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A critical challenge in the field of phosphor converted white light emitting diodes (pc-WLEDs) pertains
to understanding and controlling the variation of emission color with device temperature. Here we,
through a combined photoluminescence (PL) and Raman spectroscopy study of the three garnet type
phosphors Ce®*-doped YsAlsOp (YAG:Ce®*), CasScySisOpn (CSS:Ce®™), and SrsY.GesOpn (SYG:Ce®™),
show that the color of the PL is systematically shifted upon changing the operation temperature of the
phosphor. A general trend is observed that the PL exhibits a red-shift as a function of increasing
temperature, until the point at which the vibrational modes of the CeOg moieties, which induce
dynamical tetragonal distortions of the CeOg dodecahedra, are fully activated. Upon further temperature

Received 5th March 2019, increase, the PL turns to a blue-shift because of a counteracting and predominating effect of thermal

Accepted 8th May 2019 lattice expansion that progressively makes the CeOg dodecahedra more cubal like. Since this behavior is
DOI: 10.1039/c9tc01244¢ the result of the symmetry relations intrinsic to the garnet structure, the present mechanism can be

generally applicable to materials of this type. It thereby provides a route for tuning the PL of this
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1 Introduction

The economic and environmental benefits of phosphor converted
white light emitting diodes (pc-WLEDs) have been increasingly
appreciated in recent years.'™* The most widely used type of
pc-WLEDs is composed of an (In,Ga,)N based blue LED that is
used to excite either a yellow phosphor or a mixture of green
and red phosphors, resulting in the emission of white light.>®
Phosphors based on Ce**-doped garnet type host lattices have
garnered particular attention and are commonly used as green-
to-yellow component(s) in pc-WLEDs because of their high
quantum efficiency and chemical stability.>”® The garnet crystal
structure, of general formula A;B,C3;0,,, can be described by a
160-atom body-centered cubic unit cell of the O’ (Ia3d) space
group.” The structure may be also viewed as a network of AOg
dodecahedra, BOg octahedra, and CO, tetrahedra, which are
connected to each other via O atoms that are shared between
neighboring cation-oxygen polyhedra, see Fig. 1. The dodecahedral
coordination of A may be described as a slightly tetragonally
distorted cubal environment, the tetragonality of which typically

increases when A ions are substituted by Ce**.”'>!*
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important class of phosphor materials.

Two major effects dictate the PL properties; the centroid
shift and the crystal field splitting. The centroid shift refers to
a lowering in the average energy of the 5d levels of the Ce*
ions due to a decrease in the interelectronic repulsion, ¢f. ¢ in
Fig. 1.">'® This effect depends on the polarizability of the
surrounding anion (oxygen) ligands and on the covalency
of the chemical bonds between the ligands and the activator
ion.">'*" The crystal field splitting refers to the splitting of the
5d levels of the Ce*" ion into an upper, triply degenerate,
’T,, state and a lower, doubly degenerate, *E, state, which
are separated by an energy 4 in a cubal environment, see
Fig. 1.7'2151%17 The T,, and ’E, states, which are degenerate
for perfect cubal symmetry, are further split into five non-
degenerate levels due to the tetragonal crystal field acting on
the Ce®" ion that originates from tetragonal distortions of the
cubal environment of the CeOgz moiety.””'® The strength of
the tetragonal crystal field may be measured by the energy
separation between the two lowest 5d levels (5d; and 5d,),
¢f. Ay in Fig. 1."*'® The unusually large crystal field splitting
for many Ce*-doped garnet phosphors enables excitation in
the blue wavelength region. After vibrational relaxation in the
5d, level, one obtains emission in the green-yellow wavelength
range, which is again followed by vibrational relaxation in the
4f electronic ground state. The process of the energy loss
through the vibrational relaxation gives rise to the so-called
Stokes shift, ¢f. AS in Fig. 1.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic illustration of the atomic environments (top) and energy
level diagrams (bottom) of a free Ce>* ion, a Ce**-doped garnet phosphor
(a unit cell), and the local coordination of Ce** in a garnet host.

Generally, the effect of incorporating Ce** ions into a host
crystal is quantified by the energy difference between the lowest
lying 5d level of the Ce*" ion in the free-ion state and in the
host, ¢f, D in Fig. 1. The 4f ground state of the Ce*" ion is much
less affected by the crystal field due to the shielding effect of the
outer-lying filled 5s and 5p shells of the Ce*" ion. Rather, the 4f
state is split into an upper ’F/, and a lower *Fs;, manifold as
the result of spin-orbit coupling (Fig. 1).”"*"°

The sensitivity of the PL of Ce®*" to the local environment
may be used for modifying the color and intensity of the
emitted light. For example, cation substitution and variation
of the operation temperature are common means to change the
local coordination environment of the Ce®" ions and thus for
tuning PL properties.”?*>* In particular, the degree of tetra-
gonal distortion of the Ce®" environment, which may be tuned
by the Ce®" concentration and/or cation co-substitution on the
A, B, and/or C sites, has been shown to correlate with color
shifts of the PL spectra.'®>*™>" Specifically, increasing the Ce**
concentration in the canonical green-yellow garnet phosphor
Ce**-doped Y;Al;04, (YAG:Ce*") leads to a downward-shift in
frequency (red-shift) of the emitted light, as a result of increased
crystal-field splitting due to enhanced tetragonal distortions of
the CeOg moieties."® Similarly, the substitution of larger cations,
such as Gd or Tb, for Y in YAG:Ce®" yields a red-shift of the
emitted light, whereas the substitution by smaller ions such as
Lu yields an upward-shift in frequency (blue-shift).">**7** This
can be explained by the fact that the local coordination on the A
sites is more tetragonally distorted when they are occupied by
larger cations. Besides, complete cation substitutions (or different
host compositions) have also shown to result in a strong effect on
the PL properties of garnet phosphors. This may be exemplified by

This journal is © The Royal Society of Chemistry 2019

View Article Online

Journal of Materials Chemistry C

comparison of the PL properties of Ce**-doped LuzAl;04,/YAG:Ce*"
and Ce**-doped Lu,CaMg,Si;0;,/Lus(Al,Mg),(ALSi);01,. The
replacement of AI’* ions with Mg>*-Si*" pairs leads to more
pronounced tetragonal distortions/crystal field strength and
hence larger 4, (red-shift),*’”" whereas a slight counteracting
effect on ¢. (blue-shift) due to the change of the covalent character
of the host material also occurs.”" A similar effect upon Mg>*-Si**
co-substitution has also been observed in other types of phos-
phors, eg. Cay(Al,_Mg,)(Al;_,Si;.,)O0:Eu”**, which tunes the
emission color from the blue-green to the yellow-green region.*?
The color of the emitted light can be also altered by the operation
temperature of the phosphor, due to structural dynamics
around the activator ions.'® For example, a general red-shift of
the emission of Ce**-doped (Y,Tb,Gd);Al;0;, garnet phosphors
with increasing temperature has been observed in the limited
temperature range of 300-450 K,*?° although the mechanism
causing the red-shift remains unclear.

Here, through a combined PL and Raman spectroscopy study
on the three garnet type phosphors Ce**-doped Ca;Sc,Si;0;,
(CSS:Ce*), Sr;Y,Ge;04, (SYG:Ce®) and YAG:Ce®* with 1% Ce*',
as well as YAG:Ce*" with 2% and 3% Ce®*, we investigate the
effect of temperature on their PL properties over a large tem-
perature range (T = 80-860 K). The phosphors have in common
that the Ce®" ions substitute for the A site ions, which enables
the investigation of both the effects of the garnet host type and Ce**
concentration on the temperature dependent PL properties.

2 Experimental

2.1 Sample preparation

YAG:Ce*" with 0, 1, 2 and 3 mol% Ce*" doping, and CSS:Ce**
and SYG:Ce*" with 0 and 1 mol% Ce*" doping, were prepared by
conventional solid state synthesis. Details of the materials synth-
esis of YAG:Ce®*" can be found in ref. 33, whereas the respective
details for CSS:Ce** and SYG:Ce®" are available in ref. 11.

2.2 Photoluminescence spectroscopy

Variable temperature emission spectra of YAG:Ce®*, CSS:Ce*",
and SYG:Ce®*" were recorded using a UV-vis spectrometer
(USB2000+UV-VIS, Ocean Optics) coupled to an optical fiber
with a 455 nm longpass colored glass filter (FGL455, Thorlabs)
placed in front of the fiber inlet. Photon excitation was achieved
using a 454 nm pulsed laser (DeltaDiode DD-450L from Horiba
Scientific). Due to a background-like emission (manifested as a
very weak and broad band over the range between 420 and
490 nm) generated from the laser itself, which overlaps with
the shorter wavelength emission bands of the studied phos-
phors, the laser light was further monochromatized by using a
monochromator (300-800 nm Manual Mini-Chrom, Edmund
Optics) prior to the excitation on the samples. The pulse
structure of the laser was characterized by a width of about
80 ps and a repetition rate of 100 MHz. Spectra were measured
after a thermal equilibration time of 20 s over the temperature
range 80-860 K with an interval of 20 K using a temperature
controlled Linkam THMS 600 stage. Background spectra resulting
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from the UV-vis spectrometer itself were measured using the
same settings as described above, but without the excitation at
454 nm. The background spectra were then subtracted from the
measured emission spectra of the garnet phosphors.

2.3 Raman spectroscopy

Variable temperature Raman spectra were measured on the three
undoped (0 mol% Ce*") compounds, YAG, CSS, and SYG, using a
Renishaw InVia Reflex spectrometer equipped with a 532 nm laser, a
CCD and a 2400 | mm ™" grating. Each spectrum was recorded for
10 s of acquisition time over 16 accumulations. The laser beam
was focused on the sample through a x50 objective lens
(NA = 0.5) and the power of the laser on the surface of the samples
was approximately 2 mW. The temperature was controlled in the
range of 80-850 K using the same temperature controlled stage
as above.

View Article Online
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3 Results

3.1 Photoluminescence spectra

The PL emission spectra of YAG:1% Ce®*, YAG:2% Ce*",
YAG:3% Ce*', CSS:1% Ce*' and SYG:1% Ce*', measured over
the temperature range of 80-860 K are shown in Fig. 2(a). For
easier comparison between the different phosphors, the spectra
have been scaled so that the maximum intensity of the lowest-
temperature spectrum of each phosphor (except the spectrum
for SYG:1% Ce*" at 200 K) is unity, whereas the respective
scaling factors have been used for all temperatures.

The large intensity between approximately 13000 and
21000 cm ™" (here labelled as the 4f band) can be assigned to
Ce*" 5d, — 4f emissive transitions. We observe that both the
position and intensity of the bands show a strong dependence
on temperature and vary significantly between the five different
materials. For YAG:Ce*!, the position of the emission band
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Fig. 2 Variable temperature (a) emission spectra, (b) positions of spectral band maxima as well as their shifts with respect to the temperature (indicated
by the color code bar), and (c) integrated intensity of spectral bands together with their FWHMs (indicated by the color code bar), of YAG:z% Ce** (z = 1, 2,

and 3), CSS:1% Ce>*, and SYG:1% Ce®*.
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maximum shifts to lower wavenumbers as a function of increasing
Ce*" concentration [e.g. 18870 cm™ ' (530 nm) for 1% Ce*",
18760 cm ™" (533 nm) for 2% Ce®*, and 18480 cm™* (541 nm) for
3% Ce*" at T = 80 K]. Such a wavenumber shift is commonly
observed for various phosphors and results from increasing
radiative energy transfer from higher to lower 5d, levels of Ce**
ions through reabsorption processes.”>>***7*° The lowering of
the 5d, level of Ce®" may originate from the increased tetragonal
distortions of the CeOg; moieties with increasing the Ce*
concentration.'® By comparison, the emission band maxima of
CSs:Ce** and SYG:Ce" are located at somewhat higher wave-
numbers [e.g. at 19910 cm™ " (502 nm) and 18950 cm ™' (528 nm)
at T = 80 K, respectively]. Thus, the color of the emitted light is
predominantly in the green-yellow range for YAG:Ce*" and in the
green range for CSS:1% Ce** and SYG:1% Ce®". This is further
reflected by the color coordinates of the respective phosphors, as
shown in the CIE 1931 diagram (Fig. 3).

We also observe a strong temperature dependence of the PL
emission. For YAG:Ce®", the color is systematically red-shifted
as a function of increasing temperature up to about T = 740 K,
whereas for even higher temperatures, the color shifts towards
the blue range for all three Ce®*" concentrations. For CSS:Ce**
and SYG:Ce*, the color coordinates are red-shifted up to the
highest measurement temperature of T =860 K (CSS:Ce*") and
T = 360 K (SYG:Ce*"). The magnitude of the color change is for
CSS:Ce** and SYG:Ce®* relatively small, as it remains green
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Fig. 3 Close-up views of the CIE 1931 color coordinate diagram for
YAG:z% Ce®* (z = 1, 2, and 3) in the green-yellow region, CSS:1% Ce®",
and SYG:1% Ce*®* in the green region, upon excitation at 454 nm with
varying temperature.
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color, whereas for YAG:Ce®" it changes from greenish-yellow to
yellow color.

For a more detailed analysis of the emission spectra, we find
that they can be adequately fitted to two Gaussian components,
for all materials and temperatures (Fig. S1 and S2, ESIY).
A comparison to the literature suggests that these two components
correspond to the radiative transitions from the 5d; level to the
*Fs), and *F,, states,">'®37%8 but, in theory, it should be noted
that such radiative transitions should be manifested by a total of
seven components.’®* However, here, the use of more than two
Gaussians is not physically sound because the emission bands are,
apparently, too close to be experimentally resolved.

Fig. 2(b and c) shows the relevant fit parameters, such as (b)
the peak position, and (c) integrated intensity and full width at
half maximum (FWHM) of each of the two Gaussians (here
called °F5), and °F5,), as well as for their sum (4f). Here, the
color on the curves in Fig. 2(b) shows the shift of the emission
maximum, with red color indicating a red-shift and with blue
color indicating a blue-shift. The color shifts have been estimated by
taking the first derivatives of temperature dependent polynomial
functions that fit the data points of the emission maxima in
Fig. 2(b).

For YAG:Ce**, both maxima (°F5/, and °F,,) exhibit a strong
temperature dependence. The *Fs/, band undergoes a red-shift
with increasing temperature up to around 7 = 800 K, while, at
even higher temperatures, it undergoes a slight blue-shift. This
behavior is seen for all three Ce** concentrations. By comparison,
the *F,, band exhibits a red-shift with increasing temperature up
to 520 K (1% Ce®"), 530 K (2% Ce**) and 420 K (3% Ce**), whereas
upon further temperature increase, it shows a blue-shift. For the
other two garnet phosphors, CSS:Ce*" and SYG:Ce?, the tem-
perature dependence of the emission maximum for the two
bands is notably different. For CSS:Ce®*, the *Fs, band exhibits
a slight albeit systematic red-shift as a function of temperature up
to the highest temperature of T = 860 K, whereas the *F;,, band
shows a blue-shift with increasing temperature from 7' = 80 to
500 K, after which it is red-shifted upon further temperature
increase up to 7 = 860 K. For SYG:Ce*", the *F,, and °F, bands
turn from a virtually temperature independent behavior up to
T =~ 300 K, to a red-shift with further increasing temperature up
to T'= 360 K. For even higher temperatures, the luminescence is
too weak to be analyzed reliably.

Fig. 2(c) shows the temperature dependence of the integrated
intensity and FWHM for both bands (°Fs, and *F,,) as well as
for the sum of their integrated intensity (4f), for all phosphors.
For YAG:Ce™, the integrated intensity of the three bands (4f, *Fs,
and ’F,) is characterized by a relatively slow decrease with
increasing temperature up to 7' = 400 K and a faster decrease
for higher temperatures, for all three Ce** concentrations. The
relatively weak decrease below T = 400 K can be related to a
reduction of the absorption strength of the 4f — 5d, transition,'***
whereas the faster decrease at higher temperatures reflects the onset
of thermal quenching of luminescence.'®***® For SYG:Ce*, the
integrated intensity of the 4f band exhibits a 20% increase when
increasing the temperature from 7= 80 K to 240 K. The origin of this
intensity increase is not explicitly clear here. Some recent studies

J. Mater. Chem. C, 2019, 7, 1292612934 | 12929
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suggested that this phenomenon is likely associated with crystal
defects that may act as a center to store excitation energy or charges,
which can interact with the excited state of the luminescent ions
(Ce*") and further enhance the radiative emission.**** However,
upon further temperature increase, the emission intensity decreases
rapidly. At T'= 400 K, it is (within error) zero. A similar trend is also
observed for the Fs;, and °F,,, bands. For CSS:Ce*", the integrated
emission intensity exhibits an almost linear decrease as a function
of increasing temperature up to 7 = 860 K. We note that this
reduction in emission intensity has been related to a decrease in the
absorption strength of the 4f — 5d, transition."

By bringing together the PL results we observe some features
common to the different phosphors: the *F,;, band has much
stronger intensity and larger FWHM than the *Fs, band [Fig. 2(c)],
indicating that the Ce*" emission is primarily dominated by the
5d; — 2F, transition, and the FWHM s of all bands progressively
increase due to the thermal broadening effect.*?

3.2 Raman spectra

Fig. 4 shows the variable temperature Raman spectra of YAG,
CSS, and SYG. Considering first the lowest-temperature spectra,
these are similar for the three different materials, with the
number of distinguishable bands although, some of them, at
different positions. Because the number of bands is related to
the symmetry relations intrinsic to the garnet structure, and the
chemical composition of the garnet host affects the vibrational
frequencies, this is exactly what is expected. Considering next the
spectra at higher temperatures, the bands show a general shift
towards lower frequencies as a result of lattice expansion.®

View Article Online
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4 Discussion
4.1 The effect of the garnet host lattice on the emission color

In regard to the reason for the color difference of the emitted
light between the three phosphors, it has been shown that the
shorter wavelength emission for CSS:Ce*" (green) and SYG:Ce**
(green) as compared to YAG:Ce®" (green-yellow) mainly originates
from the higher energy of the *E, barycenter (in O, notation) of the
Ce’" 5d levels (¢f: Table 1)." As the ’E, values are mainly determined
by the centroid shift ¢. and the cubal crystal field splitting 4, of
which 4 is inversely proportional to the Ce-O bond length (R) to a
power of 5,">'° the higher E, for SYG:Ce®" with respect to YAG:Ce*"
may thus be explained by the larger R value for SYG:Ce®" (¢f 2.62 A
vs. 2.45 A, see Table 1). For CSS:Ce®" and YAG:Ce®*, the R values are,
however, almost exactly the same (¢f 2.46 A vs. 2.45 A, see Table 1),
suggesting that the magnitude of 4 may not be the main cause for
the higher *E, value for CSS:Ce’’. In effect, this suggests that
CSS:Ce®" exhibits a smaller ¢. than YAG:Ce®".

& depends on the covalency of the Ce-O bond and the
polarizability of the surrounding O anions (x).'* Generally, a
high Ce-O covalency requires an extensive overlap between the
Ce*" 5d orbital and the 2p orbitals of the O ligands, which thus
corresponds to short Ce-O distances (R).>'*'> The fact that the
Ce-O distances for YAG:Ce®*" and CSS:Ce®” are comparable
suggests, however, that its effect on &. is negligible compared
to the effect of «, which may be approximately correlated with ¢,
using the relation: ¢. oc «-R°. Physically, « scales approxi-
mately linearly with y,, >, where y,, is the average cation
electronegativity in the material** and as compiled for the three
phosphors in Table 1. CSS:Ce*" is characterized by a smaller

T= 80K 300K 500K
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Fig. 4 Variable temperature Raman spectra of YAG, CSS, and SYG over the range of 80-850 K.
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Table 1 Structural, chemical, and luminescence properties of AzB,CzO5:
Ce®*, where A = Y, B = Al, and C = Al for YAG:Ce®*; A = Ca, B = Sc, and
C = Sifor CSS:Ce®*; A =Sr,B =Y, and C = Ge for SYG:Ce>*

2 11 11

E, . A1
Sample (Cmil) R(4A) XA44 ){B44 XC44 Xaviza (Cmq) dgg/ds,
YAG:Ce®* 25344 2.45% 122 1.61 1.61 0.4668 8135 0.986°
CSs:Ce*" 28908 2.46%* 1.00 1.36 1.90 0.4217 12360 1.011°
SYG:Ce®* 28545 2.62*° 0.95 1.22 2.01 0.4176 10251 1.004¢

Ne Ny

 day = O Zeidei | D Zaiy Where N, and N, are the numbers of cations

i=1 i=1

and anions, respectively, and z.; and z,; are their respective valence

charges and y,; is the corresponding cation electronegativity, i.e. xa, 18

or yc. ? Estimated from YAG (dgs = 2.859 A and dy,; = 2.899 A) from ref. 46.

¢ Estlmated from CSS:Ce®* (dgs = 2.921 A and dy; = 2.890 A) from ref. 22.
¢ Estimated from SYG (dgs = 3.0834 A and dg; = 3.0707 A) from ref. 45.

Yav ~ than YAG:Ce®" (Table 1). This correlates with smaller «,
which explains the higher ?E, and the shorter wavelength
emission for CSS:Ce**, as compared to that for YAG:Ce®"

4.2 The effect of structural dynamics on the emission color

The three effects discussed so far, i.e. the cubal crystal field
splitting 4, Ce-O covalency, and anion polarizability «, are all
affected in a way that an increase of the Ce-O bond distance
results in an upward-shift of the *E,, which in turn should be
manifested as a blue-shift of the color of the emitted light.
Nonetheless, the (local) lattice expansion (Fig. 4) and red-shift
of the emitted light (Fig. 2 and 3) as a function of increasing
temperature, suggest that a, thermally dependent, counteracting
and predominating, mechanism is the main cause for the observed
temperature tuning of the emission color. As the emission arises
from electronic transitions from the lowest 5d level (5d;), one
possible explanation for the thermally-induced red-shift may be
an increase of the tetragonal crystal field splitting 4;, (Fig. 1), due to
increased tetragonal structural distortions of the CeOg moieties. In
theory, such a distortion could be purely static in nature, similarly to
the effect of, e.g., cation substitution, and/or imposed by structural
dynamics.'®*® In regard to the latter, Seijo et al’” showed that the
only deformations of a CeOg moiety found to shift the lowest 5d-4f
transition to lower energy (red-shift) are symmetric Ce-O bond
compression and tetragonally symmetric bond bending, which
are assigned to the A;; and E, symmetries of a cubal CeOg unit
(belonging to the O; point symmetry group), respectively.
Recently, we showed for YAG that the symmetric Ce-O bond
compression [the A, stretching (S) vibration] and symmetric
Ce-O bond bending [the E, bending (B) vibration], are found
primarily in the medium-to-high frequency regions of the
vibrational spectra, as highlighted here by the 2D phonon
decomposition map (PDM) shown in Fig. 5 (the full PDMs are
shown in ref. 10). In particular, the strongest A;; S and E; B
character for the YAG host can be found in the spectral range of
520-860 cm " for the Raman modes (R;g-Ryq, Ra1, Ry and Rys),
and in the range of 390-860 cm ™ for the silent modes (Si,-, Sis1,
Siss, Sisq, Sisp and Siss). For CSS and SYG, the corresponding
Raman modes are located in the range of ie. 800-950 cm™*
(CSs) and 650-900 cm ™" (SYG), see Fig. 4, based on the fact that
the three host materials have the same crystal structure so

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Partial PDM focusing on the contribution of E5 B and A;q S modes
involving CeOg/YOg moieties to medium-to-high frequency Raman and
silent modes of YAG/YAG:Ce®",

that, qualitatively, the (local) vibrational symmetry properties
in relation to the vibrational frequency should be the same.*® It
follows that the excitation of these vibrational modes should
cause a red-shift of the emitted light for all the three phosphors,
YAG:Ce*", CSS:Ce*" and SYG:Ce*".
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Fig. 2(b) shows how the red-shift of the °F,, band of
YAG:Ce®*" occurs up to a temperature of 520 K for 1% Ce®",
530 K for 2% Ce*", and 420 K for 3% Ce*", whereas the ?Fs,
band exhibits a red-shift up to about 800 K for all three Ce**
concentrations. At even higher temperatures, the emission
becomes blue-shifted and, generally, the *F,/, and *Fs,, bands
exhibit a red-to-blue shift with increasing temperature, however
with different transition temperatures. In this context, we note
also the apparent decrease in the separation between the *F,,
and °Fs, states (Fig. 6) as observed from our fitting results
[Fig. 2(b)], which implies a blue-shifting effect on the 5d,~"F5,
emission and a red-shifting effect on the 5d,-°Fs,, emission.
This is in agreement and may explain the higher transition
temperature observed for the *Fs/, band. However, the physical
origin of this observed energy reduction between the 2F_r;/2 and
’F,,, states is at present unclear. Speculatively, it could be
related to a decrease of the spin-orbit coupling strength and/or to
the different temperature dependence of the electronic-vibrational
transitions between the two bands, but caution should be taken that
it is not just an effect of the peak deconvolution.

Strikingly, the temperature range in which the transition
from red-shift to blue-shift occurs, is comparable to the Debye
temperature of YAG:Ce**, @, > 500 K.">** @, provides a measure
of the temperature at which the vibrational density of states
becomes fully populated, which, in our case, correspond to exactly
those phonon modes that induce dynamical tetragonal distortions
of the CeOg moieties in the garnet phosphors, and it reflects the
stiffness of the lattice of the material. The observation that the
transition from red-shift to blue-shift occurs around @y, suggests
that when the vibrations enhancing tetragonal distortions of the
CeOg moieties are thermally fully populated, there is a counter-
acting effect that suppresses the degree of tetragonal distortions
and effectively reverses the optical response. We attribute this
counteracting effect to thermal lattice expansion, which weakens
the tetragonal distortion of CeOg since the Ce-O bonds are
thermally elongated and, hence, the CeOg moiety approaches a
more cubal symmetry that reduces 4,, (Fig. 1).>* Furthermore,
we observe that the frequencies of the high-frequency modes

18 LI LR B | T R Bl Bl "Bl
[ CSS:1%Ce**
& 15 -
£ I
v L
S 12f -
LE L
%09 .
& r YAG:1%Ce*
9 o6l YAG2%Ce* ]
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03— .
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Fig. 6 Variable temperature energy difference between the maxima of
the ®Fs;» and °F, bands for YAG:z% Ce** (z = 1, 2, and 3), CSS:1% Ce*,
and SYG:1% Ce>*, which are calculated from the fitting results shown in
Fig. 2(b). Note that the results of SYG:Ce>* at the last two points (340 K and
360 K) appear to behave unexpectedly, which may be explained by the
fitting errors due to relatively low intensity of the spectra (Fig. S1, ESIt).
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associated with the E; B vibrations of CeOg in the YAG host
lattice, e.g., Ry7, Ryy and R,s, show a slight but significant
downshift when the Ce®*" concentration increases from 1 or
2% to 3%, see ref. 10. This is in agreement with the reported @p
that is lower for higher Ce®" concentration'%?* and suggests that
the transition temperature of the red-to-blue shift is expected to
be lower for 3% Ce**, which is as well in accordance with the
observation of the shift of the band maximum of YAG:z% Ce**
[Fig. 2(b)].

In contrast to YAG:Ce>", CSS:Ce*" exhibits a reversed behavior
for the *F,,, band, as it evolves from a continuous blue-shift upon
increasing temperature, up to 500 K, to a red-shift for even higher
temperatures [Fig. 2(b)]. This behavior would rather suggest that
the effect of the decreasing separation distance between the F;,,
and ’Fs, states is stronger than the effect caused by the
thermally-induced tetragonal distortions of the CeOg moieties.
This may be already hinted by the comparatively faster decrease
below 500 K (Fig. 6), but is also in line with the larger @y, for
CSS:Ce*", as compared to YAG:Ce®", which is inferred from a
simple comparison of the highest frequency of the Raman modes
between the two materials (highlighted in gray areas in Fig. 4).
Additionally, the relevant vibrational modes, in the range of
800-950 cm ™', appear to be more rigid against a temperature
increase (Fig. 7), suggesting that they require more thermal
energy to become fully activated for CSS:Ce** compared to
YAG:Ce®". For SYG:Ce®", we lack emission data for T > 360 K,
and therefore the effect of dynamical tetragonal distortions and
the (possible) change in the separation between the *F,, and
’F,, states cannot be adequately analyzed.

Turning now to a more quantitative analysis of the effect of
vibrational modes on the PL emission colors, we note that,
while @, allows one to estimate the thermal energy required for
fully populating the vibrational modes inducing tetragonal
distortions of the CeOg moiety in garnet phosphors, it does not
provide a measure of the vibrational amplitude, i.e. the magni-
tude of the tetragonal distortions. The degree of tetragonal
distortions is measured here by a distortion parameter defined
as the ratio of the long to short O-O distances (dy/d;) for a cubal-
like CeOg/YOg moiety, as illustrated in Fig. 8(a) for the doubly
degenerated E; B vibrations in YAG:Ce**. The so obtained d/d;

— T T T T T T T T T T T T T T
0 - -
= - €SS
S -05 (cm™)7
£ 1 (YAG]) 870 1
G 90t cm -
g 784 il
$ st 693 8zl
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o L N [720 1
2.0 _ ™ e _
_2 n 1 I 1 n 1 n 1 L 1 1 1 L 1 L

5
0 200 400 600 800 1000 1200 1400 1600
Temperature (K)

Fig. 7 Variation of the vibrational frequency for the Raman-active modes
of YAG, CSS, and SYG, as a function of increasing temperature, revealing a
more pronounced softening for YAG lattice than for CSS and SYG lattices.
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ratio as a function of excitation of the different vibrational
modes reveals that strong tetragonal distortions mainly arise
from modes in the wavenumber region 500-900 cm™* and one
silent mode at ~400 cm™ ' [Fig. 8(b)]. The dy/d, ratio increases by
as much as ~7% when the strongest E, B vibration is fully
activated at T = O@p, which coincides with a decrease of the
energy of the maximum of the 4f emission band by, e.g., ~820
ecm ' for YAG:1% Ce** [Fig. 2(b)]. Since the dj/d, values are
estimated using the maximum vibrational amplitude, the effective
vibrational amplitude is approximately half of the maximum, i.e.
3.5%, under the assumption that the modes are harmonic in
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Fig. 8 (a) lllustration of the doubly degenerate E; B modes of cubal
CeOg/YOg moieties based on their symmetry coordinates. (b) Dynamical
distortion parameter (di/ds), as marked in (a), for the Eq B modes of the
CeOg/YOg moieties in YAG:Ce®* for all vibrational modes, extracted from
ref. 10. (c) Relation between the static distortion parameter (dgg/dg1) and
the tetragonal crystal field splitting (45,) for YAG:Ce®**, CSS:Ce**, and
SYG:Ce**. Inset illustrates part of polyhedral network in the garnet structure
in relation to the distortion parameter dgg/dg;, i.e. the ratio of the two O-O
distances of the dodecahedron as denoted in the figure 2446
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nature. By comparison, the similar garnet phosphors
Yg,Als,yGayOlz:Ce3+ have been found to exhibit a red-shift of the
emission maximum from 504 to 540 nm (a difference of ~1300
em ') upon an increase of the analogous distortion parameter
dgs/dsy, as defined in the inset of Fig. 8(c), by ~4%.> It follows
that the dynamical tetragonal distortions of CeOg, as determined
in this work, have a very comparable effect on the red-shift as the
static tetragonal distortions of CeOg.

To compare the effect of static tetragonal distortions of CeOg
between different garnet hosts, the dgg/ds, values for YAG:Ce®",
CSS:Ce’*, and SYG:Ce®" are also calculated here using crystal-
lographic data of respective garnet crystals (Table 1) and used
as a measure for the degree of the static tetragonal distortions
of CeOg. In good agreement with our spectroscopic results, the
magnitude of dgg/dg, is found to scale almost linearly with the
magnitude of A4, (Table 1) for the three garnet phosphors
[Fig. 8(c)]. It is worth noting that an increase of dgg/ds; by 2%
leads to an increase of A;, by ~4200 cm " (Table 1), which
suggests that the control of the local (tetragonal) lattice distortions
around Ce** through complete cation co-substitution affects
significantly the color of the PL.

5 Conclusions

In conclusion, we have shown that the red-shift of the PL
emission as a function of increasing temperature generally observed
in YAG:Ce™, CSS:Ce™, and SYG:Ce®" garnet phosphors is the result
of thermally activated dynamical tetragonal distortions of the CeOg
moieties. The relevant vibrational modes exhibiting this type of
dynamical lattice distortions are mainly associated with symmetric
E; bending of CeOg with relatively high vibrational frequencies of
the lattice modes. The frequency (rigidity) as well as the amplitude
(degree of the tetragonal distortion) of these vibrational modes
determines the magnitude of the red-shift at a given temperature,
which is influenced by the Ce®" dopant concentration and the
chemical compositions of the garnet host. The reversal of wave-
length shift, as observed in YAG:Ce®" with increasing temperature
up to around 500 K, occurs when these modes are fully populated.
At higher temperatures, the effect of thermal lattice expansion
becomes overwhelming, which leads to a more cubal-like local
environment of the CeOg moieties. Since this behavior is the result
of the symmetry relations intrinsic to the garnet structure, the
mechanisms described here can be expected to be generally
applicable to materials of this type.
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