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Effect of rapid thermal annealing on beryllium implanted p-type GaN

Hung Wen Huanga, C.C. Kaoa, J.Y. Tsaia, C.C. Yua, C.F. Chua, J.Y. Leea,
S.Y. Kuoa, C.F. Lina, H.C. Kuob,∗, S.C. Wanga

a Institute of Electro-Optical Engineering, National Chiao Tung University, Hsinchu 30050, Taiwan, ROC
b Precision Instrument Development Center, Taiwan

Received 11 March 2003; accepted 12 April 2003

Abstract

We report the results of rapid thermal annealing (RTA) effect on beryllium implanted in situ activated p-type GaN samples and investigate
the ramping and isothermal annealing effect of RTA process for these samples. It is found that the optimum RTA condition is at the temperature
of 1100◦C for 15 s. Furthermore, with equal total isothermal time of 60 s, we compared the multiple step annealing (MSA) at 1100◦C for four
periods with single step annealing (SSA) for one period at the same annealing temperature of 1100◦C, and observed that the ramping effect
with MSA could repair Be-related complex defect, and one time, long period isothermal annealing effect with SSA seems to induce much
more defect. It seems that the multiple step annealing is more effective and induce less defect than single step annealing for Be-implanted in
situ activated p-type GaN samples.
© 2004 Elsevier B.V. All rights reserved.
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Gallium nitride and other group III-nitrides materials have
recently attracted large interest for opto-electronic device
such as blue-green light-emitting diodes, laser diodes and
detectors[1–4]. Most of these devices have been made by
the achievement of controlled p-type and n-type doping
during metal-organic chemical vapor deposition (MOCVD)
process[5–11]. Ion implantation for selective area doping
is a critical requirement in the semiconductor industry be-
cause of its wide acceptance and providing precise control
of dopant concentration and depth distribution. However, the
implantation-induced damage removal and efficient activa-
tion of both p-type and n-type dopants are important and usu-
ally performed by the technology of rapid thermal annealing
(RTA) [12–14]. Generally, p-type GaN is typically achieved
by doping with magnesium (Mg). Because of high activation
energy of Mg[15–17], the activation of Mg acceptors is gen-
erally very low and limited to less than 10%. Be has a low
theoretical activation energy of about 60 meV[18] making
it a promising candidate for p-type doping in GaN. Several
studies have indicated that the activation of Be implanted
undoped GaN dopants can be achieved by rapid thermal an-
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nealing up to 1100◦C [19,20], including different annealing
methods. Recently, Be-implanted Mg doped GaN have been
reported and obtained very high hole concentration over
1019 cm−3 and low specific resistance[21–24]. However,
there is no systematic examination of implantation-induced
damages and the detail effect of RTA on Be implanted in situ
activated p-type GaN materials. In this paper, we report the
effect of different RTA approaches of single step annealing
(SSA) and multiple step annealing (MSA) on Be-implanted
in situ activated p-type GaN including electrical and opti-
cal properties, and also demonstrate the ramping and the
isothermal annealing effect of RTA process on these p-type
GaN samples.

The in situ activated p-type GaN samples were 1�m-thick,
grown onc-axis sapphire substrates by MOCVD. Trimeth-
lygallium, ammonia and CP2Mg were used as Ga, N and
Mg source, respectively. These in situ activated p-type GaN
samples were not treated by post-growth annealing and acti-
vated in situ in the reactor of MOCVD instrument. The ini-
tial hole concentration and mobility at room temperature for
these in situ activated samples prior to Be implantation were
measured by Hall measurement to be 1.2 × 1017 cm−3 and
13 cm2/V s, respectively. These samples were subsequently
implanted with Be ions at the energies of 50 keV with a dose
of 1014 cm−2. The carrier concentration of these samples
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was determined by Hall measurement at room temperature.
The photoluminescence (PL) measurements were obtained
at a temperature of 20 K using a He–Cd laser as the excita-
tion source. The strains of these samples were characterized
by the Raman analysis system and the X-ray diffraction
experiments were performed using a high-resolution X-ray
diffractometer with the Cu K� (λ = 1.541 A) line.

As shown inFig. 1, the ion projection range of implanta-
tion energy 50 keV for as-implant samples was estimated to
be about 0.25�m by TRIM stimulation and observed to be
about 0.4�m from SIMS measurement. It has been shown
that the profile of ions is similar but the depth is not equal.
The typical reason is that TRIM simulation value is based on
undoped GaN. These implanted samples were subsequently
separated into two sets for different RTA approaches. The
first set was with SSA at 1100◦C for 60 s of one period,
while the second set was with MSA for 15 s of four periods
at the same annealing temperature of 1100◦C, to repair the
implantation damage.

The hole carrier concentration and mobility of the second
set samples with MSA were measured by Hall measurement
to be 4.0 × 1017 cm−3 and 13 cm2/V s, respectively, while
for the first set samples with SSA, the value of the carrier
concentration could not be obtained because of very high
resistance. It is clearly shown that the carrier concentration
of the second set with MSA has a little increase than the
as-grown samples.

Using a 325 nm He–Cd laser as excitation source, these
two set samples were characterized by PL measurement.
The PL spectra of the first set and second samples as shown
in Fig. 2, shows several typical Mg-related emission lines
at 420, 440 and 465 nm. The 420 and 440 nm peak are at-
tributed to donor–acceptor-pair transitions from the deeper
donors to the identical shallow acceptor. Additionally, a
deeper Mg-related acceptor level of about 530 meV from
the valence band and thus 465 nm transition is considered
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Fig. 1. The Be ion projection range of energy 50 keV for as-implant
samples was estimated to be about 0.25�m by TRIM stimulation and
observed to be about 0.4�m from SIMS measurement.

Fig. 2. The PL spectra of (a) the first set with SSA and (b) the second set
with MSA. Inset diagram indicates occurrence of partial accumulation of
Mg atoms.

to be due to randomly dispersed deep acceptors, defects and
impurities such as Vga, VN, MgGa, ON and Mg-complexes
[25,26]. The PL spectra show an additional broad spectrum
near 520 nm which is Be-related complex defect induced by
ion implantation[26]. FromFig. 2 in the first set with SSA,
the Mg-related emission lines intensity is much weaker and
Be-related complex defect at 520 nm was obviously com-
pared to the second set with MSA. This suggests that the
several ramping effect of MSA could repair Be-related com-
plex defect, however, one time, long period isothermal an-
nealing effect with SSA seems to be inducing much more
defect. Furthermore, we could observe that the Mg-related
emission lines of the first set are obviously red-shifted com-
pared to the second set, indicating occurrence of partial ac-
cumulation of Mg atoms[27]. As shown inFig. 2, in the
insert diagram, the SIMS profiles of Mg in the first set and
the second set are comparable. To further simulate the ther-
mal redistribution of Be ion for SSA and MSA, we com-
bined the ion approximated Gaussian distribution equation
and diffusion equation, and obtain the implanted annealing
distribution equation, which has the form of
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Fig. 3. The distribution of Be ions of these two set samples from simulation and SIMS.

whereS is the total dose,Rp the ion projection range,
Rp
the ion projection straggle,D the diffusion coefficient, and
t the annealing time.Fig. 3show the distribution of Be ions
of these two set of samples from simulation and SIMS. We
obtain the same profile about the simulation and SIMS data,
and the redistribution of Be ions in p-type film with SSA
and MSA is uniform.

Meanwhile, we implement the comparison of X-ray
diffraction measurement data between the first set and the
second set samples. The X-ray diffraction experiments were
performed using a high resolution X-ray diffractometer
with the Cu K� (λ = 1.541 A) line. From the full width
half maximum value of X-ray rocking curve (XRC) spec-
tra, it can be seen that the crystal quality of the first set
for SSA with the value of about 442 arcsec is worst than
that of the second set for MSA with the value of about
412 arcsec. This also could prove that one time, long period
isothermal annealing would result in much more defects.
To further investigate the ramping and isothermal effect on
Be-implanted p-type GaN, we measured the Raman spec-
trum of the first set and second set as shown inFig. 4. From
the Raman spectra, the peaks at about 414 and 746 cm−1

are the A1g and E1g modes arising from the substrates,
and the peak at 375 cm−1 is also assigned to arise from
the substrate[28,29]. From Fig. 4, in the Raman spectrum
of the first set, we can observe the E2 (high) mode of
GaN at about 567 cm−1 is higher than the second set of
565 cm−1. This suggests is indicated that the several ramp-
ing effects of MSA are more effective to relax the resid-
ual strain. This results is consistent with the X-ray XRC
measurements.

In summary, we have realized the study of rapid thermal
annealing effect on beryllium implanted into in situ activated

p-type GaN samples, and investigated the ramping and the
isothermal annealing effect of RTA process. We compared
the multiple step annealing at 1100◦C for 15 s of four peri-
ods with single step annealing for 60 s of one period at the
same annealing temperature, and observed that the ramping
effect with MSA could repair Be-related complex defect and
one time, long period isothermal annealing effect with SSA
seems to be inducing much more defect. It seems that the
multiple step annealing is more effective and induces less
defect than single step annealing for Be-implanted in situ
activated p-type GaN samples.
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Fig. 4. Raman spectra of Be-implanted in situ activated p-type GaN
samples with SSA and MSA at the same annealing temperature of 1100◦C:
(a) the first set with SSA and (b) the second set with MSA.
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