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a  b  s  t  r  a  c  t

We  present  a complex  fluorescence  study  of  a series  of  gadolinium  oxide  polycrystalline  powders  singly,
doubly  and  triply  doped  with  trivalent  rare  earth  ions  (Er3+, Tb3+, and  Dy3+),  to  explore  a possibility  of
their  use  as  materials  for white  light  emitting  diodes.  The  excitation  and  luminescence  spectra  along
with  the  decay  kinetics  were  measured  in the  temperature  range  from  6  to  300  K.  The  luminescence  effi-
ciency  was  studied  within  the  visible  spectral  range,  i.e.  −400 nm  to  750  nm under  excitation  by  355  nm
third  harmonic  Nd:YAG  laser  pulses.  Singly  doped  Er3+ sample  gave  stronger  luminescence  signals,  but
others  showed  significantly  larger  decay  lifetimes.  The  successive  rare  earths  doping  leads  to substantial

3+

ptical compounds
ight emitting diodes
luorescent spectra

changes  of  the  spectral  positions  due  to the up-conversion  processes.  In the  singly  (Er ) doped  sample,
following  the  time  resolved  spectrum  and  decay  curves,  there  are  two  different  types  of  emissions:  at
660 nm  and at shorter  wavelengths  (below  640 nm)  the  red emission’s  lifetime  is ten  times  longer  than  at
shorter wavelengths.  The  singly  doped  sample  shows  unclear  temperature-dependence  of  luminescence
with  lifetime  at 550  nm  (the  longest  at 100  K, similarly  at 6 K and  300  K)  and  achieved  luminous  efficacy
73.5  lm/W.
. Introduction

The search of the white light emitting diodes requires additional
ntensive search of materials possessing the good efficient lumi-
escent features [1–12]. Some efforts were done concerning the
e:YAG ceramics [6].

As for the host materials, the gadolinium oxide Gd2O3 is a very
romising candidate, since it can be easily doped with different
are earth ions occupying the Gd3+ local site positions without any
harge compensation [13–15],  on one hand, and due to the wide
nergy gap (∼32,000 cm−1) between the ground and first excited
tates of Gd3+, on the other hand. The former factor favors rela-
ively easy sample preparation processes, whereas the latter one

nsures spectral compatibility of the host and impurities, since a
arge number of emitting levels of trivalent lanthanides are located
n the region of optical transparency of Gd2O3.

∗ Corresponding author at: Physics & Astronomy Dept., College of Science, P.O.
ox  2455, King Saud University, Riyadh, Saudi Arabia.
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Therefore, in the present work we explore the spectroscopic
properties of Gd2O3 doped with different trivalent lanthanides.
After careful consideration of different rare earth ions, we  have
chosen Er3+, Tb3+, and Dy3+ ions. Moreover, to study possible inter-
actions between different impurities and their influence on the
overall appearance of optical spectra and lifetimes of the excited
levels, various combinations of dopants were considered, such as
singly doped with Er, doubly (Tb3+, Er3+) doped, and, finally, triply
doped (Tb3+, Er3+, and Dy3+) matrices. Following such a route, it is
possible to evaluate the role of additional doping in variations of
fluorescent spectra and their effective emission.

2. Materials and methods

2.1. Synthesis of Gd2O3 doped with combinations of Tb3+, Er3+, and Dy3+ ions

The Gd2O3 samples doped with combinations of rare earth (RE = Tb3+, Er3+,  and
Dy3+) ions were obtained by the Pechini method [16]. High purity (4 N) gadolinium

oxide, dysprosium oxide, erbium oxide and terbium oxide powders were used as
sources of RE cations. Firstly, 1.38 mmol of gadolinium oxide and proper amounts of
dopants were dissolved in nitric acid under stirring and heating in order to obtain
clear  solution. Citric acid was  used to chelate the metal ions due to their interaction
with carboxyl groups. Uniform distribution of RE ions was obtained in this way. The

dx.doi.org/10.1016/j.jallcom.2011.09.040
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ikityk@el.pcz.czest.pl
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Fig. 2. PL emission spectra of the studied compounds at room temperature.
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ig. 1. Excitation spectra of rare earth doped Gd2O3 powders measured at 550 nm.

ddition of mannitol was  used to create rigid polymer containing homogeneously
istributed RE3+ ions. Mannitol and citric acid solutions were obtained by dissolving

n  water. The molar ratio of the citric acid to mannitol was 1:1, 20 mmol  of both
ompounds were used. The solutions of citric acid chelate and mannitol were mixed
sing a magnetic stirrer and heated at 60 ◦C in air atmosphere for one and half hours.
he mixture was dried at 80 ◦C in furnace for 15 h and then kept at 300 ◦C for 3 h. The
ast stage of the synthesis was  the pyrolysis process of the obtained powder carried
ut at 900 ◦C for 4 h.

Three samples were prepared: (1) Gd2O3 matrix with 2 at.% of Er2O3, (2) Gd2O3

atrix with 2 at.% of Er2O3 and 1 at.% of Tb4O7, and (3) Gd2O3 matrix with 2 at.% of
r2O3, 1 at.% of Tb4O7 and 1 at.% of Dy2O3.

.2. Fluorescence spectral measurements

Photoluminescence (PL) emission and excitation spectra, as well as lumines-
ence decay kinetics were examined. For measurement of PL emission spectra and
ecay kinetics, a pulsed (pulse duration 10 ns) third harmonic of Nd3+:YAG laser
355 nm)  and 10 kHz was  used as an excitation source. The pulse energy was equal
o  about 1 �J. The laser beam was focused in a backscattering geometry onto about

 mm2 spot on the surface of a sample. Spectra were recorded by a spectrograph
Andor SR-303i) equipped with an intensified charge coupled device (Andor DH-
01) with spectral resolution up to 1 nm.  This detector could be used to acquire
ime-resolved PL spectra with time-resolution down to 5 ns. Decay curves were
ecorded with a Hamamatsu H8259-01 photomultiplier operating in photon count-
ng  mode with time resolution 100 ns. For measurement of the PL excitation spectra,

 150 W Hamamatsu Xenon lamp was used together with a monochromator (MDR-
3, spectral width 2 nm)  as the tunable excitation source. The luminous efficacy was
easured by quantum integrating sphere.

. Results and discussion

Figs. 1 and 2 show the excitation and PL spectra of the stud-
ed compounds. Following the presented spectra one can see that
or the single Er3+ dopant there exist sharp excitation peaks within
70–420 nm wavelength range. Addition of Tb3+ ions leads to sig-
ificant decrease of emission efficiencies for the mentioned spectral

ines and simultaneously to a drastic enhancement of the spec-
ral line’s intensities at wavelengths 250 nm and 280 nm. The triply
oped samples give substantially higher ultraviolet excitation and
ome increase of the blue excitation.

The observed dependences unambiguously indicate an effective
ransfer of the excitation energy between the studied rare earth
ons. An essential requirement for the efficient energy transfer is the
lose location of interacting energy levels. Fig. 3 shows the energy
evel diagrams of free Tb3+, Dy3+ and Er3+ ions. Following this figure,
he emitting 5D4 levels of Tb3+ ions are very close to other emitting
tates: 4F9/2, 4I15/2 manifolds of Dy3+ ions and with 4F7/2 level of

r3+ ions.

The spectral dependences of the fluorescence at ambient tem-
erature are shown in Fig. 4. For the singly Er3+-doped Gd2O3
owders there are three principal groups of the emission lines. The
λ [nm]

Fig. 4. Temperature dependence of PL emission spectra of Gd2O3: Er, Tb, Dy.

more prominent – (between 532 nm and 570 nm) corresponds to
the 4S3/2–4I15/2 emission. The second group of the spectral lines

– (between 660 nm and 690 nm)  corresponds to the transitions
between the 4F9/2–4I15/2 manifolds. The spectrally narrow emission
lines indicate a long-range ordered environment for the particular
rare earth’s ions. The more delocalized are the short wavelength
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pectral emission maxima at 420–500 nm originating from the
H11/2–4I15/2 emission lines.

The addition of Tb3+ ions leads to substantial changes of
he spectral properties. The first group of emission peaks at
32–750 nm gets now blue shift and there is clear increase of the
D4–7F5 Tb3+ transition, which correlates well with decrease of
he Er3+ 4S3/2–4I15/2 transition, which may  be responsible for the
bserved energy transfer. Additionally there occur some spectral
uorescent maxima between 620 nm and 660 nm,  which originated

rom the following transitions: 5D4 to 7F5 and 5D4 to 7F4. So we
bserve some extension of the spectral emission, however the pre-
ious sharp structure is partially lost. Only after addition of the
hird rare earth ions, i.e. Dy3+ we detected substantial increase of
he total luminous efficiency, which was equal to 120 lm/W within
00–750 nm spectral range for the triply doped compounds with
espect to 23 lm/W and 45 lm/W for one a two- and two-doped
olycrystalline powders with sizes within 2–40 �m.

The temperature has a significant influence on behavior of the
bserved fluorescent spectra (see Fig. 4). One can see that the spec-
ral maxima at 490–600 nm partially disappear and there appear
ome maxima at 420 nm.  This fact may  indicate on a principal role
f the phonon subsystem and its interaction with the impurity ions’
lectronic states.

The corresponding decay spectra of fluorescence for the main
uorescence bands are given in Figs. 6–9.  One can see that the

onger wavelength emission seems to be temperature dependent
or the triply doped samples (Figs. 10 and 11). The singly doped
ample shows unclear temperature-dependence of luminescence
ifetime at 550 nm (the longest at 100 K, similar at 6 and 300 K).

As it can be seen in Figs. 6–10, successive doping causes dras-
ic changes in the luminescence lifetime. In the case of the singly
oped sample, the emission can be interpreted as the first order
ecay, with the R2 parameter higher than 0.9. As the time resolved
pectrum clearly shows (Fig. 8), the emission at 670 nm lasts much
onger than at other wavelengths, which is confirmed by decay
urves obtained with a photomultiplier (Figs. 5 and 9). The values of

 are equal to 22.5 and 3.25 �s for 670 nm and other wavelengths,
espectively.

Successive doping with terbium ions changes the decay kinet-
cs significantly. It can no longer be approximated by the first order

xponential decay equation, but it is evidently longer (Fig. 6). In
he case of triply doped sample, the PL emission is two orders of

agnitude longer than in singly doped sample and reaches 228 �s
Fig. 7). A similar result was obtained from a less accurate method

λ [nm]

Fig. 8. Time resolved spectrum of Gd2O3: Er at room temperature. It can be seen
that the lifetime at 660 nm is much longer than that at 570 nm.
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– time resolved spectra integration (266 �s, Fig. 11). This effect of
drastically longer emission, however, is not present at low temper-
ature (Fig. 7), where only a short-lived emission could be fitted with
single exponential function, possibly coming from the background
emission.

The substantial increase of the emission lifetime of triply doped
samples is due to the energy transfer between emitting levels of
all three impurities (see Fig. 3). It should be pointed out that in
this case the role of the phonon subsystem is very important, since
the interacting energy levels are not in the exact resonance, and
participation of several host’s phonons can effectively eliminate
the existing gaps between the electronic levels. Since the num-
ber of phonons is decreasing with lowering temperature, it may
be expected that such an energy transfer would become less effi-
cient at low temperatures, and, as a direct consequence, the excited
state lifetime would become shorter, as it was indeed confirmed by
the measurements.

4. Conclusions

In the present work we prepared a series of Gd2O3 samples
doped with different combinations of trivalent lanthanide ions: (i)
Er3+, (ii) Er3+ and Tb3+, and (iii) Er3+, Tb3+, Dy3+ and performed their
spectroscopic studies. The main aim of preparing such a series of
samples was to follow the changes of the spectroscopic properties
of the studies samples induced by adding another impurity ion. The
choice of such a group of dopants was determined by the close-
ness of emitting levels of these ions, which eventually leads to the
energy transfer between these ions and drastic re-distribution of
intensities of different emission lines.

For the singly Er3+ doped polycrystalline powders there are
three principal spectral groups of the emission lines: (i) sharp
lines between 532 nm and 570 nm (the 4S3/2–4I15/2 transition); (ii)
sharp lines between 660 nm and 690 nm (the 4F9/2–4I 15/2 transi-
tion), and (iii) the short wavelength spectral emission maxima at
420–500 nm originating from the 4H11/2–4I15/2 transitions. An addi-
tion of Tb3+ leads to substantial changes in the spectrum. The first
group of emission peaks at 532–750 nm shifts to the higher ener-
gies; besides, there is an obvious increase of intensity of the 5D4–7F5
Tb3+ transition, which occurs on account of decreasing intensity
of the Er3+ 4S3/2–4I15/2 transition. Additional emission peaks aris-
ing from the Tb3+ transitions can be also seen in the spectra. After
addition of the third rare earth ions, i.e. Dy3+ we have received sub-
stantial increase of the total luminous efficiency, which was equal
to 120 lm/W.  It was  also shown that the lifetime of the red emission
(at 660 nm)  is about 10 times longer than that one of other emission
transitions.

Successive doping with terbium and dysprosium drastically
changes the luminescence decay kinetics. In the case of triply doped
sample, the PL lifetime is two orders of magnitude longer than in
singly doped sample and reaches 228 �s (Figs. 7 and 11). This effect
is not present at lower temperatures (Fig. 7). Such an increase of the
excited state life times can be attributed to the phonon-assisted
energy transfer between the emitting states of different ions. This
effect disappears at low temperatures since there are not enough
phonons, which may  help in bridging the gap between the elec-
tronic states of impurity ions.

The combination of three dopants and the multicolored lumi-
nescence obtained in this case may  be used for mixing up all
emissions to get white light.
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