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Deep-level transient spectroscopy (DLTS) measurements were used to characterize the electrical

properties of MOCVD grown, europium- (Eu) and xenon- (Xe) implanted GaN films on sapphire

substrates. Implantation energy was 80 keV with a fluence of 1�1014 cm�2 along a channeled

crystallographic direction. Defect levels were observed at EC�0.19 eV for both Eu- and Xe-implantation

which were predicted to be a rare-earth related donor level by theoretical calculations. Other defect

levels are observed with energy levels located at 0.22, 0.68, 0.49, 0.60, 0.77 eV and 0.48, 0.64, 0.45,

0.72 eV below the conduction band for Eu and Xe implantation, respectively. Some of these levels have

similar defect signatures and can be related to other implantation related defects introduced in erbium,

praseodymium and helium implantations.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

GaN is a material that has received a lot of attention for its
potential use for optoelectronic applications such as light emitting
diodes, detectors and laser diodes [1]. As a consequence of its
wide (3.4 eV) direct band-gap, GaN demonstrates low thermal
carrier generation rates and lower luminescence thermal quench-
ing when compared to Si, for example. Furthermore, GaN
demonstrates higher radiation hardness, compared to Si or GaAs.
These properties make GaN a suitable host for optical dopants
introduced by ion implantation.

Rare-earth (RE) elements have already been used in optoelec-
tronic devices, such as the Nd:YAG laser, YOBr:Eu phosphors or Er
in optical fibers [2]. These elements have partially filled inner 4f
electron shells shielded by completely filled outer 5s and 5p
shells. Intra 4f electronic transitions result in very sharp optical
emission at wavelengths ranging from ultraviolet to infrared
covering the visible spectrum. The wavelength of the emitted light
is almost independent of the host material. However, the host
determines radiative transition probabilities and thereby plays an
important role on the luminescence output.

Red, green and blue luminescence have been demonstrated [3]
by doping GaN with europium (Eu), erbium (Er) and thulium
(Tm), respectively. However, the exact mechanisms responsible
for RE 4f electrons excitation and optical emission in GaN remain
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incompletely understood, and described through models derived
from theoretical calculations [4].

It is believed that RE ions will induce a donor level in the band
gap of GaN, which will be involved in the formation of an exciton
trap. The exciton recombination is non-radiative but is thought to
excite the RE f-shell through an Auger mechanism. In fact, Filhol et
al. [5] have calculated that Eu, Er and Tm will introduce donor
levels at 0.2 eV below the conduction band.

Up to now, very little experimental work has been performed
to show the existence of such a donor level. Song et al. reported
that implantation of Er and Pr induce donor levels at 0.188 and
0.190 eV [6] below the conduction band of GaN, respectively.
However, with this work we also observe similar levels after Xe
implantation, leading to the conclusion that the reported levels
are due to implantation induced damage. Xe is expected to be
chemically inert and have a size and mass very similar to the RE
ions used, and should therefore generate the same implantation
damage profile.
2. Experimental

We have implanted MOCVD grown n-type GaN thin films at
80 keV with Eu and Xe ions at a fluence of 1�1014 cm�2.
Implantations occurred with substrates at room temperature
and aligning the incoming ion beam with the GaN /0001S
crystalline axis. It was shown by means of RBS and HRXRD [7]
that channelled implantation drastically reduces implantation
damage.
009), doi:10.1016/j.physb.2009.09.018
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After implantation, samples were annealed at 900 1C under N2

constant flow for 30 min. Before contact fabrication, the samples
were degreased by boiling in tricholoethylene followed by rinsing
in boiling isopropanol and thereafter in de-ionized water. The
samples were then boiled for 3 min in aqua-regia and then rinsed
in de-ionized water three times in an ultrasonic bath. Finally, the
samples were etched in a HCl:H2O (1:1) solution for 10 s. After
cleaning, a layered ohmic contact structure consisting of Ti/Al/Ni/
Au (150 Å/2200 Å/400 Å/500 Å) were deposited using an electron-
beam evaporation system and then annealed at 500 1C for 5 min in
an argon atmosphere. Circular Au Schottky contacts, 0.6 mm in
diameter and 1000 Å thick, were resistively deposited through a
metal contact mask, as close as possible to the ohmic contact to
minimize the diode series resistance. Room temperature current–
voltage (IV) and capacitance–voltage (CV) measurements were
used to assess the quality of the Schottky contacts. Diodes with
the lowest series resistance were then analysed by deep-level
transient spectroscopy (DLTS). The implantation related defects
were characterized by using a conventional lock-in amplifier DLTS
system. The energy level relative to the conduction band, EC–ET,
and apparent capture cross section, sa, of the defects, the
combination of which is referred to as its DLTS signature, were
determined from the Arrhenius plot of T2/e vs. 1/T, where e is the
defect emission rate at a temperature T. DLTS spectra were
acquired with filling pulse width of TP=0.2 ms, pulse delay time
TD=0.3 ms, quiescent reverse bias VR=�2 V, filling pulse ampli-
tude VP=2.2 V and temperature scans ranging from 100 to
350 K were performed at several rate windows ranging from 2
to 5000 s�1. Below 100 K carrier freeze-out started to occur,
decreasing the reverse biased capacitance drastically. Careful
investigation showed no DLTS signals to be observed at tempera-
tures below 100 K.
3. Results and discussion

Fig. 1 depicts the DLTS spectra measured for a reference sample
(curve a), as well as Eu and Xe implanted samples (curves (c) and
(b), respectively). For clarity, the spectra are offset with respect to
each other. The reference sample contained two prominent defect
peaks, labelled EO2 and EO5. The energy levels of EO2 and EO5
were determined as EC–0.27 eV and EC–0.61 eV, respectively. EO2
and EO5 have approximately the same signatures as the E1 and E2
defects observed by Hacke et al. in n-GaN grown by hydride
Fig. 1. DLTS spectra obtained for (a) GaN reference sample, (b) 1�1014 Eu cm�2

implantation and (c) 1�1014 Xe cm�2. Spectra were recorded using a reverse bias

of –2 V, filling pulse of 2.2 V, pulse width of 2 ms and LIA frequency of 46 Hz

(emission rate=109 s�1).
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vapour epitaxy [8] as well as the EO2 and EO5 defects observed by
Auret et al. in MOVPE grown GaN [9]. They attribute the presence
of these trap levels to defects introduced during growth. Haase
et al. have also observed these levels in n-type GaN implanted
with nitrogen [10].

The DLTS spectra of GaN implanted with Xe and Eu ions
(curves (b) and (c) in Fig. 1) show additional and different defect
levels related to implantation damage compared to the reference
sample. The spectra obtained after implantation show very broad
peaks in the temperature range where measurements were
performed, which complicates accurate defect identification
in the material. The main factors influencing these spectra is a
drastic increase in the series resistance and reverse leakage
current observed after implantation. The implantation creates a
highly resistive layer below the GaN surface increasing the series
resistance. The reverse leakage current at a bias of 1 V of the
reference sample was in the order of 10�7 A, which increased to
the range 10�5–10�4 A for the implanted samples. This indicates a
large increase in recombination current due to defect levels acting
as recombination centres within the band gap of the material. An
increase in reverse leakage current and series resistance affects
the biasing of the bridge circuit of the capacitance meter resulting
in the capacitance transients being affected. This might be the
cause of the non-zero base line observed in the spectra and can
also lead to broadening of the DLTS peaks. Another possibility for
the broadened DLTS peaks might be the result of the super-
imposition of DLTS signals of several close lying trap levels or
a distribution of trap levels formed within the band gap. High-
resolution Laplace DLTS was attempted to investigate the
possibility of several close lying deep levels, but did not provide
any consistent and reliable results. This was mainly due to an
insufficient signal to noise ratio required for high-resolution DLTS,
due to the effects described above. In our analysis of the DLTS
peaks, only the peak positions without any attempt to deconvo-
lute them were used. This might result in less accurate
determination of the defect signatures indicated in the Arrhenius
plot shown in Fig. 2. The energy levels and apparent capture cross
sections of the defect levels observed are summarized in Table 1
indicated with an uncertainty of at most 10%.

The EEu5 defect level observed in the Eu implanted spectrum is
most probably the same as the EO5 defect level seen in the
reference sample. This can be attributed to the close alignment of
these two defect signatures in the Arrhenius plot and the
corresponding energy level of EC–0.61 eV and capture cross
Fig. 2. Arrhenius plot showing defect signatures for all observed defect levels for

the reference sample (circles), Eu implanted (triangles) and Xe implanted (squares)

samples.
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Table 1
Electronic properties of the defects introduced after Eu and Xe implantation in GaN.

Defect EC–ET (eV) 710% s (cm�2) 710% Identification Reference

EO2 0.27 6.8�10�15 EO2—Grown in defect [8]

EO5 0.61 2.2�10�14 EO5—VN related [8]

EEu1 0.19 2.6�10�16 REGa–VN? [5,6]

EEu2 0.22 3.8�10�16 Implantation related –

EEu3 0.68 8.1�10�8 Implantation related –

EEu4 0.49 7.1�10�15 E4—implantation related [6]

EEu5 0.60 6.7�10�15 EO5—Grown in defect [8]

EEu6 0.77 5.2�10�14 ER4—Implantation related [9]

EXe1 0.19 1.2�10�15 REGa–VN? [5,6]

EXe2 0.48 4.3�10�8 Implantation related –

EXe3 0.64 2.9�10�14 Implantation related –

EXe4 0.45 1.3�10�13 E4—implantation related [6]

EXe6 0.72 1.1�10�14 ER4—Implantation related [9]
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section of 6.7�10�15 cm�2. This defect level cannot be seen in the
Xe implanted sample at all, most likely due to this peak appearing
in the shoulder of the large broad peak at 340 K. The EO2 peak is
also not observed in the Eu and Xe implanted spectra.

The general features of the two implanted spectra are
qualitatively similar, although the peak positions are not all
identical with the same defect signatures, possibly due to the
above mentioned reasons. The defects labeled EEu1 and EXe1 both
have the same energy level at EC–0.19 eV but the capture cross
sections differ by almost an order of magnitude as 2.6�10�16 and
1.2�10�15 cm�2, respectively. The same level has been observed
by Song et al. after implantation with Er and Pr [6]. Density
functional theory calculations done by Filhol et al. [5] considered
the REGa–VN complex for the three rare-earth dopants (Eu, Er and
Tm) in GaN, and showed that a half-filled level 0.2 eV below the
conduction band is formed for all three RE ions. They showed that
REGa defects bind more strongly with VN than any other species
investigated, and that these pairs are stable to around 1000 1C. It
has also been demonstrated that implanted RE ions generally
occupy the substitutional Ga sites [7], which were the main
motivation to consider the REGa–VN complex structure for
calculations. Therefore the trap level at EC�0.19 eV in GaN could
be attributed to REGa–VN. The fact that a similar level is observed
after Xe implantation, indicates that this defect complex is not
just RE related but has a more general structure where the
implanted species might occupy the substitutional Ga position
which can still bind with a mobile VN forming a defect complex
with the same electronic structure.

The defect labeled EEu2 with activation energy of EC–0.22 eV
might be related to the VN according to Fang et al. [11] who
observed this same defect as the main defect introduced during
electron irradiation of GaN. The peak EXe2 however, does not seem
to be related to EEu2 at all, since it results in a completely different
level at EC–0.48 eV with a very large capture cross section of
4.2�10�8 cm�2.

The defect peaks indicated by EEu3 and EXe3 were only clearly
visible for the three lower rate window settings and could not be
resolved from the spectra obtained using any of the higher rate
window settings. The energy levels are EC–0.68 eV and EC–0.64 eV
for the Eu and Xe implanted samples, respectively. A much larger
value for the capture cross section for EEu3 of 8.1�10�10 cm�2 is
obtained compared to 2.9�10�14 cm�2 for EXe3. These two levels
might be related, but due to only three points being used for the
Arrhenius plot and the other factors, as mentioned above, result in
less accurate values.

The close overlap of the defect signature lines for the defects
labeled EEu4 and EXe4 as well as EEu6 and EXe6 might indicate that
they are similar defects created during Eu and Xe implantation.
Song et al. [6] also observed defect levels at EC–0.60 eV, EC–0.41 eV
Please cite this article as: P.J. Janse van Rensburg, et al., Physica B (2
for Er- and EC–0.61 eV, EC–0.39 eV for Pr-implanted GaN. The level
at about EC�0.40 eV might be related to the EC�0.49 eV and
EC�0.45 eV levels observed here for the EEu4 and EXe4 peaks,
respectively, while the level at about EC�0.60 eV might be present
in these samples as well, resulting in the broad peak around 290 K,
which consists of a superposition with the EC–0.62 eV defect level
already present in the material. Haase et al. [12] suggested that
the level at around EC–0.60 eV is most likely due to the nitrogen
antisite point defect, NGa. The defects EEu4 and EXe4 which might
be similar to the EC–0.40 eV levels, cannot be related to RE dopant
levels, as Song proposed, since the Xe implantation results in a
similar level. This defect might therefore rather be some other
implantation related defect complex being formed during the
collision cascade.

In the work by Song, spectra were only measured up to 300 K,
so they did not observe the peaks EEu6 or EXe6 at a temperatures
around 350 K with activation energies EC–0.77 eV and EC–0.72 eV,
respectively. Defect levels at EC–0.77 eV and EC–0.95 eV have also
been observed after 5.4 MeV He irradiation in GaN [9]. This might
also be similar to the EEu6 or EXe6 defects, although the EC–0.95 eV
level is not present after Eu or Xe implantation.
4. Conclusion

In this work we report and compare the results of the electrical
active defects of Eu- and Xe-implanted GaN samples. The high
amount of radiation damage resulted in broadened and over-
lapping peaks in the DLTS spectra, complicating accurate defect
identification. A defect level at EC–0.19 eV is observed which is
also reported after Er- and Pr-implantation, originally associated
with the REGa–VN complex. This defect cannot be related to the
RE-complex alone, since this defect is also present after
implantation with the inert ion Xe. It might be related to a more
general implantation related defect complex. Other implantation
related defect levels are also introduced with energy levels around
EC–0.22 eV, EC–0.68 eV, EC–0.49 eV, EC–0.60 eV and EC–0.77 eV for
Eu implantation and EC–0.48 eV, EC–0.64 eV, EC–0.45 eV and EC–
0.72 eV for Xe implantation, of which at least two have been
observed before introduced during ion implantation. Some of
these levels have similar defect signatures and can be related to
other RE implantation related defects.
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