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Abstract

Europium (Eu) was implanted into GaN epitaxial layer and its films were annealed at 0.1 atfiubétd with N at a
temperature range of 950100C to remove any ‘implantation damages’. Photoluminescence (PL) properties were n
sured in the temperature range-880 K by using He-Cd laser as an excitation source. Strong emission at 621
corresponding to the transition froi, to ’F, states of EXi, was observed and the thermal quenching of the PL intensi
was very small.
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1. Introduction

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

Rare earth impurities in a semiconductor act as effective luminescence centers. The)
very narrow line width and very small thermal quencRiNgrides have wide bandgap and thu:
allow transition in visible region. They seem to be useful material for rare earth impurity fron
viewpoint of the host material. Some researchers have reported that Tm, Er, and both Eu
doped into GaN result in bitjegreeR, and re@” emissions, respectively. Rare earths have be
introduced into GaN byn-situ doping during molecular beam epitaxy (MBE) or ion implante
tion. Heikenfeldet al®have observed red emission from Eu-doped GaN grown by solid sot
MBE, but little work describing Eu doping using ion implantation has been published. lon
plantation technique has been widely used for Si device technology. Moreover, it is suitab
fabrication of a monolithic LED array by using masked process. In this study, we introduc
into GaN by using ion implantation technique and investigate the photoluminescence prope
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Fic. 1. Simulated Eu distribution by TRIM95.

2. Experimental

Undoped GaN epilayers ofi2n thickness were used as the host crystal for Eu implantation. -
GaN epilayers were grown on sapphire(0001) substrate by ugjagametallic vapor phase
epitaxy (OMVPE) using trimethylgallium and ammonia at Z@0-ull width at half maximum
of GaN (0002) X-ray rocking curve was in the range o350 arc s. lon implantation of Eu was
carried out at room temperature with the acceleratiorggrarl00—-200 keVand the dose den-
sity was in the range of ¥3-10"° cm®. The implantation rate of Eu was approximatgi10"
atoms/cms. Figure 1 shows the implanted Eu profile calculated using TRIM95 simfulEter
projected length of Eu was in the range of 60—100 nm and the calculated peak concentratic
10-10%° cm® (Table 1). After the implantation, the samples were annealed to remove impla
tion damages in a hot-wall type furnace using 10% Hildited with N, atmosphere to prevent the
decomposition of GaN. The annealing temperature and time werel¥EPSland 10—-60 min,
respectively The crystalline quality of the implanted samples was evaluated by reflection h
enegy electron difraction (RHEED), atomic force microscope (AFM), and photoluminescer
(PL). PL properties were measured in the temperature range 80-280 K with He-Cd laser
excitation light. The excitation power density was about 2 \W/cm

3. Results and discussion

Figure 2 shows the RHEED patterns of (a) as-grown GaN, (b) as implanted, and (c) after a
ing at 1050C for 60 min. In this case, the acceleration gnand the Eu dose were 200 keV an
10" cm?, respectivelylf the implanted sample indicates a halo pattern, it means that the cry

Fic. 2. RHEED pattern of (a) as-grown GaN, (b) Eu-doped GaN after ion implantation with acceleratigroé260

keV and Eu dose of ¥dcm?, and (c) after ion implantation and annealing at 1G5@or 60 min. n
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Fic. 3. Photoluminescence spectrum of Eu-doped GaN Fic. 4. Annealing temperature dependence on PL spect
(solid line) and as-grown GaN (dotted line) at 280 K.  of Eu-doped GaN at 80 K. The Eu-dose was 1015.cm
The insert shows the intensity of 621 nm emission as
function of the annealing temperature.
line structure of the implanted region is destroyed. On the other hand, after annealing, R}
pattern becomes spatiydicating that the implantation damage is removed. Howéwverob-
served spot pattern suggests roughening of the surface. According to AFM measurement, tl
mean square (RMS) value of the surface roughness of as-grown GaN is approximately O.
which, after annealing, increases to 4 nm.

Figure 3 shows typical PL spectrum of Eu-implanted sample compared with nondoped
measured at room temperature. It is clearly seen that band edge and yellow-band emiss
GaN disappear and new strong and narrow red emission peaks around 600 nm from tt
implanted sample. These peaks are assignefi4isdre level transitions of Bl The strongest
peak observed at 621 nm corresponds to the transition betligand’F, states in Eti. The
intensity of 621 nm emission is much stronger than that of bang-edge emission obtained frc
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 pr
ties were used. Figure 4 shows the PL spectra as a function of annealing temperature. PL in
of the transition increases froth, to ’F, with increasing annealing temperature but saturat
above 105%C. For the near-band-edge emission of GaN, the intensity also increases with ar
ing temperature up to 108D, but decreases atA’C. Moreoverthe linewidth becomes narrow
and well resolved near band-edge emission and its LO phonon replicas can be seetCat 1
Therefore, the optimum annealing temperature of the present work 1050

Figure 5 shows the PL intensity of the Eu-implanted GaN as a function of the Eu dose &
nm. The PL intensity increases with the dose. The slope of the PL intensity seems to be ar
mately 0.63. Chaet al® also reported similar ffct on 564 nm upconversion luminescence f_rgr
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Fic. 5. PL intensity of the EU-implanted GaN (grown by Fic. 6. PL intensity (open circle and triangle) and peak po
OMVPE) as a function of the Eu dose at 621 nm. sition (solid circle and triangle) of main emission as a func

tion of the PL measurement temperature.

Er-implanted GaN.Moreover they observed the concentration quenching of luminescence
the Er-dose to be higher thar2ix 10" cm? To ascertain the activation mechanism for im
planted Eu impurityfurther investigations such as dose dependence of the incorporated e
site are required in high doses (31€m?).

Figure 6 shows the temperature dependence of the PL intensity and peak position of 6.
emission. The amount of thermal quenchingy/lsq, is defined as the 621 nm PL intensity ratic
at 280 and 80 K. In the case of Eu dose df &612 the PL intensity decreases slightly with
increasing temperature, thermal quenching being about 40%. On the other hand, it is ap
mately 15% only in the case of Eu-dose of*n?. The thermal quenching of the Eu-relatec
emission is very small compared to those of the band-edge-emissions of GaN and GaAs,
are almost 1%. Eu-related emission indicates very small peak shift as the temperature is ch
The peak shifts between 80 and 280 K for Eu-dose &t d®?and 16* cm? are-11.6x10%eV
and -2.96¢10°eV, which correspond to the peak shift rate of X8.8° eV/K and-14.8x10°
eV/K, respectivelyMorishimaet al*® also observed red emission from the Eu-doped GaN gro
by gas-source molecular beam epitaxy (GSMBE). The amount of thermal quenching and
shift rate between 77 and 280 K was approximately 25% axti0c7eV/K, respectivelyThere-
fore, simultaneous use of ion implantation of Eu and high temperature hot-wall annealing in
contained N 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 pi
ties have been investigated. The impurities could be removed by thermal annealirajnroN
sphere containing 10% Nt 1050C. Strong and sharp red-emission peaks relatedtchBue
been observed successfullihe red emission was visible with the naked eye. MoretwePL
intensity ratio,l,go/lgok, Was about 40% which is comparable to that reporteid-8itu doping

during MBE growth. The peak position is not dependent on the temperature.
1
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