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New garnet structure phosphors, Lus_,Y,MgAl3SiO;,:
Ce>* (x = 0-3), developed by solid solution design¥
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New garnet phosphors, Luz,XYXMgAlgsiOQ:Ce“ (x = 0-3), which can be efficiently excited by blue light
and emit the yellow-orange light, were developed using the solid solution design strategy combining
the chemical unit substitution and the cation substitution. Crystal structures of the four compounds were
reported for the first time via the Rietveld refinement of their powder XRD patterns. All phosphors show
the general cubic garnet structure with the space group /a3d. The specific occupancy of Lu/Y, Al/Mg,
Al/Si and O atoms in different positions was identified. The evolution of cell parameters and Y/Lu/Ce-O
bond lengths were identified. Photoluminescence properties were evaluated on aspects of emission/
excitation spectra, internal/external quantum efficiency and thermal emission stability. Under the
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450 nm blue light excitation, the phosphors exhibit bright yellow color emission, peaking in the
575-597 nm spectral range. The internal and external quantum efficiency can reach 83% and 58%,
respectively. The emission red-shift in response to the Y/Lu ratio variation was discussed in relation to
the local structure evolution. The phosphors are relatively promising to act as wavelength converter of
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Introduction

Nowadays, white light emitting diodes (WLEDs) hold an increasing
share in the lighting market, and are regarded as a more efficient
technology to transform electricity into light compared with the
conventional lighting bulbs/lamps, thus enabling a significant
reduction in the carbon dioxide emission worldwide. In the
current solid state lighting market, the predominant technical
path to achieve white light output relies on the phosphor-
converted white light emitting diodes (pc-wLEDs) based on a
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blue light in white light emitting diodes.

blue LED plus down-conversion phosphor materials." The
typical “blue GaN LED + yellow (Y,Gd)3(Al,Ga)50,,:Ce*" phos-
phor” model yields cool white light with relatively high corre-
lated color temperature (>4000 K), which satisfies the outdoor
lighting purpose. However, for indoor lighting and other occa-
sions where high color rendering index (CRI) and low correlated
color temperature (CCT) are needed, warmer white light from
WLEDs is more desired. Therefore, several other packaging
options such as “blue LED + green/orange(red) phosphors” and
“near-UV LED + blue/green/red phosphors” are proposed, with
the aim of producing white light with high CRI and low CCT.
Since the near-UV InGaN LEDs still need significant improve-
ments to achieve efficiency comparable to that of blue LEDs, the
development of new phosphors that are well excitable by blue
light is more urgent than the ones excitable by near-UV light.

In this paper, we report four new phosphors that have
their maximum excitation wavelength at 450-470 nm and
exhibit an intense yellow color emission. The compositions,
Lu;_,Y,MgAL,SiO,,:Ce®" (x = 0-3), were developed by the solid
solution design strategy starting from Lu;Al504,:Ce®*. The solid
solution design is an efficient route to develop new phosphors
with diverse composition creations. The commonly used solid
solution design method concentrates on the cation/anion
substitution®® and the chemical unit substitution.””® The
benefits vary from the red/blue-shift tuning of the peaking
emission,>* the bi-model band emission,®” to the improved
structural rigidity'® or anti-moisture stability."* For example,
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the Sr/Ca substitution in Ca;(PO,),:Eu”" is observed to red-shift
the emission from violet-blue to yellow where unique two
emission bands can co-exist with tunable relative intensity.**
The Sr/Ba substitution in Ba,Si0,:Eu" is able to optimize the
valence band of the host lattice and thus, enhance the struc-
tural rigidity and improve the thermal emission stability.°

Compared with the other strategies for discovering/developing
new phosphors, such as the combinatorial chemistry screening,'>
or the single-particle-diagnosis approach,'®'* the solid solution
design does not fully grant “novel” phosphors; in most cases,
“new phosphors” or “phosphors with optimized compositions”
are obtained. However, compared with the combinatorial chemi-
stry screening strategy, the solid solution design approach elim-
inates the need for massive preparation of the phosphor library,
making the composition design more targeted. Moreover, the solid
solution design needs no such extra special instruments, which
are significantly relied on in the single-particle-diagnosis method,
in order to characterize the composition/structure/luminescence of
an interesting particle but only in the size of several micrometers.
Furthermore, the new phosphor creations developed by the solid
solution design always exhibit predictable optical properties, mak-
ing them more reliable to achieve desired performances. Besides,
based on our experience, it is worth noting that, actually, one can
also get “novel” phosphors with composition and crystal structure
absolutely different from the “parent”” phosphors using the solid
solution design between two non-isostructural compounds.” For
example, Ba,Ca(PO,),:Eu®" is a cyan emitting phosphor com-
pound developed by the solid solution design method between
the non-isostructural violet light-emitting Caz(PO,),:Eu®>" and
Ba,(PO,),:Eu®” with its crystal structure remaining unsolved.”

In this paper, the solid solution design will be simultaneously
processed in two different manners, combining the chemical unit
substitution and the cation substitution. Firstly, by substitution of
the Mg>*-Si** pair for the AP*-AI** pair in Lu,Al;0,,:Ce®", we
designed the phosphor phase of Lus(MgAI)(AL,Si)O;,:Ce®". This
process can also be regarded as chemical units of MgO/SiO,
replacing AlOg/AlO, polyhedra, respectively. Then, the Lu atoms
are gradually substituted by bigger Y atoms, forming a series of
(Lus_,Y,)(MgAl)(ALSi)O;,:Ce** phosphors (x = 0-3). Crystal struc-
tures of these four phosphors were refined via the Rietveld
method and reported for the first time; their photoluminescence
properties, on aspects of excitation/emission spectra, quantum
efficiency, and thermal emission stability, were characterized
regarding their potential application in blue LED chip based
wLED lighting. Furthermore, the red-shift tuning of the emission
was discussed and correlated with the local coordinating environ-
ment evolution around Ce® in this series.

Experimental
Synthesis

Powder phosphor samples with the composition formula
(Lus_,Y,)MgAI;Si0,:Ce*" (x = 0-3) were prepared by firing
the homogeneously-ground mixtures of high purity (>99.9%)
Lu,03, Y,03, MgO, Al,O3, SiO,, and CeO, under reducing H,
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(5%)-N, (95%) flow at 1450 °C for 5 h. All samples were doped
with 6 atom% (nominal) Ce**. Phosphor compositions quoted
hereafter are their nominal ones.

Characterization

Powder XRD data were collected on an X-ray diffractometer
(Smartlab, Rigaku, Tokyo, Japan) with CuK, radiation (1 =
1.54056 A), operating at 45 kv and 200 mA and using a step
size of 0.02° with a scan speed of 8° per minute over the 20
range 15-120°. Crystal structure refinements employing the
Rietveld method were implemented using the TOPAS soft-
ware." Photoluminescence spectra were recorded on a fluores-
cence spectrophotometer (F-4500, Hitachi Ltd, Tokyo, Japan)
using a 200 W Xe-lamp as an excitation source. The calculation
of the internal and external quantum efficiencies of the phos-
phor sample can be easily found elsewhere in our previous
publications.'®"” A combined setup including a Xe-lamp, a
Hamamatsu MPCD-7000 multichannel photodetector and a com-
puter controlled heater was used to evaluate the temperature-
dependent photoluminescence. The phosphor powder was loaded
on a circular plate which was heated to the test temperature and held
at that temperature for 5-10 min to guarantee a uniform tempera-
ture distribution between the surface and the interior of the sample.

Results and discussion
General crystal structure

Although we notice that the crystal structure refinement of
LuzMgAl;Si0;, was tried recently by others,'® their structural
report is not ideal; for example, the sum occupancy of an identical
site even fails to be 1. The composition of Y;MgAl;SiO;,:Ce®" has
been previously mentioned in a study on Y;Als_,,(Mg,Si),0,,:Ce
(y = 0-2)" but its crystal structure was not refined. Therefore, we
would like to report our refinement results of the crystal structure
of LusMgAl;SiOy,, as well as that of its three analogue com-
pounds, Lu;_,Y,MgAl;SiO;,:Ce** (x = 1-3). Almost all peaks of
the four XRD patterns can be well indexed by a cubic cell (Ia3d)
with parameters close to LuzAl;0;,; only a small amount
(Wt < 4%) of Lu,SiOs and/or Y,e,(Si04);0 impurities was
observed in some of the patterns.

The crystal structure of LuzAl;0;,>° was taken as a starting
model for the Rietveld refinements. In garnets with the general
formula A;B,C;30,,, atoms A, B and C occupy the positions 24c,
16a, and 24d, respectively.”" In our refinements, the C site was
occupied by AI**/Si*" ions, the B site was occupied by AI**/Mg?*
ions, and the A site was occupied by Lu**/Y*"/Ce*" with fixed
occupancies according to their nominal chemical formulas.
The observed (black), calculated (red), and difference (gray)
XRD profiles for the refinements are shown in Fig. 1. The main
parameters of the processing are provided in Table 1. Coordi-
nates of atoms are listed in Table 2 and the main bond lengths
are provided in Table S1 (ESIt). Crystallographic information
files (CIF) of the four samples are given in the ESIL{ Crystal
structures of Lus_,Y,MgAl;SiO;,:Ce*" show the general cubic
garnet structure, as illustrated in Fig. 2. By saying “general garnet

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 X-ray Rietveld refinements for Lus_,Y,MgAlzSiO;,:Ce®* phosphors,
where x is equal to 0 (a), 1 (b), 2 (c), and 3 (d). The scale of the y axis shows
the square root value of the as-measured intensity. Besides the main phase,
samples with x = 0-2 contain a small amount of Lu,SiOs impurity, and
samples with x = 2 and 3 contain a small amount of Y4 /(SiO4)zO impurity.

structure”, we intend to distinguish it from an inverse garnet
structure; a typical example for such structure is CazSc,Siz045.

Structure evolution and polyhedral distortion

A practically linear increase of the cell volume V per x, as shown
in Fig. 3, proves that the bigger Y ions are gradually incorpo-
rated in the compounds replacing Lu according to the designed
chemical compositions. Moreover, the increase of d(Lu/Y-O)
bond lengths with increasing x (Fig. 4(a and b)) also evidences
the incorporation of Y ions in these compositions. Meanwhile,
the nearly unchangeable bond lengths, d(Al/Mg-O) and d(Al/Si-O),
as shown in Fig. 4(c), suggest that the Al/Si and Al/Mg ratios at
respective sites in these compounds stay constant, which is in
agreement with the designed chemical formulas. Moreover, it
should be noted that the two groups of d(Lu/Y/Ce-O) bond
lengths exhibit different rates of increase (Fig. 4(a and b)) with
variation in x, and this leads to the deformation of the (Lu/Y/Ce)Og
polyhedron.

Table 1 Main parameters of processing and refinement of the samples

View Article Online
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The displacement of CeOg can be in the form of symmetric/
asymmetric stretching (breathing), bending, and/or twisting
modes,?* leading to different degrees of CeOg polyhedral dis-
tortion. In this Lu;_,Y,MgAl,;SiO,,:Ce*" series, the distortion is
believed to mainly originate from the breathing of the Ce-O
bonds. Thus, a polyhedral distortion index (D) can be intro-
duced, calculated using the following equation:****

D:l 4 |liflav|

n<| Loy

(1)

where [; is the distance from the central atom to the ith
coordinating atom and [,, is the average length of all bonds.
The result clearly shows that the D value increases linearly with
x (Fig. 4(d)). As far as we know, the increase of the polyhedral
distortion of CeO,, may enhance the crystal field splitting of
Ce*", which leads to a smaller 5d-4f energy level displacement
and a red-shifted emission.

Considering the local coordination environment around the
Ce*" ion in these compounds, one can find that a CeOg
polyhedron is simultaneously coordinated by six (Al/Si)O, tetra-
hedra through nodes and edges (Fig. 5a), by four (Al/Mg)Os
octahedra through edges (Fig. 5b), and by four (Lu/Y)Og square
antiprisms through edges (Fig. 5¢).

The d(Al/Mg-0) and d(Al/Si-O) bond lengths are kept almost
constant, and supposedly, (Al/Si)O, and (Al/Mg)O, remain rigid
with different x; thus, they should not have a significant
influence on the geometry of the CeOg polyhedron. Only
(Lu/Y)Og enlarges with x and can then affect the Ce-O bond
lengths in CeOg. This proposed model, as illustrated in Fig. 6,
clearly shows the shrinkage of the CeOg polyhedron with
increasing Y*" concentration in these compounds. Therefore,
the decrease in d(Ce-O) bond lengths results in stronger crystal
field splitting of the 5d orbital of Ce*", which accounts for the
red-shift of the emission in the compounds where Lu*" was
substituted by bigger Y*>*. Reportedly, the red-shifted emission
in the Ce®" doped garnet was also observed in the case of a
larger trivalent cation substitution in Y;Al;04,:Ce®", such as
Th*" or La** doping substituting for Y**.

Space
x  Phases Weight (%)  group  Cell parameters (A, °), V (A%) Rupy Ry (%), 2 Rg (%)
0  LusMgAL;Si0y,:Ce 96.9(1) Ia3d a=b=c=11.95958(6), V = 1710.60(3) 10.37, 7.71, 1.29 1.88
Lu,SiO5 3.1(1) c2/c a =14.275(1), b = 6.6734(6), ¢ = 10.369(1), f = 122.097(6), 3.90
V = 836.8(1)
1 Lu,YMgALSiOp,:Ce  96(1) Ia3d a=h=c=11.99518(6), V = 1725.92(3) 12.02, 8.88, 1.45 1.73
Lu,SiO5 4(1) C2/c a = 14.304(3), b = 6.695(2), ¢ = 10.402(3), § = 122.10(2), 3.12
V = 843.8(4)
2 LuY,MgAL;SiOj,:Ce  96(1) Ia3d a=b=c=12.0257(1), V = 1739.14(5) 11.81, 8.75, 1.43 1.62
Lu,SiO; 2(1) C2/c a =14.337(6), b = 6.711(3), ¢ = 10.408(6), § = 122.10(3), 2.87
V = 848.3(8)
Y..6,(510,);0 2(1) P6y/m  a=b=09.4062(8), ¢ = 6.7256(9), V = 1739.14(5) 11.81, 8.75, 1.43 4.49
3 Y;MgAl;SiOy,:Ce 97.3(1) Ia3d a=bh=c=12.0589(1), V = 1753.57(4) 14.04, 10.65, 1.60  1.96
Y..6,(510,);0 2.7(1) P63/m  a=h=9.4062(8), ¢ = 6.7256(9), V = 1739.14(5) 5.08
This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. C, 2016, 4, 2359-2366 | 2361
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Table 2 Fractional atomic coordinates and isotropic displacement parameters (A%) of compounds

x Y z Biso Occupancy
Luz;MgAI;SiO;,:Ce
Lu 0 1/4 1/8 0.54 (4) 0.98
Ce 0 1/4 1/8 0.54 (4) 0.02
All 0 1/4 3/8 0.43 (6) 2/3
si1 0 1/4 3/8 0.43 (6) 1/3
A2 0 0 0 0.20 (7) 1/2
Mg2 0 0 0 0.20 (7) 1/2
o) —0.0310 (3) 0.0546 (3) 0.1532 (3) 0.39 (9) 1
Lu,YMgAI;SiO,,:Ce
Lu 0 1/4 1/8 0.56 (5) 0.6533333
Y 0 1/4 1/8 0.56 (5) 0.3266667
Ce 0 1/4 1/8 0.56 (5) 0.02
Al 0 1/4 3/8 0.45 (7) 2/3
si1 0 1/4 3/8 0.45 (7) 1/3
Al2 0 0 0 0.20 (8) 1/2
Mg2 0 0 0 0.20 (8) 1/2
0 —0.0323 (3) 0.0535 (3) 0.1536 (3) 0.7 (1) 1
LuY,MgAI;SiO;,:Ce
Lu 0 1/4 1/8 0.64 (5) 0.3266667
Y 0 1/4 1/8 0.64 (5) 0.6533333
Ce 0 1/4 1/8 0.64 (5) 0.02
Al 0 1/4 3/8 0.61 (6) 2/3
Si1 0 1/4 3/8 0.61 (6) 1/3
Al2 0 0 0 0.29 (7) 1/2
Mg2 0 0 0 0.29 (7) 1/2
o] —0.0327 (3) 0.0524 (3) 0.1530 (2) 0.70 (9) 1
Y;MgAI;Si0O;,:Ce
Y 0 1/4 1/8 0.51 (6) 0.98
Ce 0 1/4 1/8 0.51 (6) 0.02
Al 0 1/4 3/8 0.49 (7) 2/3
si1 0 1/4 3/8 0.49 (7) 1/3
Al2 0 0 0 0.43 (8) 1/2
Mg2 0 0 0 0.43 (8) 1/2
o) —0.0326 (3) 0.0519 (3) 0.1538 (2) 0.59 (9) 1
Lu/Y/Ce
* 1750+
] «_ 1740-
\ 5 1730
(O] "
S
3 1720/
>
1710+

(Al/Mg)O, (AI/Si)O,

Fig. 2 Unit cell of Lus_,Y,MgAl35iO,:Ce®* (x = 0-3), showing the general
garnet structure.

Photoluminescence spectra

The as-prepared phosphor samples show bright yellow color
emission under daylight, as shown in Fig. 7. As expected for a
host with a general garnet structure, the lowest Ce®" 4f-5d
absorption transition is in the blue spectral region, leading to

2362 | J. Mater. Chem. C, 2016, 4, 2359-2366
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Fig. 3 Dependence of the cell volume V on x in the Luz_,Y,MgAlz-
Si0:Ce®* (x = 0—3) compounds.

green to yellow color emission, which is readily serviceable in the
practical blue LED chip based pc-wLED fabrication. The success-
ful preparation of the artificial (Lus_,Y,)MgAl;SiO;,:Ce®" garnet
phosphors suggests that a lot of more solid solution composi-
tion creations can be expected and developed within the garnet
structure, by using this solid solution strategy.

The photoluminescence emission (PL) spectra of the
Lu;_,Y,MgAl,SiO;,:Ce** phosphors under l. = 450 nm are
shown in Fig. 8. All phosphors exhibit a broad asymmetric

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6tc00089d

Open Access Article. Published on 26 February 2016. Downloaded on 11/24/2025 3:02:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

a) 2.46 b) 232
= 2.44 < °
o~ S 2.31
3 <l 9 <
O 242 gl 8 o N
> S| S 230 (=}
3 o S o
240 3
° T 229 eemEsnesssmmesersanes
2.38
0 1 2 3 0 1 2 3
X * - symmetry (y, z, x) X
c) d)
< 2.0 0.028
= d(Al/Mg-O)
O 19 < 0.026
j=2} =4
=P £ 0.024 ¢
2] : @
E d(Al/Si-O) 8 0022
T 1.7
0.020
0 1 2 3 0 1 2 3
X X

Fig. 4 Four bond lengths d(Lu/Y/Ce-0) increase noticeably with x (a),
and the other four bond lengths d(Lu/Y/Ce-0) increase slowly (b). As a
result, bond lengths become more diverse and distortion of the (Lu/Y/Ce)Og
polyhedron increases with increasing x (d). Bond lengths d(Al/Mg-0O) and
d(Al/Si-O) remain almost unchangeable with x (c) which is in agreement
with constant Al/Mg and Al/Si ratios in the compounds.

a) ceo! b) c)
. CeO,
\ CeO,

(Al/si)O, (Al/Mg)O, (Lu/Y)O,

Fig. 5 Local coordination environment around CeOg in the crystal struc-
ture of Luz_,Y,MgAl3SiO1,:Ce*" compounds.

x=3 xX=2

Fig. 6 Shrinkage mechanism of the CeOg polyhedron with Y3* substituting
Lu*" in Luz_,Y,MgAL3SiO1:Ce®*: x = 0 (a), x = 1 (b), x = 2 (c), and x = 3 (d).
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Fig. 7 Digital images of the (Lus_,Y,)MgAlzSiO;»:Ce** phosphors. From
left to right, x is equal to 0, 1, 2, and 3, respectively.

xX X X X
oo
wWN RO

Intensity (a.u.)

450 500 550 600 650 700 750 800
Wavelength (nm)
Fig. 8 Emission spectra of Luz_,Y,MgAl5SiO,:Ce>* (x = 0-3) phosphors
under Adex = 450 nm. The maximum emission wavelengths gradually red-
shift as indicated by the vertical arrows.

emission band attributed to the spin-allowed 5d-4f transitions
of Ce*". The emission maxima are peaking at 575, 588, 594, and
597 nm, respectively. At the same doping concentration of Ce*",
an increasing Y**/Lu’" ratio is seen to induce a red-shift of the
emission peak from yellow to yellowish-orange. Moreover, the
peak intensity and the integrated intensity of the emission
bands gradually decrease at the same time. The full-width at
half-maximum (FWHM) values of the emission bands are
137 nm, 140 nm, 144 nm, and 147 nm, respectively.

Photoluminescence-structure relationship

The energy structure of Ce*" ions with 4f* configuration consists
of a °F5), ground state and a %F,,, excited state, which arise from
the spin-orbit coupling of the *F term. In a garnet structure,
the crystal field (CF) splits these two states further into three
(levels #1-3) and four (levels #4-7) energy levels, respectively.>*>®
In general, the two group sublevels, °Fs,, and *F,,, are separated
by about 2000-2500 cm ™ '; however in garnets, a recent ab initio
embedded cluster calculation shows that the splitting is much
larger and is slightly smaller than 4000 cm™*.%°

Meanwhile, the 5d" excited state configuration of Ce*" will
be split into 2-5 components by the crystal field, with the
splitting number depending on the crystal field symmetry. There-
fore, the Ce®* emission is strongly affected by the host lattice
through (1) the centroid shift induced by the nephelauxetic effect,
(2) the splitting of the 4f level by spin-orbit coupling, and (3) the
splitting of the 5d orbital by the crystal field. Within a cubic
symmetry, the Ce** 5d" splits into two sublevels: a 3-fold degen-
erate level at higher energy (named *T,,) and a 2-fold degenerate

J. Mater. Chem. C, 2016, 4, 2359-2366 | 2363
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level at lower energy (named E,).>>*” In case the cubic symmetry
is distorted, the 3-fold and 2-fold levels can be further split into
five sublevels (dy;, d.y, dy2, dy, and d2).>* Only the transition
from the lowest crystal-splitting component of the 5d levels to the
’Fs5), and °F5,, ground states gives irradiative emission; emission
from higher 5d levels only possibly occurs with a very large energy
difference between these 5d levels, so no relaxation towards the
lower 5d level takes place. A broad 5d-4f band emission, instead
of a narrow line emission like a 4f-4f transition, is observed in
Lus_,Y,MgAL;SiO;,:Ce®” phosphors due to the fact that 5d elec-
trons are more delocalized than 4f electrons, and moreover, the
local specific coordination environment around Ce*" is diverse
and can be different from the average coordinating situation
suggested by the XRD pattern refinement. Therefore, the red-
shifting of the peaking wavelength and the broadening of the
emission band suggests a stronger crystal field strength (due to
the shrinkage of the CeOg polyhedron as explained in Fig. 6) and
there are more diverse local coordination environments around
Ce*" in the Y** substituted solid solution phosphors. This also
explains the emission bands being more asymmetric.

The emission band of Ce** in garnets can be usually fitted
into two Gaussian-type components, corresponding to the
transition from the 5d level to the two *Fs, and *F,,, ground
states; however, our such attempts gave unsatisfactory fitting
results, suggesting that a simple fitting of two Gaussian-type
components would fail to explain the emission. Two main
reasons may account for this: firstly, the large splitting of 4f
states into seven sublevels in the garnet requires more complex
deconvolution of its emission; and secondly, Y/Lu substitution
in the crystal generates variation in the coordination of Ce**
and the emission energy between different Ce** ions. A detailed
study of the Ce®" energy level positions is interesting but
beyond the scope of the present work.

If one sees the normalized emission spectra (Fig. S1, ESIt),
with increasing Y**/Lu®" ratio, the phosphor shows gradually
more and more emission in the >700 nm red spectrum region;
however, as the human eye has almost no sensitivity in
the >700 nm region, this part of the emission would seldom
contribute to the lumen output of fabricated wLEDs. Therefore,
for application in pc-wLEDs, Lu3,xYngAl3Si012:Ce3+ with high
Lu ratio is preferred.

It is interesting to see that the four phosphors exhibit
slightly different photoluminescence excitation (PLE) spectra.
As seen in Fig. 9, their PLE spectra consist of two main broad
excitation bands located in the 390-520 nm and 300-390 nm
regions; they are attributed to lower-energy and higher-energy
excitation transitions from the 4f level to the *E, and *T, levels,
respectively.”® The excitation maximum is located in the
450-470 nm range with a slight red-shift in response to larger x,
matching well with the emission of commercial blue GaN LEDs.
The position of the lowest Ce** 4f'5d°-4f°5d" absorption transi-
tion in Y;MgAl;SiOy,:Ce’ is at lower energy compared to that in
LuzMgAl,SiO;,:Ce®", which indicates a stronger crystal field on
Ce*" in the Y analogue.® The structure-photoluminescence rela-
tionship affecting the energy level of the Ce*" ion in different
symmetries is depicted in Fig. 10.
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occupying an ideal cubic symmetry and that doped in different garnet
structures.

Although the excitation energy of the 4f—2Eg peak shifts to
lower energies with increasing Y>*/Lu’", the excitation energy of
the 4f->T,, peak shifts to higher energies. Generally, a red-/blue-
shift of the excitation spectra may originate from a changing
crystal field splitting or centroid shift.>* Variation in the centroid
shift will lead to a shift of all excited 5d energy levels in the same
direction with a specific amount; therefore, the centroid shift
should not be considered as the main cause for the red-shift of
the excitation transitions of this series of garnet phosphors.
Instead, stronger crystal field splitting of the 5d energy level
of Ce*" with increasing x mainly induced the redshift of the
transition from the lowest 5d level to 4f level.

The Commission Internationale de I’Eclairage (CIE) chro-
maticity diagram of the four phosphors under an excitation of
450 nm blue light is shown in Fig. 11. The color coordinates are
calculated to be (0.48, 0.51), (0.50, 0.49), (0.51, 0.48) and (0.52,
0.47), respectively, locating in the yellow-orange region. If one
draws a line between the excitation source (450 nm in this case)
and the CIE chromaticity coordinates, this line will intersect
with the blackbody radiation curve, and the intersection node
roughly suggests the CCT value. As seen, these garnet phos-
phors, when combined with blue chip LEDs, can potentially

This journal is © The Royal Society of Chemistry 2016
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Aex = 450 nm in the CIE chromaticity diagram.

give single phosphor converted wLEDs with relatively low CCTs,
ranging from ~3500 to ~2500 K. The above analysis results
suggest that the Luz_,Y,MgAl;Si0;,:Ce** phosphors have great
potential for application in blue chip pumped wLEDs to achieve
relatively warm white light emission.

Quantum efficiency

The development of new phosphors, firstly, requires a fit
between the excitation of the phosphor and the emission of a
LED chip. Then, the wavelength conversion efficiency becomes
the second most important criterion for potential application in
WLEDs. Therefore, we measured the absorption and the internal
and external quantum efficiencies of Lu;_,Y,MgAl;SiO;,:Ce**
(x = 0-3) phosphors, the results of which under 450 nm excita-
tion are listed in Table 3. The highest efficiency is obtained with
the LuzMgAl;SiO;,:Ce®" phosphor; the internal and external
quantum efficiencies are determined to be 83% and 58%,
respectively. The QE might be improved by further optimization
of synthesis and composition.

Temperature-dependent photoluminescence

Currently, the commercial pc-wLEDs generally utilize a direct-
coating model, where the phosphor is dispersed in a polymer
matrix and then coated on a LED chip. Heat will be generated at
the p-n junction of a common in work LED chip, and this heat

Table 3 Absorption, internal quantum efficiency (IQE) and external
quantum efficiency (EQE) of the title phosphors under Aex = 450 nm

Phosphor Absorption (%) IQE (%) EQE (%)
LuzMgAI;SiOy,:Ce’ 69.7 83.4 58.2
Lu,YMgAL;SiO,:Ce** 71.7 68.6 49.2
LuY,MgAl;SiO;,:Ce** 63.2 61.4 38.9
Y;MgAIL;Si0;,:Ce** 62.6 48.1 30.1

This journal is © The Royal Society of Chemistry 2016
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Fig. 12 Emission spectra of Luz_,Y,MgAlsSiO1:Ce*" (x = 0-3) under
Jex = 450 nm as recorded over the test temperature range 30-200 °C.

will increase the phosphor layer temperature to 120-150 °C.*>*?

At such temperature, the emission intensity of phosphor gets
decreased; therefore, it will be of practical interest to evaluate the
temperature-dependent emission of the newly identified phosphors.
Fig. 12 shows the emission spectra of Lu;_,Y,MgAl;SiO;,:Ce**
(x = 0-3) under A, = 450 nm as recorded over the test
temperature range 30-200 °C. All the four phosphors show
decreasing emission intensity with increasing temperature due
to the thermal quenching effect. When the temperature is
increased to 100 °C (150 °C), the intensity of the x = 0-3
samples becomes 82% (68%), 74% (56%), 70% (52%), and
65% (46%) of that at 30 °C. Therefore, among these phosphors,
Lu;MgAI;Si04,:Ce*" exhibits the best thermal resistance ability
of emission, with its thermal quenching temperature (at which
the emission intensity decreases by 50% of its initial value),
To.5, being higher than 150 °C. Moreover, as seen from Fig. 12,
the peaking wavelength of the emission spectra stays almost
constant, suggesting the less possibility of color emission
variation when applied in a wLED.

Conclusions

New garnet phosphors, Luz_,Y,MgAl;Si0y,:Ce*" (x = 0-3), were
developed for the blue LED pumped white light emitting
diodes, by the solid solution design strategy. Phase pure
samples can be obtained by sintering at 1450 °C for 5 h. All
samples show the general cubic garnet structure with the space
group Ia3d. Lu/Y/Ce, Mg/Al, and Al/Si occupy the positions 24c,
16a, and 24d, forming the (Lu/Y/Ce)Og square antiprism,
(Mg/Al)Os octahedron, and (Al/Si)O, tetrahedron, respectively.
With the bigger Y*" ions substituting Lu®", the unit cell enlarges
and the (Lu/Y-O) bond lengths increase but with different
growth rates. Additionally, the CeOg polyhedron has joint edges
with (Lu/Y)Og polyhedra, and the enlargement of (Lu/Y)Og with
x leads to shrinkage of CeOg, and consequently, decreasing
d(Ce-0). This should be the reason for the stronger crystal field
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splitting around Ce** and the red-shift of the peaking emission
wavelength. Moreover, the distortion of the (Lu/Y/Ce)Og square
antiprism becomes larger and this increases the diversity of
local coordination environments of Ce**, which explains why
the FWHM values of the emission bands become bigger. The
new phosphors are excited efficiently at 450 nm and emit yellow
color with relatively high luminescence intensity, room tem-
perature quantum efficiency, and thermal resistance ability,
making them very promising candidates for application in
practical wLEDs.
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