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Abstract: Eu-doped GaOOH nanoparticles with size of 5−8 nm were prepared by hydrothermal method using sodium 
dodecylbenzene sulfonate (SDBS) as surfactant. Eu-doped α-Ga2O3 and β-Ga2O3 were further fabricated by annealing GaOOH׃Eu 
and then characterized by X-ray diffraction(XRD), transmission electron microscopy (TEM) and photoluminescence (PL). The TEM 
results show that monodisperse Eu3+-doped GaOOH nanoparticles form and then transform into Eu3+-doped α-Ga2O3 and β-Ga2O3 
through annealing the GaOOH׃Eu nanoparticles at 600 and 900 °C, respectively. PL studies indicate that GaOOH׃Eu has the highest 
intensity at 618 nm. Luminescence quenching is observed at higher Eu3+concentration in all samples. 
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1 Introduction 
 

Gallium oxide (Ga2O3) is an important wide-band- 
gap compound, which has long been known to have 
excellent conduction and luminescence properties[1]. 
Great efforts have been made to investigate their 
applications as optoelectronic devices, as well as a 
candidate for a high-temperature stable gas sensor 
transparent conductor and supported selective 
catalysts[2−4]. Synthesis of nanometer-sized phosphors 
has attracted much attention owing to their 
size-dependent electrical and optical properties 
originating from the quantum confinement. The rare 
earth ion Eu3+-doped Ga2O3 phosphors are of great 
interest because the major emission band is centered near 
618 nm red light, which is one of the three primary 
colors. Many studies on structure and morphology of 
Ga2O3 were reported[5−10]. However, optical properties 
of nanocrystalline Ga2O3 doped by Eu3+ have not been 
studied extensively, and the optical properties of 
Eu3+-doped GaOOH has not been reported. 

Gallium oxides with different morphologies have 
been synthesized by many high temperature methods: 

thermal evaporation, arc discharging, laser ablation, 
chemical vapor deposition, carbon thermal reduction and 
catalyst assisted methods[11−14]. These methods require 
heat treatment at high temperatures for several hours and 
some of them need subsequent grinding. This may 
damage the phosphor surface, resulting in the loss of 
emission intensity. Hydrothermal method is one of the 
most promising solutions due to the obvious advantages, 
such as economics, energy efficiency, and environmental 
friendliness. It is well known that the particle size and 
distribution, phase homogeneity, and morphology could 
be well controlled by surfactant. Nonionic and cationic 
surfactants were used to obtain the gallium oxide and it 
is noted that the above surfactants have limited effect on 
the morphology of resulted GaOOH crystals[15]. In 
many published literatures, sodium dodecylbenzene 
sulfonate (SDBS) is one of the most popular anionic 
surfactants to fabricate the nanomaterials[16]. In our 
work, SDBS was used as the surfactant to synthesize 
Eu-doped GaOOH nanoparticles by hydrothermal 
method. Then, calcination of the GaOOH nanoparticles at 
600 °C and 900 °C in air yielded gallium oxide (α-Ga2O3, 
β-Ga2O3) crystals[17−18]. The optical properties of the 
samples were investigated as well.  
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2 Experimental 
 

In a typical procedure, Ga(NO3)3··nH2O was 
dissolved in a deionized water to form a solution with 
0.01 mol/L Ga3+, the solution was added with SDBS, and 
the molar ratio of surfactants to Ga3+ is 1 10׃. To prepare 
GaOOH ׃Eu3+ phosphor, an appropriate amount of Eu2O3 
(99.99%) was dissolved in HNO3 and heated to form a 
clear solution. The Ga(NO3)3 with SDBS and Eu(NO3)3 
solution were mixed by constant stirring, then a desired 
amount of aqueous ammonia was added to the clear 
solutions to make pH of the solution as 8. The solution 
was poured into a Teflon-lined autoclave apparatus for a 
hydrothermal treatment at 170 °C for 10 h. The obtained 
solid products (GaOOH׃Eu3+) were then heated in an 
electric furnace at 600 °C or 900 °C for 5 h in air, and 
α-Ga2O3׃Eu3+/β-Ga2O3׃Eu3+ were obtained, respectively. 

All the samples were characterized by powder 
X-ray diffraction (XRD) on a MXPAHF X-ray 
diffractometer with Cu Kα radiation (λ=1.790 21 Å). The 
morphological characterization of the samples was 
carried out by transmission electron microscopy 
(JEM-3010; JESL, Tokyo, Japan). For transmission 
electron microscopy, the samples were separated by 
ultrasonically dispersion in 1 mL of ethanol, then a drop 
of the solution was placed on a Cu grid covered with 
carbon film. The excitation and photoluminescence(PL) 
spectra measurements were performed on a Hitachi 
F-2500 fluorescence spectrophotometer equipped with a 
Xe lamp as the excitation light source. 
 
3 Results and discussion 

 
The typical XRD patterns of samples obtained after 

hydrothermal treatment are shown in Fig.1. The 
diffraction peak of Fig.1(a) can be assigned to 
 

 

Fig1 XRD patterns of obtained GaOOH (a), α-Ga2O3 (b) and 
β-Ga2O3 (c) 

orthorhombic GaOOH(JCPDS 060180). The peaks are 
sharp and narrow, indicating identical crystal structure. 
After a subsequent heat treatment at 600 and 900 °C in 
air, the GaOOH׃Eu3+ crystals transform to pure 
hexahedral α-Ga2O3׃Eu3+ (JCPDS 060503) (Fig.1(b)) and 
monoclinic β-Ga2O3׃Eu3+ (JCPDS 411103) (Fig.1(c)) 
crystals), respectively, indicating that the doped Eu3+ 
ions cannot affect the phase purity in our experiments. 

The TEM image of the as-synthesized GaOOH 
powders is shown in Fig.2(a), which indicates that the 
product comprises mainly nanoparticles with the 
diameter ranging from 5 to 8 nm. Further information 
about the microstructure of the as-synthesized GaOOH 
nanoparticles is provided by SAED pattern (Fig.2(b)). 
The linearly spotted SAED pattern reveals that the 
GaOOH nanoparticles are single crystals. The measured 
interplanar spacing corresponds to the (002) crystal plane 
of orthorhombic structure. EDS analysis taken from 
different parts of the monodispersed nanocrystalline 
GaOOH ׃Eu3+ reveals Ga, Eu and O species in the sample 
together with a minor fraction of Cu (from the TEM grid) 
in addition to some carbon content (surface contaminant) 
(see Fig.3). 
 

 
Fig.2 TEM image (a) and SAED pattern (b) of monodispersed 
nanocrystalline GaOOH׃Eu3+ 
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Fig.3 EDS spectrum of monodispersed nanocrystalline GaOOH
 +Eu3׃

 

It is well known that surfactant molecules can form 
micelles in aqueous solution when the concentration is 
above the so-called critical micelle concentration. The 
aggregates are generally round globular micelles. These 
surfactant micelles may serve as nanoparticle reactor 
where the GaOOH crystals are limited in them to form 
the nanoparticles. 

Fig.4(a) displays the TEM image of α-Ga2O3׃Eu3+ 

products converted from GaOOH׃Eu3+ annealed at 600 
°C. The exactly same morphologies indicate the 
inheritance of nanoparticles. Corresponding XRD 
characterization (Fig.1(b)) indicates the complete 
conversion of GaOOH to α-Ga2O3. Compared with the 
size of the GaOOH׃Eu3+ nanoparticles, the particles are 
all agglomerates with particle sizes ranging from 50 to 
70 nm. Fig.4(b) shows the diffraction rings in the SAED 
pattern of the α-Ga2O3׃Eu3+, and (110) and (117) planes 
of α-Ga2O3 could be identified. An individual α-Ga2O3 
corresponding SAED pattern indicates that α-Ga2O3 
nanoparticles are single-crystalline in structure. Fig.4(c) 
displays the TEM image of β-Ga2O3 ׃Eu3+ products 
converted from GaOOH׃Eu3+ annealed at 900 °C. It is 
worthy to note that even after high temperature treatment, 
the Ga2O3 still maintains the same morphology. Fig.4(d) 
shows the HRTEM images of the β-Ga2O3׃Eu3+ 
nanoparticles. The value of fringes corresponds to the 
(201) and (110) planes of the β-Ga2O3 nanoparticles. 
This is further confirmed by the starry electron 
diffraction (ED) pattern as shown in the inset of Fig.4(d). 

The excitation and emission spectra of GaOOH:
Eu3+, α-Ga2O3׃Eu3+, β-Ga2O3׃Eu3+ excited at 394 nm are

 

 

Fig. 4 TEM image (a) and SAED pattern of α-Ga2O3׃Eu3+ (b), TEM image (c) and HRTEM of β-Ga2O3׃Eu3+ (d) 
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Fig.5 Emission/excitation spectra of GaOOH׃Eu3+, α-Ga2O3 ׃
Eu3+ and β-Ga2O3׃Eu3+ (Eu3+ 7%, mole fraction) 
 
illustrated in Fig.5. A number of sharp excitation peaks 
in the region from 350 to 550 nm which are associated 
with the f−f transition of Eu3+, and the emission bands of 
GaOOH ׃Eu3+correspond to 5D0−7F0 (around 581 nm), 
5D0−7F1 (around 590 nm), 5D0−7F2 (around 618 nm), 
5D0−7F3 (around 653 nm), and 5D0−7F4 (around 694 nm) 
transitions of Eu3+[19]. Two broad emission bands of 
α-Ga2O3׃Eu3+ and β-Ga2O3׃Eu3+ centered at 591 and 614 
nm could be assigned to 5D0−7F1 and 5D0−7F2 transitions 
for Eu3+, respectively. Of the two samples, the emission 
spectra of these samples are similar in shape, and the 
bands differ only in their relative intensities. The 
GaOOH ׃Eu3+ has a high emission intensity, and to our 
best knowledge, the photoluminescence properties of 
GaOOH׃Eu3+ have not been reported. 

In Fig.5, the emission intensity of the GaOOH is 
very high. This phenomenon could be explained 
according to the crystal structure of GaOOH. The crystal 
structure of GaOOH was reported to be analogous to the 
diaspore (α-AlOOH) type, consisting of double chains of 
an edge-shared octahedron. The structure of GaOOH׃Eu 
itself is asymmetry, and it is reported[20] that the 
5D0−7F2 emission of Eu3+ belongs to hypersensitive 
transitions, which is strongly influenced by the outside 
surroundings. The relative intensity of these depends on 
the local symmetry of Eu3+ ions, and a lower symmetry 
local site will result in a higher emission intensity. 
α-Ga2O3 has the corundum structure with R̅ 3C 
symmetry. The oxygen ions are approximately hexagonal 
close packed and the gallium ions occupy two-thirds of 
the octahedral sites. The crystalline structure can be 
described in terms of GaO6 octahedra[21]. The 
monoclinic phase of β-Ga2O3 has C2/m symmetry. The 
Ga atoms have tetrahedral (GaO4) and octahedral 
coordinations in the lattice. The two kinds of Ga3+ ions 
exist in equal quantity: one in tetrahedral site (Td point 
symmetry, without inversion center) coordinated by four 
oxygen atoms, the other in octahedral site (Oh point 

symmetry, with an inversion center) coordinated by six 
oxygen atoms. It is easier for Eu3+ to replace the 
octahedral Ga3+ than the tetrahedral Ga3+ in the host 
lattices[22], so, the percentage of Eu in the host lattice of 
α-Ga2O3׃Eu3+ is higher than that of β-Ga2O3׃Eu3+. It is 
likely that the more the unequal replacement of Ga3+, the 
lower the symmetry of Eu3+ site in host lattices. A lower 
symmetry local site (without inversion symmetry center) 
will result in a higher emission intensity and R/O value, 
thus the emission intensity of α-Ga2O3׃Eu3+ is higher 
than that of β-Ga2O3׃Eu3+. 

Fig.6 shows the emission spectra of the GaOOH׃Eu3+, 
 

 

Fig.6 Emission spectra of GaOOH׃Eu3+ (a), α-Ga2O3׃Eu3+ (b), 
β-Ga2O3׃Eu3+ (c) with doping different Eu3+ contents 
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α-Ga2O3׃Eu3+and β-Ga2 O3׃Eu3+ with different doping 
contents (3%, 7 % and 11%, mole fraction). From the 
results, the variation trend is the same of the three 
samples. The integrated intensity increases gradually as 
the doping content increases to 7%, and the 
concentration quenching effect appears when the doping 
content reaches 11%. This results from the fact that more 
Eu3+ ions are incorporated into the host lattice at a higher 
doping content (7%) and prominent energy migration 
between the Eu3+ ions takes place. The emission intensity 
of 5D0→

7Fj (j = 0−4) depends on the amount of Eu2O3. 
In this case, the pairing or aggregation of activator atoms 
at high content may change a fraction of the activators 
into quenchers and induce the quenching effect. The 
migration of excitation by resonant energy transfer 
between the Eu3+ activators can sometimes be so 
efficient that it may carry the energy to a distant killer or 
to a quenching center existing on the surface of the 
crystal. 

 
4 Conclusions 
 

1) The particle size of GaOOH:Eu3+ nanoparticles is 
about 5−8 nm. The morphologies and sizes of α-Ga2O3׃
Eu3+ and β-Ga2O3׃Eu3+ nanoparticles fabricated by the 
nanoparticles remain unchanged. 

2) The red emissions peak 5D0−7F2 (around 618 nm) 
from Eu3+ ions are observed under an excitation of 394 
nm in all the samples. Luminescence quenching is 
observed in the nanoparticles as the amount of Eu2O3 
increases to 11%. 

3) The GaOOH ׃Eu3+ has high emission intensity, 
and the emission intensity of α-Ga2O3׃Eu3+ is superior to 
that of β-Ga2O3׃Eu3+. 
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