, and Ar, was approximated from
emission spectra. Under the assumption that all Eu** emission
stems from energy transfer from Tb>", the emission integral of
Eu3+
integral of Tb®>" can be assumed to be proportional to Ay,

is proportional to ETrt,p,. Furthermore, the emission

Consequently, the ratio of the emission integrals of Tb>" and
Eu*" will be equal to the ratio of Ay, and ET Tb,eus Nenceforth
denoted as Rgr.

Igy % ETypEy A Ip & ATp

Itp ATb
—=—=R (12)
Igw  ETTbEU ET

Considering that Aty + ETrp gy = ATbtotal. from Equation (7)
and (11) follows

_ ATb,total

ETrpEu = 1+Rgr (12)

Energy transfer rates were calculated with Equation (12). In
Fig. 11 the energy transfer rate and the energy transfer
efficiency are plotted in dependence on the Eu*" concentration.

This journal is © The Royal Society of Chemistry 2012
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The transfer rate increases steadily due to a decreasing mean
minimal distance from Tb** to Eu®" while the efficiency
converges to unity. No rate could be calculated for the 80%
sample as the rise time can hardly be observed in that case due
to its very short duration.
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Fig. 11: Energy transfer rate and efficiency of (Th;.,Eu,),M030;, at different Eu’
concentrations.

Resonant energy transfer can occur either by exchange
interaction or multipolar interaction.'*"! Exchange interaction is
generally assumed to occur only if the mutual separation
between sensitizer and activators ions is not larger than about
0.3 nm.[***! Generally, Blasse’s equation is employed to
determine the critical distance of the energy transfer.[***”]
However, the equation uses the sum of sensitizer and activator
concentration and effectively calculates the mean minimum
distance with the combined group of sensitizer and activator ion
and not the mean minimum distance from the sensitizer to the
activator. In case of TM:Eu®" the calculated distance does not
change as Eu’" substitutes Tb®>" and the sum remains unity.
Another method to approximate the energy transfer mechanism
is by employing the distance dependence of the energy transfer
efficiency.

To disentangle the relation of transfer efficiency and sensitizer-
activator distance in a given material, Io/I or ty/t are frequently
plotted against the concentration of the activator ion.1***"! This
stems from the relations 22 o €3 for multipolar interaction and
("—0)" x C for exchange interaction. These relations were
agproximated by Reisfeld from Dexter’s calculations.*"? From
Equation (10) follows that Iy/I value is equal to 1—15T' By
employing the values for ngy obtained from fitting the rise time
curves, the plots depicted in Fig. 12 were attained.

These plots depict the proportionality of the energy transfer
efficiency to the Eu’" concentration to the power of 1, 6/3, 8/3
and 10/3, respectively. An R? of 0.997 was achieved for C®?,
strongly pointing at a dipole-dipole ET mechanism. This is in
good agreement with the published literature on Tb** to Eu*"
energy transfer,?>4448]

This journal is © The Royal Society of Chemistry 2012
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Fig. 12: Dependence of energy transfer rates on (a) CEUS%B, (b) CEUME/3 and (c)
Ce.>™? and (d) the dependence of In(lo/! (Tb*")) on Ce**.

Conclusions

In warm-white pcLEDs the highest LE and very good CRI
values can be achieved by employing Eu®* activated phosphors
as the red emitter. While Eu®* suffers from weak absorption in
the blue and near-UV spectral region, Tb,Mo0;0,,:Eu*" shows
increased absorption in both ranges due to combined absorption
from Tb>" and Eu’*. Due to a very efficient energy transfer
from Tb*" to Eu®" the phosphor exhibits solely red emission at
Eu®" concentration of 20% and higher. A method to determine
energy transfer rates from rise time curves and emission spectra
has been developed and was used to calculate the energy
transfer efficiency and investigate the nature of the energy
transfer mechanism. The energy transfer follows the dipole-
dipole mechanism and the transfer efficiency is independent of
the temperature but depends strongly on the Eu®" concentration.
Temperature-dependent excitation spectra revealed that Eu’*
'Fi, 'F» and 'F; levels are thermally populated at room
temperature and transitions originating from these levels can be
observed.

By using TM:Eu®* ceramics a full conversion of a 380 nm LED
and reasonable conversion of a blue 465nm LED was
achieved. The quantum efficiency depends on the Eu’
concentration and reached a maximum of 87% in
(TbgsEug,),M050,,. These observations show that TM:Eu®" is
a very promising candidate as a radiation converter for warm-
white pcLEDs and underline the potential of red line emitters
for high efficiency pcLEDs with a very good CRI.
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Table 6: Tb** (1-9) and Eu** (10-29) intraconfigurational transitions with
their respective peak wavelengths, wavenumber and number assigned for
reference in illustrations in this work.

Number Wavelength / nm Wavenumber / 10° cm™ Transitions

1 487 20.5 "Fe>°Dy

2 378 26.5 "Fs>°Ds

3 371.5 26.9 "Fe> Lo

4 363 - 369 27.1-275 "Fe>°Ge + Lo + °Gs
5 359.5 27.8 "Fs>°Ds

6 348 - 355 28.2-28.7 "Fe>°Ls +°G4 + °L;
7 336 — 345 29.0-29.8 "Fs>°Le + 5G; + °G,
8 ~326 ~30.7 "Fs>°D,

9 319 31.3 "Fs=>°Do

10 590.5 16.9 F1=>°Dy

11 580 17.2 "Fo>°Dy

12 553 18.1 F,=>°D,

13 535 18.7 F1=>°D,

14 526.5 19.0 "Fo>°D,

15 512.5 19.5 'F32>°D,

16 487 20.5 'F,=>°Ds

17 473 21.1 'Fi>°D,

18 465 21.5 "Fo=>°Ds

19 4475 223 "F3>°Ds
20 427 23.4 "F,>°Ds

21 415 24.1 'F1>°Ds

22 411 243 "Fo>°Ds
23 398 — 402 249-25.1 "Fo>°Ls

24 394 25.4 "Fo=>°L,;

25 371 -390 25.6-27.0 "Fp>°Ls + °Gj + Lo + *Lyg
26 366.5 27.3 'Fi>°Dy
27 362.5 27.6 "Fo>°Dy

28 315-332 30.1-31.7 "Fo>°H;
29 297 — 306 32.7-33.7 "Fo>F; +°;
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Highly efficient Tb3*/Eu®* energy transfer was observed in red emitting Th,Mo3O12 powders
and ceramics. It possesses an increased absorption in the UV-A / blue spectral region with an
excellent QE of 94%. It is superior in efficacy to red emitters like Sr2SisNg:Eu and
CaAlISiNz:Eu. Transfer rates were calculated from rise times employing a newly developed
method.
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