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Red shift of Ce3* luminescence in Y3Als 013 (YAG) co-doped with Gd3* is investigated with X-ray diffraction
(XRD) based structural analysis and crystal-field modeling of electronic energy levels. It shows a linear
relationship between the lattice expansion induced by substituting Gd3* for Y3* and the red shift in the
Ce* luminescence. A crystal-field analysis of the Ce3* 5d energy levels is conducted to establish the
correlation between the YAG lattice expansion and the Ce3* energy level shifts.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Phosphor conversion of the UV/blue light emitting diode (pc-
LED) radiation into white light emission has been identified as one
of promising technologies of solid-state lighting (SSL) for future
energy efficient light sources. In comparison with conventional
lighting technologies such as fluorescent lamps, white LEDs have
advantages of energy saving, long lifetime, while being mercury-
free. The current commercial white pc-LEDs are made with a
phosphor of Ce3* doped Y3Al50q; (YAG:Ce). As a result of the
4f1-5d! electronic transition, Ce3* in YAG can efficiently absorbs
blue light from 450nm to 470nm and emits a broad band of
luminescence in the range of 510 nm to over 600 nm. These spectro-
scopic properties make YAG:Ce a good phosphor for converting the
blue radiation of a LED to white light [1-3]. In pc-LED, white light
is created by combination of a part of the blue light from the LED
chip and the yellow-red luminescence from the YAG:Ce phosphor.
For general application particularly for room lighting, an ideal white
light device should accurately simulate the sunlight spectrum in the
visible region. However, the color rendering index (CRI) of the cur-
rent commercial white LED products is not high enough to simulate
the sun light because of the lack of red components in the emission
spectra of the YAG:Ce phosphor. A practical method to solve this
problem is to expand the YAG:Ce emission band or induce a red
shift through modifications of the phosphor composition. There are
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many studies of red shift of the YAG:Ce luminescence induced by
modification of the YAG composition with substitution of Y3* in
the YAG lattice with Gd3* or other trivalent ions with an ionic size
larger than that of the Y3*. With such a modification, the Ce3* emis-
sion spectrum can be shifted by more than 30 nm toward the red
region [4-7]. In the present work, we report experimental results
of the structure characterization and spectroscopic measurements
on YAG:Ce modified by Gd3*. Based on these results, we attempt to
provide a detailed understanding of the consequences of co-doping
Gd3* with Ce3* into the lattice of YAG by crystal-field modeling
of the correlation between the co-doping induced lattice expan-
sion and the variation of the crystal-field energy levels of Ce3* in
Y(Gd)AG.

2. Experimental

Nanosized Y(Gd)AG:Ce crystals with a general composition of
(Y1_xGdy)3Al5012:Ce were synthesized by a citrate-nitrate gel combustion
method as described elsewhere [8]. Briefly, soluble metal citrates and citric
acid monohydrate were dissolved and mixed in a mixture of de-ionized water
and ethanol. The mixture became viscous and self-propagation combustion was
initiated with continuous heating on a hot plate. Phosphor precursors were formed
after combustion in a short time. Crystallized phosphors were obtained after
sintering the precursors at 850°C for 4 h under CO atmosphere. A single crystal of
YAG:Ce was synthesized at Boston Applied Technologies Ins. XRD measurements
were performed with an X-ray diffractometer operating with a Cu Ka radiation Ni
filter. The powder phosphors were diluted in a layer of optical epoxy and pasted on
a piece of glass. The luminescence spectra and efficiency of the powder phosphors
were measured with a photon counting spectrometer connected with a light
integrating sphere at room temperature, while the low temperature measurements
were carried out using an optical cryostat and a spectrometer connected with a
photomultiplier.
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Fig. 1. XRD spectra of (Y;_xGdy)3Al5012:Cepo3 powder phosphors crystallized at
1200°C for 2 h. x=0, 0.03, 0.06, and 0.1, respectively, for samples (a), (b), (c), and
(d). Peaks marked by “*” do not belong to the intrinsic YAG structure.

3. Results and discussion

The powder samples of YAG:Ce co-doped with Gd have high
quality of crystalline structure. Fig. 1 shows the XRD spectra of
(Y1_xGdy)3Al5012:1%Ce with x varying from O to 0.1. No inter-
mediate phase has been observed after the heat-treatment at
temperature higher than 850°C. Based on the XRD data, we have
derived the lattice parameters and cell volume (listed in Table 1)
of the samples of different Gd concentration. In comparison with
the sample without Gd, the peaks shift toward smaller angles
with increasing Gd concentration, which is consistent with the
observed lattice expansion [4-7]. In addition, minor peaks rep-
resenting impure phases appear in the samples with a higher Gd
concentration. As shown in Fig. 1, GdAlO3 can be identified as an
impurity phase in the samples we studied. It is known that the
absorption and emission energies of GdAlIO5:Ce are much higher
respectively than those of YAG:Ce, therefore have no contribution
to the luminescence spectrum between 500 nm and 600 nm [9].

The photoluminescence properties of YAG:Ce series powders
were investigated to reveal the effects of composition changes on
the emission wavelength and the luminescence efficacy. Replacing
Y by Gd induces a red shift in the Ce3* emission band as shown in
Fig. 2. The normalized emission spectra of the YAG:Ce powders sam-
ples with different Gd concentration cover a broad spectral range
from 480 nm to 700 nm. The broad Ce3* emission band originates
from the 4f-5d electronic transition with intensive side bands due
to vibronic coupling to the lattice and local vibration modes in the
YAG lattice [10]. As the Gd concentration increasing, the center of
the emission band shifts from 529 nm to 564 nm. Such a shift is pri-
marily due to the variation of the lowest crystal-field energy level
(emitting state) of the 5d! state which depends strongly on the
local electrostatic field determined by the crystalline structure of
the YAG lattice.

Because the ionic size of Gd3* and Ce3* is larger than that of
the host ion Y3*, substituting Gd3* and Ce3* results in a lattice
expansion. When the concentration of Ce3* is low and fixed at a
constant, the lattice expansion will depend on the concentration
of Gd3*. Measured from the XRD spectra, and shown in Fig. 3, the
dependence of the lattice constant value on the Gd3* concentration
varied from zero to 10% of Y3* is approximately a linear function. It
is also interesting to see that the red shift of the Ce3* emission cor-
relates very well with the lattice expansion (Fig. 3). Based on these
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Fig. 2. Red shift and intensity of luminescence from (Y;_xGdy)2.97Al5012:Ceg 03 phos-
phor with composition changes: (a) x=0, (b) x=0.03, (c) x=0.06, and (d) x=0.1. The
spectra for the four samples were obtained with a blue LED with peak at 475 nm
excitation and normalized to the peak intensity indicated the legend.

observations, we can conclude that within the range of Gd3* con-
centration less than 10%, the red shift of the YAG:Ce luminescence
is predominantly originated from the lattice expansion.

In the framework of crystal-field theory, the electronic energy
levels of Ce3* in YAG and their shifts observed in the emission and
absorption spectra can be evaluated as a function of spin-orbit
coupling and crystal-field interaction expressed in terms of Hamil-
tonian parameters [11]. Other mechanisms such as electrostatic
interaction is absent in the 4f! and 5d! configurations. Whereas
the lattice expansion induced energy level shifts should be inde-
pendent of the spin-orbit coupling, the observed red shifts can be
calculated as a function of crystal-field parameters. In the lattice of
YAG, Ce3* ions occupy the site of Y3* at a tetragonal symmetry of
approximately D,. Considering the doping induced site distortion,
the actual site symmetry of Ce3* may be even lower than D,. How-
ever, the five crystal-field energy levels of 6d! is not sufficient to
determine the free-ion and crystal-field parameters for D, symme-
try especially for B% and B;‘. In our calculations, an approximation
of D,y is considered. Accordingly, the crystal-field splittings for a
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Fig. 3. Comparison of the lattice expansion and the red shift of Ce3* luminescence
as function of Gd3* concentration in (Y1_xGdy )2.67Al5012:Ceg03.
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Table 1

Lattice expansion, energy level of the 5d emitting state, and 5d crystal-field strength according to Eq. (2) for (Y1_xGdy)297Al5012:Ceg o3 are evaluated as a function of Gd

concentration (x).

X Lattice (A) Cell volume (A3) Emitting state energy (cm~') Crystal-field strength (cm~1)
0 12.00888 1731.8369 20,450 1892
0.03 12.04047 1745.5421 19,963 2217
0.06 12.06151 1754.7109 19,597 2462
0.1 12.09289 1768.4383 19,277 2677

5d state are determined by [12]:
H(5d) = cso(d)Aso(d) + BA(d)CS + Ba(d)CS + Bi(d)( LY + ¢9)
(1)

where the first term is the spin-orbit interaction and B{;(d ) are the

crystal-field parameters for the 5d states and Cék) are operators
of spherical harmonic functions. Because the 4f states have much
weaker crystal-field interaction, one can assume that the observed
red shift in the Ce3* 5d-4f transition is dominantly contributed by
the energy level shift in the excited 5d emitting state.

In the present work, Eq. (1) is used for evaluating a systematic
trend of the changes in the Ce3* energy levels expressed in terms
of the crystal-field parameters. In order to establish such a correla-
tion, the observed electronic energy levels must be obtained from
absorption and emission spectra of a single crystal of YAG:Ce. In
fact, vibronic features dominate the emission and absorption spec-
tra of the 5d-4f transitions. lon-phonon coupling and structure
defects induced inhomogeneous line broadening often obscure the
lines of zero-phonon electronic transitions. Only with Ce3* diluted
in a single crystal cooled to liquid helium temperature, one may
observe the zero-phonon lines. As shown in Fig. 4, two sharp lines
with a line width of approximately 20 cm~! located at 489 nm and
546 nm are assigned to the zero-phonon lines from the emitting
5d state to the ground configuration 4f states of 2Fs; and 2Fy,
respectively. This result is consistent with the previously reported
work by Robbins [13], who clearly resolved the zero-phonon-line
(ZPL) of emission spectrum (at 4K) at 20,441 cm~!, and that of the
absorption spectrum at 20,443 cm~!. An intensity profile of mirror
symmetry between the emission and absorption suggests the same
vibronic coupling in emission and absorption. The band center (or
intensity peak) is about 1400cm~! from the ZPLs. At higher tem-
perature or due to disordering, the first 4f-5d absorption appears
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Fig. 4. Emission spectrum of single crystal of YAG:1%Ce3* at 4K excited by a 475 nm
laser beam. The two sharp peaks marked in the spectrum are due to Ce3* 5d! zero-
phonon transition to the state of 4f! 2F7,2 and 2F5/2, respectively, while the broad
band following the zero-phonon lines are vibronic transitions.

at 460 nm, while the emission band centers at 520 nm. However,
we should keep in mind that the electronic energy level of the low-
est 5d! state should be assigned to 489 nm and the same vibronic
shift should be subtracted from the other absorption bands when
assigning energy levels for other 5d! states.

Apparently, the energy levels of 5d! states of Ce3* in YAG are not
clearly understood, even though in the literature there are a num-
ber of reports on both experimental investigations and theoretical
modeling of the 5d! energy level structure for Ce3*:YAG [13-16].
The experimental results from different groups are not quite con-
sistence. The primary difficulty is presumably that the energy span
of the 6d! states is on the same order or even larger than the energy
gap between the valence and conduction bands. It was observed
that the ground 4f photoconduction occurs at 30,650cm~! (3.8 eV)
[14], where the energy levels of the upper three 5d! states are
located in a region from 38,300cm~! to 48,880 cm~!. Our crystal-
field analysis relied on the experimental results from the optical
absorption spectra reported by Hamilton et al. [14] and by Tomiki
et al. [15]. The band peaks reported by these two groups are con-
sistent where as the upper three bands are resolved more clearly in
Ref. [14]. A recent review of experimental results and crystal-field
analysis by Tanner et al. [16] proposed three different assignments
of the 5d! energy level structure. The energy levels in these three
assignments are different only for the upper three levels. The values
of crystal-field parameters vary significantly for these assignments.
In view of energy levels, only the third assignment is more con-
sistent with the experimental results of Refs. [14,15]. This work
provided a general insight to the crystal-field splitting of the excited
5d! states of Ce3*:YAG. However, the authors apparently assigned
the band peaks instead of the ZPLs to the 5d! states based on which
the crystal-field analysis was performed.

The present work reinvestigated the previous discrepancies in
assigning the upper 5d! energy levels. Our crystal-field analysis is
based on the results from Refs. [14,15] and our own experiment as
shown in Fig. 4. Only ZPLs are used in energy level assignment. The
ZPL for the lowest level is clearly seen in the emission spectrum
(Fig. 4) and in a high resolution absorption spectrum [13] of single
crystal samples. The energy difference between the ZPL and the
band peak is 1400 cm~!. Therefore, ZPL positions for the upper four
levels are determined by subtracting the 1400 cm~"! vibronic shift
from the energies of the band peaks.

In order to understand the underlying reasons for the lumi-
nescence red shift, it is necessary to examine how each of the
crystal-field terms in Eq. (1) contributes to the energy level shift.
First, the calculated energy levels were fit to the experimentally
observed values of ZPLs for the five crystal-field levels of the 5d!
configuration. The crystal-field and spin-orbit Hamiltonian was
diagonalized for the 5d! configuration of Ce3* in D,y symmetry.
The eigenfunctions in terms of |J,M> and calculated energies of
the five crystal-field states of the 5d! configuration of Ce3* in YAG
have been evaluated and are listed in Table 2. In comparison with
crystal-field parameters for Scenario III in the work of Tanner et al.
[16], the energy level structure calculated using D,q symmetry is
approximately the same as that obtained using D, symmetry. This
is not surprising because of the small contribution from Bé(d) and
Bg(d). Our calculation also agrees with that of Tanner et al. in which
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Table 2

Crystal-field energy, eigenfunction and Hamiltonian parameters for 5d! states of Ce3* in YAG.

Exp. energy (cm~!)? Cal. energy (cm™1)

Eigenfunction (|JM;>)

20,445 20,461
28,039 27,679
36,912 36,785
42,961 37,589
47,478 45,594

Parameters (cm~!)

—0.6763 [3/2, 3/2> 0.6770 |5/2, —5/2> —0.2905 |5/2, 3/2>
—0.7313 [3/2, 1/2> 0.6820 |5/2, 1/2>

0.6820 3/2, 1/2> 0.7313 |5/2, 1/2>

0.4686 |3/2, 3/2> —0.8787 |5/2, 1/2>

—0.5684 |3/2, 3/2> —0.7304 |5/2, —5/2> —0.3788 |5/2, 3/2>

£=996, B2 = 1066, By = —19, 150, Bj = 31, 351

2 The first level is obtained from emission spectrum (Fig. 4) and other four are from Refs. [14,15].

the third and fourth levels are close with a separation only about
800 cm~!. However, values of the crystal-field parameters, partic-
ularly B2, vary significantly, in order to reduce the third level from
above 40,500cm~! down to 36,900cm™! to fit the experimental
data [14,15].

Rediagonalization of the Hamiltonian was conducted while the
value of one of the three crystal-field parameters was allowed to
vary. As shown in Fig. 5, the energy level of the Ce3* emitting state
exhibits a line dependence respectively on the three crystal-field
parameters varied up to 50% from the values for the YAG:Ce without
Gd doping. This behavior is understood based on the eigenfunctions
and energy splittings list in Table 2 while the energy shift is small
in comparison with the gaps to the upper crystal-field states of the
5d! configuration.

The increasesin Bg indicate an enhancement on the local crystal-
field strength for Ce3* in the Y(Gd)AG lattice. This result is consistent
with a compress of local lattice surrounding the Ce3* ions when
Gd3* ions are added to replace Y3* in the YAG lattice. In addi-
tion to the variation of the individual crystal-field parameters, such
an effect may be described as a function of crystal-field strength
defined as
1 @]

Nv = ar 2k +1

(2)

The crystal-field strength is evaluated for Ce3* in YAG with differ-
ent Gd3* concentrations and list in Table 1. The leading contribution
is from the axial crystal-field term of B4, while the contributions
from the other two terms are also included according to the same
ratios between the values of the parameters for the system with-
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Fig.5. Dependence of the energy level of the 5d' emitting state on the model crystal-
field parameters for Ce3* in YAG:Ce modified by Gd3*. B{;(x = 0) are the 5d crystal-
field parameters of Ce3* in YAG without Gd doping. Their values are listed in Table 2.

out Gd3* jons. Such a restriction is based on the assumption that
the intrinsic symmetry is preserved even though the actual site
for Ce3* in YAG:Ce added with Gd3* may have a certain degree
of distortion. This assumption is supported by the XRD spectra
as shown in Fig. 1 and the linear variation of the parameters
shown in Fig. 5. In fact, this behavior is expected because the
number of Gd3* ions substituting for Y3* is small and does not
change the site symmetry of Ce3* and the related crystalline prop-
erties.

It is previously reported and also observed in our experiments
that increase in Gd3* concentration leads to a decrease of the
YAG:Ce luminescence intensity or quantum efficiency [17]. Sev-
eral mechanisms may be involved for leading to such a decrease,
while two of them are obvious and may be dominant. First, lattice
expansion from the unperturbed structure of the pure YAG lattice
induces a much larger energy shift on the 5d states than on the
4f states. As a result, the 5d-4f electronic transitions become less
efficient, or the zero-phonon lines become weaker. This effect is
evident in the emission spectrum of YAG:Ce added with a higher
concentration of Gd3*, in which the intensity in the short wave-
length side dropped significantly but not in the in the red region.
Secondly, as we indicated in the previous section that, when the
Gd concentration increases, impurity phases such as GdAlOs:Ce
appears in the phosphor. These impurity phases do not contribute
to the light emission in the 500-600 nm region, but may absorb
and scatter the blue pumping light. A more detailed analysis of the
co-doping induced luminescence efficiency decrease is needed in
future studies.

4. Conclusions

We have investigated the consequences of composition changes
in YAG:Ce by substituting Y with Gd, which induces lattice expan-
sion and changes in the local crystal-field interaction of Ce3*. Both
the increase in the YAG crystal lattice and the red shift of the Ce3*
emission band depend linearly on the Gd3* concentration within
a range of 10% of the host lattice ion Y3*. The red shift in lumines-
cence band is dominantly due to the energy level decrease of the
5d emitting state. A crystal-field analysis of the 5d! energy levels
of Ce3* in Y(Gd)AG shows that the red shift in luminescence band
corresponds to an enhancement on the crystal-field interaction of
Ce3* in the YAG lattice. The expansion in the YAG lattice leads to
an increase in the crystal-field interaction of Ce3*. The crystal-field
modeling of the Gd3* induced red shift in the Ce3* luminescence
band also provides a basis for understanding the efficiency decrease
in the Gd3* doped YAG:Ce phosphor.
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