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Effect of Ga3+ and Gd3+ ions substitution on the
structural and optical properties of Ce3+-doped
yttrium aluminium garnet phosphor
nanopowders
A. H. Wako,a* F. B. Dejenea and H. C. Swartb
ABSTRACT: The structural and optical properties of commercially obtained Y3Al5O12:Ce
3+ phosphor were investigated by replac-

ing Al3+ with Ga3+ and Y3+ with Gd3+ in the Y3Al5O12:Ce
3+ structure to form Y3(Al,Ga)5O12:Ce

3+ and (Y,Gd)3Al5O12:Ce
3+. X-Ray dif-

fraction (XRD) results showed slight 2-theta peak shifts to lower angles when Ga3+ was used and to higher angles when Gd3+ was
used, with respect to peaks from Y3Al5O12:Ce

3+ and JCPDS card no. 73–1370. This could be attributed to induced crystal-field ef-
fects due to the different ionic sizes of Ga3+ and Gd3+ compared with Al3+ and Y3+. The photoluminescence (PL) spectra showed
broad excitation from 350 to 550 nm with a maximum at 472 nm, and broad emission bands from 500 to 650 nm, centred at
578 nm for Y3Al5O12:Ce

3+ arising from the 5d→ 4f transition of Ce3+. PL revealed a blue shift for Ga3+ substitution and a red shift
for Gd3+ substitution. UV–Vis showed two absorption peaks at 357 and 457 nm for Y3Al5O12:Ce

3+, with peaks shifting to 432 nm
for Ga3+ and 460 nm for Gd3+ substitutions. Changes in the trap levels or in the depth and number of traps due to Ce3+ were
analysed using thermoluminescence (TL) spectroscopy. This revealed the existence of shallow and deep traps. It was observed
that Ga3+ substitution contributes to the shallowest traps at 74 °C and fewer deep traps at 163 °C, followed by Gd3+ with shallow
traps at 87 °C and deep traps at 146 °C. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction

Extensive research on inorganic luminescent materials with
activators showing allowed f–d transitions has gained mo-
mentum over the past decade. Lanthanide ions are very
sensitive to the chemistry of their environment because
the d-states are not shielded. This is important for the man-
ufacture of white light-emitting diodes (LEDs) because the
f–d absorption has to be within the UV to blue spectral re-
gion. A number of factors may result in alterations in the
chemical environment, for example: changes in the charge
density of the bond lengths caused by differences in elec-
tronegativity between the dopant and its surroundings,
leading to changes in covalency; changes in the crystal-field
splitting of the 5d state due to differences in the charge of
the surrounding ions; or changes in metal–ligand distances
(1). An increase in crystal-field splitting and high covalency
will shift the f–d transition to lower energies and vice versa.

Yttrium aluminium garnet (Y3Al5O12) is one of the most impor-
tant optical materials and, because of its wide band gap and excel-
lent radiation conversion efficiency, has a wide range of
applications in cathode ray tubes (CRTs), field emission displays
(FEDs) and scintillators (2). It is also suitable for use as a host mate-
rial for solid-state phosphors because of its good chemical stability,
high quantum yield, low toxicity, low thermal expansion and
tuneable emission wavelength (3). Next-generation solid-state
lightning is preferred over conventional light sources, such as in-
candescent and fluorescent lamps, due to its brightness, high radi-
ation efficiency, long life time, compatibility with the environment
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(4), low cost, lack of mercury, compactness (5) energy saving and
reliability (6).
The conversion of UV/blue radiation into white radiation using a

phosphor is one of the most significant technologies in solid-state
lighting (7). Upon excitation with blue radiation, cerium-activated
Y3Al5O12 (Y3Al5O12:Ce

3+) emits a yellow broad band that, when
combined with a blue LED, produces white light (6). The yellow
emission band ranging from 510 nm to >600 nm originates from
the allowed 5d–4f electronic transition of Ce3+ to the spin-orbit
split 2F7/2 and

2F5/2 levels (8), which efficiently absorb blue excita-
tion light from 450 to 470 nm to produce white light (4). For gen-
eral lighting, an ideal white light needs to be generated. Hence,
there is a need to obtain a phosphor with a broad emission band
covering the green and red regions in the blue-light excitation (5).
One way to achieve this is tomodify the composition of the host

lattice to obtain phosphors with adjustable wavelengths that
match blue LEDs. This can be done by doping the garnet lattice
with suitable cations to adjust the emission colour slightly (6), ei-
ther by expanding the Y3Al5O12:Ce

3+ emission band to induce a
red shift (7) or by reducing the Y3Al5O12:Ce

3+ emission band to
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give a blue shift. The emission wavelength can be tuned by par-
tially or totally substituting trivalent ions of different sizes into
the Y3Al5O12:Ce

3+ lattice matrix. Larger ions will cause lattice ex-
pansion, resulting in a red shift, whereas smaller ions will in result
in a blue shift. This is because by increasing or decreasing the ionic
radii in the garnet host lattice, the cubic symmetry around the rare
earth ions becomes distorted (3).

In this work, we report changes in the structure and emission
wavelength of a commercial Y3Al5O12:Ce

3+ phosphor when Y3+

was replaced with Gd3+ to obtain (Y,Gd)3Al5O12:Ce
3+ and Al3+

was replaced with Ga3+ to obtain Y3(Al,Ga)5O12:Ce
3+, respectively,

vis-à-vis variation of the crystal-field energy levels of Ce3+.
Experimental
Commercial Y3Al5O12:Ce

3+, Y3(Al,Ga)5O12:Ce
3+ and (Y,Gd)

3Al5O12:Ce
3+ phosphor powders were obtained from Phos-

phor Technology (Stevenage, Herts). The structural and phase
compositions were determined using a Bruker-AXS D8 Ad-
vance X-ray diffractometer (Bruker Corp., Karlsruhe, Germany)
operating at 40 kV and 4 mA, using CuKα = 0.15406 nm from
15° to 65° (2θ), with a scan rate of 0.39° (2θ)/min and step
scans of 0.02° (2θ). (UV) Absorption/reflectance characteristics
were measured over the range 250–700 nm using a Perkin-
Elmer Scan Lambda 950 UV–Vis spectrophotometer (Rodgau,
Germany) with a 319.20 nm excitation lamp and 860.80 nm
monochromator with a band pass slit width of 2.0 nm, a scan
speed of 141.20 nm/min and a data interval of 0.5 nm.
Photoluminescence (PL) excitation and emission spectra were
measured at room temperature using a Cary Eclipse lumines-
cence spectrometer (model LS-55) (Santa Clara, CA) with a
built-in 150 W xenon flash lamp as the excitation source
and a grating to select a suitable excitation wavelength with
excitation and emission slit widths of 2.5 nm, a scan rate of
600 nm/min, a medium photomultiplier tube voltage, an ex-
citation filter of 335–620 nm and an emission filter of 550–
1100 nm. Thermoluminescence (TL) analysis was carried out
above room temperature using a Nucleonix 1009I TL reader
to investigate traps and defects in the band gap of the
Figure 1. XRD patterns of the Y3Al5O12:Ce
3+
,
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phosphors. The samples were excited with UV radiation and
heating from room temperature to 400 °C at a constant
heating rate of 1 °C/s under thermal stimulation.

Results and discussions

Structure and XRD analysis

Y3Al5O12 has a cubic garnet-type structure commonly represented
in a general form as {A}3[C]2[D]3(O)12. It has a bcc structure of space
group I a–3d (230) with 160 atoms in the cubic (primitive) cell and
the following cell parameters: a = 12.01 Å; cell ratio, a/b = 1.0, b/
c = 1.0, c/a = 1.0; and cell volume = 1732.32 Å3.

The Y{A}-cations are eight-coordinated to eight O in dodecahe-
dra and occupy the 24(c) sites. Al occupies two different sites; the
Al [C]-cations are octahedrally bonded occupying the 16(a) sites
and the Al [D]-cations are tetrahedrally bonded occupying the 24
(d) sites (8). The O atoms occupy the 96(h) sites and their specific
positions within the unit cell vary for different garnets (9).

The XRD patterns of the Y3Al5O12:Ce
3+, Y3(Al,Ga)5O12:Ce

3+

and (Y,Gd)3Al5O12:Ce
3+ phosphor powders are shown in

Fig. 1. It can be seen that the diffraction peaks are shifted
slightly to the lower 2θ angles for Y3(Al,Ga)5O12:Ce

3+ and
to higher 2θ angles for (Y,Gd)3Al5O12:Ce

3+. This is also
depicted in Fig. 2(c). It is well known that the size of the
ionic radius of the substituting cation influences the resul-
tant change in the lattice parameters. This can be attributed
to the change in the host lattice caused by the larger ionic
size of Ga3+ (0.062 nm) compared with that of Al3+

(0.053 nm), which causes an increase in the d-spacing, as
confirmed in Fig. 2(a). Hence, there is an XRD peak shift to-
wards lower angles (10). On the same note, because the
ionic size of Gd3+ (0.1053 nm) (11) is greater than that of
Y3+ (0.102 nm) (12), substituting Gd3+ also results in lattice
expansion causing an XRD peak shift to lower angles.

It is worth noting that, with reference to Y3Al5O12:Ce
3+, the shift

is �0.39° for Ga3+ and �0.1° for Gd3+. So Ga3+ shifts slightly to-
wards lower angles and Gd3+ shifts slightly towards the higher an-
gles compared with Y3(Al,Ga)5O12:Ce

3+. This is due to the resultant
difference in the radii after substitution, which is smaller between
Y3(Al,Ga)5O12:Ce
3+

and (Y,Gd)3Al5O12:Ce
3+
.

Luminescence 2016Wiley & Sons, Ltd.



Figure 2. The effect of Ga
3+
/Gd

3+
ion substitution in to the Y3Al5O12:Ce

3+
composition on the (a) d-spacing, (b) particle size, (c) 2-theta peak shift, and (d) FWHM.

Luminescence properties of Ce3+-doped YAG phosphors
Gd3+ and Y3+ (0.003 nm) and larger between Ga3+ and Al3+

(0.009 nm).

The average crystallite sizes calculated for the (420) direction
were obtained using Scherrer’s equation:

D ¼ Kλ
β COS θ

(1)

and are shown in Fig. 2(b), where D is the mean particle size, Κ is
a geometric factor, λ is the X-ray wavelength and β is the full-width
at half maximum (FWHM). It can be observed that particle size de-
creased with Ga3+ substitution, resulting in a blue shift in the PL
spectra (Fig. 3a,b) (13), and increasedwith Gd3+ substitution, which
induced a red shift in the PL spectra. Figure 2(d) shows this varia-
tion in the FWHM on addition of Ga3+ and Gd3+ ions into the
Y3Al5O12:Ce

3+ structure, which is larger for Ga3+ and narrower for
Gd3+ substitution.
Photoluminescence

Figure 3(a) shows the normalized room temperature PL excitation
spectra at emission wavelengths of 568, 578 and 588 nm, whereas
Fig. 3(b) shows emission spectra at excitation wavelengths of 438,
462 and 467 nm for Y3Al5O12:Ce

3+, Y3(Al,Ga)5O12:Ce
3+ and (Y,Gd)

3Al5O12:Ce
3+ powders, respectively, as recorded using a Cary

Eclipse PL spectrometer.
The broad band excitation at 400–525 nm is due to electronic

transition from the 4f ground state to the crystal-field split 5d
states of the Ce3+ ion. Blue excitation raises the electron in the
Ce3+ ion from the 4f ground state to the 5d level, which is then
be transferred to the lower 2D(5d) excited state (6). Green–yellow
emission emanates from within the cubic Y3Al5O12 lattice due to
electronic transitions from the 5d excited states to the split 4f
(2F7/2 and 2F5/2) ground states characteristic of Ce3+ ions (4).
Luminescence 2016 Copyright © 2016 John
Electrons excited to the 5d level of Ce3+ ions decay non-radiatively
to the 4f levels of Ce3+ ions (14), resulting in broad emission bands
centred at 568, 578 and 588 nm for Y3Al5O12:Ce

3+, Y3(Al,Ga)5O12:
Ce3+ and (Y,Gd)3Al5O12:Ce

3+ powders, respectively. The emission
from Ce3+ is very sensitive to and is affected by changes in the lo-
cal lattice structure due to the resultant crystal field effects. Hence,
the peak position of the emission depends on the environment of
the garnet host, which may bring about a blue, or red, shift in the
Ce3+ emission when co-activated with Ga3+ or Gd3+. Aluminate
garnets are relatively flexible in substituting Y3+ ions in the dodeca-
hedral sites and Al3+ in the tetrahedral/octahedral sites, which
makes it is easy to modify the host Y3Al5O12 composition in order
to alter the Ce3+ emission band to meet spectral requirements (5).
WhenGd3+ (or La3+) was used to substitute for the Y3+ site in the

Y3Al5O12 lattice, the emission peak of the phosphor powder shifted
to a longer wavelength (15). Replacement of Y3+ with Gd3+ shifted
the emission peak towards a longer wavelength (588 nm) relative
to the 578 nm emission peak from Y3Al5O12:Ce

3+, as shown in
Fig. 3(b). Such a shift is mainly due to changes in the lowest 5d1

crystal-field energy level, which is strongly affected by the local
electrostatic field determined by the crystalline structure of the
YAG lattice. The lowest/first excited state of Ce3+ originates from
the 5d configuration. Because Y3+ occupies a dodecahedral site
in Y3Al5O12 that has a tetragonal symmetry and because of the
symmetry or the crystal field exerted by the host ligand ions and
spin-orbit interaction, the 5d state degenerates into five levels
resulting in five absorption bands, 460, 340, 261, 224 and
205 nm. Of these, the absorption bands at 460 and 340 nm are
commonly observed at room temperature, as shown in the ab-
sorption spectra of Fig. 4.
Because the ionic size of Gd3+ is greater than that of Y3+, replac-

ing Y3+ with Gd3+ causes lattice expansion leading to an increase
in the crystal-field interaction of Ce3+ (7). As the crystal-field split-
ting of the 5d energy levels of the Ce3+ ion increases and the
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/luminescence



Figure 3. (a) Excitation and (b) emission spectra, and (c, d) chromaticity diagram depicting CIE colour co-ordinates for the Y3Al5O12:Ce
3+
, Y3(Al,Ga)5O12:Ce

3+
and (Y,Gd)3Al5O12:

Ce
3+

powders, respectively.
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energy difference between the lowest 5d sublevel and the ground
state of the 4f configuration of Ce3+ becomes smaller, the emission
band shifts to a longer wavelength (red shift). In other words, more
splitting down-shifts the lowest excited 5d states of Ce3+ to lower
energies leading to the emission of light of longer wavelengths.

It is well known that the ionic radius decreases and electroneg-
ativity (χ) increases with atomic number. In the ionic relationship,
Me/Re–O–Ce (Me/Re = Gd subs Y), the electronegativity (χ) of
Gd3+ (1.20) is smaller than that of Y3+ (1.22), and the ionicity of
the Me/Re–O band decreases with additional Gd3+ content. This
induces an increase in the ionicity of O–Ce in Lu–O–Ce and a red
shift in the emission occurs (15). The increase in ionicity brings
the 5d energy level of the Ce3+ ion closer to the 4f ground state,
which shifts the emission to higher wavelengths; this is consistent
with the observed emission properties shown in Fig. 3. The magni-
tude of the crystal-field splitting is mainly affected by the Ce–O
bond length (lattice constant), the molecular orbital overlap be-
tween Ce3+ and O2�, and the electronegativity (χ) value. The de-
pendence of crystal-field splitting Dq on the (bond length) lattice
constant can be shown using the equation:

Dq ¼ Ze2r4

6R5
(2)

where Z is the charge of the anion (Z = 2 for O2�), e is the charge
of an electron, r is the radius of the d wave function and R is the
bond length (11). Therefore, when the Ce3+–O2– bond length (lat-
tice constant) become shorter, the magnitude of the crystal-field
strength is increased and, because crystal-field splitting Dq is pro-
portional to 1/R5, it lowers the 5d band of Ce3+, resulting in a red
Copyright © 2016 Johnwileyonlinelibrary.com/journal/luminescence
shift (5). Hence, compared with Y3Al5O12:Ce
3+, the spectrum of

(Y,Gd)3Al5O12:Ce
3+ is shifted slightly to the red, because of reduced

local symmetry (16).
By contrast, substitution of Al3+ with Ga3+ shifts the emission to-

wards a shorter wavelength (568 nm), as seen in Fig. 3(b), relative
to the emission peak at 578 nm for Y3Al5O12:Ce

3+. It has been re-
ported that substituting a Ga3+ ion in the Al3+ site induces a blue
shift in the emission wavelength (8). In the bond relation, Me–O–
Ce (Me = Al-doped Ga), the electronegativity (χ) of Ga (1.81) is
larger than that of Al3+ (1.61), and the ionicity of Me–O is de-
creased with the addition of Ga3+ content, which enhances the en-
ergy gap of O–Ce in Me–O–Ce. Therefore, a blue shift in the
emission occurs, which means a higher energy Ce3+ 4f–5d absorp-
tion due to the increased ionicity of O–Ce (15), as shown in Fig. 4(a)
which compares the luminescence properties of Y3Al5O12:Ce

3+, Y3
(Al,Ga)5O12:Ce

3+ and (Y,Gd)3Al5O12:Ce
3+ with respect to variations

in the crystal-field energy levels of Ce3+.
Cerium belongs to the lanthanides, with an electronic configura-

tion in the form [Xe]4fn6sm. It can exist as an atom or as a free ion.
The 6 s shell may be empty (m = 0), especially in compounds, oc-
cupied by one electron (m = 1) or occupied by two electrons
(m= 2).When filled completely, the 4f shell is composed of 14 elec-
trons. The 4fn energy levels are not affected by the host environ-
ment because they are completely shielded by the filled 5p6 and
5s2 shells of the [Xe] configuration. However, an electron in a 5d or-
bital is not shielded completely and its energy is very susceptible
to changes in the crystalline environment.

In Y3Al5O12:Ce
3+, the ground and excited electronic configura-

tions of the Ce3+ ion are 4f1 and 5d1 and it has only one electron
in the 4f state. The excited 5d1 level strongly interacts with the host
Luminescence 2016Wiley & Sons, Ltd.



Figure 4. Schematic energy diagram of the (a) Y3Al5O12:Ce
3+
, Y3(Al,Ga)5O12:Ce

3+
and (Y,Gd)3Al5O12:Ce

3+
phosphor (15) and (b) the energy-level diagram of lanthanides including

Ce
3+

and Gd
3+
.

Luminescence properties of Ce3+-doped YAG phosphors
lattice due to the large spatial field of the 5dwave function and the
crystal field splitting dominates over the split spin-orbit interaction.
Therefore, emission transition is an allowed one because the
5d → 4f transition is parity and spin-allowed (17). During the 4f–
5d transition, upon excitation, the electron in the 4f1 the ground
state is photo-excited to the 5d1 levels, leaving the 4f shell empty,
the electron relaxes and then is de-excited, returning to the 4f1

state, thereby emitting a light photon in the green–yellow region
Luminescence 2016 Copyright © 2016 John
as a result of electronic transitions within Ce3+ between the [Xe]
4f15d06s0 (2F5/2,

2F7/2) and [Xe]4f0 5d1 6s0 (2D3/2) states. In the
ground (4f ) state, Ce3+ splits into a doublet 2Fj (j = 5/2 and 7/2)
state due to spin-orbit coupling.
The energy difference between these split states is ~2000 cm�1

(Fig. 4). For an isolated Ce3+ ion, this energy gap is decreased sig-
nificantly due to the large crystal-field splitting of Ce3+ 5d states,
which arises when a Ce3+ ion replaces a smaller Y3+ ion in the
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/luminescence
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Y3Al5O12:Ce
3+ structure. The emissionwavelength of (Y,Gd)3Al5O12:

Ce3+ is longer, followed by the emission wavelength of Y3Al5O12:
Ce3+ and then Y3(Al,Ga)5O12:Ce

3+ due to a relative decrease in ion-
icity resulting from the decrease in energy due to electron transfer
from O-2 to Ce3+(15), as represented in Fig. 4(b). The symmetry of
the host matrix and the chemical environment around the Ce3+

ions greatly affect these split energy levels and the splitting pat-
terns (18).

The (x,y) coordinates of a Commission International de
l’Eclairage (CIE) diagram can be used to describe the colour prop-
erties of a light source. The CIE chromaticity of Y3Al5O12:Ce

3+, Y3
(Al,Ga)5O12:Ce

3+ and (Y,Gd)3Al5O12:Ce
3+ powders are presented

in Fig. 3(c,d) and depict the corresponding excitation and emission
peak shifts shown in Fig. 3(a,b). The CIE coordinates shift toward
the longer wavelength of the CIE map for Gd3+ substitution and
to the shorter wavelength for Ga3+ substitution. The CIE (x,y) colour
coordinates of Y3Al5O12:Ce

3+, Y3(Al,Ga)5O12:Ce
3+ and (Y,Gd)

3Al5O12:Ce
3+ are (0.5, 0.49), (0.47, 0.53) and (0.53, 0.47), respectively.

To generate white light for indoor illumination, a white LED com-
bines the blue light emitted from the LED chip with the yellowish
emission from the phosphor (15). The wavelengths of the blue
light (excitation) source are 462, 438 and 467 nmwith the chroma-
ticity point located at (0.14, 0.09), (0.16, 0.05) and (0.13, 0.13) for
Y3Al5O12:Ce

3+, Y3(Al,Ga)5O12:Ce
3+ and (Y,Gd)3Al5O12:Ce

3+.
Figure 5. (a) UV–Vis absorption spectra and (b) Tauc’s plot for Y3Al5O12:Ce
3+
, Y3(Al,

Ga)5O12:Ce
3+

and (Y,Gd)3Al5O12:Ce
3+
.

UV–Vis analysis

Figure 5(a) shows how absorption is influenced by replacement of
Y3+ with Gd3+ and Al3+ with Ga3+ in the Y3Al5O12:Ce

3+ garnet struc-
ture. The absorption bands of the colour centres were found to be
broad and peaked at approximately 457,432 and 460 nm for
Y3Al5O12:Ce

3+, Y3(Al,Ga)5O12:Ce
3+ and (Y,Gd)3Al5O12:Ce

3+ powders,
respectively, in the range between 250 and 500 nm. Each spec-
trum showed two absorption peaks corresponding with the PL ex-
citation wavelengths of each sample, as shown in Fig. 3(a). Also,
the main peaks shifted, to a lower absorption wavelength
(432 nm) for Ga3+ substitutions and a higher wavelength
(460 nm) for Gd3+ substitutions with respect to 458 nm for
Y3Al5O12:Ce

3+. The absorption intensities also varied, being highest
for Gd3+ and lowest for Ga3+ compared with Y3Al5O12:Ce

3+. The
optical band gap of Y3Al5O12:Ce

3+ is in the order of 6.6 eV, in which
the valence band comprises filled oxygen 2p orbitals, whereas the
conduction band consists of yttrium 4d orbitals (17).

The absorption coefficient spectra were obtained by conversion
from the reflectance spectra using the Kubelka–Munk function:

F Rð Þ ¼ 1� Rð Þ2
2R

¼ k
s
¼ Ac

s
(3)

where R is the absolute reflectance, k themolar absorption coef-
ficient, s the scattering coefficient, c concentration of the absorb-
ing species and A is the absorbance. This equation is usually
applied to materials that have high light scattering and absorbing
particles in their structures (19). Equation (2) can be modified by
multiplying the F(R) function by hv:

F Rð Þ�hvð Þn (4)

where h is Planck’s constant and n is the value of the type of
transition, whereby n = 1/2 for a direct allowed transition, n = 2
for non-metallic materials, n = 3/2 for a direct forbidden transition,
n = 2 for an indirect allowed transition and n = 3 for an indirect for-
bidden transition.
Copyright © 2016 Johnwileyonlinelibrary.com/journal/luminescence
The optical band-gap energies (Eg) (eV) were estimated from the
intercept of the extrapolated linear portion from the high slope re-
gion of the (F(R) *hv)n vs.hv plot known as Tauc’s plot along thehv
axis (19), as shown in Fig. 5(b). It can be seen that (Eg) is greatly in-
fluenced by the presence of the incorporated substituent ions
(Ga3+ and Gd3+) in the matrix of the host Y3Al5O12:Ce

3+. Eg ≈ 3.3,
3.5 and 3.6 eV for (Y,Gd)3Al5O12:Ce

3+, Y3Al5O12:Ce
3+ and Y3(Al,Ga)

5O12:Ce
3+, respectively. The band-gap energies are seen to corre-

spond with the energy difference between the lowest 5d level
and the ground state of 4f configuration of Ce3+, as represented
in the schematic energy diagram in Fig. 4. As the crystal-field split-
ting of 5d energy levels of the Ce3+ ion increases, in the case of (Y,
Gd)3Al5O12:Ce

3+, or decreases, in the case of Y3(Al,Ga)5O12:Ce
3+,

more or less splitting occurs, respectively, and pushes the lowest
excited 5d state of Ce3+ toward lower energies.
Thermoluminescence

The TL of the Y3Al5O12:Ce
3+, Y3(Al,Ga)5O12:Ce

3+ and (Y,Gd)3Al5O12:
Ce3+ samples was investigated to understand the nature of traps,
trapping levels/energies and de-trapping mechanisms (20), and
how these might be affected by substitution of the trivalent cat-
ions Ga3+ and Gd3+ into the host (Y3Al5O12:Ce

3+) lattice. TL is the
emission of light from an insulator or a semiconductor following
the previous absorption of energy after exposure to a certain radi-
ation (21). Exposure to radiation aims to dislodge electrons and
Luminescence 2016Wiley & Sons, Ltd.
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excite them from impurity levels within the crystal lattice into the
conduction band. The electrons are then captured by intentional
or unintentional traps within the band gap of the material (22).
Upon heating, the trapped electrons relax back to their normal,
stable, lower-energy positions, releasing energy in the process
(23). The traps are then analysed during TL measurement by
heating the sample. During the TL measurements, the samples
were exposed to UV radiation for the same period (5 min) and
the temperature, T (°C) was increased linearly at a heating rate
(β) of 1 °C/s as a function of time t (s); glow curves of intensity (I)
as a function of temperature T (°C) were recorded as shown in
Fig. 6(a). The temperature of the TL peak position represents the
trap depth/level, whereas the intensity represents the number of
traps within the band gap and the energy corresponding to the
glow peak is equal to the trap depth (13).

The glow curves for Y3(Al,Ga)5O12:Ce
3 and (Y,Gd)3Al5O12:Ce

3+

feature two peaks each; one distinguished a maximum peak tem-
perature (Tm) at 74 °C and a shoulder at 163 °C for Y3(Al,Ga)5O12:
Ce3+ and at 87 °C and 146 °C for (Y,Gd)3Al5O12:Ce

3+, whereas the
Figure 6. (a) Fitted TL glow curves and (b) peak temperature and intensity curv

Luminescence 2016 Copyright © 2016 John
glow curve of Y3Al5O12:Ce
3+ features only one peak at 162 °C.

The three peaks at 146 °C for (Y,Gd)3Al5O12:Ce
3+ and 163 °C for

Y3(Al,Ga)5O12:Ce
3+ and 162 °C for Y3Al5O12:Ce

3+ might be equiva-
lent to deeper traps (24) although the first two are of low intensity
compared with the last. The low intensity of the phosphor can be
attributed to the presence of an insufficient number of shallow
traps, whereas a deeper trap density is related to longer decay
times. Because the concentration of Ce3+ remains constant in all
the samples, the observed changes in the peak position and inten-
sity could only be due to the substitution of Ga3+ and Gd3+ into the
host (Y3Al5O12) lattice.
As shown in Fig. 6(b), the highest TL signal was observed for (Y,

Gd)3Al5O12:Ce
3+ with a peak at 87 °C, followed by Y3Al5O12:Ce

3+ at
162 °C, and the lowest for Y3(Al,Ga)5O12:Ce

3+ at 74 °C, suggesting
presence of trap levels. It has been explained elsewhere that the
trap depth is directly proportional to the glow peak maximum
(25), therefore, the trap depth of the samples in descending order
is Y3Al5O12 host > (Y,Gd)3Al5O12 host > Y3(Al,Ga)5O12 host. It was
also observed from the TL peak measurements that the energy
es for the Y3Al5O12:Ce
3+
, Y3(Al,Ga)5O12:Ce

3+
and (Y,Gd)3Al5O12:Ce

3+
samples.
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traps of trivalent rare earth ions are in the order: Yb3+ > > Sm3+

> > Dy3+> Pr3+> Nd3+> Er3+> Ce3+> Gd3+> La3+ (26), which
is in agreement with our results. Also, as explained by Fasoli et al.
(27), Ga3+ doping prevents the trapping of free carriers due to shal-
low traps because it does not reduce the defect concentration, but
rather causes changes in the valence and conduction bands such
that the energy level of shallow defects is no longer in the
forbidden gap where electrons can be trapped. Shallow traps are
detrimental to the performance application of Y3Al5O12:Ce

3+ in
scintillators, but modifications of the band gap via substitution of
Ga3+/Gd3+ can help suppress the effect (27).
Conclusion
In this study, we investigated the structural and optical properties
of commercial Y3Al5O12:Ce

3+ phosphor with regards to the substi-
tution of Al3+with Ga3+ and Y3+with Gd3+ in the Y3Al5O12:Ce

3+ gar-
net structure. It was found that the diffraction peaks shifted slightly
to the lower angles for Y3(Al,Ga)5O12:Ce

3+ and higher angles for (Y,
Gd)3Al5O12:Ce

3+ with reference to Y3Al5O12:Ce
3+. This shift was at-

tributed to ionic size differences; Gd3+ being larger than Y3+ and
Ga3+ being larger than Al3+. Replacing Y3+ with Gd3+ and Al3+ with
Ga3+ caused lattice expansion/contraction that led to an
increase/decrease in the crystal-field interaction of Ce3+. The broad
band excitation at 462 nm and emission at 578 nm for Y3Al5O12:
Ce3+ were due to the 4f–5d electronic transition of Ce3+ ion. The
UV absorption bands were found to be broad and peaked at ap-
proximately 457, 432 and 460 nm for Y3Al5O12:Ce

3+, Y3(Al,Ga)
5O12:Ce

3+ and (Y,Gd)3Al5O12:Ce
3+ powders, respectively. The

highest TL signal was observed for (Y,Gd)3Al5O12:Ce
3+ with a peak

at 87 °C, followed by Y3Al5O12:Ce
3+ at 162 °C and Y3(Al,Ga)5O12:

Ce3+ at 74 °C, suggesting the existence of trap levels.
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