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Abstracts

Pure and 0.5% and 5mol% Eu3+ doped GaN nanoparticles have been prepared by ammonolysis of the corresponding freeze-

dried precursors. A single hexagonal phase with the wurtzite structure was obtained as determined by X-ray Powder Diffraction.

The crystallite size determined by XRD was lower than 10 nm. From optical spectroscopy characterization, it is found that the

Eu2O3 formation is avoided by using nitrates as starting reagent. Fluorescence line narrowing spectra show excitation wavelength

dependence, which is indicative that the Eu3+ ions are well dispersed in the prepared samples. The environment distribution

occupied by the Eu3+ ions has been analyzed by crystal-field calculation and the results are compared with those for other materials.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Group 13 nitride semiconductors have potential
applications in optoelectronic devices, such as light-
emitting diodes, high-intensity blue lasers and full color
displays [1–3]. These materials show wide band gaps in
the ultraviolet (UV) and visible (VIS) range, i.e. Eg
(eV)=6.2 (AlN), 3.4 (GaN) and 1.9 (InN). The ternary
mixed phases of these nitrides are tunable emitters from
red (1.9 eV) to UV (6.2 eV) depending on the stoichio-
metric Al:Ga or Ga:In ratio. Additionally, when these
semiconductors are doped with rare earth ions show
also potential applications in electroluminescent devices
[4]. The doped wide-gap semiconductors, as GaN, are
especially interesting because of the increasing of the
rare earth ion luminescence efficiency as compared with
other semiconductors such as Si or GaAs [5]. When the
materials are obtained as nanopowder the quantum
e front matter r 2004 Elsevier Inc. All rights reserved.
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confinement produces important changes in their optical
properties (see, for example, Ref. [6]).
Several forms of GaN can be prepared. It is possible

to obtain GaN as a thin film by applying a deposition
process, being the metal–organic chemical vapor deposi-
tion (MOCVD) the most important method [7–12].
These thin films of pure GaN are most often synthesized
by dual source chemical vapor deposition (CVD)
processes [13,14]. However, it has been shown that
molecular single source precursors are both chemically
and structurally attractive alternatives for the low-
temperature synthesis of GaN films, powders and
nanostructured solids. Inorganic and organometallic
single source gallium precursors with nitrogen ligands
consisting of azides [15–21], amides [22–28], hydrazines
[17,29] and hydrides [30] have been utilized for GaN film
and powder synthesis, being the reaction temperature of
these processes in the range of 873–1273K. Polycrystal-
line powders of GaN have been also prepared using
gallium oxides, halides and nitrates [31,32], some of
them prepared by Aerosol Assisted Vapor Phase
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Synthesis (AAVS). The solid solution InxGa1�xN
(x ¼ 0; 0.5, 1.0) has been prepared by pyrolysis of
ammoniumhexafluoroindategallate in ammonia flow
[33].
Rare earth doped GaN has been generally obtained as

films by means of metalorganic molecular beam epitaxy
(MOMBE) or by ion implantation [34]. This is because
most of the precursor methods mentioned above have
not been applied to systems where dopant control is
required. We must comment a work concerning to the
preparation of GaN:Eu via chemistry by ammonolysis,
as this article, but using ammoniumhexafluorometallate
as precursor [35]. The special properties of the trivalent
lanthanide ions are due to the incomplete inner 4f shell
that gives rise to paramagnetic properties and the
interaction with UV, VIS or IR radiation. The
coordination number and the local symmetry of the
ligands around the lanthanide ion rule these properties.
However, the influence of the ligands is not as strong as
for the transition metals, since the 4f orbitals in
lanthanide ions are shielded from outside fields of the
ligands, known as the crystal-field interaction, by the
filled 5s and 5p outer shells.
Materials doped with lanthanide ions have been

intensively studied in the last decades to obtain precise
information on the possible environment of the lantha-
nide ion and its distribution in condensed matter. For
this kind of study the best choice, and the most extended
one, is doping with the Eu3+ ion. This is because it has a
relatively simple energy level diagram, its optical
transitions are very sensitive to the environment and
the ground level 7F0 and the lowest emitting level

5D0 are
non-degenerate; which allows applying Fluorescence
Line Narrowing (FLN) techniques. So, GaN films
doped with Eu3+, obtained by MOMBE, have been
studied by different authors [36,37].
In this paper we propose an alternative synthesis

method to those expensive ones (i.e. MOMBE) for the
preparation of GaN doped with Eu3+ as a nanostruc-
tured material by the ammonolysis of the corresponding
freeze-dried precursors. Pure and Eu3+-doped GaN
have been prepared by this method and they have been
characterized by X-ray powder diffraction, Scanning
Electron Microscope (SEM) and Optical Spectroscopy.
2. Experimental

2.1. Preparation procedure

Materials used as reagents in the current investigation
were: Ga(NO3)3 � 6H2O (Aldrich 99.9%), Eu
(NO3) � 5H2O (Aldrich 99.9%), GaCl3 (Aldrich
99.9%), EuCl3 (Aldrich 99.9%), GaF3 (from Ga2O3
(Aldrich 99.99%)+HF (Merck 48%)) and EuF3
(Aldrich 99.9%). Aqueous solutions of different com-
positions Ga:Eu were prepared in the adequate propor-
tion (Ga was doped with Eu3+ in 0%, 0.5% or 5%) with
a total cationic concentration of 0.5M.
Droplets of these solutions (50mL) were flash frozen

by projection into liquid nitrogen and then freeze-dried
at a pressure of 1–10 Pa in a Heto Lyolab 3000 freeze-
drier. In this way, dried solid precursors were obtained
as amorphous (X-ray diffraction) powders.
GaN, pure and doped with Eu3+, were synthesized by

ammonolysis of their corresponding precursors. The
gases employed in the ammonolysis process were NH3
(99.9%) and N2 (99.9995%). A sample of the selected
precursor was placed into an alumina boat and then
inserted into a quartz flow-through tube furnace. The
gas output of the tube furnace was connected to an
acetic acid trap and the input was connected to the gas
line. Prior to initiating the thermal treatment, the tube
furnace was purged for 15min with N2 and another
15min with NH3. Several runs under different experi-
mental conditions were also performed in order to
determine the appropriate conditions for the prepara-
tion of pure samples. The precursor powder was heated
at 5Kmin�1 to different final temperatures
(1023–1273K) that was held for a period of time under
flowing ammonia (50 cm3min�1). Then, the solid was
cooled down at different variable rates in the same
atmosphere in order to evaluate the influence of the
cooling rate. The different cooling rates were obtained
by either turning off the oven or leaving the sample
inside (slow cooling, ca. 4Kmin�1) or by quenching at
room temperature (fast cooling, ca. 50Kmin�1). The
resulting materials were manipulated and stored in a dry
box (Mbraum, [O2]o1 ppm; [H2O]o1 ppm).

2.2. Characterization

2.2.1. Elemental analysis

Gallium and europium contents were determined in
the final nitrides (gallium doped with Eu3+ (at. %) 0.5%
and 5%) by energy dispersive analysis of X-ray (EDAX)
on a Jeol JSM 6300 SEM that was collected by an
Oxford detector with quantification performed using
virtual standards on associated Link-Isis software. The
operating voltage was 20 kV. The nitrogen content of
the nitrides was evaluated by standard combustion
analysis (EA 1108 CHNS-O); N2 and CO were
separated in a chromatographic column and measured
using a thermal conductivity detector.

2.2.2. X-ray diffraction

X-ray powder diffraction patterns were obtained from
a Phillips X’pert automated diffractometer using gra-
phite-monochromated CuKa radiation. The diffraction
patterns were performed using a special sample holder
for air-sensitive samples with a Mylar cover. This
sample holder was filled in a dry box. Routine patterns
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for phase identification were collected with a scanning
step of 0.021 (2y), over the angular range of 10–1201
(2y), with a collection time of 5 s per step. All graphical
representations relating to X-ray powder diffraction
patterns were performed using the WinPLOTR program
[38].

2.2.3. Microstructural characterization

The morphology of the resulting nitrides was ob-
served using a SEM (Hitachi S-4100) operating at an
accelerating voltage of 30 kV. All the preparations were
covered with a thin film of gold for better image
definition.

2.2.4. Optical measurements

A 6mm-diameter pellet of the doped material was
prepared using a manual press inside the dry box.
Broadband emission spectra were obtained by exciting
the samples with the light from a 250W incandescent
lamp passed through a 0.25m single-grating monochro-
mator. Fluorescence was detected through a 0.25m
double-grating monochromator with a photomultiplier.
The spectra were corrected by the instrumental re-
sponse. For the FLN measurements a tunable pulsed
dye laser was used as an excitation source. The pulse
duration was 5 ns and the repetition rate was 20Hz. The
energy density in pulsed excitation was under 0.2mJ on
2mm2. The dye laser was pumped by the 532 nm pulsed
light from a doubled Nd-YAG laser. For low tempera-
ture measurements a helium continuous flow cryostat
was used in the range 13–300K.
Fig. 1. X-ray diffraction pattern of GaN, GaN:Eu 0.5% and GaN:Eu

5%, obtained from nitrates.
3. Results and discussion

The freeze-drying method provides a potentially
simple, economic method for preparing materials with
excellent control over purity, particle morphology and
dopant ratio. The control of the dopant ratio is a very
important factor when preparing doped materials. Most
of the metalorganic phases proposed for GaN can not
be used in the preparation of lanthanide doped GaN i.e.
GaN:x%Ln, if the lanthanide percentage (x%) should
be varied. This is because the gallium and the metal-
dopant (i.e. lanthanide metal) with a given ligand do not
usually fit in the same coordination number and
geometry, neither in the metal/ligand ratio. In the
freeze-dried precursor method the solution containing
the metal salts is flash-freezed by dropping into nitrogen
liquid, having homogeneity at near atomic level.
Consequently, doped GaN can be prepared with any
Ga dopant ratio by freeze-dried precursor method. In
this work we have applied this method to prepare
precursors of pure and Eu3+ doped GaN, which were
later decomposed by ammonolysis at high temperature.
Starting materials have an important effect on the
crystalline level of the final materials. When gallium
fluorides and chlorides were used as starting materials,
the Bragg peaks of the final product were very broad
and rather small. On the contrary, when gallium nitrates
were used the crystalline degree was good enough from
XRD data. Moreover, in the samples prepared from
fluorides or chlorides peaks corresponding to Eu2O3
appear in the optical spectra, as will be shown later.
Eu2O3 cannot be detected by XRD due to its low
concentration in the GaN matrix. As a conclusion, the
fluoride and chloride salts are not suitable as starting
reagents.
GaN has two common crystal structures, the thermo-

dynamically stable wurtzite structure and the metastable
zinc blende structure [39]. The wurtzite structure has a
hexagonal unit cell in the space group P63mc and thus
two lattice constants a=3.1892(9) Å and c=5.1850(5) Å.
However, the zinc blende structure has a cubic unit cell
with space group F43m and the lattice parameter varies
between 4.49 and 4.55 Å.
Single phase of GaN (hexagonal system of space

group P63mc) has been prepared by the ammonolysis of
a freeze-dried precursor heating over 873K during 2 h
and with slow or fast cooling, using gallium nitrate as
starting material. But the material used in this work,
with a high crystallinity degree, has been obtained at
1273K (Fig. 1).
0.5% and 5% of Eu3+ doped GaN have been

prepared using as starting materials metallic nitrates
and by ammonolysis of the corresponding freeze-dried
precursors with the same synthesis conditions that for
the pure GaN. From the X-ray diffraction patterns, we
confirmed that a single hexagonal phase (GaN, JCPDS
Card #88-948) was obtained for both pure and Eu3+

doped GaN (Fig. 1).
The particle morphology was observed by Scanning

Electronic Microscope for GaN samples. The nan-
ometer particles of GaN are loosely agglomerated
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(60–250 nm). The majority of particles inside the
agglomerate are smaller than 50 nm (Figs. 2a and b).
GaNs doped with Eu3+ have shown a similar morphol-
ogy (Figs. 2c and d).
The crystallite size has been determined from XRD

pattern by a standard Scherrer analysis of the half-width
of the Bragg peaks, following the method described
elsewhere [40]. LaB6 from NIST (SRM660a) was used
as standard to calibrate the intrinsic width associated to
the equipment. The sizes of the crystallites were 9 nm
(GaN), 7 nm (GaN:Eu 0.5%) and 8 nm (GaN:Eu 5%)
Emission and excitation spectra of the Eu3+ ions in

these nanomaterials were obtained from 13K to room
temperature. After excitation to the 5D0 level, different
visible emissions were observed that could be assigned to
the 5D0-

7FJ (J=0–4) Eu
3+ ion transitions.

The excitation spectra of the 5D0 level of the Eu
3+

ions, obtained for the different prepared materials, show
a broad peak at 578.5 nm that would be associated to
GaN:Eu, see Fig. 3. The broadening of this peak
indicates the presence of a site distribution for the
Eu3+ ions. Additional narrow peaks are also observed
in the samples prepared from fluorides and from
chlorides, the two most intense peaks at about 580 nm
are in good agreement with those observed by Sheng
and Korenowski in monoclinic Eu2O3 crystals [41]; this
assignment will be confirmed afterwards by the emission
spectra. It would be remarked that in the samples
obtained from nitrates and manipulated in a dry box the
broad peak at 578.5 nm is dominant, i.e. the formation
of Eu2O3 is nearly avoided. Moreover, the optical
Fig. 2. SEM images showing the microstructure of GaN (a and b) and

GaN:Eu 5% (c and d), obtained from nitrates, at different magnifica-

tions.
spectra of these samples did not appreciably change
when they were left in air for at least 2 days.
A light red-shift of the 578.5 nm excitation peak is

observed in the samples obtained from nitrates when the
Eu3+ concentration is increased from 0.5 to 5mol%.
This effect was observed in other matrices and was
explained considering energy transfer to lower energy
Eu3+ ions in high concentrated samples [42].
The emission spectra from the 5D0 to the

7FJ levels
have been measured for the different prepared materials.
In Fig. 4, emission spectra of samples obtained from
nitrates and from chlorides are shown together with the
emission spectrum of microcrystalline Eu2O3. The
spectrum of the sample obtained from nitrates shows
lines inhomogeneously broaded due to the contribution
of Eu3+ ions in a site distribution. Whereas, the spectra
of the sample obtained from chlorides show the emission
of Eu3+ ions in bcc and monoclinic Eu2O3 crystals [41],
obtained after excitation at 577.5 and 579.5 nm,
respectively. Fig. 4 also shows for comparison the room
temperature spectrum of an Eu2O3 pellet, emission of
Eu3+ ions in bcc and monoclinic Eu2O3 phases are
observed due to simultaneous excitation of ions in these
two crystalline phases.
FLN spectra have been measured in order to confirm

that the broad excitation peak at 578.5 nm correspond
to dispersed Eu3+ ions and not to any kind of
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aggregated phase. After laser excitation at different
wavelengths along the broad excitation peak at
578.5 nm, line narrowed emission spectra have been
obtained in samples prepared from nitrates, as observed
in Fig. 5. Moreover the emission spectra strongly
depend on the excitation wavelength. The critical radius
for the energy transfer between Eu3+ ions from the 5D0
level is very short when compared with other rare earth
ions, about 4.2 Å in oxides glasses [43]. The finding of
FLN in our samples with low Eu3+ concentration
(0.5mol%) indicates that the energy transfer is not
appreciable, i.e., the mean interionic distance is larger
than the critical radius. These results indicate that the
mean distance Eu3+–Eu3+ is long enough to prevent
energy transfer processes between them and, therefore,
the Eu3+ ions are diluted and not in an aggregated
phase.
The CF strength experienced by the Eu3+ ions in the

GaN matrix is a measure of their electrostatic interac-
tion with the surrounding ligands. The average strength
of the crystal-field acting on the Eu3+ ions in GaN can
be estimated from the splitting of the 7F1 multiplets in to
three Stark components. From the FLN measurements,
positions of the 7F1 Stark levels with respect to

7F0
ground level are collected and plotted as a function of
excitation wavelength in Fig. 6 (inset). The change in the
energy positions of the 7F1 Stark levels with excitation
energy is attributed to the progressive increase in the
magnitude of the local crystal-field acting on the Eu3+

ion. Higher crystal-field strength is due to larger charge
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density and/or to a smaller Eu–ligand distance. As can
be observed, the central 7F1 Stark level deviates slightly
with respect to the barycentre whereas low- and high-
energy Stark levels vary largely with increase in
excitation energy.
The splitting of the 7F1 multiplet is only due to the

second rank even crystal-field that, for orthorhombic
and higher symmetries, is described in Wybourne’s
notation by the Hamiltonian [44],

HCF ¼ B20C
ð2Þ
0 þ B22ðC

ð2Þ
�2 þ C

ð2Þ
2 Þ; (1)

where B20 and B22 are the crystal-field (CF) parameters.
The second rank CF parameters have been calculated

by diagonalizing the Hamiltonian considering a C2v
local point symmetry for the Eu3+ ions, since it is the
highest orthorhombic symmetry that allows full splitting
of 7F1 levels of the Eu

3+ ion. Calculations include both
those taking into account and those not taken into
account the J-mixing effect between the 7FJ multiplets.
Moreover, some authors [45,46] have tried to simplify
the description of the crystal-field defining a scalar,
rotational invariant parameter called the CF strength.
Using that given by Auzel and Malta [46], the second
rank scalar CF strength parameter for orthorhombic
symmetries takes the form

NvðB2qÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pðB220 þ 2B

2
22Þ

5

s
: (2)

This scalar magnitude can be related to the maximum
splitting of the 7F1 level as follows [43]

DEMAXð
7F 1Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:3

pð2þ a2Þ

s
NvðB2qÞ; (3)

where a is given by

a ¼
Eb � Ec

DEMAX=2
(4)

and Eb is the barycentre of energy of the
7F1 level,

calculated as the mean energy of the corresponding
three Stark levels, whereas Ec is the energy of the central
Stark level.
The scalar CF strength parameter calculated with the

Eq. (2), considering only the second rank CF parameters
‘with’ and ‘without J-mixing’, as a function of maximum
splitting of the 7F1 level is shown in Fig. 6. A linear
relation is observed when the influence of the nearby 7F2
and 7F3 multiplets, that mainly contribute to the J-
mixing effect on the 7F1 Stark levels, is not considered in
the crystal-field calculation, and coincides with the
theoretical relation, Eq. (3), obtained by Malta et al.
[47]. The scalar CF strength calculated ‘with J-mixing’
shows a gradual deviation from the linear behavior for
larger splittings showing, for a 7F1 maximum splitting of
about 510 cm�1, an increase of more than 10%
compared to that calculated ‘without J-mixing’. This
difference gives a measure of the influence of the J-
mixing effect in the crystal-field analysis and is due to
the gradual increase in the mixing of the wave functions
of the 7F1 Stark level, especially for the highest energy
one with those of 7F2 Stark levels.
Taking the J-mixing effect into account Görller-

Walrand and Binnemans [44] have re-defined the ‘weak
crystal-field’ (J-mixing negligible) and ‘strong
crystal-field’ (J-mixing ineligible) for the lanthanide
systems. According to this definition results given in
Fig. 6 show that Eu3+ ions can be in this sample in a
wide distribution of environments, going from ‘weak’ to
‘strong crystal-field’. These results allow to make a
rough distribution between weak (DEMAXð

7F1Þo
300 cm�1), medium (300 cm�1oDEMAXð

7F1Þo 450 cm�1)
and strong (DEMAXð

7F 1Þ4450 cm
�1) CF environments

[44]. Although it can be observed that in the GaN
sample weak and medium crystal-field environments are
mainly found, for those Eu3+ ions occupying strong
crystal-field environments the J-mixing can be appreci-
able and it has to be taken into account in the
calculations.
A comparison of the scalar CF strength values,

calculated from CF parameters ‘with J-mixing’, as a
function of excitation wavelength to 5D0 level for
different Eu3+ doped glasses [48–50] is shown in Fig.
7. It is found that the range of values obtained is similar
to those found in glasses. This indicates that in the
studied GaN samples there is a wide distribution of
environments for the Eu3+ ions, comparable to the ones
observed in glasses, with crystal-field strength values
intermediate between the results for Be fluoride and Li
fluoroborate glasses.
Finally, the excitation of the luminescent ions by

interband excitation of the semiconductor and energy
transfer to these ions is of practical importance for
optoelectronic applications. In Fig. 8 emission spectra
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from the 5D0 level of the Eu
3+ ions in GaN prepared

from nitrates after above-gap excitation (wavelength
under 360 nm) are showed together with the emission
spectrum obtained by direct excitation of these ions. The
spectra obtained by above-gap excitation are very
similar, with a light broadening of the Stark components
(observed in the 5D0-

7F0 transition) when the excita-
tion wavelength decreases meanwhile the splitting does
not change appreciably (the overall bandwidth of the
other transition does not change). A similar effect was
observed in SnO:Eu3+ nanocrystals and was explained
taking into account the dependence of the band gap with
the nanocrystals radius, which takes to selectivity in the
above-gap excitation [51]. On the other hand, the peaks
in the spectra obtained by interband excitation are
narrower than those obtained by direct excitation of the
Eu3+ ions, as observed in Fig. 8. As a conclusion, the
Eu3+ ions in strong crystal field environments are not
excited efficiently by energy transfer from the semicon-
ductor matrix.
When the emission spectra in Figs. 8 and 4 (samples

obtained fro nitrates) are compared with results
obtained in samples prepared by other methods, it is
found that peaks are red-shifted and the Stark
components are better resolved in samples prepared by
MBE [52], MOCVD [53] and ion implantation [54].
Whereas, in samples obtained by sputtering [55] and by
an ammonolysis process [35] the resolution of the Stark
components and the position of the peaks appear to be
more similar to the ones showed in this work.
4. Conclusions

Both single phase pure and Eu3+ doped GaN have
been prepared in form of nanomaterials by ammonolysis
of the corresponding freeze-dried precursor. It has been
confirmed that freeze-dried precursor method is a simple
and inexpensive technique to obtain rare-earth doped
GaN, which can be an alternative to the relatively long
processes of amides and azide precursors and to the use
of expensive techniques as MOMBE. The optical spectra
of the Eu3+ doped GaN show that the use of metallic
nitrates as starting materials prevents the Eu2O3
formation, observed when metallic chlorides or fluorides
were used. The excitation-wavelength dependence in the
FLN spectra is indicative of large distances Eu3+–Eu3+

confirming that the Eu3+ ions are uniformly spreaded.
The Eu3+ ions occupy a wide distribution of environ-
ments, characterized by a wide range of crystal-field
values, comparable to the ones found in glasses.
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