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X-ray absorption spectroscopy has been used to investigate the electronic structure of as-deposited
and oxidized Ni/Au contacts onp-GaN. The NiK-, L2,3-, and OK-edges x-ray absorption spectra
clearly show the formation of NiO in the annealed contacts. Annealing in air increases Ni-site hole
concentration and slightly shortens the nearest-neighbor Ni–O bond length, which enhancesp–d
hybridization and charge transfer from Ni to O. The observed very low specific contact resistance
in the oxidized contacts is found to be due to the enhanced hole concentration at the Ni site.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1370121#
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The metal–semiconductor contact is a crucial interfa
structure that determines the characteristics of optoelectr
and microelectronic devices. The selection of metal conta
requires proper understanding of their electronic structur1

Several combinations of metals were tested for the cont
for n- andp-type GaN.2,3 The most widely used ohmic con
tacts forn-type GaN are based on an Al/Ti bilayer.4 Finding
a suitable ohmic contact forp-GaN has been a major prob
lem. Recently, Hoet al. oxidized the Ni/Au-bilayer contac
on p-GaN and obtained a very low specific contact res
tance of 131026 V cm2.5 This finding prompted intensive
investigations on the Ni/Au contacts.6 Ho et al.proposed that
during annealing of the Ni/Au contacts in air, Ni atoms d
fuse to the surface and were oxidized to form a crystall
NiO layer. They attributed the low-resistance ohmic cont
to the formation ofp-NiO most likely with Ni in the 31
state or with the presence of interstitial oxygen.5,6 To under-
stand these proposed properties, we carry out NiK-, L2,3-,
and OK-edge x-ray absorption spectroscopic investigation
the electronic structures of the as-deposited and oxid
Ni/Au contacts onp-GaN.

X-ray absorption spectra were measured using the fa
ity at the Synchrotron Radiation Research Center~SRRC!,
Hsinchu, Taiwan, operating with an electron energy of
GeV and a maximum stored current of 200 mA. For
samples, the NiK-edge absorption spectra were obtain

a!Electronic mail: wfpong@mail.tku.edu.tw
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from wiggler beamline by the fluorescence yield metho
while the NiL2,3-edges and OK-edge spectra were obtaine
from high-energy spherical grating monochromator a
Dragon beamlines by the sample drain current method
vacuum better than 1029 Torr. The spectra of the referenc
samples, namely the Ni foil and NiO thin film, were als
recorded. The GaN samples used in this study were gro
by a low-pressure metalorganic chemical vapor deposi
method on the sapphire~0001! substrates. Details of the
preparation and characterization of these samples are g
elsewhere.5 We have selected one as-depositedp-GaN/
Ni~100 Å!/Au(50 Å) and two oxidized~a! p-GaN/Ni~50 Å!/
Au(50 Å) and~b! p-GaN/Ni~100 Å!/Au(50 Å) samples. An-
nealing was done in air at 500 °C. The Au layers in all the
samples have the same thickness. Since Hoet al. reported
that the annealed samples with a Ni thickness of 50
yielded a much lower contact resistance than those wit
Ni-layer thickness of 100 Å, we selected samples with N
layer thicknesses of 50 and 100 Å, respectively, in order
understand the thickness dependence.

Figure 1 shows the normalized NiK-edge x-ray absorp-
tion near edge structure~XANES! spectra of the as-deposite
and oxidizedp-GaN/Ni/Au samples measured in the fluore
cence mode at room temperature. As seen in the inset of
1, the spectral features of the as-deposited sample rese
those of the Ni foil, which shows that the Ni layer deposit
on p-GaN is a metallic layer and there is no trace of Ni
The spectral features of the oxidized samples in Fig. 1
very similar to those of NiO, except the absence of the mi
8 © 2001 American Institute of Physics
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pre-edge peak~marked by a vertical arrow!. The similarity of
the spectral features is an evidence of the formation of N
after annealing at 500 °C in air, which is consistent with t
previous report.6 In Fig. 1, the main peaks in the spectra
the annealed samples do not show any significant shift w
respect to that of the NiO thin film indicating that Ni is in th
divalent state. One would expect considerable shift of
peak positions in the XANES spectra if Ni31 ions were
present in the contacts.7 Thus, the spectra indicate that Ni31

ions are not significantly present in these oxidized samp
which does not support the existence of Ni31 ions proposed
by Ho et al. According to Fig. 1, the absorption intensity
and above the main edge is significantly larger for the
nealed samples than that for NiO and the intensity
the main feature is slightly larger for p-GaN/
Ni~50 Å)/Au(50 Å) than for p-GaN/Ni~100 Å)/Au(50 Å).
An enhancement of the NiK near edge intensity correspond
to the increase of the number of unoccupied Ni 4p-derived
states, which implies a reduction of the number of occup
Ni 4p-derived states and a loss of Ni 4p-orbital charge upon
annealing.

Figure 2 shows the OK-edge XANES spectra of the
annealed samples and NiO. The as-deposited sample
not yield any OK-edge signal implying that there is no NiO
in the metal contact. The spectra are normalized to have
same area in the energy range between 550 and 570 eV~not
fully shown in the figure!. The O K-edge XANES spectra
reflect transitions to the unoccupied O 2p-derived states. The
hybridization with the relatively narrow 3d and broader 4sp
Ni bands results in featuresA andB in the spectra.8 The area
of featureA was determined by subtracting a Gaussian ty
background from the measured spectra as shown by the
ted lines in Fig. 2. The area under featureA in the spectra of

FIG. 1. Normalized NiK-edge x-ray absorption spectra of the as-depos
and oxidized Ni/Au contacts onp-GaN and the Ni foil and NiO thin film.
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the oxidizedp-GaN/Ni/Au samples decreases with respect
that of the NiO thin film. This clearly indicates that there is
decrease in the density of the unoccupied states of 2p char-
acter due to strong hybridization between Ni 3d and
O 2p states after annealing. Thep-GaN/Ni~50 Å)/Au(50 Å)
sample has the smallest area and the largestp–d hybridiza-
tion among the samples studied.

The Ni L2,3-edges XANES spectra gives information o
the Ni-site electronic structure. The area under the white
feature is directly related to the Ni-site hole concentration.9,10

Figure 3 shows the normalized NiL2,3-edges x-ray absorp
tion spectra. The area under the white line feature was
tracted relative to the fitted arctangent function of the co
tinuum step centered at the maximum height. The integra
area from 850 to 863 eV is found to be significantly larg
for the oxidized samples than for NiO. The inset in the figu
shows the relationship between the area under the NiL3 edge
and the specific contact resistance for the samples inv
gated. The annealed samples have a much lower resist
and a larger white-line-feature area than the NiO thin fi
~NiO is an insulator and has a resistance in the order
;1013V cm2!.11 The oxidized Ni~50 Å! sample has the larg
est NiL3-edge peak area. The trend of the white-line-feat
areas is similar to that of NiK edge. Both NiK- andL3-edge
results show the formation of thep-NiO layer in the contact
after annealing in air. The NiL3-edge result shows that th
increase of the Ni-site hole concentration is responsible
the low specific contact resistance.

Figure 4 shows the Fourier transform~FT! amplitudes of
the extended x-ray absorption fine structure~EXAFS! k3x

d

FIG. 2. Normalized O K-edge x-ray absorption spectra of~a!
p-GaN/Ni~50 Å!/Au(50 Å), ~b! p-GaN/Ni~100 Å!/Au(50 Å), and~c! NiO
thin-film samples. The inset shows the area of featureA of the three
samples.
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FIG. 3. Normalized Ni L2,3-edges x-ray absorption spectra of~a!
p-GaN/Ni~50 Å!/Au(50 Å), ~b! p-GaN/Ni~100 Å!/Au(50 Å), and~c! NiO
thin-film samples. The inset qualitatively represents the correlation betw
contact resistance and the NiL3 peak area of the three samples. Note th
the axis is broken to show the high resistance of NiO thin films.

FIG. 4. Fourier transform amplitudes of the EXAFSk3x data at the NiK
edge fromk53.5 to 9 Å21 ~solid line! for ~a! p-GaN/Ni~50 Å!/Au(50 Å),
~b! p-GaN/Ni~100 Å!/Au(50 Å), and~c! the NiO thin films. Final fits of the
theory to nearest-neighbor Ni–O and Ni–Ni bond lengths are shown by
open circles. The inset represents the NiK-edge EXAFS oscillationsk2x
data.
rticle is copyrighted as indicated in the article. Reuse of AIP content is s
163.13.36.187 On: Mon, 
data at the NiK edge for the oxidized samples and the re
erence NiO. The inset represents the NiK-edge EXAFS os-
cillations k2x data. Our result shows that the local atom
structure in the oxidized samples closely resemble tha
NiO. The first peaks of the FT curves~marked by the vertical
arrow! correspond to the nearest-neighbor~NN! Ni–O bond
length.12 Our analysis involved the use of the multiple
scattering EXAFS computer programFEFF6,13 and the non-
linear least-squares-fitting computer programFEFFIT.14 As
shown in Fig. 4, the quality of the fit for the NN Ni–O an
Ni–Ni are quite good. We obtained NN Ni–O~Ni–Ni!
bond lengths of 1.9160.02(2.9160.03), 1.9560.02(2.99
60.03), and 2.0360.02(2.9760.03) Å for p-GaN/
Ni~50 Å)/Au(50 Å), p-GaN/Ni~100 Å)/Au(50 Å), and the
NiO thin film, respectively. The NN Ni–O bond length fo
p-GaN/Ni~50 Å)/Au(50 Å) shifts slightly toward the lower
R relative to those forp-GaN/Ni~100 Å)/Au(50 Å) and
NiO. Thep–d hybridization is generally believed to depen
on the energy separation between the Ni 3d and O 2p states
and the NN Ni–O bond length. The absolute square of
hybridization coupling constant,uVpdu2, is qualitatively pro-
portional to (r d

3/dNN
7 ), wherer d and dNN are the transition

metald-orbital radius and the 3d transition metal–NN bond
length, respectively.15 Thus, the decrease in the NN Ni–O
bond length may enhance the Op-Ni d hybridization, which
can be correlated with the low contact barrier betwe
p-NiO andp-GaN.

In summary, we find that the low contact resistance
attributable to the increase in the Ni-site hole concentrat
and the change in the NN Ni–O bond length.

The authors~K.A. and W.F.P.! wish to acknowledge
support by the National Science Council of the Republic
China under Contract No. NSC-89-2112-M-032-028.
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