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Abstract

The luminescence properties of the blue emitting phosphor Sro25Ba0755i0,N:EU? are
extensively investigated. This oxonitridosilicate phosphor features strong 4f°5d" - 4f
luminescence originating from the Eu?* ion, with a narrow emission band peaking
at 467 nm and a full width at half maximum of only 41 nm. Thermal quenching of
the blue luminescence only sets in above 450 K, making this material an interesting
candidate as LED conversion phosphor. The fast decay of the luminescence prevents
the phosphor to be susceptible to saturation effects at high excitation fluxes. Furthermore
it is proven to be chemically stable against moisture. The only drawback is the relatively
low quantum efficiency of the synthesized powder, provisionally preventing this material
to be used in applications. In addition, the phosphor features a weak yellow emission
band, originating from small domains featuring a different crystal structure. It is shown
that the majority of the powder grains only exhibit blue emission. Finally, the spectrum of
a white LED, based on a UV pumping LED and three (oxy)nitride phosphors is simulated
in order to assess the usefulness of blue phosphors in LEDs for lighting. Only a marginal
improvement in terms of color quality can be achieved with a narrow banded phosphor,
at the expense of a decrease in luminous efficacy and overall electrical to optical
power efficiency.
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Optical Properties
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Background

Light-emitting diodes or LEDs are steadily consolidating their share in the lighting and
display market. Nevertheless, current technology is not yet fully established and improve-
ments are still desirable, for both lighting and display applications.

For lighting applications, there is still a fair margin for improvement in terms of
luminous efficacy and color rendering. The first phosphor converted LEDs (pc-LEDs),
based on a blue In; ,Ga,N pumping diode and a yellow (typically Y;A1:0;,:Ce** [1,2])
conversion phosphor, suffered from a low color rendering due to the lack of green and
red light in the spectrum and of inherently high correlated color temperatures (CCT).
This issue could to a great extend be solved by adding a red phosphor (for example
Cay_,Sr,S:Eu”* [3] or Sr,SisNg:Eu®* [4,5]). While the low energy sector of the visible
spectrum is then sufficiently covered by the phosphor blend, a void remains in the
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blue-cyan part of the spectrum, in between the narrow banded spectrum of the pumping
LED and the emission of the phosphor(s). The first way to solve this consists of filling the
gap by using a cyan phosphor with a small Stokes shift. The second option, which will be
pursued in this paper, uses a violet or near UV pumping diode in combination with an
additional blue phosphor.

To evaluate whether a luminescent material is suitable for use in phosphor converted
LEDs, several requirements have to be fulfilled simultaneously. These are described in
detail in [6] and comprise thermal stability of the luminescence, the absence of saturation
effects at high excitation fluxes and chemical stability of the host material in combination
with more obvious requirements such as excitability, a high conversion efficiency and
desirable color point.

The MSi,O,N»:Eu*" (M = Ca, Sr, Ba) system has already been the subject of extensive
and detailed studies [7-14]. All three basic compounds (i.e. with only one type of alkaline
earth metal) exhibit strong 4f°5d" - 4f” luminescence upon doping with divalent europium.
While BaSi,O,N,:Eu?" features a greenish-blue narrow banded emission, SrSi,O,N,:Eu?
and CaSi,O,NyEu** are characterized by significantly broader yellowish-green and yellow
emission bands, respectively.

Structurally, the class of MSi,O,N; oxonitridosilicates is built from alternating layers
of metal ions and layers of SiONj tetrahedra in which the nitrogen atoms connect the
silicon atoms, forming a structure with so-called dreier rings. Although this layered
structure is similar for all members of the MSi,O,N, family, the basic compounds pos-
sess significantly different crystal structures, for example the orientation of the O atoms
in the SiONj tetrahedra. For more details about the crystal structures of the MSi,O,N,
oxonitridosilicates, we refer to [15-17]. The structural differences between the basic
compounds implicate that forming a solid solution by mixing of the metal ions is only
possible up to a certain limit, above which a second phase will be formed during the
synthesis [7]. Generally, a precise determination of the crystal structure is often difficult
for these layered materials. In the next part, the already known luminescent properties
of the MSi,O,N,:Eu** family are shortly reviewed. Key structural and luminescent
quantities are summarized in Table 1.

BaSi,O,N,:Eu*" is an efficient phosphor, even though it has the lowest quantum efficiency
of the basic compounds (Table 1). It features a narrow emission band peaking at 495 nm
(full width at half maximum (FWHM) of 32 nm). Depending on the synthesis conditions,
an appreciable afterglow and strong mechanoluminescence are observed, making it suitable

for use as pressure sensor [10,20,23].

Table 1 Structural and luminescence properties of europium doped MSi,O,N, phosphors

Host material Space # cation Anax FWHM  QE (RT) t(pns) Tos(K) Refs.

group sites (RT) (nm) (RT) (nm) int/ext
CaSi,0,N, P2; 6 555 106 76/- 100 440 [7,15]
SrSi, 05N, (triclinic) P1 4 538 76 91/- 1.15 600 [7,11,1€6]
SrSi,0,N, (monoclinic) P2, 4 532 75 —/— - - [18]
Sro.25Bag 755i,0,N, (triclinic)  P1 4 564 95 66/- - - 71
Sro.25Bag 755i1,0,N, Pna2, 1 467 41 41/30 035 545 [19], this work
(orthorhombic)
BaSi,O;N, Cmc2; 1 495 32 71/- 047 600 [7,17,20]
EuSi,O,N, P1 4 568 120 —/- - - [21,22]

Structural and luminescence properties of europium doped MSi,O,N, phosphors.
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SrSi,0,N,:Eu®* is a very efficient phosphor with a reported internal quantum efficiency
of up to 90% [11]. It also exhibits afterglow upon UV excitation [10]. The superior thermal
properties make this phosphor a primary candidate as green-yellow conversion phosphor in
white phosphor converted LEDs. Up to 50% of Sr** can be replace by Ca** to gently shift
the emission color from yellow-green to yellow while keeping a single crystal phase [7].
Finally, CaSi,O,Ny:Eu®* is characterized by a much worse thermal quenching behavior [7].

In Bachmann et al., the Sr;_Ba,Si;O,NyFEu®" solid solution is investigated for x up to
0.75 [7]. By replacing Sr** by Ba** in the SrSi,O,N,:Eu** phosphor, the color is surprisingly
red shifted. This was explained by Eu** preferentially occupying Sr** sites in the lattice,
while further substitution of Sr** by Ba®* enlarges the experienced crystal field
strength, due to compression of the coordination sphere of the remaining Sr sites. It is
impossible to synthesize solid solutions between the yellow (x = 0.75) and blue-green
(x =1) phosphor [7,12].

In 2012, Seibald et al. reported the remarkably blue luminescence of a
Sro.25Bag 75S1,0,N,:Eu** phosphor and its crystal structure [19]. From single-crystal
diffraction, the “averaged” crystal structure was determined to be orthorhombic, while
a more detailed investigation with HRTEM allowed to resolve the local cation order-
ing, resulting in a triclinic structure [19]. This is in contrast to the yellow phosphor
with the same stoichiometry, which resembles the triclinic SrSi,O,N, crystal structure.
The host material of this blue emitting material turned out to be composed of a
BaSi,O,N, like structure. However, for this particular composition, the metal layers
are corrugated, yielding different luminescent properties than BaSi,O,N,:Eu®** where
the metal layers are parallel [19].

In another paper, in 2013, Seibald et al. reported the occurrence of an additional
monoclinic SrSi,O,N, phase [18]. A single crystal could be isolated and structurally
analyzed. The emission signal is slightly blue shifted compared with the common triclinic
SrSi;O,N, phase. The structural difference between the two phases is the relative orienta-
tion of consecutive silicate layers. It was questioned whether it would be possible to
synthesize a pure SrSi;O,N, phase without formation of the other one [18].

In this paper, a more thorough luminescence study is conducted on the blue oxonitri-
dosilicate phosphor Sr25Bag75Si,0,Ny:Eu**, which was reported in 2012 but not yet fully
characterized until this moment. Possible applications for this phosphor are evaluated,
after which the discussion is generalized to evaluate the usefulness of blue phosphors in
LED lighting technology.

Methods

Sro.25Bag758i,0sNy:Eu®* (with an europium concentration of 1 molar %) luminescent
powders were synthesized by a solid state reaction in a tube furnace at high
temperature. During all heat treatments, the powder mixtures were kept in a controlled
atmosphere of forming gas (90% N», 10% H, mixture) and put inside zirconia crucibles.
Two different synthesis methods were carried out:

1. In one step, with SrCOs3 (Alfa Aesar, 99.99%), BaCOj3 (Alfa Aesar, 99.95%), SizN,
(a-phase, Alfa Aesar, 99.9%) and EuF; (Alfa Aesar, 99.5%) as starting materials.
After dry ball mixing, the powder mixture was heat treated at 1400°C for 4 hours
(heating rate of 4.7°C/min).
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2. In two steps. First (Srg25Bag75)2Si04:Eu is prepared from SrCOs, BaCOs, SiO, (Alfa
Aesar, 99.9%) and EuF; at 1250°C for 3 hours (heating rate of 4.7°C/min). Second,
Si3Ny was dry ball mixed with the obtained orthosilicate and heat treated at 1400°C
for 4 hours (heating rate of 4.7°C/min). This is the synthesis recipe described in [19].

After the heat treatments, the powders were allowed to cool naturally and were
lightly ground.

Powder X-ray diffraction (XRD) measurements were performed on a Siemens D5000
diffractometer (40 kV, 40 mA) using CuKa; radiation.

Photoluminescence emission and excitation spectra were measured with an Edinburgh
FS920 fluorescence spectrometer. Measurements as a function of temperature were
performed using an Oxford Optistat CF cryostat.

Decay profiles were measured using a pulsed nitrogen laser (wavelength 337 nm) as
an excitation source in combination with an Andor intensified CCD.

SEM-EDX-CL measurements were performed with an Hitachi S-3400 N scanning
electron microscope (SEM), equipped with a Thermo Scientific Noran 7 energy dispersive
X-ray detector (EDX). Furthermore, cathodoluminescence (CL) was collected with an
optical fiber and analyzed by a CCD camera (Princeton Instruments ProEM 16007),
attached to a spectrograph (Princeton Instruments Acton SP2358). An integrating sphere
(LabSphere GPS-SL series) was used to measure the internal and external quantum effi-
ciency (QE) of the phosphor powders upon LED excitation (peak wavelength of 370 nm).
Al,O3 was used as a white reflecting standard.

Accelerated aging tests were done inside a Memmert HCP108 humidity chamber,
with a constant temperature and relative humidity (RH) of 75°C and 75% RH. The
photoluminescence was monitored in situ by excitation with a 370 nm LED.

Results and discussion

Synthesis and XRD

For the synthesis of the blue emitting Sro25Bag758i,0,N5:Eu** phosphor, Seibald et al.
used a dual step solid state synthesis based on the orthosilicate (Sro25Bag75)2Si04:Eu®*
phosphor as intermediate product [19,24]. In this work, it could be confirmed that this
synthesis method indeed yields the described blue phosphor. However, the same phosphor
could also be synthesized in a faster one-step way, similar to the method described in [7]:

3 MCOs3 + 2Si3Ny — 3 MSi;O;N; + N, + 3 CO (1)

After the heat treatment, visual inspection under UV illumination learns that the bulk
of the obtained phosphor powder has the desired blue color. On top of the blue powder, a
thin, green emitting layer is formed. For further investigation, this green emitting top layer
was removed and kept apart. This green emitting layer was also formed during the dual
step synthesis. X-ray diffraction (XRD) and photoluminescence (PL) measurements (see
further) were addressed to verify that the result of both syntheses are indeed identical.
The powder prepared with the one step synthesis was selected for further investigation.

It was reported that the addition of small amounts of NH,Cl as fluxing agent during the
temperature treatment improves the formation and crystallization of the SrSi;O,Ny:Eu?*
phosphor [25]. The influence of NH,Cl (2 weight % of the final mass) on the formation of
the blue phosphor was investigated. It turns out that the fluxing agent rather stimulates
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the formation of an undesired yellow emission band next to the blue emission band.
Therefore, NH,CI was omitted from further syntheses.

To specify the composition of the powders, X-ray diffraction (XRD) measurements were
performed. The results are summarized in Figures 1 and 2. The XRD pattern for the blue
emitting bulk powder (Figure 1) shows a reasonably good comparison with the calculated
one from the structure reported in [19]. The XRD measurement indicates that texture
effects are present. However, the locations of the reflections are in correspondence with
those of the reference pattern, indicating that the desired Sro25Bag758i0,Ny:Eu** phos-
phor is obtained. Additionally, some extra reflections appear around 20 = 30°. These might
be originating from small amounts of BaSigNgO that formed during the high temperature
synthesis. Since BaSigNgO:Eu** is reported to show fluorescence in the blue-green
spectral region (emission band peaking at 503 nm, FWHM of 102 nm [29]), this might
compromise the characterization of the Sr.,5Bag 75Si,O,Ny:Eu** phosphor.

From the XRD measurement of the green emitting top layer, it can be derived that it
is mainly composed of BasSisOoN:Eu** (filled circles, Figure 2) and Ba3SigO1oNo:Eu?*
(open squares, Figure 2). The locations of the experimental reflections are slightly
shifted to higher 20 values, which is explained by the incorporation of some Sr** in the
crystal structure, decreasing the effective lattice parameters. BasSigO;,No:Eu?* is known
to give green emission, explaining the green color of the top layer under UV excitation
[27,30]. The blue luminescence of BasSigOoN,:Eu®* is thermally quenched at room
temperature [30]. Note that both impurities have the same (Sr,Ba):Si ratio of 1:2, as in
the intended stoichiometry. The main difference is the larger oxygen to nitrogen ratio,
which is probably due to oxygen traces during the synthesis process.

Photoluminescence

The photoluminescence of the Sr5Bag-5Si;0>Ny:Eu®* phosphor features broadband
emission and excitation spectra (Figure 3), characteristic for the 4f” - 4£°5d" transitions
within the Eu** ion. The emission spectrum peaks at room temperature at 467 nm and
has a full width at half maximum (FWHM) of 41 nm.

In the emission spectrum, a second contribution in the yellow range around 560 nm,
is clearly visible. The origin of this second emission band might be the occurrence of a
Sr1_xBa,Si,O,N,:Eu** phase with a different structure than the intended blue phosphor,
which has “averaged” an orthorhombic structure. In their paper, Bachmann et al. report

—T T T T T T T
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Figure 1 XRD measurement of the blue phosphor. XRD measurement of the prepared Sro»sBao 750N Eu”"

powder (bottom), compared with the calculated pattern for Srg»5Bag755i,0,N, (top) [19]. The black circles indicate

reflections, possibly originating from BaSigNgO [26].
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Figure 2 XRD measurement of the top layer. XRD measurement of the prepared green emitting top
layer (bottom), compared with the calculated pattern for BasSicO1,N, (middle) and BasSigOgN, (top) [27,28].

a Sroo5Bag75Si;0,N:Eu** phase with the triclinic SrSi;O,N, structure, emitting a
broadband spectrum, peaking at 564 nm [7,31]. It is not unlikely that this is the phase
responsible for the weak yellow emission band. If this impurity phase indeed has the
SrSi,O,N,, structure, it is not surprising that the addition of NH,Cl flux during the heat
treatment stimulates the formation of it [25]. This yellow emission band also occurred
in the spectrum from the original paper reporting the blue phosphor [19].

Since the XRD measurements suggest the occurrence of small quantities of
BaSigNgO:Eu?", it is important to verify whether this has an influence on the photolumi-
nescence of the powders. The emission spectrum of BaSigNgO:Eu>" features a broad band
(FWHM =102 nm), centered at 503 nm and can be excited between 200 nm and
400 nm [29], although no values for the QE have been reported. To verify the occur-
rence of this blue-green phosphor, two emission scans of the prepared powder were
compared, one at 310 nm excitation and one at 410 nm excitation, the former chosen
in the maximum of the excitation band of BaSigNgO:Eu?", the latter chosen outside
the excitation band of BaSigNgO:Eu®*. Since no observable differences between the
two scans were noticed, it can be concluded that the light-emitting BaSigNgO:Eu**
phase, as described by R.-J. Xie et al., is not observed in the prepared powder. This
has therefore no influence on the characterization of the luminescence of the
Sro25Bag758i,0,Ny:Eu** powders apart for a possibly negative influence on the overall
quantum efficiency of the phosphor.
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Figure 3 Photoluminescence spectra. Photoluminescence emission (excitation at 370 nm, solid lines) and
excitation (emission at 466 nm, dashed lines) spectra of Sro25Bag 75510,N:Eu", measured at room
temperature (blue, thick lines) and at 10 K (black, thin lines).
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The color point (CIE x, CIE y) of the complete emission spectrum (i.e. blue and
yellow band) at room temperature is (0.165, 0.165). If the blue component would be
the only feature of the emission spectrum, the color point is estimated at (0.129, 0.067).
Clearly, a small amount of the impurity phase shifts the color point towards the white
region of the chromaticity diagram (see Figure 4).

The internal and external quantum efficiency (QE) of the photoluminescence were
measured upon excitation with a 370 nm LED. The external QE 7,y is the ratio of
emitted photons by the number of incident photons, while the internal QE #;,, considers
only the absorbed photons:

Nem Nem
Hext = N— Hint = ]\[— Hext = A”int (2)

inc abs

Herein, Nj,., N,ps and N, are the number of incident, absorbed and emitted photons
respectively. A is the absorbed fraction. For the Sro.25Bag75S1,0,Ny:Eu** phosphor,
values of 7exr = 30% and #ine= 41% were obtained. This is significantly lower than the
internal quantum efficiencies of benchmark phosphors (typically 7, = 90% [11,32]).
The grey shade in the body color of the powder already hinted towards an insufficient QE.
If impurity phases which do not emit light (potentially BaSigNgO) are present in the pow-
ders, the measured QE will be lower than the intrinsic QE of the Srg5Bag75Si,0,Noy:Eu®*
phosphor. However, a sound optimization of the synthesis process (e.g. finding a suitable
fluxing agent) might improve the quantum efficiency considerably because there does not
seem to be a fundamental reason why the Sro25Bag 755, O0sNy:Eu? phosphor should have a
lower QE than comparable phosphors such as BaSi;O,Ny:Eu** or SrSi;O,Ny:Eu?*.

"""" I R N
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0.8

——— Planckian locus |

CIEy

0.4

02F Sry2sBag 75 —

0.0 0.2 0.4 0.6 0.8

CIE x
Figure 4 Chromaticity diagram with MSi,0,N,:Eu>* phosphors. CIE 1931 chromaticity diagram with the
color points of the MSi>O,N,:Eu* family members. The white arrow indicates the color shift of the
saturated blue Srg5BagsSi>0sNyEU>* phosphor to the white due to the yellow emitting impurity phase.
Color points of other phosphors from [7].




Joos et al. Journal of Solid State Lighting 2014, 1:6 Page 8 of 16
http://www.journalofsolidstatelighting.com/content/1/1/6

SEM-EDX-CL

From the photoluminescence measurements, it is clear that not a phase pure material
is obtained. Combining cathodoluminescence (CL) and energy dispersive X-ray spec-
troscopy (EDX) inside a scanning electron microscope (SEM) should help to get a
better grasp of the different phases that occur in the phosphor powder and their
luminescence [33].

The morphology of the prepared powders consists of agglomerated, rod to plate-like
particles, typically 10 to 20 um in length (Figure 5). This rather uncommon morph-
ology seems not incompatible with the layered crystal structure of the host material.
The EDX maps reveal a rather homogeneous composition, taking the influence of the
sample morphology on the X-ray detection efficiency for the different elements into
account.

At a few places, a higher than average silicon content could be found, although it
could not be linked to a specific chemical composition, nor was it reflected in the CL
spectra. These Si-rich areas are possibly related to the BaSigNgO phase which might be
present in the powder. SEM-CL confirms the result from the PL measurement that
there is no light emission originating from this phase. No results from thermal quench-
ing or quantum efficiency measurements of the BaSisNgO:Eu”** phosphor are reported
in literature. Furthermore, given the peculiar high Stokes shift of this material (1.14 eV
or 9200 cm™') and width of the emission band (estimated about 0.5 eV or 4033 cm™),
one can doubt whether the reported luminescence is originating from a “normal” Eu**
activated phosphor [29,34,35].

The studied area, indicated by the blue rectangle in Figure 5, was divided into 256 by
192 pixels and in each pixel a full cathodoluminescence (E=15 keV) emission
spectrum was recorded. Then for each spectrum, key luminescence parameters, such as
the band width (FWHM) and the peak emission wavelength (A..,) were determined.
Figure 5 clearly shows that all studied particles have an emission peaking between 465

#spectra
1000
100
10
1

467 472
Apnaz(nm)

3

'FWHM (nm)

g

NormalizedCL intensity
8

8

400 450 500 S50 600 650 700
Emission wavelength (nm)

°

Figure 5 SEM-EDX-CL. (left) Backscattered electron image (top) of the Srg25Bag 755i:0,N-:Eu®™ powder,
along with EDX maps for barium and silicon (bottom). (middle) Maps for the peak emission wavelength
(Amax), the FWHM and the emission intensity in the wavelength range (550-650 nm) relative to the total
emission intensity. (right) Correlation between peak wavelength and FWHM (top) and emission spectra
(bottom) for the three selected areas indicated in the CL map. All maps (EDX and CL) are corresponding to
the area indicated by the blue rectangle on the backscattered electron image. All data obtained at a
sample temperature of 255 K.
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and 468 nm, while the FWHM ranges between 37 and 43 nm. This effect is larger than
the mere consequence of the use of wavelength units. Averaging out over all pixels, a
CL emission spectrum is obtained which is similar to the PL emission spectrum.
Although the emission is very homogeneous over the studied area, there appears to be
some correlation between A, and the FWHM, as longer peak emission wavelengths
tend to coincide with wider emission bands (Figure 5), which could be due to local
variations in composition (e.g. Eu concentration or Sr:Ba ratio).

The SEM-CL study also allows to probe the origin of the yellow emission band, peaking
at 558 nm, when preparing Sro.25Bag75Si,0,N,:Eu®*. Note that this emission band is
found both in [19] and in this work. The yellow emission amounts to no more than 20%
of the total emission intensity, and certainly no areas with pure yellow emission (i.e. in
the absence of the blue emission band) could be found, which would be the case for a
separately formed impurity phase. For these areas with a larger fraction of long wave-
length emission, no deviation in stoichiometry could be found by means of SEM-EDX.
This is no surprise since it was shown by Seibald et al. by a combination of TEM/
HRTEM/TEM-EDX that a domain structure is present at a nanometer length scale, im-
possible to resolve with SEM-EDX. The yellow emission is originating from domains with
a Sr-richer content, composed of the SrSi,O,N, structure [14,19].

The SEM-CL study shows that yellow emission is always accompanied by the blue
emission, within the same phosphor particles, supporting the conclusion by Seibald
et al. that the yellow emission is due to intergrowth on the nanoscale. Nevertheless, the
main fraction of the studied phosphor particles shows only the blue emission band,
which offers the promise to prepare a purely blue emitting phosphor, without the
additional yellow emission band from the Sr-rich domains. Regardless the impossibility
of a SEM to resolve the nanoscopic domain structure, this clearly illustrates that the
majority of the micrometer sized grains exhibit only the blue luminescence. Therefore,
the submicron resolution of CL in a SEM offers a fast and elegant way to probe the
luminescence behavior at the single particle level, by being complementary to the afore-
mentioned TEM study at the nanoscale [36].

Thermal quenching
In Figure 6, the integrated emission intensity is displayed as a function of temperature.
Thermal quenching is starting around 450 K and the temperature where the emission
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Figure 6 Thermal quenching. Integrated emission intensity of the blue (solid line) and yellow (dotted
line) emission band as a function of temperature. Measured upon excitation with a 370 nm LED.
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intensity is halved with respect to low temperature (7T 5) is 545 K. This means that this
phosphor can safely be used in typical lighting applications, where the phosphor’s
temperature will remain below 450 K. The thermal quenching behavior of the yellow
component (75 =454 K) is worse though. In Table 2, some parameters describing the
emission of Sro,sBag75Si,0,No:Eu?t are given as a function of temperature. Not only
the intensity of the blue luminescence stays constant in the relevant temperature range,
also the color point remains stable, which is important from an application point of
view. This is due to two opposite effects, namely the slightly broadening of the blue
emission band and the quenching of the yellow one, which tend to cancel out to a large
extent when the color point is calculated.

Decay of luminescence
The decay of the blue emission band was measured at room temperature. The decay
profile is displayed in Figure 7. This profile could be fitted with a sum of two exponential

functions:
I(t) = Le " + Le /™ (3)

The obtained decay times are 461 ns and 219 ns, with contributions of 66% and 34%,
respectively, to the total decay. The fractions were calculated as:

o—t/Ti
/I,e det L7,

fi: /[(t) dr :Ilrl + Ir1o

(i=1,2) (4)

Both components are in the expected range for lifetimes of the 4f°5d" excited state in
the case of blue emission. This is slightly faster than the luminescent lifetime of Eu** in
BaSi,O,N, (Table 1). This lies within expectations because the luminescence lifetime
shortens when the emission color is blue shifted on condition that the refractive index
does not change [37]. The origin of the faster decay component, presumably related to
a non-radiative decay path, could not yet be clarified.

Because of the fast decay of the 4f°5d" excited state of Eu”* in this host lattice, it is
expected that high excitation fluxes can be used without sublinear response, as is the
case in some applications [38].

Chemical stability
The chemical stability of the oxynitride phosphor was inspected by monitoring the in
situ photoluminescence (excitation with a 370 nm LED) during an accelerated aging

Table 2 Features of the emission spectrum of Srg »sBag 75Si,0,N:Eu®* as a function of

temperature

T (K) Amax (nm) FWHM (nm) I(T)/1(300 K) (CIE x, CIE y) dy(T, 300 K)
300 4674 41 1.00 (0.165, 0.165) 0.0000

350 467.0 43 1.04 (0.164, 0.164) 0.0002

400 466.6 49 1.06 (0.164, 0.165) 0.0008

Features of the emission spectrum of Sry,5Bag7551,0,N,:Eu?* as a function of temperature, maximum (Amay) and FWHM
of the emission band, relative intensity of the blue emission band with respect to 300 K, color point of the complete
emission spectrum (blue and yellow component) and corresponding color shift in CIE L u'v’ color space.
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Figure 7 Decay profile. Decay profile of the blue emission band at 300 K. Measured with a 337 nm pulsed
laser as excitation source (blue diamonds). Fit with the sum of two exponential functions (black line).

test inside a humidity chamber (75°C, 75% relative humidity). In a timescale of
200 hours, no significant decrease of the luminescence could be measured for both
the blue and yellow components (not shown).

Blue phosphor for increased color rendering?

Almost all current white pc-LEDs are composed of a blue pumping LED (peaking typically
at 455 to 460 nm and 20 nm FWHM) and a yellow phosphor or green-red phosphor blend.
As it was suggested that the blue phosphor under study can be applied in pc-LEDs with
high color rendering index (CRI) [19], a simulation is conducted in order to estimate the
increase in color rendering that can be achieved by using an additional blue phosphor [39].

In the simulations, a white LED with a correlated color temperature (CCT) of 4000 K
is pursued. For lower CCT, the blue spectral region will only have a minor influence on
the color rendering. To account for the green and red spectral region, standard broadband
phosphors were selected for this: SrSiO,Ny:Eu** and Sr,SisNg:Eu®*, a typical combin-
ation which is known to yield white light of good color quality and color rendering when
combined with a blue pumping diode [6,40].

For the blue component, a gaussian spectral shape was taken, serving as an approxima-
tion to the spectrum of a blue phosphor in a UV-pumped pc-LED or a blue LED in a
blue-pumped pc-LED. To examine the influence on the color quality scale (CQS) and
luminous efficacy of the radiation (LER), the peak wavelength and width (FWHM) of the
blue component were varied. It was opted to study the CQS instead of the CRI, since the
former was designed to account for the defects inherent to the definition of the latter.

The relative contributions of the red and green phosphors in the simulated LED were
adapted such that a constant CCT of 4000 K and a limited deviation of the Planck
locus (|Dyy| < 0.001) are obtained for all variants of the blue component. The result of
this simulation is displayed in Figure 8. In this figure, the approximate locations of a
three-band LED with the Sry,5Bag 75SixO,N,:Eu** blue phosphor and a traditional blue
diode pumped white LED are indicated. Also the location of a three-band LED with the
well-known BaMgAl,(O;7:Eu** blue phosphor is indicated. This phosphor is characterized
by an emission maximum at 450 nm, a FWHM of 55 nm, internal QE of 90% and can be
efficiently excited between 220 nm and 380 nm [41,42].
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Figure 8 Simulated color quality and luminous efficacy of white LEDs. Influence on color quality scale
(CQS, left) and luminous efficacy of radiation (LER, right) of the spectral shape of the blue component in a
three-band LED. The approximate location of the SrgsBag 7s5-0-N-:Eu?* phosphor is indicated by a circle,
the location of the standard blue phosphor BaMgAl;,0;,Eu®" is indicated by a diamond and the locations
of blue pumping LEDs are indicated by the oval.

It can be seen that it is possible to improve the color quality (CQS) by replacing the
blue pumping LED by a UV pumping LED and a blue phosphor. However, the
improvement is rather limited because good color quality can already be achieved in
the traditional way with a pumping LED of 455 nm. The increase in CQS (from a value
of 87 to 89), is at the expense of a decrease in luminous efficacy (315 Im/W instead of
331 Im/W). Higher color qualities can be achieved if blue phosphors with a broader
emission spectrum are used (CQS up to 95 for a phosphor with FWHM > 60 nm).

To illustrate this, the spectra of three simulated white LEDs are displayed in Figure 9.
As one can see, the cyan gap between the blue pumping LED and the green phosphor
can be bridged by using a blue phosphor instead of a blue pumping LED. The highest
CQS can be achieved by using a blue phosphor which is significantly broader (FWHM
of 65 nm, peaking at 460 nm) than the described Sry25Bag75Si,0,N5:Eu** phosphor. In

normalized intensity
o o o = =
S S S S O

o
N)

00Lwa v 1 ]
400 450 500 550 600 650 700
wavelength (nm)

Figure 9 Simulated LED spectra. White LED spectra from simulations. Blue LED pumped (455 nm peak
wavelength, thin solid line), UV pumped with a narrow band blue phosphor (467 nm peak wavelength,
40 nm FWHM, dotted line) and UV pumped with a broad band blue phosphor (460 nm peak wavelength,
65 nm FWHM, thick solid line).
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this case, a CQS of 96 can be achieved. The LER is 314 Im/W, which is comparable
with the LER of the white LED when the narrow blue phosphor is used.

However, if a blue phosphor is used instead of a blue pumping LED, the phosphor
mix needs to be pumped by a UV LED. Because of this, the Stokes shifts will be signifi-
cantly higher, especially for the red and green phosphors. This will have a severe impact
on the overall electrical to optical power conversion efficiency (7..,), the so-called wall-
plug efficiency [2,6]:

(5)

P N / L(E)E dE/ / L(E) dE
Neo =~ = MED Mextr fot th Mint,i
el i=1 /ILED(E)E dE//ILED(E) dE

In this formula, 771 pp and 7.y represent the electrical to optical power conversion
efficiency of the pumping LED and the extraction efficiency of the LED package

N
respectively. N phosphors are used with relative weights f; (with fi= 1), internal

i=1

quantum efficiencies 7;,.; and spectra I,(E). f, is the fraction of the spectrum of the pump-
ing LED which is not absorbed by the phosphors. For UV pumping LEDs, f; is ideally 0.
The ratios in equation 5 are called the quantum deficits, originating from the Stokes shifts
of the phosphors.

The term between brackets can be calculated for the spectra of the simulated LEDs.
Internal quantum efficiencies of 90% were assumed for all phosphors. This yields a
wall-plug efficiency of

Heo = 0.83 HLED Wextr (6)

for the traditional blue pumped white LED and

Neo = 0.66 HLED Hextr (7)

for a 400 nm pumped white LED with three phosphors. If the pumping LED has a peak
wavelength of 370 nm, this becomes:

Heo = 0.61 HLED Wextr (8)

Given the similar external quantum efficiencies of In; ,Ga,N LEDs (y.gp) in the blue
and UV spectral region, there is no possibility to overcome the efficiency difference of
at least 20% between blue and UV LED pumped white LEDs [43].

Because of the decrease in luminous efficacy and wall-plug efficiency while the color
quality improves only slightly, it is very unlikely that relatively narrow band blue
phosphors will be used in future high color quality LEDs for lighting. For devices
with high color quality, whether expressed in CQS or CRI, much broader emission
bands are to some extent beneficial.

For certain display or projection applications, based on violet laser excitation, blue
phosphors with a narrow emission spectrum such as Srg.5Bag75Si,O,N,:Eu®* are
interesting. In this case, color rendering is irrelevant and saturated colors, corresponding
with narrow emission bands are compulsory to achieve a large color gamut for the
display [44].
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Conclusions

In this work, a complete characterization of the luminescence of a recently reported
phosphor in the oxonitridosilicate family is given. The blue emitting material with
stoichiometry Sro.25Bag 75Si;0,N:Eu®" is characterized by broadband emission peaking
at 467 nm at room temperature and a good thermal stability of both the emission
intensity and color. An additional weak yellow emission band was observed. The cur-
rently obtained internal quantum efficiency of 41% is too low to allow this phosphor
to be used in applications. Nevertheless, this might be improved by an optimization
of the synthesis procedure. The phosphor was found to be chemically stable. As a
conclusion of this feasibility study, this blue oxonitridosilicate can be suitable for the
use in applications if the quantum efficiency can be improved.

Additionally, the microscopic structure of this phosphor was studied. It turned out that
no grains with a pure yellow emission could be found, the blue emission is everywhere
dominant. The majority of the powder particles do however only emit blue light.

Finally, the potential of blue phosphors to improve the color quality of white LEDs
for lighting was investigated because this is often quoted as motivation to study blue
phosphors. It was found that only a minor improvement of color quality can be
achieved by using a saturated blue phosphor such as the oxonitridosilicate which is
subject of this paper, or the BaMgAl;,0;-:Eu** phosphor. This increase in color quality
is at the expense of a decrease in luminous efficacy and overall electrical-to-optical
conversion efficiency of the LED, leading to the conclusion that only the use of blue
phosphors with a significant broader emission band (FWHM = 60nm) is justifiable to
produce LEDs with very high color quality (CQS > 90). Narrow band phosphors with a
saturated blue color are however useful in case of projection or display applications
based on conversion of near-UV light, e.g. in the case of laser diode excitation.
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