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Abstract Gadolinium-activated Y,05; phosphor has been
prepared by combustion process in a short time of 5 min.
The phosphors are well characterized by X-ray diffraction,
scanning electron microscopy, and energy-dispersive
analysis of X-ray. The as-prepared Y,05:Gd powder shows
that all the peaks are due to the Y,O5 cubic phase. Upon
UV light excitation (276 nm), the phosphor exhibits a
strong and sharp UV emission at 314 nm and is ascribed to
%P;/, — %S5/, transition of Gd’* ions. The EPR spectrum
of Y,05:Gd phosphor exhibits resonance signals with
effective g values at g = 1.96, g = 2.88, and g = 6.08 and
are attributed to Gd>* ions located at sites with weak,
intermediate, and strong cubic symmetry fields, respec-
tively. It is observed that the population of spin levels (N)
and linewidth depends on temperature. The paramagnetic
susceptibility (y) is also evaluated as a function of tem-
perature and discussed.
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Introduction

Yttrium oxide is an important material in industrial appli-
cations and is widely used due to its excellent properties
such as a high dielectric constant, a low absorption in a
broad range, high melting point, phase stability, low ther-
mal expansion, high refractive index, and excellent thermal
conductivity [1-4]. Y,O3 has a low phonon energy, which
makes it a promising host material for efficient up-con-
version emission [5, 6]. Y,0s3 is one of the best hosts for
Er’" because of the same ionic radii of Y** and Er’"
[5-8]. Europium-doped Y,Oj is a well-known red emitting
phosphor used in lightening industry and optoelectronic
devices [9, 10]. For decades, yttrium oxide is also used in
electronic applications as a part of metal-oxide—semicon-
ductor (MOS) heterostructures in MOS transistors [11, 12].
The structure of the Y,03 belongs to the C-type cubic bi-
xbyite structure, space group Ia3 with 16 formula units in
the elementary cell. The detailed studies about the crystal
structure have been reported in several publications
[13-16].

Recently, the theory of electron spin relaxation of Gd**
complexes and their use as probes and magnetic resonance
imaging contrast agents have been widely studied [17-19].
Abdullah et al. [20] studied ultraviolet luminescence in Y,03
doped with Gd ions. Enhanced luminescence intensity has
been obtained from Y,05:Eu’" thin films by the incorpora-
tion of Gd in Y,05 lattice [21]. A very good substitution of
dopants is ensured by similar crystal-chemical constraints
for rare earth ions and yttrium. In view of this, this work has
attracted many researchers [22-25]. Because of a high
relaxation time, Gd> " displays electron paramagnetic reso-
nance (EPR) spectrum at room temperature [26]. EPR has
proved to be a powerful tool for the characterization of local
order in a variety of solid-state systems.



J Mater Sci (2011) 46:1038-1043

1039

In this study, we have successfully employed solution
combustion process for the preparation of Gd>-activated
Y,0;. The structural and magnetic properties of this
phosphor are well characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy-
dispersive analysis of X-ray (EDAX) spectroscopy, EPR
and photoluminescence (PL) techniques.

Experimental

In this investigation, the starting materials used for the
synthesis were nitrates of Y, Gd, and Urea. The composi-
tion used in the study was Y9¢Gdgo4O3. The doped
material was prepared using 5 g Y(NO3)3;-6H,0, 0.12 g
Gd(NO3)3-6H,0, and 2 g CH4N,0. The metal nitrates and
urea for combustion were calculated on the basis of total
oxidising and reducing valences of the oxidizers and the
fuel using the concepts of propellant chemistry [27]. The
combustion reaction is ignited by the addition of the fuel
urea. These were mixed in a China dish using minimum
quantity of de-ionized water to form a solution, and later
introduced into a muffle furnace maintained at 500 °C. As
soon as the dish was introduced, the combustion proceeds
and vapors of NO, escape from the furnace for a few
minutes. During this period, the constituents of the dish
boil and form froth and finally settle into a solid, porous
mass. Finally, the dish was taken out and the solid mass
was crushed into a powder, which was later used for
characterization.

The phase purity of Y,03:Gd powders was examined by
using XRD (X’pert, Shimadzu, Japan) using Cu Ko radi-
ation (4 = 0.154 nm). The powders were taken in an
adhesive tape fixed onto a stub and coated with graphite for
their electron microscopic evaluation. The chemical com-
positions were analysed using the EDAX attached to the
SEM (S-4300, Hitachi, Japan). The EPR measurements
were carried out on a Bruker EMX 10/12 X-band ESR
spectrometer. Excitation and emission spectra were mea-
sured at room temperature using a spectrofluorometer
(JASCO, FP-6500, Japan) equipped with a Xe source.

Results and discussion
X-ray diffraction

Figure 1 shows the X-ray diffraction pattern of as-prepared
Y,05:Gd phosphor powder. The observed pattern is found
to match with the standard JCPDS files (83-0927). Calcu-
lated cell parameters are in very good agreement with the
literature data [28] and JCPDS files (83-0927). Therefore,
all the peaks are due to the Y,O; cubic phase and no
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Fig. 1 Powder XRD pattern of Y>03:Gd** phosphor

impurity crystalline phases can be detected. These results
show that the formation of Y,O5; phase could be formed
even at furnace temperatures as low as 500 °C, which is
several hundred degrees lower than the conventional solid-
state reaction.

Scanning electron microscopy and energy-dispersive
analysis of X-ray spectroscopy study

The morphological study along with chemical composition
determination was done using SEM coupled with EDAX.
Figure 2a represents the SEM micrograph of combustion
synthesized Y,03:Gd powder taken using backscattered
electron (BSE) detection mode to understand their mor-
phology. The figure suggests that the particles are
agglomerated. Figure 2a shows the elemental mapping for
Y, O, and Gd, which indicates homogeneous distribution of
each element. Further, in order to know the distribution of
Gd, the overlapping of BSE and EDAX mapping for Gd is
shown (Fig. 2a, BSE + Gd). It is clear from this micro-
photograph that gadolinium ions have been doped into
Y,0; matrix homogeneously. Figure 2b shows the EDAX
spectrum which also indicates that the as-obtained product
is composed of Y, O, and Gd. The peaks corresponding to
Gd indicate its presence even with very low doping
concentration.

Electron paramagnetic resonance studies

Figure 3a, b shows the EPR spectrum of Y,03:Gd powder
at room temperature and at 110 K, respectively. The EPR
spectra exhibit three prominent signals with effective
g values at g = 6.08, 2.88, and 1.96. This observed spec-
trum has been labeled as the U-spectrum [29-32] and is the
most frequent signature of S-state rare-earth ion in a low
symmetry site. The EPR spectral features of Gd*>" ions

@ Springer
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Fig. 2 a Backscattered electron

(BSE) SEM and EDAX
mapping of Y, O, Gd, and
b EDAX spectrum
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depend on the relative magnitude of Zeeman microwave
frequency and crystal field strength. When the microwave
frequency is smaller compared to the crystal field strength,
the resonance lines of Gd>" can be seen in the range g > 2.
When the microwave frequency is of the same order to that
of the crystal field strength, the zero-field resonance can be
seen. If the microwave frequency is larger than the crystal
field strength the resonance signals will be concentrated in
the vicinity of g = 2.0.

Chepeleva et al.[29] were the first to discuss the
U-spectrum, and they attributed the g = 6.0 resonance to a
strong cubic field on the basis of solutions obtained for a
cubic Hamiltonian in the strong crystal field limit, where
the Zeeman interaction may be treated as a perturbation.
Another early but more detailed analysis of the U-spectrum
was performed by Niklin et al. [30]. They searched

@ Springer
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extensively for a single set of rhombic crystal field
parameters that could simultaneously account for all the
principal features of the U-spectrum, but they attributed the
three prominent features to three distinct types of crystal
fields. The g = 6.0 feature was attributed to a strong cubic
crystal field, as in the interpretation given by Chepeleva
et al. [29]. Cugunov and Kliava [32] and Koopmans et al.
[33] employed computer simulation techniques in their
analysis but their final interpretations differ from each
other. Cugunov and Kliava [32] attributed the g = 6.0to a
well-defined rhombic crystal field and the broad resonance
encompassing g = 2.0 is due to the formation of Gd>"
clusters. In contrast, the g = 6.0 resonance was considered
to be a feature characteristic of intermediate crystal field
sites of axial symmetry and has attributed the broadened
general appearance of the U-spectrum to isolated rare earth
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Fig. 3 EPR spectrum of Y,05:Gd>* phosphor at a room temperature
and b at 110 K

ions in wide varieties of sites. The EPR signals observed in
the present study with effective g values at g = 1.96, 2.88,
and 6.08 are due to Gd>* ions located at sites with weak,
intermediate and strong cubic symmetry fields, respec-
tively. The zero-field splitting parameter (D) can be esti-
mated based on the AB values (between the central line and
the edge line of the lower magnetic field in the EPR
spectrum) using the formula D ~ AB/6 which is valid for
the first order of the perturbation theory [34]. The esti-
mated D value is found to be 36.23 mT which is of the
same order reported for Gd>* ions in various complexes
[34-36].

The population of spin levels participating in reso-
nance can be calculated by comparing the area under the
absorption curve with that of a standard (CuSO4.5H,0 in
this study) of known concentration. Weil et al. [37] gave
the following expression which includes the experimental
parameters of both the sample and the standard:

N = Ax(SCQ”X)ZGM(Bm)szd(gstd)z[S (S + 1)]szd(P‘”’1)1/2 [std].
Aga(scansg)* Go(By) (20)°[S (S + 1)] (P02
(1)

where A is the area under the absorption curve, which can
be obtained by double integrating the first derivative EPR
absorption curve, scan is the magnetic field corresponding
to a unit length of the chart, G is the gain, B,, is the
modulation field width, g is the g factor, S is the spin of the
system in its ground state. P is the power of the microwave
source. The subscripts “x” and “std” represent the corre-
sponding quantities for the Y,05:Gd powder and the ref-
erence (CuSO,4.5H,0), respectively. It is observed that as
the temperature is lowered from room temperature to
110 K the spin population for the g = 1.96 increases from
0.63 x 10% to 9.41 x 10%° obeying the Boltzmann law.
Further it has also been observed that the linewidth of the
g = 1.96 resonance is increased slightly from 25.2 to
26.0 mT. The increase in linewidth is due to spin—spin
interaction between the Gd—Gd ions. An increase of spin—
spin interaction with the decrease of temperature results in
broadening of resonance line.

The EPR data can be used to calculate the paramagnetic
susceptibility of the sample using the formula [38]

NP+ 1)
L= T 34T

(2)

where N is the number of spins/m® and the other symbols
have their usual meaning. N can be calculated from Eq. 1 and
g is taken from EPR data. Since the resonance signal at
g = 1.96 is intense, this g value is used in calculating
the paramagnetic susceptibility. The paramagnetic sus-
ceptibility (y) evaluated from EPR data at room temper-
ature and at 110 K are found to be 0.15 x 10~* kg m> and
2.2 x 107* kg m >, respectively. The main advantage of
calculating susceptibility from EPR data is that the dia-
magnetic contribution can be neglected.

Photoluminescence studies
Figure 4a shows the excitation spectrum of Y,05:Gd>"
observed at room temperature. The spectrum exhibits an
intense band at 276 nm (36230 cm_l) with several weak
bands on the higher energy side. These bands can be
ascribed to the Gd3+, 4f—4f intra configurational transitions
between S ground state and °I; and °D; multiplets [39].
The observed band positions and their assignments are
given in Table 1. The observed band positions are in good
agreement with the optical absorption band positions
reported for Gd** ions by Binnemans et al. [40].

Figure 4b shows the emission spectrum observed in the
ultra violet region with excitation wavelength fixed at
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Fig. 4 Photoluminescence spectra of the Y,05:Gd** phosphor
a Excitation spectrum of Y203:Gd3 T (Aem = 314 nm) and b Emission
spectrum of Y,05:Gd>" (Jox = 276 nm)

Table 1 The observed band positions for Y,05:Gd>" along with
their assignments

Transition
from 887/2 to

Observed band positions

Wavelength (nm) Wavenumber (cm™")

Ly 283 35335
%Ly, L1 276 36230
T3 270 37040
Do)y 249 40160
Dy 244 40980
°D3)5, “Dsp 239 41840

276 nm. The emission spectrum exhibits an intense band
centered at 314 nm (31847 cm™") and two weak bands on
either side of the intense band. Abdullah et al. [20]

@ Springer

observed a similar spectrum band for Gd>"-doped Y,O;
prepared by heating of precursors in a polymer solution.

Gd** is unique among triply ionized rare-earth ions
having an energy difference between the ®S;,, ground state
and the first excited state °P-, which is the largest in the
series. According to the mean free-ion parameters of Gd*",
the excited state is predicted to be ~ 32,200 cm™ ! above the
ground state [41]. The intense peak observed at 314 nm
(31850 cm™ ") has been attributed to 6P7/2 — 887/2 of Gd**
ions. A weak photoluminescence band observed at 309 nm
(32360 cm ™) has been assigned to °Ps, — S, transition.
Vetter et al. [42] and Shishonok et al. [41] observed a similar
peak for Gd*" ion in AIN and BN, respectively. Moreover,
Shishonok et al. [41] observed an energy difference between
®P,,, and ®Ps,, is equal to ~77 meV (~620 cm™"). In this
work, the authors observed energy difference between °p,,
and ®Ps), is equal to 520 cm™~! which confirms the assign-
ment of the transition for the weak emission band observed at
309 nm. The emission band observed at 322 nm
(=31055 cm™ ') may be due to some impurity from the host.
As the ionic radii of Y>* (1.04 A%) and Gd** (1.08 A°) are
comparable, it is reasonable to assume that Gd*> " ions occupy
Y>" ion sites [43] in this phosphor.

Conclusions

We could synthesize the Gd-doped Y,0; powder via
combustion process. The major advantages of the com-
bustion process are its simple, speed energy saving, cost
effectiveness, homogeneity, and purity. This method is able
to produce single phase Y,0j; directly. By EDAX analysis,
it is observed that Y,O5 was found to be pure and displays
a homogeneous Gd distribution. The EPR spectrum
exhibits resonance signals at g = 1.96, 2.88, and 6.08
which are attributed to Gd>" ions located at sites with
weak, intermediate, and strong cubic symmetry fields,
respectively. The feature at g = 1.96 indicates the exis-
tence of small crystal field splittings compared with the
X-band quantum. As the temperature is lowered from room
temperature to 110 K the spin population for the resonance
signal at g = 1.96 increases significantly following the
Boltzmann law. At 110 K, an increase in linewidth is
observed for the resonance signal at g = 1.96 which has
been attributed to spin—spin interaction. The excitation
spectrum exhibits several bands characteristic of Gd**
ions. The emission spectrum exhibits a strong and sharp
band in the UV region and is ascribed to 6P7/2—>BS7/2
transition of Gd>" ions.
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