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We report the observation of site-specific Eu3+ stimulated emission in GaN:Eu laser structures. Two
main Eu sites have been identified from emission peaks associated with the 5D0 → 7F2 transition
during above band gap optical pumping with a pulsed N2 laser 共337 nm兲: 共a兲 Eux emitting at
⬃620 nm—present in short cavities 共⬃100 m兲, exhibiting stimulated 共side兲 emission threshold
and a fast decay time constant 共30– 35 s兲; 共b兲 Euy emitting at ⬃621 nm—present in long cavities
共⬃7 mm兲 and in surface emission, exhibiting no stimulated emission threshold and a slow decay
time constant 共150– 250 s兲. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2161159兴
Rare earth doped GaN 共and related III–N alloys兲 have
been reported1,2 to be very versatile emitters of light at wavelengths covering the visible and near infrared 共IR兲 range. In
particular, Eu-doped GaN has been shown3 to be an excellent
choice for red emission 共 ⬇ 620 nm兲. This has led to a significant effort on the part of several groups to understand and
model the mechanisms for photoemission in the GaN:Eu system using various techniques: 共a兲 spectral photoluminescence 共PL兲, PL excitation, and time-resolved photoluminescence 共TRPL兲;4–6 共b兲 Fourier transform IR spectroscopy;7,8
共c兲 extended x-ray absorption fine structure 共EXAFS兲
analysis;9 共d兲 excitation energy emission spectroscopy.10
Most of the mechanisms investigations were carried out on
samples grown using molecular beam epitaxy 共MBE兲. In addition, luminescence studies of GaN:Eu grown by interrupted growth epitaxy11–13 共IGE兲 and Eu-implanted GaN
共Ref. 14兲 have been reported. Many of the spectroscopy studies report the presence of multiple Eu sites with different
emission spectra.
Recently, stimulated emission from Eu-doped GaN on
sapphire15 and silicon16 substrates has been demonstrated.
The emission spectra indicated that the peak wavelength was
constant at ⬃620 nm below and above threshold. The peak
wavelength of lasing emission is shifted by ⬃1 nm compared to that of the PL spectrum. In this letter, we report on
an effort to identify the Eu site responsible for lasing.
GaN:Eu samples were grown on sapphire substrates by
solid source 共MBE兲 with a N2 plasma source. An AlN buffer
layer was grown for 5 min followed by the growth of GaN:Eu active layer for 1 h. Finally, an AlN capping layer was
grown for 5 min. To investigate the effect of the different
III–V ratios on the emission characteristics the Ga flux was
varied from 2.5 to 4.5⫻ 10−7 Torr. The other growth parameters were kept constant: substrate and Eu cell temperature of
800 and 470 ° C, and N2 gas flow of 1.8 sccm. The total film
thickness is approximately 500 nm for all samples.
Channeling Rutherford back-scattering 共RBS/C兲 measurements have indicated17,18 that for most GaN : RE3+ materials the great majority 共⬎80% – 90% 兲 of RE3+ ions are located on Ga-substitutional sites. However, for GaN : Eu3+
both RBS/C 共Ref. 19兲 and EXAFS 共Ref. 9兲 measurements
have revealed that most Eu3+ ions are located in near Gaa兲
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substitutional locations, with a displacement from the Ga site
of 0.2 Å along the c axis. Optical studies have also indicated
the presence of several Eu sites with different emission spectra and with significantly different lifetimes.12,14,20 Each
reported Eu site exhibited a peak shift from the standard
5
D0 → 7F2 wavelength, distinct lifetime characteristics and a
different excitation mechanism. The number of Eu sites also
depends on the incorporation method and growth conditions.
For example, Eu implanted into GaN has been shown20 to
occupy two distinct sites. One site 共with main emission
peaks at ⬃621.8, 622.6 nm兲 is located on the Ga sublattice,
while the second site 共⬃620.8 nm兲 that has a larger effective
excitation cross section is located in a more distorted local
environment. Eu in situ doped during GaN growth by conventional solid state MBE on Si has also been reported4 to
have two distinct Eu3+ sites, evidenced by the presence of
different 5D0 → 7F2 peaks 共622.3 and 624.9 nm兲 with above
band gap and near-resonant excitation, which also exhibit
different decay constants.
To investigate the peak shift of stimulated emission, we
developed the variable virtual cavity 共VVC兲 method, which
is based on the variable stripe length21 method utilized in the
measurement of optical gain. In this method a pump beam
forms a virtual cavity incident on the top surface of the
sample. The resulting Eu emission is measured either at the
cavity side 共side emission兲 or top surface 共top emission兲. The
principle of this method is to control the side emission from
the sample by the adjustment of optical pump beam size on
the sample surface with a variable slit. For relatively large
pump beam dimensions and long virtual cavities, the side
emission measured includes edge emission from the GaN:Eu
layer as well as emission reflected from the top surface and
the substrate. For very small virtual cavity dimensions, the
side edge emission measured contains only the edge emission from the GaN:Eu layer. The side emission was collected
by a 10⫻ objective lens and analyzed with a 0.5 m spectrometer. The sample was pumped by N2 laser 共337.1 nm,
600 ps兲. A more detailed description of emission related to
beam size has been previously reported.15
Figure 1共a兲 shows the side emission spectrum from a
100 m virtual cavity using a GaN:Eu sample grown with a
Ga flux of 3.6⫻ 10−7 Torr. The side emission measured from
this short cavity consists predominantly of emission from the
cavity edge, with a peak wavelength of ⬃619.9 nm. The
dashed lines in Fig. 1共a兲 are Gaussian profiles fit to the experimental data. The side spectrum from a 7 mm long cavity
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FIG. 2. Eux and Euy peak intensity as a function of peak pump power
density. Only Eux shows a threshold for stimulated emission, at
⬃400 kW/ cm2 共4.4 J兲.

FIG. 1. Emission spectra from: 共a兲 the side of the GaN:Eu structure for short
共100 m—Eux兲 cavity; dashed lines are Gaussian fit curves; 共b兲 the side of
the GaN:Eu structure for long 共7 mm—Eux兲 cavity; dashed lines are Gaussian fit curves; and 共c兲 the edge of the long cavity and surface emission with
N2 laser.

is shown in Fig. 1共b兲. Fitting of the spectrum with Gaussian
profiles indicates the presence of two closely spaced but distinct Gaussian distributions: 共a兲 a small peak with a wavelength identical to that of short cavity 共619.9 nm兲 and 共b兲 a
larger peak with a wavelength of 620.6 nm. The two peaks
indicate the presence of two different Eu sites in the GaN
host. We have assigned as Eux the site with emission at
619.9 nm and as Euy the site with emission at 620.6 nm.
Figure 1共c兲 shows the comparison of spectra obtained from
long cavity side emission 关also shown in Fig. 1共b兲兴 and surface emission. Whereas side emission from the long cavity
contains both Eux and Euy peaks, surface emission exhibits
only the Euy peak. Interestingly, PL spectra obtained with
conventional low power continuous wave above band gap
optical pumping 共He–Cd laser, 325 nm兲 show the same peak
at 620.6 nm as the surface emission obtained with high peak
power pumping 共N2 laser兲. Since the PL emission obtained
with above band gap GaN:Eu excitation is generally considered to be due to the majority of Eu3+ ions 共which are located
on Ga sites兲, the results shown in Fig. 1 point to Euy emission being linked to the Ga-substitutional Eu site. We, therefore, tentatively assign the Eux site to an environment different from the Ga-substitutional location of Euy, where
different local fields and symmetry yield a slightly higher
5
D0 → 7F2 transition energy 共⌬E ⬇ 2 meV兲 occurring at

619.9 nm. As discussed later, these assignments are supported by associated lifetime characteristics.
In order to investigate the site dependence of stimulated
emission, we measured the side emission intensity of Eux and
Euy peaks as a function of pump power dependence. For
emission from the Eux site we used the 619.6 nm peak from
the 100 m cavity 关Fig. 1共a兲兴 and for the Euy site emission
we used the 620.6 nm peak from the 7 mm long cavity 关Fig.
1共b兲兴. Figure 2 shows that the two sites experience a different
dependence on the pumping power. Emission from the Eux
site exhibits a threshold for stimulated light at 0.4 MW/ cm2,
whereas the Euy site emission increases continuously with
peak pumping power. This indicates that only the Eux site
contributes to stimulated emission in Eu-doped GaN thin
films. These results point to the advantage of developing
growth techniques such as IGE that can selectively enhance
Eu incorporation22 into certain sites.
Figure 3 illustrates the usefulness of the VVC method.
The side emission from very short cavities contains only
edge emission from the GaN:Eu thin film, in other words the
contribution from the Eux site emission at ⬃619.9 nm. As
the virtual cavity length increases, however, the peak wavelength of side emission increases due to increasing contribution from the Euy sites 共⬃620.6 nm兲. Therefore, we are able

FIG. 3. Eu emission peak wavelength shift as a function of virtual cavity
length. The Eux site dominates side emission from short cavities, whereas
emission from long cavities and the top surface 共PL兲 is dominated by the
Euy site.
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biexponential decay which they obtain for above band gap
excitation 共fast ⬇ 30 s and slow ⬇ 240 s兲, while y is a
good match for their below band gap excitation single exponential decay 共 ⬇ 240 s兲. Interestingly, the value of x1 is
also nearly the same as that obtained by Lee et al.23 for the
nonradiative back transfer process between Eu3+ ions and a
trap state in GaN 共IE ⬇ 36 s兲. Surprisingly, the decay constants of both sites decrease with increasing Ga flux. Based
on simple energy transfer considerations, one can interpret
the reduction in decay time constant as being due to an exponential decrease in the activation energy of the process
⌬E
given by 1 /  = 共1 / 0兲e− kT . The energy reduction is calculated to be ⬃6.5 meV for the fast Eux decay and ⬃15.4 meV
for the slow decay of Eux and for Euy. These are relatively
large values in comparison to the activation energy of the
Eu-trap forward transfer calculated23 by Lee et al. A more
complete understanding of the energetics of the Eux and Euy
sites requires temperature dependent and excitation energy
dependent measurements.
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