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Rapid thermal annealing effects on blue luminescence
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Rapid thermal annealing effects on blue luminescence of As-implanted GaN grown by metalorganic
vapor phases epitaxy were investigated by means of photoluminescence and photoluminescence
excitation measurements. The locations of the As-implantation induced bands and the associated
transition channels for the emission were determined to characterize the As-implanted GaN. After
the rapid thermal annealing treatment, the deep As-related levels become more ready to be
populated by photoexcitation at low temperature so that the new blue luminescence emission peak
is enhanced significantly, whose activation energy is found to be 46 meV. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1503160#
us
ec
g
th

sio

s

m
de
ll
t
, w
lin
N
-

ks

lu

a
ed
d

,

h

a-
yc

no-
t

n PL
Xe
ctral

d

nce
on
edy.
le

for
ten-

ling
ly
re-

s
ilar

the
n-

p-

he
o

el
nd
he
Over the past few years, much research has been foc
on the doping of group III-nitrides because of their optoel
tronic applications.1,2 In particular, the isoelectronic dopin
effect has also been explored to improve significantly
electrical and optical properties of GaN.3,4 As doping is such
a case in which large band-gap bowing, strong blue emis
and cubic structure are intriguing for investigation.5 How-
ever, since the first observation of blue emission from A
implanted GaN was reported in 1976,6 there were not many
articles addressing the mechanism responsible for this e
sion due to difficulties in sample preparation. Thus, the
tails concerning radiative transition channels are not fu
understood yet, though they are attributed to some sor
defects such as dislocations and vacancies. In this article
made close examination of the rapid thermal annea
~RTA! effects on the blue emission of As-implanted Ga
through photoluminescence~PL! and photoluminescence ex
citation ~PLE! measurements, following our previous wor
on isoelectronic~In and As! doped GaN.7,8 Possible defect
levels are proposed and the activation energy for the b
emission is deduced.

The undoped GaN films were grown on the~0001! sap-
phire substrate at 1050 °C by using metalorganic vapor ph
epitaxy~MOVPE!. The As-implantation doses were prepar
between 1017 and 1021 cm23. These samples were treate
with RTA at a temperature 1100 °C for different duration~10,
20 and 30 s! under flowing N2 gas and using the proximity
cap method to repair the implantation damages. In PL
He–Cd laser~Kimmon IK 5552R-F! operating at 325 nm
was used for above band-gap excitation, combined wit
monochromator ~ARC-500! and a photomultiplier tube
~Hamamatsu R-955! for detection. Various sample temper
tures were achieved between 18 and 300 K in a closed-c

a!Electronic mail: hyhuang.ep87g@nctu.edu.tw
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refrigeration ~APD Cryogenics HC-2!. For PLE measure-
ments, an 150 W xenon arc lamp combined with a mo
chromator~PTI 101! was employed as the excitation ligh
source. The detection system is the same as that used i
works. All the PLE spectra have been corrected by the
light source response throughout the measured spe
range.

As shown in Fig. 1, typical PL spectra of As-implante
GaN reveal a weak I2 line at 357 nm~donor bound exciton,
D0X) as compared with the enhanced yellow luminesce
~YL !. It is due to the increased defects from implantati
induced damages which are undesirable and need rem
Since the RTA is commonly employed to improve samp
quality, we have applied RTA on our samples at 1100 °C
10, 20 and 30 s and observed drastic change in the PL in
sity after annealing, and the I2 to YL intensity ratio rises
rapidly. In addition, the blue luminescence~BL! appears
stronger and more prominent with an increasing annea
time. Obviously, the film quality was improved progressive
by RTA, although it generated additional localized states
sponsible for the BL. According to Van De Walleet al.,9

these localized states are likely due to substitutional AGa

sites that can form deep double donors because of sim
atomic size and reasonable formation energy.

Although there are already many discussions about
YL mechanism, the PLE studies should provide further co
vincing data for its interpretation. In this work, we have a
plied PLE technique to monitor the YL peak (;560 nm!
from unannealed GaN:As of different doses. Similar to t
results of P-implanted GaN,8 the PLE spectra at 300 K als
revealed a sharp peak at 366 nm with a width of;5 nm
which is about 28 meV below the I2 line in Fig. 2~a!. This
new impurity band just below the shallow donor level (D0X)
is formed by As implantation. It offers a relaxation chann
that is more efficient for the YL than the usual band-to-ba
transitions in as-grown sample. Thus the YL involves t
9 © 2002 American Institute of Physics
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 [This a
radiative recombination between shallow levels and deep
calized states. From two first-principle total energy calcu
tions, the NI is such a deep acceptor at;1 eV above the
valence band maximum.10,11 The neutral NGa is also such a
deep-hole trap according to Jenkinset al. and Mattila
et al.12,13 Our results appear to be consistent with the mo
proposed by Ogino and Aoki and also by Hofmannet al.14,15

Obviously, ion-implantation incurred defects are associa

FIG. 1. 18 K PL spectrum of~a! as-grown GaN,~b! As-implanted GaN
(1019 cm23), ~c! after 10 s RTA,~d! after 20 s RTA and~e! after 30 s RTA.

FIG. 2. ~a! Room temperature PLE spectrum for the YL of the unannea
GaN:As (1019 cm23) detected at 560 nm~YL !. The PLE peak is 28 meV
below the I2 emission level.~b! 18 K PLE spectrum for the BL of GaN:As
reveals a rising step towards the I2 line. The inset shows the real absorptio
spectra in the blue range as due to As-incorporation after RTA.
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140.113.38.11 On: Thu, 0
o-
-

l

d

with both shallow and deep double donors~i.e., AsGa) and
competition should be present among them for captur
photoexcited electrons that resulted in variations of BL a
I2 intensities as can be seen in Figs. 1~c!–1~e!.

Regarding the BL, we also applied the PLE spectrosco
monitoring the 475 nm emission to see whether there is
clear absorption peak about the band gap energy. In con
to our expectations, PLE signals show a gradual incre
toward the I2 line and stay relatively unchanged above t
band gap@see Fig. 2~b!#. It is believed that, shortly afte
photo-excitation of both native shallow donor levels and
conduction band, deep donors are subsequently populate
the final BL transitions to the valence band. To ensure
existence of these deep donors, we carried out the absorp
measurements across the BL peak by using different wa
lengths of Ar1 laser, which is covered from 457.9 to 514
nm. The transmittance shows a dip;480 nm@see the inset of
Fig. 2~b!#, reflecting that the incorporation of As into Ga
forms a new deep level band, likely AsGa donors.

Based on the available data, we proceed to propos
schematic energy diagram in Fig. 3. The familiar shallo
level ~native defect VN) responsible for the I2 line is located
at 18 meV below the conduction band.8 The other level lo-
cated at;28 meV further below the I2 line is introduced by
As implantation that contributes to the YL. Furthermore, b
cause of ion implantation, the new broad band~extra deep
levels! is also formed at 2.65 eV above the valence ba
which gives rise to the BL about 475 nm.14

In order to obtain the activation energy for the As-relat
deep levels~likely AsGa) in GaN, we measured the temper
ture dependent PL spectra between 18 and 300 K in Fig
Dramatic changes in the BL intensity were observed acr
the above temperature range. Using the following formul

d

FIG. 3. Schematic energy diagram of As-implanted GaN is proposed
account for the corresponding transitions with possibility distribution on
right.
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I ~0!/I ~T!5@11C exp~2DE/kT!#,

whereDE is the activation energy and C is a constant,16 we
are able to fit the experimental data in a logarithmic sc
that is shown in an Arrhenius plot of Fig. 4. From the slop
the activation energyDE is calculated to be 46 meV, whic
is close to 50 meV reported by Liet al.17 At temperatures
higher than 150 K, these As-related states are easily dep
lated so that the BL diminishes rapidly. The I2 line weaken-
ing is also evident because of its small activation energy
contrast then, the YL becomes the only dominant profile
high temperatures reflecting that native defects are
present regardless of the annealing process. Therefore
studies reveal that the RTA process not only recovers m
defects induced by As-implantation but also enhances
AsGa substitution. In addition, it also makes better surfa
and interface flatness.

FIG. 4. PL spectrum of 1019 cm23 As-implanted GaN between 18 and 30
K. The Arrhenius plot in the inset indicates an activation energy of 46 m
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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In summary, we examined As-implanted GaN by usi
the PL and PLE spectroscopy. The results reflect that
As-implantation introduced various defect levels that a
contribute to the YL as a dominant feature in PL spec
before the RTA process. However, after the RTA treatme
the deep As-related levels become more ready to be po
lated by photo-excitation at low temperature so that the n
BL emission peak is enhanced significantly, whose activat
energy is found to be 46 meV. The absorption measurem
provide further evidence for the existence of these deep
els, which might be attributed to the AsGa substitution effect.
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