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a b s t r a c t

ZnGa2O4 phosphor doped with Eu3+ ions was synthesized by hydrothermal method using two concen-
trations: 3.34 mol% and 1.67 mol% of Eu3+. The crystal structure was investigated by means of X-ray
diffraction, scanning electron microscopy and atomic force microscopy. The results indicate that the
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material consisting of ZnGa2O4:Eu nanoparticles exhibits good crystalinity, with cubic spinel struc-
ture. The powders were found to have 4.74 eV of ZnGa2O4:Eu3+ (3.34 mol%) and 4.69 eV of ZnGa2O4:Eu3+

(1.67 mol%) band gaps, respectively. The luminescent analysis of the materials shows that the trivalent
europium ions doped in this material are localized in different sites, substituting both Zn2+ and Ga3+. The
emission spectra of the europium-doped samples, originating from 5D0–7FJ (J = 0–4) transitions, suggests
the existence of three different site symmetry of Eu3+ ions, tetrahedral (Zn2+), distorted octahedral (Ga3+)

) site
-ray diffraction and low octahedral (Ga3+

. Introduction

Zinc gallate (ZnGa2O4), a ternary spinel material, is a binary
ompound oxide consisting of ZnO and Ga2O3 that crystallizes in
he spinel structure. As an important semiconductor, with wide
and gap of 4.4–4.7 eV, zinc gallate exhibits potential advantages
f the superior thermal and chemical stability under electron bom-
ardment in comparison with sulfide phosphors. It has attracted
onsiderable attention and is may be a good candidate for light
mitting diodes, photodetectors, photocatalysis, low voltage and
ulticolor-emitting phosphors [1–5].
Undoped ZnGa2O4 has a normal spinel crystal structure with

d3m space group and with lattice constant a = 8.3358 ´̊A [6]. The
ormal spinel ZnGa2O4 has tetrahedrally coordinated Zn sites (Td)
urrounded by four oxygen atoms and octahedrally coordinated
a sites (Oh) surrounded by six oxygen atoms. The 32 oxygen ions
re C3v sites arranged in a close-packed cubic formation leaving 64
etrahedral (Td) and 32 distorted (D3d) sites [6]. Zinc gallate phos-

hor (with or without doping) was usually used in the form of thin
lms, nanowires or polycrystalline powders [7–9]. It can acts as
n excellent host material for high luminance multicolor-emitting
hosphors when doped with appropriate activators: Mn-activated
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ZnGa2O4 (ZnGa2O4:Mn2+) for green emission [10] and Cr doped
ZnGa2O4 (ZnGa2O4:Cr3+) for red emission [11]. Rare earth ions are
widely used as activators in this host due to their high fluorescence
efficiencies and very narrow line fluorescence bands [12–14].

Preparation of such materials has been studied for about two
decades and since then the quality of these materials has been
greatly improved. Methods for preparation of nanocrystalline
ZnGa2O4 phosphor doped with Eu3+ ions are usually wet chemical
methods, including sol–gel, precipitation, emulsion combustion,
nonhydrolitic hot solution, hydrothermal method, etc. [15–18]. By
our knowledge, up to day, the effect of Eu3+ doping in the ZnGa2O4
spinel structure grown by hydrothermal method is less studied.

In the present paper the Eu-activated nanocrystalline zinc
gallate has synthesized by hydrothermal method, the structure
characterization and optical spectral properties of such nanoma-
terials have been investigated.

2. Experimental

Phosphors with the normal formula of ZnGa2−xO4:xEu (x = 3.34 mol% and
1.67 mol%) were prepared by hydrothermal method. Hydrothermal synthesis
involves mixing ions (nitrates, acetates or oxides) acting as oxidizing reagents with
filler that acts as the reducing agent. This redox mixture were consisted of zinc-
nitrate, Zn(NO3)2*6H2O (99.99%, Merck) and gallium-oxide, Ga2O3 (99.99%, Merck)

powders in 1:2 ratio. Doping with rare earth elements was carried out by adding
Eu2O3 (99.99%, Aldrich) powders with concentration of 3.34 mol% and 1.67 mol%.
The resulting mixture was then adjusted to a special pH 12 with sodium hydroxide
solution under vigorous stirring. The resulting suspension was transferred into a
Teflon-lined stainless steel autoclave and then was introduced in an oven at 210 ◦C
for 4 h. The white precipitate resulted was filtrated, and then washed 5 times with

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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dx.doi.org/10.1016/j.jallcom.2010.03.237


186 M. Vasile et al. / Journal of Alloys and Compounds 500 (2010) 185–189

F
Z

d
i

r

m
m
e
I
A
p
p
o
t
S

3

3

o

ig. 1. XRD patterns: (a) undoped ZnGa2O4; (b) ZnGa2O4:Eu3+ (3.34 mol%) and (c)
nGa2O4:Eu3+ (1.67 mol%).

istilled water and finally 3 times with ethylic alcohol. In the next stage, the precip-
tate was dried in an oven at 105 ◦C for 4 h.

After drying, the characterization of the obtained material was achieved by X-
ay diffraction (XRD) performed with X’pert Pro MPD X-ray diffractometer, with

onochromatic Cu K� (� = 1.5418 ´̊A) incident radiation. For the identification of the
orphology, dimension and composition of the sample, field emission-scanning

lectron microscopy – SEM and energy dispersive spectroscopy – EDAX (Model
NSPECT S), and atomic force microscopy – AFM (Model Nanosurf® EasyScan 2
dvanced Research) were used. The band gap of ZnGa2O4 doped with Eu3+ ions
owder was calculated by recording the diffuse reflectance spectrum at room tem-
erature using spectrometer UV–VIS–NIR Lambda 950. The luminescent properties
f the obtained materials were studied at room temperature using a double spec-
rometer with the resolution better than 1 meV and different spectral lines of a
pectra Physics 2017 Ar+ laser for optical excitation.

. Results and discussion
.1. Characterization

Structure of the Eu3+:ZnGa2O4 powders were studied by means
f the XRD powder diffraction technique. Fig. 1 shows the rep-

Fig. 2. SEM image of ZnGa2O4:Eu3+: (a) 3.34 mol% and (b) 1.67 mol%.

Fig. 3. The qualitative EDAX analysis: (a) ZnGa2O4:Eu3+ (3.34 mol%) and (b) ZnGa2O4:Eu3+ (1.67 mol%). Inset shows quantification of elements and weight (%).
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esentative patterns, at room temperature, measured for: (a)
he ZnGa2O4, (b) ZnGa2O4:Eu3+ with 3.34 mol% concentration
nd (c) ZnGa2O4:Eu3+ with 1.67 mol% concentration of Eu3+. The
RD spectra exhibit broadened diffraction peaks indicating the
anocrystalline nature. All the peaks can be perfectly indexed with
rystalline ZnGa2O4 phase (JCPDS, card No. 86–0415). The peaks of
he XRD spectrums for ZnGa2O4 doped with Eu3+ (3.34 mol% and
.67 mol%) ions show a slight shift to the left compared with the
eaks of the undoped ZnGa2O4.

XRD patterns of the powder phosphors formed showed ZnGa2O4
nd ZnGa2O4 doped with Eu3+ ions crystalline phases of spinel
tructure in which the (3 1 1) plane indicating the standard pow-
er diffraction pattern of ZnGa2O4 phase and the (2 2 0) peak of
referred orientation of powder were detected. All the specimens
howed (3 1 1) peak with highest intensity in the XRD patterns. The
iffraction peaks in the patterns are indexed to spinel (space group
d3m) phases. The intensity of the peaks relative to the background
ignal demonstrates high purity and good quality of the samples.

The mean crystallite size (d) of the powder samples was calcu-
ated using Scherrer’s formula [19]:

= K�

(ˇ2 − ˇ2
0)

1/2
cos �

here ˇ is the half-width of the diffraction peak in radians, ˇ0
orresponds to the instrumental broadening, K = 180/�, � is the
-ray wavelength, and � is the Bragg diffraction angle. The aver-
ge crystallite size determined from XRD line broadening is 63 nm
or undoped ZnGa2O4, 58 nm for ZnGa2O4:Eu3+ (3.34 mol%) and
0 nm for ZnGa2O4:Eu3+ (1.67 mol%). The lattice constant was cal-
ulated from XRD results, using FullProf Suite computer package,

he values obtained being: a = 8.358040 ´̊A for Eu3+ 3.34 mol% and

= 8.357526 ´̊A for Eu3+ 1.67 mol%.
The nature of the Eu3+ ions doping the ZnGa2O4 spinel nanopar-

icles appears to be complex, because it is possible that these ions
ubstitute the trivalent Ga3+ ions or divalent Zn2+ ions [20]. Due
o the large ionic radius of the rare earth ions, the crystallinity
ecreased with their incorporation because of the high disorder
hat these ions introduce in the host lattice of ZnGa2O4 [21].
he introduced disorder is caused by the ionic radius mismatch

etween rare earth ions (0.861–1.02 ´̊A), and Zn2+ (0.74 Å) or Ga3+

0.62 Å) ions.
The morphological aspect of the resulting powders was exam-

ned by SEM, as shown in Fig. 2a and b. The micrographs reveal
he formation of soft agglomerates, with display an irregular mor-
hology, needle-like for ZnGa2O4 doped with Eu3+ (3.34 mol%) ions
nd rods-like for ZnGa2O4 doped with Eu3+ (1.67 mol%) ions. An X-
ay diffraction indicated that all of these agglomerates consist of
nGa2O4 doped with Eu3+ions.

The EDAX analysis is considered a semi-quantitative analysis.
ue to this reason, a deviation from the ideal stoichiometry has
een evidenced, on groups of crystallites. A typical EDAX spectrum
btained from the analyzed samples is presented in Fig. 3. The EDAX
ines corresponding to Zn, Ga, O and Eu have been identified. The
-lines of Ga and Zn in the 8.5–10.5 keV energy range are well sep-
rated and they have been used for the quantitative analysis. The
nergy L-lines of Eu is between 5 and 8 keV. Fig. 3a and b presents
he EDAX analysis, which confirms the presence of Eu ions. Cor-
elated with the shift to the left observed in the XRD analysis of
u-doped ZnGa2O4 compared with ZnGa2O4, this result leads to

he conclusion that Eu ions entered the host matrix. EDAX anal-
sis indicates that the final product with 1.67 mol% Eu3+ contains
.82% Eu3+ weight percent (compared with the theoretical value of
.78%). For Eu3+ 3.34 mol% EDAX analysis indicates a 2.25% weight
ercent concentration compared with the theoretical value 5.48%.
Fig. 4. AFM images: (a) ZnGa2O4:Eu3+ (3.34 mol%) and (b) ZnGa2O4:Eu3+

(1.67 mol%).

It results that the final product contains less then 40% from the ini-
tial amount of Eu introduced in synthesis and the stoechiometric
report is not respected. The stoechiometric weight concentrations
do not match well experimental results because the EDAX analysis
is semi-quantitative method.

Fig. 4 shows the AFM images of surface morphology for the
(a) ZnGa2O4:Eu3+ 3.34 mol% concentration and (b) ZnGa2O4:Eu3+

1.67 mol% concentration. The average grain size for ZnGa2O4:Eu3+

(3.34 mol%) is about ∼70 nm and grain size for ZnGa2O4:Eu3+

(1.67 mol%) is about ∼50 nm. The AFM data also show that pow-
ders with different root mean square (rms) surface roughness were
obtained by changing the concentrations of Eu3+ ions.

3.2. Optical properties

The optical properties of the ZnGa2O4 doped with the two
different concentrations of Eu3+ are influenced by the size of
the crystallites. This means that the increase of the dopant con-
centration which results in an increase of the crystallites size,
leads to an improvement of all optical properties of the studied
material.

The diffuse reflectance spectrum of the ZnGa2O4 doped with
Eu3+ (3.34 mol%) and Eu3+ (1.67 mol%) powder in the visible region
is shown in Fig. 5.
The absorbance was calculated from the diffuse reflectance
spectrum using Kubelka–Munk equation [22,23]. The optical
absorption spectrum (Fig. 6) of Eu-doped ZnGa2O4 is detected
in the 400–600 nm (or 25000–16666.66 cm−1) region at room
temperature. It includes a number of well-resolved characteristic
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ig. 5. Diffuse reflectance spectra: (a) ZnGa2O4:Eu3+ (3.34 mol%) and (b)
nGa2O4:Eu3+ (1.67 mol%) powder.

bsorption bands due to the electronic f–f-transitions of Eu3+ ions

rom the fundamental term 7F0 state to different excited states (5L6,
D2, 5D1 and 5D0). From absorption spectrum we plotted {(k/s)h�}2

s. h� (Fig. 7), where k denotes absorption coefficient, s is scattering
oefficient and h� is the photon energy.

ig. 6. Absorption spectrum: (a) ZnGa2O4:Eu3+ (3.34 mol%) and (b) ZnGa2O4:Eu3+

1.67 mol%).

ig. 7. Plot of
{

(k/s)h�
}2

vs. h� (energy) (a) ZnGa2O4:Eu3+ (3.34 mol%) and (b)

nGa2O4:Eu3+ (1.67 mol%).
Fig. 8. PL spectra of ZnGa2O4 powders doped with Eu3+ (a) concentration of Eu
3.34 mol% and (b) concentration of Eu 1.67 mol%.

The band gaps of the ZnGa2O4 doped with Eu3+ (3.34 mol% and
1.67 mol%) were determined from the absorption spectra. The band
gap of ZnGa2O4 doped with the two different concentrations of
Eu3+ are determined from the plot of {(k/s)h�}2 vs. h� (Fig. 7).
The band gaps were calculated by extrapolating the linear por-
tion of the curve to h� equal to zero. It is found to be 4.74 eV for
3.34 mol% concentration and 4.69 eV for 1.67 mol% concentration
of Eu3+, respectively.

The PL spectra of nanocrystalline ZnGa2O4 with Eu3+ doping
impurity consists of the characteristic emission peaks of Eu3+ in
the spectral region 550–740 nm. This spectra, associated with spin-
forbidden transitions from the excited 5D0 level to 7FJ (J = 0–4)
levels in 4f6 configuration of Eu3+ activators, is presented in
Fig. 8.

The positions of the emissions peaks are: 579 nm for 5D0 → 7F0,
593 nm for 5D0 → 7F1, 616 nm for 5D0 → 7F2, 654 nm for 5D0 → 7F3
and 698 nm for 5D0 → 7F4, respectively.

Only emission from the first level 5D0 was observed, reveal-
ing that the high-energy lattice phonon make the multi-phonon
relaxation process predominantly among the 5DJ levels. From PL
spectra (Fig. 8) we can see that the band peaks are shifted till long
wavelength by increasing of Eu concentration.

The luminescence spectrum consists of the 5D0 → 7FJ (J = 1–4)
bands emission, as well as the 5D0 → 7F0 intrashell transition of
Eu3+ (Fig. 8). The transitions 5D0–7F5,6 are absent due to limitations
of spectral instrument. From experimental PL spectra of nanocrys-
talline ZnGa2O4:Eu3+ can be established the site symmetry of Eu3+

ions in host matrix, using the selection rules from group theory.
It is well known [24] that due to the absence of a centre of sym-
metry of the host matrix, (the 4f orbital mix with the opposite
parity orbital), the result is the appearance of allowed electric-
dipole transitions 5D0 → 7FJ (J = even), whereas the presence of a
centre of symmetry for Eu3+ ions in host matrix, allows the mag-
netic dipole transitions 5D0 → 7FJ (J = odd). The asymmetry ratio,
defined as relative intensity of the 5D0 → 7FJ (J = even)-electric-
dipole transition and 5D0 → 7FJ (J = odd)-magnetic dipole transition,
depends on the local symmetry of the Eu3+ ions. When Eu3+ ions
occupy the inversion centre sites, the 5D0 → 7FJ (J = even) transition
should be relatively strong, while the 5D0 → 7FJ (J = odd) is partly

forbidden and should be relatively weak. Therefore, the experimen-
tal R = 5D0 → 7F2/5D0 → 7F1 intensity ratio, is a measure of degree
of distortion from the inversion symmetry of the local environ-
ment of the Eu3+ in the lattice. If we use the integral intensity
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Table 1
Values for intensity ratio.

Transition Integral intensity Integral intensity
mol%

R = 5D0→7F2
5D0→7F1

R = 5D0→7F2
5D0→7F1
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[
[

[

[

[

(ZnGa2O4:Eu3+ 3.34 mol%) (ZnGa2O4:Eu3+ 1.67

5D0 → 7F1 9136.15 10172.26
5D0 → 7F2 14480.12 18804.78

or above transitions, the values of intensity ratios R are given in
able 1.

From this table we can see that the R is about 1.58 (3.34 mol%)
nd 1.80 (1.67 mol%), respectively, this means that the Eu3+ ions
refer to occupy Td (Zn2+) site symmetry or distorted Oh (Ga3+)
ites with no inversion symmetry.

The 5D0 → 7F0 forbidden transition, due to the J–J mixing by
he crystal field effect [25], indicates that some of Eu3+ ions are
t an octahedral low symmetry site. The obtained results are simi-
ar with that for bulk crystals and nanocrystals [4,26] with the same
hemical formula.

. Conclusions

The growth and characterization of Eu-doped ZnGa2O4 phos-
hor synthesized by hydrothermal route were investigated. The
xperimental results based on X-ray diffraction, scanning elec-
ron microscopy and atomic force microscopy indicate that
he material consisting of ZnGa2O4:Eu3+ particles (with both
.34 mol% and 1.67 mol% concentration) exhibits good crystalin-

ty, with cubic spinel structure. The powders were found to have
.74 eV of ZnGa2O4:Eu3+ (3.34 mol%) and 4.69 eV of ZnGa2O4:Eu3+

1.67 mol%) band gaps, respectively. Analysis of the PL emission
uggests that the Eu3+ ions were accommodated by the ZnGa2O4
ost and the sites symmetry of Eu3+ ions, are tetrahedral, distorted
ctahedral and low octahedral. Results are similar with that for bulk
rystals and nanocrystals, having the same chemical composition,
rown by other methods.
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