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GaN hasa 3.4 eV direct gap at room temperature and has attached much interest
for its application in optical devices in the short-wavelength region such as blue
light emitting diodes (LEDs) and laser diodes (LDs). Other devices that have been

demonstrated so far include ultraviolet photoconductive detectors, ultraviolet



Schottky barrier photodetectors, metal — semiconductor field effect transistors, and
high electron mobility transistors. Ohmic contacts to p-GaN with low resistance are
essential in improving the performances of optical devices. In order to improve the
ohmic performance of the metalg/p-GaN samples, the samples were annealed at the
higher temperature. High-temperature annealing led to the formation of defects,
which resulted in degrading the performance of optical devices, in the p-GaN
sample. So in this plan, we are devoted to improve the nonaloyed and aloyed
ohmic contact of p-GaN samples under the various activations. Using the Van der
Pauw-Hall measurement performed, the electron concentration of the p-GaN
epilayer was determined. A specific contact resistance was measured using the
transmission line method (TLM) for metals contacts to the p-GaN samples. In order
to investigate the interfacial characteristics for the metal/p-GaN, all samples were
measured using current-voltage (I-V) method, capacitance-voltage (C-V)
measurement, Xx-ray photoelectron spectroscopy (XPS), and ultraviolet

photoel ectron spectroscopy (UPS).

(A) Study the activation of p-GaN under the various conditions:

In this work, the position of surface Fermi level of p-GaN samples under the
various activations can be obtained using UPS measurement and XPS
measurement. Using the Van der Pauw-Hall measurement performed, the
electron concentration of the p-GaN epilayer was determined. The Ga/N atomic
concentration ratio on the activated p-GaN samples was measured by XPS. In
order to understand the activation mechanisms of p-GaN samples under the
various activations, all observed results from Hall, XPS, and UPS were further

analyzed.

(B) Study the characteristics of metals nonalloyed and alloyed ohmic contacts to

p-GaN samples



The characteristics of Pt, Ni and Au (nonalloyed and alloyed) ohmic contacts
to the activated p-GaN are measured using I-V in this work. The interfacial
characteristics for metal/p-GaN are analyzed using XPS measurement. The
formation mechanisms of ohmic contacts for the metals/p-GaN will be investigated
in this study. In order to understand the interfacial characteristics of metal/p-GaN
samples, the fabricated Schottky diodes of p-GaN were analyzed using the C-V

measurements.
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In this study, the electrical properties of Pt contacts on p-type GaN (p-GaN) activated in air were
investigated. From the observed photoluminescence result, it is suggested that the hydrogenated Ga
vacancies (i.e., Vg,H,) were formed during the activation process. However, VgH, in p-GaN near
the surface was transformed into Vg, after Pt deposition, because Pt strongly absorbed hydrogen. A
large number of Vg, at the P/p-GaN interface would lead to the pinning of the Fermi level at 0.3
¢V above the valence-band edge, as well as the formation of the low barrier at the interface, and the
formation of the nonalloyed ohmic contacts dué to the occurrence of the tunneling transmission for
holes at the interface. © 2004 American Institute of Physics. [DOIL: 10.1063/1.1651658]

GaN continues to grow in importance for the high-
brightness light emitting diodes (LEDS) in the visible and
ultraviolet wavelength regions.' = For the case of the highly
efficient LED, several critical problemis must be addressed,
such as high hole concentration (N,) in p-type GaN
(p-GaN) and low-resistatce ohmic contact in the fabrication
processes for the devices. To obtain a low-resistance ohmic
contact to p-GaN, a variety of surface treatments of p-GaN
using solutions such as HyPO,, KOH, HCI, and aqua regia,
have been proposed.*® In this study, we report on the results
of activation time-dependent Hall effect measurements on
p-GaN and investigate the mechanism of nonulloyed ohmic
formation for Pt.contacts to p-GaN activated in air.

The epitaxial layers used in the experiments were grown
on c-plane sapphire substrates using a metalorganic chemical
vapor deposition system. Trimethylgallium, ammonia, and
bis-cyclopemtadienylmagnesium were used as the Ga, N, and
Mg sources, respectively. An undoped GaN buffer layer with
a thickness of 650 nm was grown on the sapphire substrate at
520°C, followed by the growth of an p-GaN layer (762 nm)
at 1100°C. The grown samples were annealed at 500 °C in
air ambient using a thermal annealing furnace for the pur-
pose of generating holes under various annealing times (i.e.,
1,2 3,4,5, 6, and 8 h). The Hall and photoluminescence
(PL) mensurements were performed at room temperature in
order to evaluate the electrical and optical properties of the
p-GaN layers for each activation method. Using a He-Cd
laser as an excitation source, the ~2.8 ¢V PL [blue lumines-
cence (BL)] band was only observed for the all sarmples due
to the heavily Mg doped.” For PL measurements, all acti-
vated samples were transferred to a loading chamber imme-
diately after aqua regia treatment. The specific contacl resis-
tance (p.) was measured using the transmmssion line method
{TLM) for Pt coniacts to the 1, 2, 3, 4, 5, 6, and 8 h activated
samples. A N/Au (3(0/600 nm) metal mask was employed to
form rectangular mesa regions with dimensions of 100
%1000 um®. A reactive ion etching system was used with
BCly gas to etch the p-GaN wafers. The dimensions of the
metal contaetl pads in the TLM pattern was 100% 100 gm?,
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The gap spacing between the contact pads was designed o
be 5, 10, 15, 25, 35, 50, and 60 um, respectively, After the
removal of the metallic mask, the samples were cleaned in
chemical cleaning solutions of trichloroethylene, acetone,
and methanol. The surfaces of as-cleaned samples were
treated with aqua regia for 10 min prior to deposition of the
Pt (30 nm) metal using an electron beam evaporator. The
I-V characteristics of the TLM patlemns were measured us-
ing an HP4145B semiconductor parameter analyzer.

Figure 1(a) shows the normalized PL spectra of Lhe
p-GaN samples without and with 2 h activation, respec-
tively. Figure 1(b) shows the difference between the PL spec-
trum of p-GaN without activation and the PL spectrum of
p-GaN with 2 h activation. PL studies of the 2 h activated
sample [see Fig. 1(a)] showed different features compared to
those observed in the sample without activation. In Fig, 1(b),
we can see that the difference spectrum is a broad peak in the
region of 1.9-2.6 eV, which is the so-called yellow lumines-
cence (YL). In this previous report,® we suggested that the
hydrogenated gallium vacancies (i.e., Vg,H,) were sources
of YL > From this kinetic point of view,'” the Vi, H, com-
plex is the most likely to be formed and contributes to YL.
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FIG. L. (a) PL spectra of the p-GaN samples without and with 2 h activa-
tion. (b) The difference spectrum.
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FIG. 2. Hole concenteation and the relative intensity ratio of fyy /g a8
functions of activation time.

Forthe 1, 2, 3,4, 5, 6, and 8 h activated samples, the relative
intensity ratio of lyy /[y is shown in Fig. 2, respectively.

In Fig. 2, the hole conceniration and the relative inten-
sity ratio of /yy //p, are shown as functions of activation
time. It can be seen that by increasing the activation time
from 1 to 2 h, the hole concentration increases from 3.2
%10'" em™? 10 1.2x10" em™?, respectively. However,
the hole concentration decreases from 1.2%10™ em™? 10
3.7%10" em? for the activation time increasing from 2 to
8 h, respectively. Figure 2 shows the relative intensity ratio
of Iy /Iy to increase with increasing activation time to a
minimum at 2 h, and decrease with increasing activation
time beyond that point. Figure 2 also shows that the relative
intensity ratio of Iy /1 increases (decreases) with increas-
ing (decreasing) hole concentration of p-GaN. This implied
that the generation of Vg,H, would result in the reduction of
the amount of nitrogen vacancies (Vy), us well as the reduc-
tion of the self-compensation in the p-GaN layer, and the
increase of the hole concentration. In addition, i VgH,,
two electrons are contributed, leading to o single acceptor.'’
On the other hand, when the activation time s longer than 2
h, the relative intensity ratio of fy; //p, decreases because of
the formation of Vy. The generation of Vi could be attrib-
uted to the nitrogen desorption due to an excess of Vg, Hs.

When Pt was deposited on the 1, 2, 3,4, 5, 6, and 8 h
activated samples, the nonalloyed ohmic contact of
Pt/p-GaN was obtained from the 2, 3, and 4 h activated
samples due to the formation of the higher hole concentra-
tion in the p-GaN films after activation. Figure 3 shows the
plot of the measured values of p,. for Pt contacts to the 2, 3,
and 4 h sctivated samples as a function of 1/yNj. When the
contact with high hole concentration occurs, the tunneling
process will dominate, and the p, is given as

P ’exp(q¢ﬂJ=§KP L"(.‘Lﬁ) (I]
‘ Euu I.SSX'(:'_“ Jﬁ; ¥

where € is the dielectric constant of p-GaN (e=9.5), m* is
the effective hole mass constant of p-GaN (m*=0.8), and
¢y is the barrier height at the metal/semiconductor inter-
face. For the 2, 3, and 4 h activated samples with high hole

concentration (N, >8.7%10"7 e¢m™?), plotting In vs
kv 4 ) b ebiotting in(pd
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FIG. 3. A plot of the caleulared values of p, as a function of /(W

1/JN;, gives a linear curve with the slop (g ¢ Jem*)/(1.85
% 10 y=4.45 10'° using the Eqg. (1), the g ¢ is calculated
to he approximately 0.3 eV, This indicates that the formation
of nonalloyed ohlimic contact for Pt contacts 102, 3, and 4 h
dctived samples can be attributed to the occurrence of the
tunneling transmission of holes and the formation of a barrier
height of 0.3 eV at the Pt/p-GaN interfuce. Besides, this
previous experimental result reported by Kim et al. indicated
that the energy level of Vi, is located at 0.3 eV above the
valence-band edge.'’ On the basis of the evidence, we de-
duced that the pinning of the surface Fermi level was deeply
related to the Vi, formation. Therefore, the formation of a
low barrier at the PUp-GaN interface could be associated
with the generation of a large number of Vi, after the Pt
deposition. Because Pt strongly absorbed hydrogen,' a large
number of Vg, H, induced by activation were transformed
into V,, pinning the Fermi level, and playing a role in form-
ing nonalloyed ohmic contact. This explained why the ob-
served barrier height for Pt contacts to 2, 3, or 4 h activated
samples is equal 10 0.3 eV. On the other hand, the formation
of more Vg, { Vg, as an acceptor)'® would cause an increase
of the Hole concentration in p-GaN near the interface and the
occurrence of the nneling transmission for holes at the in-
terface.

[n summary, the electrical properties of Pt contacts on
p-GaN activated in air were mvestigated in this study. Pt
onto the 2, 3, and 4 h activated p-GaN samples led to an
increase in the amount of Vg, due to the retention of hydro-
gen in the P1 layer,'? resulting in the formation of a nonal-
loyed ohmic contact, the pinning of the Fermi level in the
vicinity of valence band, and the occurrence of the tunneling
transmission for holes at the interface of Pt with p-GaN.
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this research under Contract No. NSC 92-2215-E-035-003.
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In this study, we investigated the 248 nm excimer-laser-induced activation of the Mg-doped GaN
layers: According to the observed photoluminescence results and the x-ray photoelectron
spectroscopy measurements, we found that the dissociation of the Mg-H complexes and the
formation of hydrogenated Ga vacancies (ie., Vg,Hs) and/or the Ga vacancies occupied by
interstitial Mg during the laser irradiation proeess, led to an increase in the hole concentration.
© 2004 American Instinite of Physics. [DOI: 10.1063/1.1695436]

Applications of wide bandgap GaN-based [1I-V nitride
compounds in blue light-emitting diodes, luser diodes, and
high-power electronic devices have been reported. One of
the problems in GaN-based optoelectronic devices is the low
hole concentration of Mg-doped GaN, which makes it diffi-
cult to form excellent ohmic contacts in metal/Mg-doped
GaN samples, There have been a few recent studies on the
effects of oxygen in the p-type activation process.'” In ad-
dition, a low-energy electron-beam iradiation (LEEBI)
treatment,’ 4 microwsve treament,® a thermal annealing
treatment,” and thermal annealing with a minority-carrier in-
jection method” have been also employed for the effective
activation and generation of holes, Jang er al* have indicated
that the acceptor concentration would increase by a factor of
=2 after KrF excimer laser irradiation. They suggested that
the activation efficiency of Mg dopanis was enhanced by the
pholon-assisted breaking of Mg—H bonds and/or the re-
moval of hydrogen atoms in the presence of oxygen, which
produced p-type GaN with an increased hole concentration.”
However, they did not investigate the excimer-lager-induced
activation mechamism  further.® Therefore, to date, the
excimer-lager-induced activation of Mg-doped GaN has 1ot
yet been well understood. For this study, we demonstrate that
the activation of Mg-doped GaN could be achieved by re-
petitive laser beam irradiation with a pulsed KrF excimer
laser under an air atmosphere. After laser irradiation, Ga ox-
ides formed on the Mg-doped GaN surface, and hydroge-
nated Ga vacancies (i.e., Vg,H;) and/or Ga vacancies, occu-
pied by the interstitial Mg (Mgg,), formed in the Mg-doped
GaN film, due to Ga outdiffusion. Therefore, alter laser irra-
diation, a hole concentration of 4.1% 107 cm™? could be
achieved in the Mg-doped GaN film.

The epitaxial layers used in the experiments were grown
on ¢-plane sapphire substrates using a metalorganic chemical
vapor deposition system. Trimethylgallium, ammonia, and
bis-cyclopentadienylmagnesium, were used as the Ga, N,
and Mg sources, respectively, An undoped GaN buffer layer
with a thickness of 650 nm was grown on the sapphire sub-
strate at 320°C, followed by the growth of an Mg-doped
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GaN layer (762 nm) av 1100°C. The grown samples (as-
grown samples) were annealed for the purpose of generating
holes at 750°C for 30 min in an ambient N; (N,-activated
samples). then irradiated in air, by a single pulse from a KrF
excimer laser (laser-irradiated samples). The laser was
operated at 248 nm with a pulse duration of approximately
50 ns. The incident laser fluence was 250 mliem®
(<600 mllem®). Tt is known that the threshold fuence for
the decompositioti or damaged of GaN is above 600 ml/cm?®,
under which the GaN surface is heated to its decomposition
temperature: of —900 to 1000°C.*" Next, all the samples
were cleaned i chemical cleaning solutions of trichloroeth-
vlene, acetone, and methanol. Prior to the making of the Hall
and photoluminescence (PL) measurements, the as-grown,
Na-nctivated, and laser-irradiated samples were treated in an
aqua regia solution for 10 min. Hall and PL measurements
were performed at room temperature in order to evaluate the
electrical and optical properties of the Mg-doped GaN layers,
for each activation method. When an He~Cd laser was used
as an excitation source, only the 2.8 eV PL band was ob-
served, in the all samples. Two Gaussian functions were used
to fit the PL peak. neglecting interference effects. The van
der Pauw~Hall measurements were used to determine the
hole concentration of the Mg-doped GaN epilayer. From the
observed Hall measurements, the hole concentration of the
N,-activated and laser-irradiated samples was calculated 1o
be 3.6% 10" cm™ and 4.1%¢10"7 em ™, respectively. The
hole mobility of the Nj-activated and laser-irradiated
samples was calculated to be 11.1 em?/ Vs and 10.9 em?/V s,
respectively. For this work, the Ga 2py; core-level spectrum
was measured via x-ray photoelectron spectroscopy (XPS).
The XPS measurements were performed using a monochro-
matic Mg Ka x-ray source. For energy reference purposes,
we took a Audf;, peak at 83.86 eV and a Cu2py, peak at
932.65 eV. The Ga 2p;, core-level peaks were deconvolved
into their various components using an interactive least-
squares computer program; the curves were assumed total
80% Gaussian and 20% Lorentzian mixed functions,

Figure 1 shows the Ga2py, core-level spectra of the
N;-activated and laser-irradiated samples, respectively, with-
out aqua regia treatment. The Ga—N bonds and Ga—0O
bonds, were observed in the Ns-activated and laser-irradiated

© 2004 American Institute of Physics
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FIG, 1. Ga2p55 core-level spectrn of (4) N;-activated Mg-doped GaN and
(h) laser-irmadiated Mg-doped GaN,

samples. The intensity of the spectral component from the
Ga—O bond increased significantly afier laser irradiation.
This suggests that Ga oxides (i.e., Ga;03)"" had formed on
the laser-irradinted sample surface due to Ga outdiffusion,
Wolter er al.'* suggested that the transformation of Ga into
Ga oxide during irradiation would be thermodynamically
most favorable in air.'? Figure 2 shows the respective nor-
malized PL. spectrn of the N,-activated and as-grown
samples, after aqua regia treatment. In Fig. 2. we find that
both samples had a similarly shaped curve.

Figure 3 shows the respective normalized PL spectra of
the N,-activated and laser-irradiated samples, after aqua
regin treatment. [n Fig. 3(a), we find that the samples do not
show a similarly shaped curve. The difference [laser irradi-
ated minus N, activaied, shown in Fig. 3(b)] is a broad peak
in the 1.9-2.6 eV region, the so-called yellow luminescence
(YL). Basak et al"® have indicated that the Ga vacancies
(Vigs) are the source of the YL.™ In addition, van de Wall
has suggested that hydrogenated Ga vacancies (i.e., Vg,H
and V,Hy) also contribute to YL,"* This implies that the Ga

—&— as-grown
—0— N -activated
$
2.0 25 3.0 3.5
Photon energy (eV)
FIG. 2 PL spectra of the as-grown und Ny-activated Mp-doped GaN
samiples.
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FIG, 3. (1) PL spectra of the lnser-irradinted and Ny-activated Myg-doped
CiaN. (b) The difference spectrum (lnser-irmdiated minus N activated),

outdiffusion induced by laser irradiation will lead to an in-
crease in the amount of Ga vacancies in Mg-doped GaN film.
It is possible that the vacancies caused by Ga oxidation will
be good paths for Ga atoms to diffuse out of the GaN
substrate.”* However, Wright has indicated that, for extreme
p-type conditions, the formation energy of the Vg, or Vg, H
complex is quite high.'® In this case, the V;, and Vig,H com-
plexes are unlikely to occur. From this kinetic point of
view,'® the Vg, H, complex is the most likely to be formed if
contributes to YL, as shown in Fig. 3(b). During the laser
irradiation process, the following reactions will occur for
Mg-H and V,H,:

2GaN+3/20,—Gay 0y + 2(Vig—N), (n
Mg-H—Mg+H, ()
VG.,'F 2H— Vc;,H}_ v f3)

Wright has also suggested that Vg, H; has a negative forma-
tion energy and that the removal energy of Vg, H; is approxi-
mately equal 1o 2.5 eV for p-type GaN.'® Wampler er al."’
have indicated that Mg—H has a positive formation energy,
and the formation energy for, Mg-H-—+Mg+H, is equal to
0.8 eV. Therefore, we deduce that the occurrence of the re-
action, Mg~-H—Mg+H, and the formation of Vg, during
laser irradiation, may lead to the generation of Vg H;.
According to previous reports,'*'® we understand that in
Mg-doped GaN hydrogen prefers a positively charged state
(H") and is attracted by negatively charged Ga vacancies
(Vz-:). This suggests that the formation of Ga vacancies
significantly enhances hydrogen desorption from the Mg-H
complexes, to form Vg,H, . This results in the activation of
Mg-doped GaN. In addition, the Mg-H complexes may be
also broken by laser irradiation to form the positive charged
hydrogen. Vg,H, contributes two electrons, leading 1o a
single acceptor.'! Gelhausen ez al.* found that the YL band
evalved, following the LEEBI treatment for the metalorganic
vapor phase epitaxy-grown Mg-doped GaN. They proposed
that electron irradiation will head to the dissociating of hy-
drogenated Ga vacancies, resulting in an activation of

Vg,-related complexes, thus inducin;; the radiative recombi-
IPﬂﬂcense or copyright, see http://apl.aip.org/aplicopyright.jsp
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and/or Mg + Vg,— Mga,

Mg-doped GaN film

FIG. 4. Schematic llustriition of the p-type laser-irradistion mechanisms in
My-doped GaN films

nation responsible for the observed YL.? In addition, the in-
crease in the number of Ga vacancies caused by Ga outdif-
fusion may improve the activation efficiency, by promoting
the following reaction Mg, + Vg,— Mgg, (Mg; : The intersti-
tial Mg)." This is another possible explanation for the in-
creased hole concentration. A schematic drawing summariz-
ing the laser-irradiation activation mechanisms described
above shown in Fig. 4.

In summary, the activation mechanism of laser-irradiated
Mg-doped GaN has been investigated for this study. Accord-
ing to the experimental results, we deduce that Ga oxidation
will lead to an increase in Ga-vacancy-related defects and the
acceleration: of Ga outdiffusion during laser irradiation.
Therefore, excimer-laser-induced activition is attributed to
the dissociation of the Mg—H complexes and the strength-
ened formation of the hydrogenated Ga vacancies and/or the
Ga vacancies occupied by interstitial Mg.
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In this study, the ‘activation mechanism of annealed Mg-doped GaN in air and the influence of
ambient on activation of Mg-doped GaN were investigated. According to the experimental results,
we found that the dissociation of Mgg,~H, and the formation of hydrogenated gallium vacancies
(VgHs) and gallium vacancies occupicd by interstitial Mg during the air-activation process, led to
an increase in the hole concentration. [ addition, from the observed photoluminescence results and
thie secondary ion mass spectroscopy measurements, it is suggested that the formation of Vg H, will
result in an enhancement of hydrogen desorption from the Mgg,—H complexes. © 2004 American

Insritute of Physics. [DOIL: 10.1063/1.1704873]

Wide-band-gap semiconductors are of fundamental in-
terest for optoelectronic applications. High hole conductivity
in GaN is the key for producing short-wavelength optical
devices as well as high-power and high-frequency electronic
devices. However, there are still some problems that are un-
resolved, One of the problems in GaN-based optoelectronic
deyices is the low hole concentration (N,) of Mg-doped
GaN, which makes it difficult to form excellent ohmic con-
tacts in metal/Mg-doped GaN samples. There have been a
few recent studies on the effects of oxygen in the p-type
activation process.'? They demonstrated that the incorpora-
tion of oxygen into the activation ambient resulted in the
resistance  reduction' end an increase in  the hole
concentration' due to the outdiffusion of hydrogen (H) from
the Mg-doped GaN layer. A low-energy electron-beam irra-
diation (LEEBI) treatment,’ a microwave treatment,” a ther-
mal annealing treatment,’ and thermal annealing with a
minority-carmier injection method® have been employed for
the effective activation and generation of holes, Takeya and
Ikeda have indicated that hole concentration increased in
proportion to the square root of annealing time in low-
temperature long-time annealing method and it took ~2 h to
obtain hole concentration of ~ 10" em™ at 485°C an-
nealed in air.® However, they did not investigate the activa-
tion mechanism further” To date, there have as yet been no
studies into the long-time-activation mechanism of Mg-
doped GaN annealed in air. This is an important key for
improving the performance of the GaN-related devices. In
this study, we found the specific difference from the long-
time-thermal annealing method under air ambient. The for-
mation of hydrogenated gallium vacancies (i.e,, I-’miiz)? dur-
ing the ar-activation process could strongly influence the
activation of Mg-doped GaN. Afier 2-h-air activation, the N
of 1.2% 10" em ™ was obtained, due o the dissociation of
Mgg;,—H, and the formation of hydrogenated gallium vacan-
cies and gallium vacancies occupied by interstitial Mg.

The epitaxial layers used in the experiments were grown
on c-plane sapphire substrates using a metalorganic chemical
vapor deposition (MOCVD) system. Trimethylgallium
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(TMG), ammonia  (NH;), and  bis-cyclopenta-
dienylmagnesium (CP;—Mg), were used as the Ga, N, and
Mg sources, respectively. An undoped GaN buffer layer with
a thickness of 650 nm was grown on the sapphire substrate at
520°C, followed by the growth of a Mg-doped GaN layer
(762 nm) at 1100°C. Mg concentration ([Mg]) was 6
x 10" em™* for all samples. The [Mg] in Mg-doped GaN
was measured using secondary ion mass Spectroscopy
(SIMS). The grown samples (as-grown samples) were an-
nealed for the purpose of generating holes, at 750 °C for 30
min in ambient N, (750 °C-N;-activated samples), at 500°C
for 2 h in ambient N, (500 “C-N,-activated samples) and at
500°C for 2 h in air (air-activated samples), respectively.
The samples were cleaned in chemical cleaning solutions of
trichloroethylene, acetone, and methanol. Prior to Hall, pho-
toluminescence (PL), and SIMS measurements, the as-
grown, 750°C-N;-activated, 500 °C-N,-activated, and air-
activated samples were treated in an aqua regia solution for
10 min, Hall and PL measurements were performed at room
temperature (RT) in order to evaluate the electrical and op-
tical properties of the Mg-doped GaN layers for each acti-
vated method. When a He~Cd laser was used as an excita-
tion source, only the 2.8-eV-PL band was observed, in all the
heavily doped samples.* The Ga depth profile and the H
depth profile were obtained from the SIMS measurements
{Cameca IMS-4/ system). According to the Van der Pauw—
Hall measurements, we found that the hole concentration of
750 °C-N,-activated, 500 °C-Nj-activated, and air-activated
samples was, respectively, calculated to be 3.6% 10'7, 93
x10'%, and 1,2 10" em ™. An explanation for this will be
given.

Figure 1 shows the respective normalized PL spectra of
the as-grown, 750 °C-N,-activated and 500 °C-N;-activated
samples. In Fig. 1, we found that the PL spectra of the
750 °C-Ny-getivated, 500 °C-N,-activated and as-grown
samples had a similarly shaped curve. This suggested that
extrinsic optical characteristic was not induced after N, ac-
tivation.

Figure 2(a) shows the respective normalized PL specira
of the air activated and 500°C-N,-activated samples. PL
studies of the air-activated sample [see Fig, 2(a)] showed
different features compared to those observed in the 500 °C-
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FIG. 1. PL spectra of the (a) as-grown, (b) 750 °C-Ny-activated, and (c)
500 °C-N-activated Mg-doped GuN samples.

N;-activated sample. In Fig. 2(b); we can see that the differ-
ence (airactivated minus 500°C-N,-activated) is a broad
peak in the 1.9-2.6 eV region, the so-called yellow lumines-
cence (YL). Basak er af have indicated that the gallium va-
cancies (V) were sources of YL. Inaddition, Van'de Walle
has suggested that hydrogenated gallium vacancies (Vg H
and Vo, Hy) also contributed to YL."" Van de Walle has alsa
indicated that, for extreme p-type conditions. the formation
energy of Vg, or ¥g,H complex is quite high!""" In this
case, the Fg, and Vg, H complexes are unlikely to occur
From this kinetic point of view,'"™"! Vg, H, complex is the
most likely to be formed and contributes to YL, as shown in
Fig. 2(b), which also shows that the air activation produces &
broad lumiinescent band (centered on ~2.25 eV) which is
slightly blueshified relative to the YL peak (centered on
~2.2 eV) reporied by Pearton ef al.”’ Kucheyev ef al. indi-
cated that the H-related Y1 peak exhibits a blueshift.'”* Ac-
cording to previous reports, '™ we understand that hydrogen
in Mg-toped GaN prefers a positively charged state (H™)
and is attracted by negatively charged gallium vacancies

—=— 500°C-N -activation
—%— Air-activation
= | (a)
2
E
o
|
-
=
:
E [ —— -‘M—
{B)
20 25 3.0 35
Photon energy (eV)

FIG. 2. (a) PL spectrn of the 50( °C-Ny-gctivated mnd air-activated Mg-
doped GaN samples, (b) the difference spectrum’ (pir-activated minus
500 °C-N,-activated),
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i —— 500°C-N -activation
= = Air-activation

Secondary lon counts (arb. units)
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FIG. 3. Ga SIMS depth profiles of the 300 °C-N,-setivated and aie-activated
Mpg-doped GaN samples.

(V%,). These results suggest that the formation of
Vgy-related defects significantly enhances hydrogen desorp-
tion from the Mgg,—H complexes, to form Vi,H,. This re-
sults in the activation of Mg-doped GaN. In addition, in
FauHy, two electrons are contributed, leading to a single
acceptor.'” During the air-activation process, the following
reactions will ocecur for Mgg,— H and ¥V, H, complexes:

GaN+ (x/2) 0y + 2(Mgg,—H)

—(FaHy)N+ 2Mgg, + GaO, , (1)
GaN+(x/2) 05+ Mg — Mgg, N+ GaO, , (2)
2{Mgg,—H)+ (1/2)0;—2Mgg, + H,0.* (3)

where Mg, is the interstitial Mg. Van de Walle ef al have
indicated that the formation energy of Mg, will be close to
that of Mgg;, when the Fermi level is near the valence band
edge.'® An increase in the number of Ga vacancies caused by
air activation may improve the activation efficiency, by pro-
moting the following reaction of Eq. (2). This is also another
possible explanation for the increased hole concentration.
Koide ef al. have concluded that oxygen reacts with hydro-
gen to form H, 0, which helps to decrease the H concentra-
tion during the alloying process.’® This is also another pos-
sible explanation for the increased hole concentration. On the
other hand, during the 500 °C-N,-activation (or 750°C-
N,-activation) process, the following reaction will occur for
Megg,—H complexes:

Mg~ H— Mg, + H. (4)

In order to further confinn whether the Vg H, com-
plexes were really formed after the air activation or not, the
Ga SIMS depth profile and the H SIMS depth profile must
be, respectively, obtained. Figure 3 shows the Ga SIMS
depth profiles of the 500 “C-N,-activated and air-activated
samples, respectively. In Fig. 3, we find that the intensity of
Ga SIMS of the 500°C-N;-activated samples is larger than
that of the air-activated samples, This implies that the Ga-
vacancy-related defects were formed in the air-activated
samples. We find that the value of the depth from the surface
decreases with increasing the Ga-vacancy-related defects for
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FIG. 4. (n) Differenice between Ga SIMS depth profiles of the 500 °C-
Ny-nctivated and  air-activated  Mg-doped GaN  samples  (500°C-
N,-activated minus air activated), The T SIMS depth profiles of the (b}
750 °C-Ny-setivated, (c) 500 *C-N-activated, and (d) air-activited Mg-
doped GaN samples.

the air-activated sample, according to the observation on the
difference [500°C-Ns-sctivated minus air activated, as
shown in Fig. 4(a}] between the intensity of Ga SIMS of the
500 °C-N;-activated sample and the intensity of Ga SIMS of
the air-activated sample, This indirectly indicated the differ-
ence between the intensity of Ga SIMS of the 500°C-
Nj-activated sample and the intensity of Ga SIMS of the
air-activated sample has a relationship with the concentration
of the Ga-vacancy-related defects,

Figure 4 also shows the H SIMS depth profiles of the
750 °C-Na-activated, 500 °C-N;-activated and air-activated
samples, respectively. We find that the intensity of H SIMS
of the 500 °C-N,-activated sample has no relationship with
the depth [shown in Fig. 4(c)] and the intensity of H SIMS of
the air-activated sample decreases with increasing the depth
from the surface [shown in Fig. 4(d)]. Similarly, the Ga-
vacancy-related defects of the air-activated sample decrease
with increasing the depth from the surface, as shown in Fig.
4(a). This implies that the Ga-vacancy-related defects are the
hydrogenated Ga vacancies (ie:, Fg,Ha).

On the other hand. STMS analysis shows that the inten-
sity of'H SIMS of the air-activated samples is lower than that
of the 500 °C-N,-activated samples, which may improve the
activation efficiency. This result is in agreement with the
report by Koide er al,'® The reaction of oxygen with hydro-
gen to forth H,0 [shown in Eq. (3)] will help 1o decrease the
H coneentration during the mir-activation process; This ex-
plained why the Hall concentration of the air-activated
samples 15 higher than that of the 500°C-N;-activated
samples. SIMS analysis also shows that the intensity of H
SIMS of the air-activated samples is higher than that of the
750 °C-Ny-activated samples. However, the Hall concentra-

Yow-Jon Lin

tion of the air-activated samples is higher than that of the
750 °C-N,-sctivated samples. This suggests that most of H
atoms existed in the air-activated samples bond with Vg,
not Mgg,. The formation of hydrogenated gallium vacancies
(i.e., VgsHy) during the air-activation process can strongly
influence the activation of Mg-doped GaN, as shown in Eq.
(1). Besides, we find that the intensity of H SIMS of the
500 °C-N,-activated samples is higher than that of the
750 °C-N,-activated samples. Nakamura et al. have indi-
cated that the low-resistivity p-type GaN films were obtained
by N,-ambient thermal annealing above 700°C.° This ex-
plained why the Hall concentration of the 500°C-
N,-activated samples is lower than thar of the 750°C-
Nj-activated samples.

In summary, for Mg-doped GaN, the air-activation
mechanism and the influence of ambient on activation were
investigated. According to the experimental results, we found
that the dissociation of Mgg,~H, and the formation of g, H,
and gallium vacancies occupied by interstitial Mg during the
air-activation process, led to an increase in hole concentra-
tion. From the observed SIMS result, it is suggested that the
formation of hydrogenated gallium vacancies (i.e., Vg,Hy)
during the air-activation process could enhance hydrogen de-
sorption from the Mgg,—H complexes and strongly influence
the activation of Mg-doped GaN.
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In this study, we investigated the 248 nm excimer-laser-induced
activation of the Mg-doped GaN layers. According to the observed
photoluminescence results and the x-ray photoelectron spectroscopy
measurements, we found that the dissociation of the Mg-H complexes|
and the formation of hydrogenated Ga vacancies (i.e. VsaH2) and/or the
Ga vacancies occupied by interstitial Mg during the laser irradiation
process, led to an increase in the hole concentration.
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