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Abstract
A vapour transport route for the in situ fabrication of Eu-doped GaN
nanoneedles is reported. The nanoneedles are single crystals of hexagonal
structure and they grow in the [100] direction. The typical taper of a
nanoneedle (in diameter) varies from 5 nm to 1 μm with a length of up to a
few microns. Energy-dispersive x-ray studies indicate that the Eu
concentration doped into the GaN nanoneedles is ∼0.2 at.%.
Photoluminescence spectra show that the nanoneedles have very strong red
emission around 611 nm with a significant blueshift by 11 nm probably due
to the nanostructures’ small size and the surface states of the nanoneedles.
The flow rate of ammonia is shown to have a large effect on the doping rate
and photoluminescence of GaN:Eu nanoneedles.

visible red emission around 622 nm. 1D GaN nanostructures
doped with RE elements are therefore expected to have more
efficient luminescence at room temperature than their bare
semiconductor hosts. They may offer a potential alternative for
red light emission from a III-nitride nanodevice. No reports as
yet are available for Eu-doped GaN nanoneedles. In this paper,
we aim at the in situ growth of GaN:Eu single-crystalline
nanoneedles via a simple and catalyst-free vapour transport
route as well as at intense Eu red emission at room temperature.

1. Introduction
The doping of one-dimensional (1D) GaN nanostructures has
spurred ever-increasing interest because it enables one to
realize various kinds of practical applications by tailoring
the physical properties. Some works have already been
reported, such as Mn- or Mn/Al-doped GaN nanowires,
enabling one to achieve diluted magnetic semiconductor
nanostructures for nanodevices in spintronics [1–3], Si-doped
GaN nanowires resulting in the blue shift of ultraviolet (UV)
emission [4, 5], P-doped GaN nanowires [6] and In-doped
GaN nanowires [7]. However, most of the works have
focused on 1D GaN nanostructures doped with transition
elements and other elements, and the rare-earth (RE) elements
have received little attention. Several studies on RE-doped
GaN that have recently appeared were limited to films and
powders [8–12], in which the visible and infrared light
emission has been shown to be of importance for applications
in electroluminescence devices [13, 14]. In particular, the
5
D0 –7 F2 intra-4f transition of trivalent Eu3+ ions seems most
promising for attaining red light emission. True colour flat
displays based on GaN:Eu films, which can be operated
even under extreme conditions of temperature, humidity and
radiation, have been demonstrated [11, 13–18] via robust
0957-4484/07/015703+05$30.00

2. Experiments
In situ Eu-doped GaN nanoneedle fabrication was carried
out by placing an alumina boat loaded with a mixture of
GaN powder (Aldrich, 99.99+%) and Eu2 O3 power (Shanghai
Chemicals Co. Ltd, 99.99%) with weight ratio of 4:1 and
an α -Al2 O3 substrate in a quartz tube furnace, as shown in
figure 1(a). The boat was kept in the centre of a quartz
tube with 25 mm diameter and 600 mm length heated zone
in the furnace and then the sapphire substrate was placed
280 mm downstream from the boat. The base vacuum was
kept at 95 mTorr. The furnace was heated to 1050 ◦ C at a
rate of 20 ◦ C min−1 with a flow of high-purity ammonia gas
(99.999%) at 80 or 150 sccm and then maintained at this
1
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Figure 2. SEM images of the as-obtained GaN:Eu nanoneedles.

Figure 1. (a) Schematic diagram of the horizontal furnace used in
the synthesis. (b) The temperature distribution curve in the furnace.
(This figure is in colour only in the electronic version)

temperature for 60 min, and the quartz tube pressure was
kept at 500 Torr. The temperature distribution is shown in
figure 1(b). After the system was cooled with NH3 , woollike light-yellow coloured products were obtained from the
sapphire substrate. In order to gain further insights into the
optical properties of the GaN:Eu nanoneedles, undoped GaN
nanowires had been prepared under identical conditions, but
without Eu2 O3 . The high purity of the samples is ensured since
they were produced in a bulk quantity by a simple, one-step and
catalyst-free process.
The as-obtained samples were investigated by x-ray
diffraction (XRD, Japanese Rigaku).
The morphology
and size distribution of the nanoneedles were characterized
using a scanning electron microscope (SEM, Hitachi H8010), and a transmission electron microscope (TEM,
JEOL-2010) equipped with energy-dispersive x-ray (EDX)
spectroscopy. Photoluminescence (PL) measurement was
performed using the third harmonic of a cavity-dumped
femtosecond Ti:sapphire laser at 266 nm with an output power
of 10 mW and a repetition rate of 13 kHz. As a comparison,
the PL spectra of undoped GaN nanowires were also recorded
under identical experimental conditions.

Figure 3. XRD pattern of GaN:Eu nanoneedles.

diameter) varies from 5 nm to 1 μm, with a length of up to
a few microns.
Figure 3 shows an XRD pattern of the as-obtained samples
with a flow rate of ammonia at 80 sccm. The diffraction peaks
are quite similar to those of bulk GaN with the hexagonal
wurtzite structure (a = 3.18 Å, c = 5.18 Å). The diffraction
data are in good agreement with published values [5] for GaN
nanowires. No typical diffraction peaks corresponding to Eu
or Eu compound impurity phases such as GaEu and EuN are
observed. The strong intensities of the peaks relative to the
background show that the nanoneedles are well crystallized.
Figure 4(a) shows a TEM image of a nanoneedle of
∼85 nm diameter and ∼4 μm length. The EDX analysis
(lower inset) indicates that the nanoneedle is mainly composed
of Ga and N with an atomic ratio of 54:46 and a small trace
of Eu. The atomic ratio of Ga to Eu is about 99.8:0.2. The
selected area electron diffraction (SAED) pattern (upper inset)
does not show any four-fold symmetry pattern which would be
present if either tetragonal or cubic phases such as EuGa4 and
EuN were formed in the nanoneedles. Instead, the diffraction
spots show only the six-fold symmetry with a [001] zone
axis, indicating that GaN:Eu nanoneedle is a single crystal
of hexagonal structure GaN and grows in the [100] direction.
Figure 4(b) exhibits a typical high-resolution TEM (HRTEM)

3. Results and discussion
Figure 2 shows the SEM image of the as-obtained samples
having a needle-like nanostructure grown on the sapphire
substrate. The nanoneedles are densely distributed over the
whole substrate. Typically the taper of a nanoneedle (in
2

Nanotechnology 18 (2007) 015703

C Xu et al

(a)

Figure 5. Room-temperature PL spectra of undoped GaN nanowires
and Eu-doped GaN nanoneedles excited by the third harmonic at the
266 nm line of a Ti/Al2 O3 laser.

(b)

Eu can be incorporated into Ga to form Ga/Eu, which is carried
away from the hot zone by the carrier gas and then deposits
onto the Al2 O3 substrate (∼780 ◦ C, growth area). So the
following reaction occurs:
2Ga/Eu + 2NH3 → 2GaN/Eu + 3H2 .

When the GaN concentration reaches saturation in the Ga–
Eu droplet, solid GaN will segregate at the droplet–substrate
interface. Thus, the Ga–Eu droplet acts both as a nucleation
site for GaN segregation and as a medium to incorporate Eu
into GaN. Finally, GaN:Eu nanoneedles are formed. This
process is similar to that in Si-doped GaN nanowires [5]. It is
noteworthy that in the present study we obtained nanoneedles
instead of nanowires. It is believed that the formation
of nanoneedles is in association with surface energy and
growth conditions as reported previously [19]. NH2 , NH
and H2 stemming from the decomposition of NH3 may exist
as intermediates at the surface of GaN:Eu. The absorption of
H or NH2 /NH on the surface of GaN:Eu possibly saturates Ga
and N dangling bonds and reduces the surface energy [20],
leading to the growth of GaN:Eu nanoneedles. Further
investigation is required.
Figure 5 shows room-temperature PL spectra of undoped
GaN nanowires and Eu-doped GaN nanoneedles grown on
Al2 O3 substrate by the vapour transport route using the
third harmonic at 266 nm of a cavity-dumped femtosecond
Ti:sapphire laser with an output of 0.3 mW and a repetition
rate 13 kHz. The undoped GaN nanowires exhibit intrinsic
luminescence at 361 nm. The Eu-doped GaN nanoneedles
show an extremely strong red emission at 611 nm, which
can be assigned to the energy transition from 5 D0 to 7 F2 of
the E3+ inner 4f shell. The weak PL peaks at 536, 593
and 652 nm are in association with the transitions from 5 D1
to 7 F1 , 5 D0 to 7 F1 and 5 D0 to 7 F3 , respectively. These
peaks are similar to those observed in GaN:Eu film [11] and
powder [12] except for the blue shift of the peak positions.
The peak at 626 nm is probably due to the energy level
transition from 5 D1 to 7 F4 , which is consistent with the

Figure 4. (a) A TEM image of an individual nanoneedle; the insets
are the SAED pattern and EDX spectrum; (b) an HRTEM image of
the corresponding nanoneedle.

image of the corresponding nanoneedle. The spacing between
the lattice planes perpendicular to the nanoneedle axis is about
0.269 nm, which agrees with the (100) spacing of wurtzite
GaN, further confirming the growth direction of the nanoneedle
to be [100]. The clear fringes indicate no secondary phase
within GaN:Eu nanoneedles. However, it is difficult to exclude
the presence of Eu on the surface and/or near-surface region
because of the indistinct surface.
There are probably several chemical reactions involved
in our method to fabricate GaN:Eu nanoneedles in the
GaN can be
temperature range from 800 to 1050 ◦ C.
decomposed into Ga and N2 , and Eu2 O3 will be reduced to Eu
since NH3 , besides acting as a nitrogen source, can decompose
stepwise to NH2 , NH, H2 and N2 at temperatures above 800 ◦ C.
GaN → Ga(l) + N2 (g)

(1)

Eu2 O3 (s) + 2NH3 → 2Eu(l) + N2 + 3H2 O(g)

(2)

Eu2 O3 (s) + 3H2 → 2Eu(l) + 3H2 O(g).

(3)

(4)

3
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results reported [11, 16]. Interestingly, the PL intensity of Eu
emission from GaN:Eu nanoneedles in which only weaker near
band edge emission and yellow band emission occur is very
strong and comparable to the intrinsic emission of undoped
GaN nanowires. The main emission of Eu3+ at 611 nm is
significantly blueshifted by ∼11 nm as compared with the
GaN:Eu films [11] and powders [12]. The excitation source for
PL should be taken into account to make sure that this blueshift
is due to the nanostructures. Although we used an abovebandgap excitation source (266 nm) unlike [11] and [12],
where the excitation is at 325 nm, experimental investigations
with different excitation sources such as above-bandgap (He–
Cd laser 325 nm, Ar+ laser 336, 355, and 363.8 nm; Xe lamp
356 nm) and below-bandgap (Ar+ laser 457.9 and 460 nm, Xe
lamp 385 nm) ones for the PL of GaN:Eu films [11, 21] and
powders [12] showed that the main emission position of Eu3+
is nearly independent of the excitation source. Importantly,
the energy splitting and transition of 4f levels of RE ions
depend on the crystal field of the host matrix [22]. It has
been shown that the crystallinity and size of the host matrix
affect the main emission line of Eu3+ causing a significant
blueshift. In the case of Eu-doped ZrO2 nanoparticles, the
blueshifts were 10 nm and 17 nm for diameters of 30 nm
and 14 nm, respectively [23]. In the present work, the
near band edge emission (361 nm) of the undoped GaN
nanowires has a blueshift of ∼2 nm as compared with that of
undoped GaN film (363 nm), indicating that the undoped GaN
nanowires are of high quality. Moreover, as determined from
the TEM study, the GaN:Eu nanoneedles are almost defectfree single crystals. The average diameter of the nanoneedles
is comparable to that of Eu-doped ZrO2 nanoparticles [23].
This one-step, simple and catalyst-free synthesis process for
making GaN:Eu nanoneedles also ensures the high purity of
as-obtained samples. Hence we believe that the blueshift in this
work is not the result of the excitation source at 266 nm, but,
rather, is intrinsic because of the nanostructures (high purity,
crystallinity, size, etc) of the GaN:Eu nanoneedles. Kudrawiec
et al [24] also found that emission (at 616 nm) of GaN:Eu
nanoparticles (∼7 nm) is blueshifted by 6 nm as compared
with bulk GaN:Eu (at 622 nm). Furthermore, by investigating
the aggregation of nanometre grains into micrometre-sized
conglomerates, they concluded that surface states play a
significant role in the photoluminescence. In this work, the
diameter of the nanoneedle varies from 5 nm to 1 μm along
the growth direction, which may be viewed as the combination
of nanoparticles and micrometre-sized conglomerates. Hence,
besides small-size nanostructures causing a confinement effect,
the surface states are likely responsible for the change in
GaN:Eu nanoneedles. On the other hand, other factors such
as strain and thermal heating effects may have an effect on the
variation in PL.
The flow rate of ammonia also has a significant effect
on the photoluminescence of the GaN:Eu nanoneedles. It is
well accepted that the V/III ratio has an effect on the GaN
crystalline quality and RE-related emission in GaN [11, 25].
In the present work, it is reasonably believed that the variation
in NH3 flow rate is similar to the change in V(N)/III(Ga).
Figure 6 shows two room-temperature PL spectra of GaN:Eu
nanoneedles grown at 80 and 150 sccm of NH3 . The intensities
of the Eu main emission peaks at 611 and 626 nm decrease

Figure 6. PL spectra of GaN:Eu nanoneedles showing the
dependence on the flow rates of ammonia.

significantly with increasing NH3 flow rate. Unexpectedly,
the value of Eu in the sample fabricated at a 150 sccm of
NH3 was unavailable by EDX because of the detection limit,
indicating that the Eu concentration at 150 sccm is much
lower (or at least less than the detection limit) than that at
80 sccm. In a sense, the Eu concentration decreases while
increasing the NH3 flow rate (N/Ga). This trend in Eu content
in part expounds the similar trend in Eu PL intensity versus
N/Ga ratio, consistent with the previous report [26], where the
enhanced PL intensity in low NH3 flow rate could be due to
the increase of Eu concentration and of the nitrogen vacancy
complex which plays an important role in energy transfer from
GaN to Eu. The intensity of red emission at 622 nm is mainly
dependent on the number of Eu occupying Ga sites [11, 25].
As to why the amount of Eu in the nanoneedles depends on
NH3 , there are two possible explanations for the variation in
Eu concentration with NH3 flow rate: (i) low NH3 flow rate or
relatively Ga-rich growth conditions at which good crystalline
GaN is usually grown [27] enables the incorporation of a large
amount of Eu; (ii) site competition between Eu and Ga atoms
gives rise to a decreased incorporation of Eu atoms while the
NH3 flow rate is increased. In addition, a low NH3 flow rate
facilitates nitrogen vacancies in the GaN crystal and enhances
the PL intensity [26].

4. Conclusions
Taken together, a vapour transport route for the in situ
fabrication of Eu-doped GaN nanoneedles is presented. The
nanoneedles are single crystalline with hexagonal structure and
grow in the [100] direction. EDX analyses show that the Eu
concentration doped into the GaN nanoneedles is ∼0.2 at.%.
PL spectra show that the nanoneedles have very strong red
emission around 611 nm with a significant blueshift by 11 nm
probably due to the nanostructures’ small size and the surface
states of the nanoneedles. The flow rate of ammonia is shown
to have a large effect on the doping rate and photoluminescence
of GaN:Eu nanoneedles. This nanostructure may offer a
potential alternative for red light emission from a III-nitride
nanodevice.
4
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