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Abstract. We investigated the nano-structural evolution of metal contacts to GaN during annealing
and the correlations between nano-structures and electrical properties for two typical ohmic
contacts; Pd as a non-alloyed contact and Ni/Au as an alloyed one. Pd was completely transformed
to two kinds of epitaxial Pd gallides, Ga,Pd, and Ga_Pd, at 700 °C. In the alloyed Ni/Au contact, the
reaction chemistry was rather complicated. Ni,N formation was found in N, annealed sample at
500 °C of which reaction kinetics was greatly affected by the catalytic effect of Au. The high-
temperature compounds were correlated with the rapid degradation of electrical properties during
annealing. Meanwhile, the thermal stability of Ni/Au contact greatly improved by suppressing the
activated Ni reactivity, which was able to be obtained by forming preferential Ni-O bonding through

annealing in air.

1. INTRODUCTION

Nano-structural studies on metal/semiconductor
systems are very essential as a functional area of
devices keeps reducing, and a high resolved and
high fluxed synchrotron x-ray scattering is greatly
helpful. In this paper, we present synchrotron x-ray
scattering studies on metal contacts to GaN as an
example.

The group Il nitride semiconductors, especially
GaN, are of current interest in view of applications
for optoelectronic devices such as light emitting di-
odes and laser diodes in the blue and violet light
region [1, 2]. They are also good candidates for fab-
ricating electronic devices operating at high tem-
peratures due to their superior physical properties,
such as the wide bandgap, high breakdown electric
field, high saturation velocity, and high thermal con-
ductivity [3, 4]. For reliable, efficient, and high-per-
formance devices, it is essential to develop high
quality and thermally stable contacts to GaN-based
materials. Extensive studies have been made thus
far for developing optimized ohmic contact systems
[5, 6].

Pd [7] as a non-alloyed contact and Ni/Au [1, 2]
as an alloyed one have been commonly used as an

ohmic contact to p-type GaN. Many studies on the
interfacial reactions between metal and GaN have
been carried out in the viewpoint of thermal stability
[8-10]. However, the results are still conflicting, and,
moreover, important issues such as the nature of
the interfacial reactions and the nano-structural
phases of metal/p-GaN remain unclear. Especially
in Ni/Au system, the reaction chemistry is more
complicated. Recently, J. K. Ho et al. reported a
low-resistance ohmic contact to p-GaN by oxidiz-
ing Ni/Au thin films [11]. The low resistance ohmic
contact was primarily attributed to the formation of
NiO during oxidation heat treatment. However, ther-
mal stability and nano-structural evolution during the
preparation of the contact are not clear either.

In this paper, we present a systematic study on
the nano-structural and electrical behavior of the
typical ohmic contacts, Pd as a non-alloyed con-
tact and Ni/Au as an alloyed one, on GaN(000I)
during annealing. Pd and Ni formed interfacial com-
pounds with GaN at high temperature around 500-
700 °C during annealing in N, which is correlated
with rapid degradation of electrical properties. In the
Ni/Au contact, meanwhile, the thermal stability
greatly improved by suppressing the activated Ni
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reactivity by means of forming Ni-O bonding through
annealing in air.

2. EXPERIMENTAL

The GaN films were grown by metal-organic chemi-
cal vapor deposition (MOCVD) on c-plane sapphire
substrate. An undoped GaN layer with a thickness
of 2 um was grown, followed by the growth of 1.6
pum-thick p-type GaN doped with Mg. For deposi-
tion of Pd and Ni/Au films, the GaN samples were
first cleaned with organic solvents, then etched in
HCI:HNO, (3:1) solution, and finally loaded into an
e-beam evaporation system. Thin Pd film of 28 nm
thickness was deposited on the cleaned GaN sur-
face. For the Ni/Au film, Ni (10 nm) and Au (12 nm)
metals were deposited in sequence.

To examine nano-structural details, the synchro-
tron x-ray scattering measurements were carried
out at beamline 5C2 of Pohang Light Source (PLS)
in Korea. The synchrotron x-rays were first focused
vertically by a mirror, and a double bounce Si(111)
monochromator was used to monochromatize x-
rays to the wavelength of 1.488 A and at the same
time to focus the beam in horizontal direction by
the saggital focusing second crystal. A four-circle
x-ray diffractometer was used to reveal the in-plane
crystallinity and the structural orientations of the
epitaxially grown overlayers.

3. RESULTS AND DISCUSSIONS

We first examined the as-deposited Pd/GaN inter-
facial structure using high resolution electron mi-
croscope (HREM). The observed cross sectional
atomic image was shown in Fig. 1 (a). After digiti-
zation of the HREM image, a Fourier transform was
calculated and the filtered image was reconstructed
[Fig. 1 (b)]. The additional Pd fringes due to the
misfit dislocations are visible at the interface. By
measuring the atomic spacing between the regu-
larly spaced dislocation cores, we notice that six
Ga distances in GaN match to seven Pd distances.
The GaN surface etched with aqua regia is atomi-
cally clean and the Pd contact to GaN has the in-
terfacial structure, in which six Ga distances
(3.189Ax6=19.134A) in GaN match to seven Pd dis-
tances (2.750Ax7=19.250A), consistent with the x-
ray scattering studies previously reported [12]. This
interfacial structure enable the large stress caused
by the lattice mismatch of 22% to be reduced less
than 1%, measured by x-ray scattering [12]. The
epitaxial relationships between the as-deposited Pd
and GaN films are Pd [111] // GaN [0001] and Pd
[110] // GaN [1120], as previously reported [13].
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Fig. 1. (a) HREM image of the Pd/sapphire
interface region. (b) Fourier filtered image of the
Fig. 1 (a), showing misfit dislocations.

As the Pd film was annealed to 700 °C for 30 s
in arapid thermal annealing (RTA) furnace under N,
flowing atmosphere, the Pd was completely trans-
formed to two kinds of epitaxial Pd gallides by Pd-
Ga reaction. Fig. 2 (a) shows the powder diffraction
profiles of the post-annealed Pd films on GaN at
700 °C. The Bragg reflections atq, = 2.772 Atand
g, = 2.880 A1 correspond to the Ga,Pd, (201)
(JCPDS 2.762 A*) and Ga_Pd (213) (JCPDS 2.878
A) reflections, respectively. Both Ga,Pd,_ and Ga Pd
phases were grown epitaxially on GaN(0001), which
was revealed by the nonspecular Ga,Pd, (221) and
the Ga,Pd (310) reflections that were located 16.1°
and 47.2° away from the surface normal direction,
respectively. Fig. 2 (b) shows the scattering profile
along the phi scans of these nonspecular gallide
reflections. The well-defined peaks on the phi scans
indicated that the Ga,Pd, and Ga,Pd phases were
in fact grown epitaxially on GaN (0001). From the
relative directions of the film and the substrate crys-
talline axes, we summarized the epitaxial relation-
ships of the two gallides as follows. The Pd-rich
gallide, Ga,Pd, has a crystalline orientation with
Ga,Pd, (201) // GaN (0001) and Ga,Pd, [010] // GaN
[1120]. Meanwhile, the Ga-rich gallide, Ga_Pd has
a crystalline orientation with Ga,Pd (213) // GaN
(0001) in the out-of-plane direction, and Ga,Pd [310]
in the same azimuthal angle with GaN [1010]. An
increased contact resistance during high tempera-
ture annealing around 700 °C [14] is attributed to
these Pd-Ga compounds.

In an alloyed contact system, Ni/Au is commonly
used as p-type ohmic contact through annealing in
N, [15] or air [11]. The reaction chemistry of the
alloyed Ni/Au contact is much more complicated.
Fig. 3 shows a series of x-ray diffraction profiles for
Ni/Au contacts obtained during real-time annealing
at550°CinN,and air. In N, annealing, a Ni,N phase
is found as identified by the Ni,N(111) Bragg reflec-
tion. The structural evolution of Ni/Au contact dur-
ing annealing in N, has been studied in our research
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Fig. 2. The x-ray scattering profiles of the 700 °C annealed Pd/GaN films. (a) The powder diffraction
pattern along the surface normal g, direction. (b) The typical phi scans for the GaN (1011), Ga,Pd,
(221), and Ga,Pd (310) nonspecular reflections along the azimuthal direction.

group, including GaN decomposition and reactions
at 500 °C [16]. We showed that the Ga diffused into
Ni and Au substitutional positions, and the decom-
posed nitrogen reacted with Ni and formed the Ni,N
phase. The kinetics of Ni reaction is activated by
Au catalysis [17].

We note that Ni,N is not detected in air anneal-
ing. In fact, almost all of the Ni is in the NiO form at
this stage. The NiO signal is, however, hardly seen
in Fig. 3 because the weak NiO (111) reflection are
under the tails of the GaN(0002) and Au(111) reflec-
tion. The large shift of Au (111) reflections is related
with alloyed Ni content. The details are reported in
[17]. Niis preferentially bound to strong Ni-O bond-
ing and Ni-N reaction is much limited in the air an-
nealed conditions.

High-temperature compounds formed by reac-
tion with GaN deteriorate electrical properties. The
variations of specific contact resistivities of the Ni/
Au contacts are displayed as a function of subse-
guent annealing cycles in Fig. 4. Ohmic contact
resistivities were determined using transmission line
method (TLM). The TLM test structures were sub-
jected to thermal cycling by rapid thermal anneal-
ing under atmospheric pressure of N, and air. In each
case, the annealing cycle recipe heated the samples
to 550 °C and soaked for 1 min. Electrical proper-
ties were measured as a function of subsequent
thermal cycles. For the N, annealed cases, a U-
shaped dependence of contact resistivity on the
annealing cycles is obtained. However, the air an-
nealed contacts show stabilized contact resistivities.

The results indicate the oxidized Ni/Au contacts
show better thermal stability than that of N, an-
nealed. The origin of deteriorating thermal stability
inthe N, annealing is attributed to Ni,N formation at
the interface between metal and GaN, which be-
comes severe by the activated Ni reactivity due to
Au catalysis.
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Fig. 3. The x-ray powder diffraction profiles
along the surface normal g, direction for Au/Ni/
GaN films measured at 550 °C during real-time
annealing in N, and air.
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Fig. 4. Variation of contact resistivites as a
function of subsequent thermal cycles under
atmospheric pressure of N, and air.

4. SUMMARY

The high-temperature nano-structural behavior of
ohmic metal systems to p-type GaN and their re-
sulted electrical properties were studied and re-
ported. We presented two typical ohmic systems,
Pd as a non-alloyed contact and Ni/Au as an al-
loyed one. Pd was completely transformed to two
kinds of epitaxial Pd gallides, Ga,Pd, and Ga,Pd,
at 700 °C. In the alloyed Ni/Au contact, Ni,N forma-
tion was found in N, annealed sample at 500 °C of
which reaction kinetics was greatly affected by the
catalytic effect of Au. These compounds were cor-
related with the rapid degradation of electrical prop-
erties at high temperature. Meanwhile, the thermal
stability of Ni/Au contact greatly improved by sup-
pressing the activated Ni reactivity, which was able
to be obtained by forming preferential Ni-O bonding
through annealing in air.
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