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Abstract

Herein we presented polymer complex solution method for production of well crystalline europium doped Y2O3 nanopowders. Polyethylene

glycol (PEG) of five different molecular weights is used both as a fuel and as a nucleation agent for the crystallization. Powders were cold-pressed

and sintered to obtain ceramics. SEM images taken from ceramic pellets indicate formation of a dense structure, with a pronounced grain growth

and low pore concentration. Luminescence emission spectra of powders and ceramics are similar, and in good agreement with theoretical data.

Lifetimes of Eu3+ 5D0 level in nanocrystalline powders are higher compared to one observed in bulk, confirming in this case theory of lifetime

lengthening in nanophosphors due to the change of effective refraction index. As expected, lifetime values in ceramic samples decrease toward the

value in bulk Y2O3. The optical filling factor is calculated from observed decay times, providing a measure of discrepancy between powder and

bulk state regarding their luminescent properties.
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1. Introduction

Phosphors are materials that absorb energy and subsequently

emit it as light by luminescence [1]. Most of them are composed

of a transparent host and an activator, typically a transition

metal or rare earth ion. Among them, oxide phosphors are

found to be suitable for field emission (FED), vacuum

fluorescent (VFD), electroluminescent (EL) and plasma panel

(PDP) display devices. Phosphors based on Eu3+ doped rare-

earth (RE) sesquioxides, such as yttrium and gadolinium

oxides, are well-known materials widely used to provide red
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light emission for modern optoelectronic devices and their

investigation is still of great interest [2–6]. Regarding

phosphors for scintillating applications they are the first choice

for sintered scintillators [7].

Traditionally, RE2O3 phosphors are prepared by a solid state

reaction method starting with a mechanical mixing of precursor

oxides, followed by a ball-milling and calcination. Common

problems of this method are poor sintering behavior of the

material, nonhomogeneity and imprecise control of cation

stoichiometry and high processing temperature [8].

Here we present a polymer complex solution (PCS) method

as a low temperature synthesis procedure for production of

Y2O3-based phosphor powders. The utility of used polymeric

approach is two-folded: (i) the chelating of the cations onto the

polymer chains is provided and (ii) the development of

extremely high-viscosity polymeric raisins occurs during the

gelation process, resulting in very low cation mobility.

However, the organic precursor, in our case polyethylene

glycol (PEG), not only works as a chelating agent and resin

vehicle, but also as an organic fuel to provide combustion heat

for the calcination [9]. On ignition, an intimate oxide mixture is
d.
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obtained and considerable mass is lost as the polymer matrix is

burned away. In this way the PCS method keeps the main

advantages of combustion method, which are simplicity of

process and equipment and low cost of used materials [10,11].

The main goal of this study was to determine the influence of

different molecular weight of used PEGs on the structural,

morphological and luminescent characteristics of the synthe-

sized powders, and from them subsequently prepared ceramics

by cold-pressing and sintering.

2. Materials and methods

2.1. Samples preparation

Five samples of Y2O3 metal oxide powders doped with 3 at%

of Eu3+ were prepared employing polyethylene glycols of

different average molecular weights (200, 2000, 4000, 12000 and

20000, all Alfa Aesar). Water solutions of stoichiometric

quantities of Y and Eu-nitrate were prepared by dissolving

appropriate quantities of Y2O3 and Eu2O3 (both Alfa Aesar,

99.9%) in hot nitric acid. In so obtained solutions PEG was added

in 1:1 mass ratio to the starting oxides. Metal-PEG solution is

stirred at 80 8C for 2 h forming metal-PEG solid complex which

is then combusted at 800 8C in air and finally calcinated at the

same temperature for 2 h. Synthesized powders were cold-

pressed under the pressure of 700 MPa and obtained pellets are

subsequently sintered in a conventional oven at 1200 8C for 18 h

aiming to produce translucent high density ceramics.

2.2. Experimental details

X-ray diffraction measurements were obtained on a Philips

PW 1050 instrument, using Ni filtered Cu Ka1,2 radiation.

Diffraction data were recorded in a 2u range from 108 to 1208
counting for 15 s in 0.028 steps. Structure analysis was

performed using Kolariet computer software [12] based on a
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Fig. 1. (a) Schematic presentation of Y2O3 crystal lattice. (b) Observed (crosses), c

produced with PEG 200; the diffraction peaks are indexed according to JCPDS card n

as inset. Thick marks denote the peak positions of Bragg reflections of Y2O3 cubi
Rietveld full profile refinement method. The microstructure for

powders and ceramic pellets was investigated with scanning

electron microscope JEOL JSM 6460 LV. The luminescence

measurements were performed at room temperature on the

Fluorolog-3 Model FL3-221 spectroflurometer system (Horiba

Jobin-Yvon), utilizing 450-W Xenon lamp as excitation source

for emission measurements and Xenon-Mercury pulse lamp for

lifetime measurements. TBX-04-D PMT detector was used for

both lifetime and steady state acquisitions.

3. Results and discussion

3.1. Structural and morphological analysis

It is well known that Y2O3 crystallizes in a cubic bixbyte

type of structure – space group Ia 3̄ (No. 206). In this structural

type cations occupy two different crystallographic positions 8b

(1/4, 1/4, 1/4) with point symmetry 3̄ (S6, C3i) and 24d (x, 0, 1/

4) with point symmetry 2 (C2). For both sites cations are

octahedrally coordinated while the oxygen ion, in the general

48e position, is tetrahedrally surrounded [13]. Elementary cell

is body centered with 16 formulae units. The schematic

representation of Y2O3 structure is given in Fig. 1a.

Our previous investigation show that using polymer

complex solution synthesis approach well crystalline, europium

doped yttrium samples can be obtained [14]. In this study XRD

measurements confirmed that pure Y2O3 phase has been

obtained for all samples produced using PEGs with different

average molecular weight (200, 2000, 4000, 12000 and 20000).

Measured XRD pattern together with the final Rietveld plot for

the Y2O3:Eu3+ powder obtained using PEG 200 is given in

Fig. 1b with the relevant structural and microstructural data

(crystal coherence size, unit cell parameter, ion coordinates and

microstrain value).

Microstructure characterization of studied samples was

carried out by SEM and selected images are presented in Fig. 2.
alculated (solid line) and difference XRD pattern of Y2O3:Eu3+ powder sample

o. 41-1105. Crystallographic data obtained from the Rietveld analysis are shown

c phase.
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Fig. 2. SEM images of powders (left, marker bar is 5 mm) and pellets (right, marker bar is 0.2 mm) samples. The size distribution of observed grains is presented with

histograms.
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SEM observations of powders clearly show that powder

structures differs with polyethylene glycol’s average molecular

weight, i.e. with different polymer chain length. For PEG 200

and 2000 one can notice puffed structure typical for materials

obtained with standard combustion synthesis. On the other

hand, for PEG 4000, with longer polymer chains, micro-

structure differs and material consists of large and dense,

micron size ‘‘chunks’’. PEG 12000 and 20000 samples are

similar to PEG 200 and 2000 but with more pronounced

densification. SEM images taken from the pellets indicated the

formation of a dense structure, with a marked grain growth and

low pore concentration. We observed that the variation of grain

sizes is a direct function of PEG molecular weight: for longer

polymer chains grains are smaller in size (see histograms in
Fig. 2). The largest grains, with average size of 250 nm, are

observed in PEG 200 pellet, and the smallest for PEG 20000 of

about 130 nm.

3.2. Optical properties

Luminescence emission spectra of all Y2O3:Eu3+ nano-

powders and derived ceramic pellets are presented in Fig. 3.

Five characteristic bands centered at around 580, 593, 610, 650

and 708 nm, associated to 5D0! 7Fi (i = 0, 1, 2, 3 and 4) spin

forbidden f-f transitions, respectively, can be observed. The
5D0! 7F1 transition is the parity-allowed magnetic dipole

transition (DJ = 1) and its intensity does not vary with the host.

On the contrary, the 5D0! 7F2 electric dipole transition



[()TD$FIG]

Fig. 3. Luminescence emission spectra for Y2O3:Eu3+ powder (a) and pellet (b) samples, obtained under excitation of 467 nm. Enlarged parts of emission spectra

(575–605 nm) with indicated emission lines arising from europium ions residing in S6 sites are given as insets. (For interpretation of the references to color, the reader

is referred to the web version of the article.)
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(DJ = 2) is very sensitive to the local environment around Eu3+,

and its intensity depends on the symmetry of the crystal field

around the europium ion. The asymmetry ratio of the integrated

intensity of the 5D0! 7F2 and 5D0! 7F1 transitions can be

considered as indicative of the asymmetry of the coordination

environment around the Eu3+ ion, and is given by Eq. (1):

R ¼ Ið5D0! 7F2Þ
Ið5D0! 7F1Þ

(1)

Values of R factor, calculated for both powders and pellets

are presented in Tables 1 and 2. We observed that R factor

values are higher for the powder samples, indicating that pellets

have lower asymmetry of the coordination environment. This is

a direct consequence of the structural consolidation due to the

applied treatment – loading and annealing.

Part of the spectra taken from 575 to 605 nm is given as

insert in both graphs to closely examine splitting of the 7F1

manifold. One can notice two peaks, one originating from
5D0! 7F0 transition of Eu3+ located in C2 site at around

580 nm and the other from 5D0! 7F1 transition of Eu3+ located
Table 1

Selected parameters obtained after luminescence measurements on Y2O3:Eu3+

powder samples.

Y2O3:Eu3+ powder PEG

200

PEG

2000

PEG

4000

PEG

12000

PEG

20000

5D0! 7F0

C2 site (nm)

580.2 580.3 580.2 580.3 580.3

5D0! 7F1

S6 site (nm)

581.9 582.1 581.9 582.1 581.9

5D0! 7F1

C2 site (nm)

587 587 587 587 586.9

592.7 592.8 592.6 592.7 592.7

599.1 599.1 599.2 599.2 599.2

R 14.9 13.7 12.4 14.5 14.2

DE (cm�1) 344 341 349 342 347

DEtheor
15 (cm�1) 355

t (5D0! 7F2) (ms) 1.6 1.4 1.2 1.5 1.4
in S6 site at around 582 nm. For europium ions residing in

centrosymmetric S6 site only weak magnetic dipole transitions

are possible, therefore only a low intensity luminescence peak

from S6 site may be observed, while all other luminescence

comes from europium ions residing in C2 site. Exact positions

of these lines are given in Tables 1 and 2, for powder and pellet

samples respectively. Stark components of the 7F1 manifold are

clearly visible and their values together with values of the

maximum splitting DE are also presented in Tables 1 and 2.

These results proved a good agreement with theoretical data

indicating that well crystalline Y2O3:Eu3+ samples are obtained

[15]. DE values for the ceramic samples are almost identical

with powder ones, showing equal strength of the crystal field

acting on europium ions in both types of samples [15],

indicating in this way that no change in Eu–O distances has

occurred during transformation from powders to ceramics. All

these results confirmed that the ceramic pellets retained good

luminescent properties of the starting nanocrystalline powder.

In Fig. 4 are presented fluorescence decay curves of the 5D0

emitting level obtained for powder and pellet samples under the

excitation of 467 nm (lem = 611 nm). Calculated lifetime
Table 2

Selected parameters obtained after luminescence measurements on Y2O3:Eu3+

pellet samples.

Y2O3:Eu3+ pellets PEG

200

PEG

2000

PEG

4000

PEG

12000

PEG

20000

5D0! 7F0C2 site (nm) 579.5 579.5 579.4 579.6 579.4
5D0! 7F1

S6 site (nm)

581.4 581.3 581.4 581.4 581.3

5D0! 7F1

C2 site (nm)

586.3 586.3 586.4 586.4 586.5

592.1 592.1 592.3 592.1 592.1

598.7 598.7 598.5 598.6 598.7

R 11.9 12.4 12.7 12.3 12.6

DE (cm�1) 352 351 345 346 348

DEtheor
15 (cm�1) 355

t(5D0! 7F2) (ms) 1.1 1.1 1.1 1.1 1.1
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Fig. 4. Luminescence emission decay profiles for (a) Y2O3:Eu3+ powder and (b) pellet samples of the 5D0 emitting level obtained under excitation of 467 nm

(lem = 611 nm). (For interpretation of the references to color, the reader is referred to the web version of the article.)
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values are given in the Tables 1 and 2. For all samples

fluorescence decay profiles were adjusted by a single-

exponential function showing that a single step radiative

deexcitation process was present. Obtained relatively high

lifetime values of about 1.5 ms are characteristic of europium

species with a low non-radiative energy transfer probability.

However, lower lifetime of about 1.1 ms, similar to those

reported for bulk Y2O3 [16], was observed for all ceramic

samples.

It is well known that excited states relaxation occurs via two

competitive paths: by light emission and by phonon emission.

The rate of phonon emission, w, depends on the number of

phonons emitted simultaneously to bridge the energy gap and is

expressed as:

w� exp
�k DE

hnmax

� �
(2)

where DE is the energy gap to the nearest lower level and hnmax

is the maximum energy of phonons coupled to the emitting

states. The phonon emission rate, w, decreases rapidly with an

increase in DE, so that the competitive light emission becomes

dominant [17]. Thus, the well-known high luminescence effi-

ciency for 5D0 level of Eu3+ is based on a large energy gap of

more than 104 cm�1 that needs to be bridged to the next lower

level of this ion.

The observed decay times (tobs) of the excited 5D0 states of

Eu3+ ions can be expressed according to the following equation:

t�1
obs ¼ t�1

R þ t�1
NR (3)

where tR and tNR represent radiative and non-radiative decay

times, respectively.

Since Eu3+ ions possess distinguished electronic energy

levels and radiative decay dominates as a result of minimized

multiphonon decay, we would expect similar lifetime of 5D0

state in both ceramic and nanopowder samples. From our

results it was clear that this was not the case and an alternative
explanation was sought. Meltzer and co-workers [18] observed

a similar phenomenon in monoclinic Y2O3:Eu3+ and explained

that behavior due to changes produced by the medium

surrounding the nanocrystals which size was much smaller

than the excitation wavelength. In this case the local electric

field acting on the Eu3+ ion was determined by the combined

effect of the Y2O3 medium contained within nanocrystals and

that of the medium filling the voids.

The radiative lifetime of electric dipole transitions, tR, of an

ion embedded in a medium could be expressed by following

formula [18]:

tR�
1

f ðEDÞ
l2

0

½1=3ðn2 þ 2Þ�2n
(4)

where f(ED) is the oscillator strength for the electric dipole

transition, l0 is the wavelength in vacuum and n is the refractive

index of the medium. The dependence of tR on the refractive

index n, was caused by the change in the density of states for the

photons in a medium of reduced light velocity and the modifi-

cation of the polarizability of the surrounding medium. In the

case where the particle size of the nanocrystals is considerably

smaller than the wavelength of light, the refractive index n,

should be replaced by neff, the effective refractive index, which

is the function of the refractive index of the corresponding bulk

material and refractive index of the particle surrounding medi-

um [18]:

neffðxÞ ¼ xnbulk þ ð1� xÞnmed (5)

where x represents the ‘‘optical filling factor’’, which shows

fraction of space occupied by the nanoparticles, nbulk is the

value of refractive index of corresponding bulk material (in our

case nbulk ¼ nY2O3
¼ 1:91) and nmed is the refractive index of

the medium surrounding the nanocrystals (in our case it is air,

nmed = 1).

From Eq. (4) one can derive nonlinear equation which

gives link between emission lifetimes of 5D0 state in bulk



Table 3

Calculated refractive index (nsample) and ‘‘optical filling factor’’ (xsample) for powder and ceramic Y2O3:Eu3+ samples.

Powder PEG 200 Powder PEG 2000 Powder PEG 4000 Powder PEG 12,000 Powder PEG 20,000 Ceramic samples

nsample 1.61 1.68 1.76 1.65 1.68 1.80

xsample 0.68 0.75 0.83 0.71 0.75 0.88
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and nanopowder with effective index of refraction of

sample:

tbulk

tsample

ðn2
bulk þ 2Þ2nbulk ¼ n5

sample þ 4n3
sample þ 4nsample (6)

Then, the solution of this equation can be introduced in

Eq. (5) for calculation of the optical filling factor in the

following way:

xsample ¼
nsample � nmed

nbulk � nmed

(7)

According to the Eqs. (6) and (7) and taking the value for the

lifetime of bulk Y2O3:Eu3+, tbulk, to be 0.9 ms [19] we

calculated refractive index (nsample) and ‘‘optical filling factor’’

(xsample) for powder and ceramic samples and presented

obtained data in Table 3.

These results show that effective refractive indexes are

similar for powder samples prepared with PEG 200, 2000,

12000 and 20000, which is in a good agreement with their

similar morphology as revealed from SEM images. Refractive

index calculated for PEG 4000 sample differs and is similar

with ceramic pellets indicating that observed ‘‘chunk’’

morphology is going toward bulk. Optical filling factor

presents a measure of discrepancy between emission kinetics

of bulk and nanomaterials, Eq. (5), and the obtained results,

ranging from 0.68 to 0.88, follow the same trend found for the

effective refraction index values. Powder obtained with PEG

4000 shows out of trend behavior and further investigations are

necessary to explain this.

4. Conclusions

We demonstrated a successful procedure, based on the PEG

– assisted combustion synthesis, for the fabrication of pure

phase, nanocrystalline Y2O3:Eu3+ powders. The difference in

the morphology of obtained powders and ceramic pellets can be

explained as a function of PEG molecular weight: using longer

polymer chains resulted in a more dense powder structure and

smaller grains in correspondent ceramics.

Pellet samples have lower asymmetry coefficient of the Eu3+

coordination environment then powder ones, which is a direct

consequence of the structural consolidation due to the applied

post-synthesis treatment – loading and annealing. Maximum

splitting of Stark component is almost identical for both powder

and pellet samples, showing equal strength of the crystal field

acting on europium ions and no change in the Eu–O distances.

Rather high lifetime values in both types of samples are

characteristic of europium species with low non-radiative

energy transfer probability while observed lifetime lengthening

compared to the bulk material is consistent with the theory of
effective medium representation of refractive index in

nanophosphors. Lifetime values observed for pellets are in

accordance with the grain growth and material densification,

and are similar with those found in the literature for the bulk

Y2O3:Eu3+. Luminescence measurements showed that the

ceramic samples retained good optical properties of the starting

nanocrystalline Y2O3:Eu3+ powder.
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