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Abstract

Europium (Eu) was implanted into GaN epitaxial layer and its films were annealed at 0.1 atm NH3 diluted with N2 at a
temperature range of 950−1100°C to remove any ‘implantation damages’. Photoluminescence (PL) properties were mea-
sured in the temperature range 80−280 K by using He-Cd laser as an excitation source. Strong emission at 621 nm,
corresponding to the transition from 5D0 to 7F2 states of Eu3+, was observed and the thermal quenching of the PL intensity
was very small.
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1. Introduction

GaN and related compounds are attactive materials for optoelectronic devices in a UV-visible
region as its bandgap can be varied from 6.2eV for AlN to 1.9eV for InN.1 Recent progress on
crystal growth resulted in bright blue/green light-emitting-diodes (LEDs)2 and violet laser diodes
(LDs). Nitride-based LEDs have a full color LED display. They consist of GaInN blue and green
LEDs and InGaP or AlGaAs red LED. It is difficult to obtain red-light emission from the nitrides
due to a mismatch of temperature and lattice constants between GaN cladding and InGaN active
layers. To realize a monolithic full-color LED display, red emission from the nitrides is most
important. It is a challenging technological problem.

Rare earth impurities in a semiconductor act as effective luminescence centers. They have
very narrow line width and very small thermal quenching.3 Nitrides have wide bandgap and thus
allow transition in visible region. They seem to be useful material for rare earth impurity from the
viewpoint of the host material. Some researchers have reported that Tm, Er, and both Eu and Pr
doped into GaN result in blue4, green5, and red6,7 emissions, respectively. Rare earths have been
introduced into GaN by in-situ doping during molecular beam epitaxy (MBE) or ion implanta-
tion. Heikenfeld et al.6 have observed red emission from Eu-doped GaN grown by solid source
MBE, but little work describing Eu doping using ion implantation has been published. Ion im-
plantation technique has been widely used for Si device technology. Moreover, it is suitable for
fabrication of a monolithic LED array by using masked process. In this study, we introduce Eu
into GaN by using ion implantation technique and investigate the photoluminescence properties.
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2. Experimental

Undoped GaN epilayers of 2 mm thickness were used as the host crystal for Eu implantation. The
GaN epilayers were grown on sapphire(0001) substrate by using organometallic vapor phase
epitaxy (OMVPE) using trimethylgallium and ammonia at 1000°C. Full width at half maximum
of GaN (0002) X-ray rocking curve was in the range of 250−350 arc s. Ion implantation of Eu was
carried out at room temperature with the acceleration energy of 100–200 keV, and the dose den-
sity was in the range of 1013–1015 cm−2. The implantation rate of Eu was approximately 3x1011

atoms/cm2 s. Figure 1 shows the implanted Eu profile calculated  using TRIM95 simulator.8 The
projected length of Eu was in the range of 60–100 nm and the calculated peak concentration was
1019–1020 cm−3 (Table I). After the implantation, the samples were annealed to remove implanta-
tion damages in a hot-wall type furnace using 10% NH3  diluted with N2 atmosphere to prevent the
decomposition of GaN. The annealing temperature and time were 950–1100°C and 10–60 min,
respectively. The crystalline quality of the implanted samples was evaluated by reflection high-
energy electron diffraction  (RHEED), atomic force microscope (AFM), and photoluminescence
(PL). PL properties were measured in the temperature range 80–280 K with He-Cd laser as an
excitation light. The excitation power density was about 2 W/cm2.

3. Results and discussion

Figure 2 shows the RHEED patterns of (a) as-grown GaN, (b) as implanted, and (c) after anneal-
ing at 1050°C for 60 min. In this case, the acceleration energy and the Eu dose were 200 keV and
1015 cm−2, respectively. If the implanted sample indicates a halo pattern, it means that the crystal-

FIG. 2. RHEED pattern of (a) as-grown GaN, (b) Eu-doped GaN after ion implantation with acceleration energy of 200
keV and Eu dose of 1015 cm−2, and  (c) after ion implantation and annealing at 1050°C  for 60 min.

FIG. 1. Simulated Eu distribution by TRIM95.

Depth [Å]

E
u

 c
o

n
ce

n
tr

a
tio

n
 [

a
to

m
s/

cm3 ] 1021

1020

1019

1018

1017

0  500      1000           1500

Table I
Parameters for Eu-implantation and the simulated
results using TRIM95

Acceleration Dose Projected Peak
energy [cm-2] range concentration
[keV] [nm] [cm-3]

1014 4.3x1019

1015 4.3x1020

1013 2.7x1018

1014 2.7x1019

1015 2.7x1020

100 ~60 nm

200  ~100 nm
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FIG. 4. Annealing temperature dependence on PL spectra
of Eu-doped GaN at 80 K. The Eu-dose was 1015 cm-2.
The insert shows the intensity of 621 nm emission as a
function of the annealing temperature.

line structure of the implanted region is destroyed. On the other hand, after annealing, RHEED
pattern becomes spotty, indicating that the implantation damage is removed. However, the ob-
served spot pattern suggests roughening of the surface. According to AFM measurement, the root
mean square (RMS) value of the surface roughness of as-grown GaN is approximately 0.3 nm,
which, after annealing, increases to 4 nm.

Figure 3 shows typical PL spectrum of Eu-implanted sample compared with nondoped GaN
measured at room temperature. It is clearly seen that band edge and yellow-band emissions of
GaN disappear and new strong and narrow red emission peaks around 600 nm from the Eu-
implanted sample. These peaks are assigned as 4f-4f core level transitions of Eu3+. The strongest
peak observed at 621 nm corresponds to the transition between 5D0 and 7F2 states in Eu3+. The
intensity of 621 nm emission is much stronger than that of bang-edge emission obtained from as-
grown GaN layer and the emission can be seen with naked eye in day light.

To ascertain the optimum annealing temperature for activating the implanted Eu, PL proper-
ties were used. Figure 4 shows the PL spectra as a function of annealing temperature. PL intensity
of the transition increases from 5D0 to 7F2 with increasing annealing temperature but saturates
above 1050°C. For the near-band-edge emission of GaN, the intensity also increases with anneal-
ing temperature up to 1050°C, but decreases at 1100°C. Moreover, the linewidth becomes narrow
and well resolved near band-edge emission and its LO phonon replicas can be seen at 1050°C.
Therefore, the optimum annealing temperature of the present work is 1050°C.

Figure 5 shows the PL intensity of the Eu-implanted GaN as a function of the Eu dose at 621
nm. The PL intensity increases with the dose. The slope of the PL intensity seems to be approxi-
mately 0.63. Chao et al.9 also reported similar effect on 564 nm upconversion luminescence from

FIG. 3. Photoluminescence spectrum of Eu-doped GaN
(solid line) and as-grown GaN (dotted line) at 280 K.
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Er-implanted GaN.9 Moreover, they observed the concentration quenching of luminescence for
the Er-dose to be higher than 1−2´1015 cm−2. To ascertain the activation mechanism for im-
planted Eu impurity, further investigations such as dose dependence of the incorporated lattice
site are required in high doses (>1015 cm−2).

Figure 6 shows the temperature dependence of the PL intensity and peak position of 621 nm
emission. The amount of thermal quenching, I280k/I80k, is defined as the 621 nm PL intensity ratio
at 280 and 80 K. In the case of Eu dose of 1015 cm−2, the PL intensity  decreases slightly with
increasing temperature, thermal quenching being about 40%. On the other hand, it is approxi-
mately 15% only in the case of Eu-dose of 1014 cm−2. The thermal quenching of the Eu-related
emission is very small compared to those of the band-edge-emissions of GaN and GaAs, which
are almost 1%. Eu-related emission indicates very small peak shift as the temperature is changed.
The peak shifts between 80 and 280 K for Eu-dose of 10−15 cm-2 and 1014 cm−2 are −11.6́ 10−4eV
and -2.96́ 10−3eV, which correspond to  the peak shift rate of -5.8´10−6 eV/K and -14.8́ 10−6

eV/K, respectively. Morishima et al.10 also observed red emission from the Eu-doped GaN grown
by gas-source molecular beam epitaxy (GSMBE). The amount of thermal quenching and peak
shift rate between 77 and 280 K was approximately 25% and -7´10−6 eV/K, respectively. There-
fore, simultaneous use of ion implantation of Eu and high temperature hot-wall annealing in NH3-
contained N2 atmosphere is suitable for fabrication of full-color LED microarray.

4. Conclusions

Eu has been incorported into GaN epilayer by ion implanation and its photoluminescence proper-
ties have been investigated. The impurities could be removed by thermal annealing in N2 atmo-
sphere containing 10% NH3 at 1050°C. Strong and sharp red-emission peaks related to Eu3+ have
been observed successfully. The red emission was visible with the naked eye. Moreover, the PL
intensity ratio, I280K/I80K, was about 40% which is comparable to that reported by in-situ doping
during MBE growth. The peak position is not dependent on the temperature.

FIG. 6. PL intensity (open circle and triangle) and peak po-
sition (solid circle and triangle) of main emission as a func-
tion of the PL measurement temperature.

FIG. 5. PL intensity of the EU-implanted GaN (grown by
OMVPE) as a function of the Eu dose at 621 nm.
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