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Abstract Using combined excitation emission spectros-
copy, we performed a comparative study of europium ions
in GaN in samples that have been in situ doped during in-
terrupted growth epitaxy (IGE) or conventional molecular
beam epitaxy (MBE) as well as samples that were grown us-
ing organometallic vapor phase epitaxy (OMVPE) and sub-
sequently ion implanted with Eu ions. Through site-selective
resonant excitation, we are able to unambiguously assign all
major observed transitions to a combination of different in-
corporation sites and electron–phonon coupled transitions.
We identified at least nine different incorporation sites of Eu
ions in GaN and studied how these sites behave under dif-
ferent excitation conditions and how their relative number
is modified by different growth and doping conditions. The
coupling to phonons has also been studied for a series of
AlxGa1−xN samples with x = 0 . . .1. We find that a main
site most resembling an unperturbed Eu ion on Ga site is
always dominant, while the minority sites are changing sub-
stantially in relative numbers and can occur in some samples
fairly close in emission intensity to the main site. In terms
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of the excitation pathway after the creation of electron-hole
pairs, we found three types of centers: (1) sites that are dom-
inantly excited through shallow defect traps; (2) sites that
are excited through a deep defect trap; (3) sites that cannot
be excited at all including the majority of the main sites.
We interpret this finding to indicate that the ion in this envi-
ronment is not very efficient in trapping excitation and that
the indirect excitation involving other traps depends on the
ion/trap distance. Many of the main sites are far away from
these traps and cannot be excited through this channel at all.
The efficiency of excitation is highest for the deep traps, in-
dicating that it would be desirable to enrich the respective
site, as has been done with some success in the IGE grown
samples.

PACS 71.55.Eq · 71.70.Ch · 78.55.Cr · 78.60.Hk

1 Introduction

Europium ions in GaN have attracted considerable attention
in the semiconductor laser community due to the recent suc-
cess in realizing both efficient electroluminescence (EL) de-
vices and laser action under optical excitation [1–5]. How-
ever, lasing under electrical excitation has not been obtained
so far. In the laser experiments, an interesting change of laser
wavelength has been observed under variation of the length
of the excitation channel, indicating a critical role of dif-
ferent incorporation sites [5]. After growth, the first evalu-
ation of material quality as an EL material is usually done
by measuring the photoluminescence (PL) intensity excited
with photon energies above the bandgap of GaN. While be-
ing a good measure for the merit of the sample under study
for EL, such measurements are not site selective and the
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spectra show overlapping contributions that are hard to an-
alyze. To make this point, we show in Fig. 1 three different
spectra taken from GaN:Eu samples produced with different
growth conditions. For the depicted 5D0 to 7F2 transition,
a maximum of three peaks is expected for the C3v symme-
try of the Ga site in GaN. The observed additional peaks
could be caused by various mechanisms such as different
sites, excitation from other states, and electron–phonon cou-
pled transitions. Excitation spectra observed by Hömmerich
et al. [6] added to the complication. In the spectral region
of the 7F0 to 5D0 excitation transition five excitation peaks
instead of a single peak were observed. The large shifts
amongst peaks make it unlikely that we are dealing only
with different sites. Detailed studies by Peng et al. [7] us-
ing time-dependent measurements revealed clearly different
sites and excitation pathways, but some peak assignments
remained tentative. The process is even more complex due
to the presence of different excitation pathways involving
defect traps, as directly demonstrated in [8]. Recent publica-
tions [9, 10] revealed a site dependence of these pathways.
In order to conclusively determine the origin of each of these
peaks and its site-specific excitation pathway, detailed site-
selective PL measurements must be carried out. To this end,
we use our technique of combined excitation emission spec-
troscopy (CEES) and address the following tasks:

• Identify different sites and create a fingerprint of their en-
ergy levels.

• Identify electron–phonon coupled transitions and deter-
mine coupling strength.

• Determine the influence of the growth conditions on the
site distribution.

• Determine the relation between non-resonant and reso-
nant excitation schemes and determine the participation
of each site in these schemes.

Fig. 1 Emission spectra due to the Eu 5D0 to 7F2 transition obtained
under above GaN bandgap 351 nm excitation for samples grown under
different conditions. Sample Type 1 with indicated shutter times

• Relate the results to the less detailed earlier site-selective
studies [5, 7, 10].

2 Experimental techniques and samples information

The site-selective PL characterization of the Eu-doped
GaN samples was carried out utilizing several different
excitation-emission schemes, which are indicated in Fig. 2.
For the resonant excitation of the Eu levels, we use our tech-
nique of CEES. In this technique, already successfully used
for Nd3+ and Er3+ in GaN [11, 12], we record a large num-
ber of emission spectra for a sequence of excitation ener-
gies. The resulting 2-D data set of emission intensity as a
function of excitation and emission photon energy is con-
veniently depicted using image and/or contour plots. In ad-
dition, we explored several non-resonant excitation meth-
ods using above bandgap excitation with a 351 nm Argon
laser, below bandgap excitation with a 405 nm InGaN laser,
and excitation with energetic electrons in an electron micro-
scope.

We have used for our studies a variety of samples with
different growth conditions, doping methods, and substrates.
We categorize them as follows:

Sample Type 1 These samples, for which the majority of
the measurements were performed, were produced in the
Nanoelectronics Laboratory at the University of Cincinnati
using the interrupted growth epitaxy (IGE) technique as de-
scribed in [3]. In this method, the film is exposed for 5 min
to only the flow of nitrogen while the gallium beam is in-
terrupted. The total time that the gallium beam is on is kept

Fig. 2 Schematic of energy levels of Eu ions in GaN and transitions
relevant for site-selective spectroscopy studies
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constant, but the on/off period is varied while the time it is
open in each cycle is varied. The samples are labeled accord-
ing to the time the Ga beam is open during each cycle. The
sample labeled 60 min is essentially a regular MBE sam-
ple (and will be labeled as such), while for the one labeled
e.g. 10 min, a cycle of 10 min Ga beam open and 5 min
closed is repeated 6 times. MBE growth parameters were
Ga cell at 900°C with a beam equivalent pressure (BEP) of
∼4.1 × 10−7 Torr and Eu cell at 440°C. The Eu incorpora-
tion in the films was found to be ∼0.1 at%, which is below
the onset of luminescence concentration quenching [13].
The growth was carried out at 650°C for Si substrates. The
RF nitrogen plasma was set at a gas flow of 1.8 sccm with
400 W forward power to achieve the optimum growth con-
dition. The samples were grown on silicon substrates and
have also been studied by other groups [7, 9, 10, 14–16],
allowing us to link our measurements with other published
data.

Sample Type 2 The samples were grown by MBE on
c-plane sapphire substrates. A low temperature, 50 nm
thick AlN buffer was followed by growth of ∼0.5 μm of
GaN:Eu at 800°C with a Eu cell temperature of 470°C.
The Ga flux during growth was varied from 3.0 × 10−7

to 5.4 × 10−7 Torr by controlling the Ga cell temperature
in the range of 860–890°C. The samples were capped with
an additional 50 nm of low temperature AlN and annealed
at 675°C for 100 min. This produces a Eu concentration
in the range of 0.12 at%. These samples were also used to
determine the ferromagnetic properties of these RE-doped
samples [17].

Sample Type 3 This sample type consists of a series of
AlxGa1−xN samples with varying aluminum concentra-
tion (0 < x < 1) produced at the Toyohashi University
of Technology in Japan [16]. AlxGa1−xN layers of thick-
ness 1–2 μm were grown on c-plane sapphire substrates
at 1100°C in 76 Torr by organometallic vapor phase epitaxy
(OMVPE). The samples were implanted with 200 keV Eu3+
ions at a dose of 1015 cm−2 at room temperature. The pro-
jected range and peak Eu3+ concentration were estimated
to be approximately 100 nm and 0.3 at%, respectively. Af-
ter the implantation, the samples were subjected to a rapid
thermal anneal (RTA) at 1100°C for 2 minutes in N2 at-
mosphere. For details see [18].

Using such a wide variety of samples allows a good char-
acterization of the dependence of the incorporation of Eu3+
as a function of growth parameters and will allow us to link
our results to already-published data that exhibit a somewhat
confusing site multiplicity.

3 Experimental results and discussion

3.1 Energetic fingerprints of different sites

For our CEES studies, we chose the 7F0 to 5D0 transition for
excitation due to its simplicity. Since both of these are J = 0
levels, no crystal field splitting will exist under any kind of
symmetry, and any site that exists for this excitation transi-
tion should only demonstrate one excitation peak. Resonant
excitation was performed for this transition using a tunable
dye laser operating in the region of 2.095–2.183 eV (568–
592 nm). For emission, we focused mainly on the 5D0 to
7F2 transition, which has been shown to have the highest
emission intensity and which also is very important tech-
nologically as the source of red emission in these samples.
Measurements were also conducted on the 5D0 to 7F3 tran-
sition for comparison. In Fig. 3, the CEES data for our MBE
sample (60 min) of Sample Type 1 are presented for the 5D0

to 7F2 transition. Immediately apparent is the richness of the
data present in this image, which depicts the wide variety of
different emission structures present in this region. There are
four emission peaks that show up as vertical bands in the im-
age (two fairly strong ones at 1.956 and 1.997 eV, and two

Fig. 3 Image plot CEES data for 5D0 to 7F2 emission and 5D0 to 7F0
excitation obtained for a regular MBE sample grown on glass. (Sam-
ple 1, 60 min.) MBE-grown sample that has been in situ doped with Eu
ions. Different sites are indicated with dashed lines. Selected emission
spectra under resonant excitation are shown on the left
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relatively weaker ones at 2.0018 and 2.0039 eV), indicat-
ing that they can be excited over the entire range of energies
presented. These will be discussed further in Sect. 3.4, when
we deal with these non-resonant excitation channels. In ad-
dition, there are a variety of different emission peaks that oc-
cur at discrete excitation energies. The changes in emission
peak structure with excitation energy in this image clearly
show the multi-site structure of the Eu ions in this sample.
Assigning the peaks to different sites and/or transitions is a
challenging task made more difficult by the sheer number of
origins of the different emissions. We make use of the fact
that a particular site will yield its own unique emission spec-
tra in terms of both line position and relative intensity. In this
way, we are able to identify a total of eight different Eu in-
corporation sites whose excitation energies are indicated by
the dotted lines. We identify the main site and label the re-
maining sites 1 to 7 in order of ascending excitation energy.
For further reference, we highlight the main site in blue and
the minority site MS 3 in red.

Figure 3(b) shows several of these unique emission spec-
tra for a few of the different Eu sites. The two most dom-
inant excitation peaks shown in the CEES image occur at
2.105 eV and 2.117 eV. For both we obtain identical emis-
sion spectra. We identify the lower energy as the main
site and the higher we assign to electron–phonon coupling,
which we will discuss in more detail in Sect. 3.2. The other
seven Eu sites fall under the classification of minority sites,
whose emission intensities are typically much lower than
that of the majority site. The identified peak positions for all
eight sites are given in Table 1, which also includes the peak
positions obtained from CEES measurements of the 5D0 to
7F3 transition.

The main site produces the most intense emission peaks
in the region studied, and hence it is reasonable to assume
that we are dealing with Eu ions that occupy a substitutional
Ga lattice site, placing the dopant into C3v symmetry. In this
case we expect three emission lines for the 5D0 to 7F2 transi-
tion, two lines at a higher transition energy corresponding to
the two lower crystal field levels and one line at a lower tran-
sition energy corresponding to the one higher crystal field
level. This expectation matches very well with the emis-
sion spectra. It should be noted that the peak at 1.9550 eV
(634.27 nm) has been glanced over or assigned to the 5D1 to
7F4 transition [7, 19, 20]. We can exclude the latter assign-
ment in our measurements since the peak appears already
under excitation of the 5D0 state at low excitation intensities
such that the 5D1 level will not be excited at all.

As shown in Table 1, the minority sites produce anywhere
from one to four emission peaks for the 5D0 to 7F2 transi-
tion. (It should be noted that these are “identified” emission
peaks and that there could be more peaks associated with a
particular site that are hidden under the peaks of other sites.)
The unique spectral signatures of the different incorporation
sites indicate a unique local environment for the emitting
europium ion. These environments could involve europium
ions in the proximity of ion vacancies, interstitials, or other
intrinsic defects in the host lattice. It is also extremely likely
that some of these different sites could represent europium
on the Ga substitutional lattice location that is being per-
turbed by a nearby defect. Also worth mentioning is that
the main site and minority site 1,2 correspond quite well to
the three lowest energy excitation peaks identified by Höm-
merich’s group in their studies of this transition region [6].
The integrated PL intensity for each site is shown in Fig. 4.

Table 1 Peak positions
determined for nine sites for Eu
in GaN, Sample Type 1. All
values are given in eV.
Transitions labeled with ∗ are
associated with an
electron–phonon coupled
transitions. The corresponding
labels of the most apparent sites
used in other publications are
included as well

Transition Main Site MS 1 MS 2 MS 3 MS 4 MS 5 MS 6 MS 7 MS 8

Refs.:

[5] Eux Euy

[7] Site 1 Site 2 Site 3

[10] Eu1 Eu2m Eu2I

7F0 to 5D0 2.171∗ 2.1042 2.1091 2.1124 2.1131 2.1142 2.1171∗ 2.1211

2.117∗ 2.1091

2.1059

5D0 to 7F3 1.8735 1.8574 1.8715 1.8700 1.8719 1.8832 1.8845 1.8939

1.8678 1.8687 1.8691 1.8645 1.8816

1.8641 1.8648 1.8672

1.8624 1.8557

5D0 to 7F2 1.9947 1.9868 1.9968 1.9986 2.0036 1.9966 1.9684 2.0092 1.9969

1.9917 1.9894 1.9976 2.0014 1.9899 1.9880 1.9940

1.9550 1.9679 1.956 1.9599 1.9627 1.9716

1.9528
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Fig. 4 Photoluminescence intensity of the various identified Eu in-
corporation sites integrated over the region of the 5D0 to 7F2 transi-
tion. Measurements were performed on regular MBE sample grown on
glass. (Sample 1, 60 min.)

The main site contributes about 75% of the total emission
while several minority sites produce emissions on the or-
der of one-tenth that of the main site. Most of the minor-
ity sites produce even lower intensities. It should be noted
that these intensities only roughly indicate the relative abun-
dance of the different europium sites due to the lack of infor-
mation about the differences in transition probabilities and
branching ratios. Due to the forbidden character of the 7F0

to 5D0 transition, we suspect that the least perturbed main
site has the lowest transition probability and its abundance
may hence be underestimated. The ratio between main site
and minority sites may well be similar to the one observed
for Nd-doped samples that have been grown under similar
conditions [11].

Comparing our sites with the ones that participate in opti-
cal gain under UV excitation [5], we find that predominantly
the main site and the MS 3 are contributing and suspect that
the site labeled Eux corresponds to the main site while Euy

corresponds to MS 3.

3.2 Electron–phonon coupling

In assigning the excitation peaks we have left out the higher
energy peaks that are not expected for the single transition
that we considered. We will deal with them in the follow-
ing and show that they are related to electron–phonon cou-
pling. In the spectral range of the 7F0 to 5D0 transition (590–
570 nm), we find three distinct excitation peaks, which, as
we show in Fig. 5, exhibit exactly the same emission spec-
trum that is characteristic for the main site. For this reason,
we can exclude a different site as the origin. The excitation
peaks are quite different in spectral width (0.7, 3.1, 0.4 meV
for the peaks at 2.105, 2.117, and 2.171 eV, respectively).

We need to consider electron–phonon coupling here,
which, due to the forbidden character of the transition, could

Fig. 5 (Left) CEES image/contour plots of the 5D0 to 7F2 transition
region for three different excitation energies associated with the 5D0 to
7F0 transition. (Right) emission spectra associated with each of these
excitation peaks. Measurements were performed on regular MBE sam-
ple grown on glass. (Sample 1, 60 min.)

Fig. 6 Two phonon replicas of the red emission from the main site 2.
The replicas are shifted by 12 meV and 66 meV from the zero-phonon
emission. Measurements were performed on regular MBE sample
grown on glass. (Sample 1, 60 min.)

lead to relatively more pronounced features. The dynamic
mixing induced by the vibrational mode leads to admixing
of states for which transitions are allowed. In order to con-
firm the corresponding energy shifts, we need to look for the
phonon replica in the emission spectrum as well. By closer
inspection of the data presented in Fig. 3, we can find such
features shifted by 66 meV and 12 meV, just as in the excita-
tion spectrum. We show the corresponding shifted spectra in
Fig. 6. The shift of 66 meV corresponds closely to the GaN
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LO phonon energy. The replica that is shifted by 12 meV has
not been reported before and most likely originates from a
phonon mode that is localized to the Eu majority incorpora-
tion site. This would account for the homogeneous broad-
ening of the excitation peak associated with this phonon
mode. We have found a mode of similar energy for Nd as
well [11]. The emission transition meets the requirement to
determine the coupling strength in the weak coupling ap-
proximation by determining the ratio of zero-phonon line
to the first phonon sideband. The coupling determined that

Fig. 7 Integrated excitation spectrum of the 5D0 to 7F2 emission tran-
sition showing the zero-phonon excitation line at 2.105 eV as well as
the localized-phonon-assisted excitation peak at 2.112 eV and the GaN
LO phonon-assisted peak at 2.171 eV. Measurements were performed
on regular MBE sample grown on glass. (Sample 1, 60 min.)

way is rather weak for both modes, having a Huang-Rhys
factor S of approx 0.01.

Despite such weak electron–phonon coupling in these
samples, the data show a very efficient phonon-assisted exci-
tation mechanism involving both types of observed phonon
transitions, as seen in the excitation spectrum shown in
Fig. 7. We find that the total emission intensity of the
localized-phonon-assisted excitation is 7× larger than that
of the zero-phonon excitation, while the total emission in-
tensity of the GaN LO phonon-assisted excitation is 3×
larger than that of the zero-phonon excitation.

To further confirm our assignment and to study the cou-
pling phenomena in more detail, we investigated the evolu-
tion of these excitation peaks as a function of aluminum con-
centration. A series of AlxGa1−xN-alloy samples with vary-
ing aluminum concentration (0 < x < 1) was produced for
that purpose (Sample Type 3). In Fig. 8, we show the CEES
images for this series of sample focusing on the main site.
The zero-phonon line as well as the sidebands associated
with the localized phonon and the GaN LO phonon can be
found for all compositions. The phonon-coupled transitions
become relatively weaker at first but increase again as we ap-
proach AlN. This may be explained by the degree of order
in the samples due to the alloying. In the case of GaN and
AlN the zero-phonon line is forbidden such that the phonon-
coupled transitions dominate. In the disordered alloys, the
zero-phonon lines are stronger by themselves already due to

Fig. 8 Site-selective CEES
images obtained from resonant
excitation of the 5D0 to 7F0
europium transition and looking
at the 5D0 to 7F2 emission of a
series of europium-doped
AlxGa1−xN samples with
varying aluminum content. The
samples were grown by
OMVPE and implanted with
Eu2+ ions. The peaks occurring
at the lowest excitation energy
correspond to zero phonon
emission, those occurring at the
middle excitation energy
correspond to the localized
phonon sideband emission, and
the peaks occurring at highest
excitation energy correspond to
the GaN LO phonon sideband
emission
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Fig. 9 LO phonon sideband and localized phonon sideband energy
shifts as a function of aluminum concentration in AlxGa1−xN. The
samples were grown by OMVPE and implanted with Eu2+ ions

the perturbations, and hence the electron–phonon coupled
transitions are relatively less pronounced. The energy shift
relative to the zero-phonon lines increases for both modes as
shown in Fig. 9. This is, for the LO mode, consistent with
what is found in Raman spectroscopy as well. This gives us a
solid confirmation of the assignment. It should be noted that
Peng et al. [7] also observed shifts of about 12 meV, which
they however assigned to additional sites. In view of our
assignment, their result may have to be revisited and rein-
terpretation might be necessary to take the electron–phonon
coupling into consideration.

Inspecting more closely the excitation spectrum for
MS 6, we find that two peaks exist as well (see Table 1),
which we can again explain by electron–phonon coupling.
The local mode that is involved for this site has thus an en-
ergy of 8 meV.

3.3 Variation of growth conditions

With the fingerprints of our sites at hand, we can turn our
attention to the variation in site incorporation as growth pa-
rameters are varied. In this section, we will look first at a
series of samples (Sample Type 1) produced by IGE, which
was designed to optimize the GaN growth conditions for ef-
ficient rare earth luminescence.

We find a strong variation of the relative abundance of
the various sites. Since we expect that the total number of
the main sites is not changing drastically, we take it as the
reference and depict in Fig. 10 the relative PL intensities of

Fig. 10 Relative numbers of sites obtained for different Ga shut-
ter-open times in the IGE growth method (Sample Type 1) for
Eu-doped GaN

the various sites as a function of time that the Ga beam is
open during each cycle. The data show considerable scatter
and no systematic behavior appears at first sight. It appears
at least that MS 1, 3, 4, 5, 6 show a fairly similar dependence
while MS 2 exhibits a different behavior. The first group has
a maximum for a shutter-open time of about 20 min, while
MS 2 increases continuously with shutter-open time.

Next, we turn our attention to the MBE-grown samples
on sapphire (Sample Type 2). In Fig. 11, we depict the CEES
data for the higher energy range of the 5D0 to 7F2 transi-
tion and compare it with the MBE-grown sample on silicon
(Sample Type 1). We see immediately several clear differ-
ences. The trend that MS 2 is increased is even more pro-
nounced than in the IGE series and exhibits about 20% of
the emission intensity compared to the main site. Other sites
are very weak and much less pronounced than in the IGE
sample. In particular, MS 3 is hardly present. In addition to
these differences in incorporation, the spectral widths of the
transitions are significantly increased, making the peaks less
distinct. Apparently, there are more perturbations and build-
in strains in the samples grown on sapphire. This difference
may be due to the substrate but also due to the difference in
growth conditions and surface preparation. A similar behav-
ior has been observed for Er-doped samples as well [12].
The exact same samples of Type 2 also have been stud-
ied for their magnetic properties. In these studies, an anti-
correlation between remnant magnetization and PL intensity
was found under variation of the Ga flux [17]. This poses
questions as to whether the magnetization is related with a
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Fig. 11 Comparison of CEES
data obtained for the three
different types of Eu-doped
GaN samples. Sample 1: regular
MBE sample grown on glass.
(Sample 1, 60 min.) Sample 2:
regular MBE sample grown on
sapphire. Sample 3:
ion-implanted OMVPE grown
sample

particular minority site. However, in our CEES studies none
of the identified sites correlate positively with the magneti-
zation.

In another variation of the growth and doping parameters,
we investigated samples that have been grown by MOCVD
on sapphire but doping was achieved by ion implantation
(Sample Type 3). In Fig. 11, we compare the CEES data
with the other types of samples. It is immediately appar-
ent that the number of sites is reduced compared to Sam-
ple Type 1 but some more features are present compared to
Sample Type 2. More specifically, we see three main fea-
tures: (1) the main site with its phonon-assisted excitation
band; (2) the minority site 2, which is however even stronger
than in Sample Type 2, and may hence be connected with
the defects that are induced by implantation; (3) a very pro-
nounced vertical stripe similar to, but at a different position,
than that seen in Sample Type 1. We will discuss these phe-
nomena in the next section.

3.4 Excitation mechanism under non-resonant excitation

Having obtaining a detailed fingerprint of the different in-
corporation sites, we discuss in this section how these sites
are excited off-resonance. For this we studied four different
excitation types:

• Far below the bandgap of GaN in the visible spectral re-
gion.

• Below, but fairly close to, the bandgap.
• Above bandgap excitation.
• Excitation by energetic electrons in a SEM.

Through the site specificity of our studies, we can relate
these excitation channels and determine site-specific relative
excitation efficiencies.

Non-resonant excitation in the visible

Besides the abundance of different incorporation sites seen
in Sect. 3.1 and the phonon-assisted excitation peaks iden-
tified in Sect. 3.2, there is a third type of emission feature:

vertical stripes occurring at 1.956 eV, 1.9627 eV, 1.9980 eV,
2.0018 eV, and 2.0039 eV for Sample Type 1. Careful in-
spection of the 1.9980 eV stripe shows that there are in fact
two different peaks that are energetically close together as-
sociated with this emission: one at 1.9976 eV and the other
at 1.9986 eV. Referring back to Table 1, we see that three of
the emission energy peaks corresponding to these excitation
stripes match exactly with the peaks defining MS 3. This be-
comes even more apparent when we compare in Fig. 12 the
emission spectra of MS 3 with the spectra that are obtained
non-resonantly in the visible red region. Within uncertainty
due to the spectral overlap of different sites, the two spectra
match very well.

We further find that the emission energy of the other
stripes match up with the emission energy peak associated
with MS 4 and MS 5. Apparently, MS 3, 4, and 5 can be ex-
cited non-resonantly in the visible while the other sites can-
not be excited or are excited with very low efficiency. We
suspect that deep traps are excited with visible light, which
then can transfer their energy to the Eu3+ ion. The efficiency
of the process suggests that the ions and the traps form com-
plexes or are at least in close proximity to one another. In
fact, the presence of the trap in the near vicinity will change
the resonant excitation and emission properties of the rare
earth ion such that we could identify them as individual dif-
ferent sites.

Looking more closely at the CEES data for the ion-
implanted sample shown in Fig. 11, we also see a very pro-
nounced vertical stripe at a position that overlaps with the
higher energy emission line of MS 2. There is also an appar-
ent resonance at the excitation energy of MS 2 but only for
the higher energy emission line. Decomposing the emission
spectra on resonance and off-resonance reveals a new site
(MS 8) with a high-energy emission peak that strongly over-
laps but is not identical to MS 2. Both MS 2 and MS 8 are
dominantly present in ion-implanted samples, while MS 3
is more abundant in IGE grown in situ doped samples on
silicon (Sample Type 1). This has to be kept in mind when
conclusions are drawn between in situ doped samples and
ion-implanted samples. Differences of that kind have also
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Fig. 12 Comparison of
emission spectra obtained under
different resonant and
non-resonant excitation
energies: MS 1 resonant excited
at 2.1059 eV, MS 3 resonant at
2.1124 eV, non-resonant visible
excitation at 2.1024 eV,
non-resonant UV excitation at
3.06 eV and above bandgap
excitation at 3.53 eV.
Measurements were obtained
for regular MBE sample grown
on glass

been noticed in [10], where for both in situ doped and ion-
implanted samples a site Eu1 has been found which corre-
sponds to our main site. In that work, they also found a sec-
ond site in each type of sample (Eu2M, Eu2I), which however
are different from each other. They can be correlated to our
assignments as follows: Eu2M = MS 3 and Eu2I = MS 8.

Broad below-gap excitation bands in the visible were also
observed for Er-doped GaN [21, 22] and were also attributed
to excitation mediated through deep impurity- or defect-
related traps. This shows that a visible non-resonant exci-
tation channel is not unique to the Eu ion. The spectral posi-
tion of the non-resonant excitation bands raises the suspicion
that the defect traps may be related to the defects that cause
the yellow emission in GaN (see e.g. [23–25]), which has
been associated with intrinsic nitrogen vacancies [26, 27],
or may be related to Eu ions in the vicinity of nitrogen va-
cancies. It is well known that shallow traps with emission
features close to the band edge exist in GaN as well. Hence,
we also explored the possibility of exciting the RE ions close
to the bandgap.

Excitation close to the bandgap

Wang et al. performed PLE measurements in the band edge
region on peaks associated with both the main site and the
defect-related minority site MS 3 [28]. Their PLE spectra
illustrated how the emission of our MS 3 site drops sharply
for excitation energies just below the band edge at 3.4 eV.

The main site continues to emit in the region between 3.0 eV
and 3.4 eV. Similar results were reported by Peng et al. [7].
This observation provides clear evidence that different exci-
tation pathways are at play for these two types of sites. In
order to relate these observations more closely with our site-
selective measurements, we measured an emission spectrum
under below bandgap excitation using a GaN-based semi-
conductor laser emitting at 3.06 eV (405 nm). This spec-
trum is included in Fig. 12, allowing comparison of the
emission produced by the two non-resonant excitation path-
ways. The differences are drastic, and it appears that sites
that are excited through one channel are not excited through
the other. We find that the main site and MS 1 are excited ef-
ficiently with the sub-bandgap UV light while MS 3, 4, and 5
are excited through visible light. Another feature at around
1.968 eV becomes apparent which matches MS 6 identified
above. It is most apparent in IGE samples with Ga-shutter-
open times larger than 20 min and can be observed in the
MBE-grown sample. The enhancement of emission through
near-band edge excitation for MS 6 is very strong such that
we suspect that it is directly connected with a shallow trap
just as MS 3 is related to a deep trap. Based on these results,
the relative strength for different growth conditions, and the
spectral positions allow us to correlate the sites from Peng’s
study [7] with ours. Their Site 1 corresponds to our main
site, while their Site 2 corresponds to MS 3. Somewhat more
tentatively, we assign their Site 3 to our MS 6. Their Site 4
may include some contributions from an electron–phonon
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coupled transition of the main site and may hence not be an
independent site.

Above bandgap excitation

Finally, we turn now to the excitation with light with pho-
ton energies above the bandgap of GaN, which is crucial to
understand the issues that limit the performance of electro-
luminescence devices such as the excitation pathways from
electron-hole pairs of the GaN host to the rare earth ion.
The spectrum shown in Fig. 12 was obtained under above
bandgap excitation (3.53 eV, 351 nm) for our MBE sample.
By comparison with the emission spectra under direct res-
onant excitation, we find that, in addition to the main site,
minority sites MS 3, 4, and 5 which are related to deep de-
fect traps dominate the emission spectra. Closer inspection
also reveals contributions from the other minority sites that
are related to shallow traps. In any case, the main site is
much less dominant in the above bandgap excitation, sug-
gesting that the excitation efficiency of the minority sites
is enhanced compared to the main site. We quantify this
statement in Table 2, in which we list the relative emission
strength of each minority site in comparison to the main
site for both the resonant and the above bandgap excitation
scheme.

The MS 3 has a significantly higher excitation efficiency
compared to the main site quantified by the enhancement
factor in Table 2. This factor becomes even higher (up to 60)
for some of the other samples that we studied. Because it is
just a relative measure, it is unclear if this sample depen-
dence is due to a change in efficiency of MS 3 or of the
main site.

We also note that we cannot find any spectral feature as-
sociated with site MS 2 and hence conclude that this in-
corporation site can only be excited resonantly. It appeared
quite strongly in our ion-implanted sample, but even there it
was absent from the above bandgap excitation spectra. This
gives first evidence that not every ion can be excited through
the creation of electron-hole pairs. In particular, MS 2 has to
be avoided in the ion-implanted samples. Similar conclusion
have been drawn by O’Donnell and his group [29].

Table 2 Relative percentage of the indicated minority site emission
with respect to majority site emission for resonant excitation and above
bandgap excitation. Error estimates for these values are ±0.5 percent.
An enhancement factor is calculated as the ratio of the two numbers
above. Data were obtained for the MBE-grown sample

MS 1 MS 3 MS 4 MS 5 MS 6 MS 7

Above bandgap 18.2 103.7 11.1 6.4 1.8 1.6

Resonant excitation 9.3 5.3 2.6 4.0 1.4 1.3

Enhancement factor 2 19.5 4.2 1.6 1.3 1.2

Excitation through energetic electrons

As a final method of exciting the rare earth ions, we have
used the electron beam in a SEM instrument and mea-
sured the resulting cathodoluminescence. For weak excita-
tion density the emission spectra resemble those from above
band gap excitation, suggesting that excitation through the
creation of electron-hole pairs by the impinging electrons
is the main excitation pathway. In the SEM, we have the
opportunity to increase the excitation density such that sat-
uration can be achieved. Under such conditions, we would
expect that all possible ions are excited and hence the emis-
sion is coming dominantly from the main site. However, we
find that the emission intensity from site MS 3 and the main
site are still almost equal [9]. From this we have to conclude
that not all ions that we see as the main site in resonant ex-
citation can be excited in this way. A similar conclusion was
obtained from saturated PL measurements in [10].

Excitation model for non-resonant excitation

Based on the data observed so far, it is apparent that there
are two dominant excitation pathways that account for the
majority of the above bandgap Eu emissions. Both of these
pathways involve Eu excitation by a trap-mediated energy
transfer process. Shown in Fig. 13 is a schematic represen-
tation of these two dominant excitation pathways labeled
Shallow Trap Excitation Pathway (corresponding to the
MS 1 and main site excitation) and the Deep Trap Excitation
Pathway (corresponding to excitation of MS 3, 4, and 5). In
both pathways, we assume that under above bandgap excita-
tion an electron-hole pair is created first which then transfers
the energy to the respective defect trap. From there, energy
can be transferred to the rare earth ion through most likely
an Auger process [30, 31]. There may be several kinds of
each type of defect trap, and some of them may be directly
related intrinsically with the Eu ions. In particular, we as-
sume this to be the case for MS 3 and MS 6 for which a very
efficient excitation is possible after excitation of the traps.
However, the two are clearly distinct. On the other hand, it
is also possible that some Eu incorporation sites that do not
act as traps themselves can be excited through a defect trap
in their vicinity. The distance from such defect traps will
then govern the excitation efficiency and some ions may be
too far away to be excited at all. This interpretation explains
that not all main sites and essentially none of MS 2 can be
excited through electron-hole pairs.

4 Summary and conclusion

We have identified through resonant excitation at least nine
different incorporation sites of Eu ions in GaN and stud-
ied how these sites behave under different excitation condi-
tions and how their relative number is modified by different
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Fig. 13 Simple excitation
model for rare earth ions after
excitation of electron-hole pairs

growth and doping conditions. For the latter, we find that a
main site (most like a fairly unperturbed Eu ion on Ga site)
is always dominant while the minority sites change substan-
tially in relative numbers and can come close (MS 2) in ion-
implanted samples. In terms of the excitation pathway after
the creation of electron-hole pairs, we found three types of
centers: (1) MS 1, MS 6, and the main site which are excited
through shallow traps; (2) MS 3, 4, 5, and 8 which are ex-
cited through the deep traps; (3) some sites like MS 2 and a
large fraction of the main site that cannot be excited at all.
We interpret this finding by the fact that the ion by itself is
not very efficient in trapping excitation and that its excitation
involving other traps depends on the ion/trap distance. Many
of the main sites are far away from these traps and cannot be
excited through this channel at all. The relative number for
the remaining sites is too small to decide on their excitation
pathway.

The most efficient excitation channel involves deep-trap
states. Unfortunately, the corresponding rare earth ion sites
are not very abundant. The deep-trap states are not uniquely
defined, since at least for Eu several sites are observed that
are excited this way. In particular, in ion-implanted and in
situ doped samples the dominant defect related sites are
quite distinct from each other (MS 3 vs. MS 8). The pres-
ence of rare earth ions that cannot be excited efficiently
through electron-hole pairs poses a significant hurdle for the
realization of electrically pumped RE-based GaN lasers due
to the added loss that they will represent. In enriching the
defect-related incorporation sites for improved performance
of light emitting devices, one is faced however with the limi-
tation of growth parameters and the requirement that the ac-
tive layers must still be viable to be used in an injection-type
or p–n junction-type device. As shown in this paper, the IGE
process is a method for achieving this compromise. The im-

provement in luminescence obtained in IGE-grown samples
is thought to be related to the nitridation process which takes
place during the OFF (i.e. N-only) cycle. Munasinghe and
Steckl [3] have shown that conventionally MBE-grown sam-
ples display an increase in PL intensity when exposed to N at
high temperature after growth. By comparison, there was no
change in PL for samples that were maintained at high tem-
perature after growth but without N flow (essentially in situ
annealing). Therefore, the amount of N incorporated into the
GaN films is clearly a critical parameter in both defect con-
centration and the PL efficiency. Unfortunately, optical stud-
ies are not used to determine which element causes a pertur-
bation of the Eu2+ ion and hence do not allow for identifica-
tion of the respective defect complexes. The IGE technique
has the unique degree of freedom of being able to introduce
additional N in the films during the non-growth OFF cycle
while allowing the III/N ratio during the ON cycle to be set
for enhancing the incorporation of Eu.
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