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The authors report on the formation of cerium oxide-doped indium oxide�2.5 nm� /Ag�250 nm�
contacts to p-GaN. The contacts become Ohmic with a specific contact resistance of 3.42
�10−4 � cm2 upon annealing at 530 °C in air. X-ray photoemission spectroscopy �XPS� Ga 3d
core levels obtained from the interface regions before and after annealing indicate a large band
bending of p-GaN �about 1.7–1.8 eV�, namely, an increase of Schottky barrier height. Based on the
XPS, secondary ion mass spectroscopy, and capacitance-voltage data, possible transport
mechanisms for the annealed contacts are described and discussed. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2424660�

Development of high-power and high-efficiency GaN
light-emitting diodes �LEDs� is of technological importance
for the realization of solid-state lighting.1 For this purpose,
flip-chip1 and vertical-structure GaN-based LEDs,2 p-side
down LED structures, have been extensively investigated
and shown to be effective in enhancing light extraction effi-
ciency considerably. For such device geometries, metal re-
flectors with low contact resistivity are required. Among
many reflectors, Ag is widely used because of its reasonable
Ohmic behavior to p-GaN.3–7 However, its thermal instabil-
ity upon annealing remains to be improved.3 To resolve the
thermal instability, either metals or transparent conducting
oxide interlayers were combined with Ag contacts. For ex-
ample, Ni/Ag,4,5 SnO2/Ag,6 and In2O3/Ag7 have been in-
vestigated. For these Ag-based contacts, Ohmic mechanisms
were related to the generation of acceptorlike Ga vacancies
near the p-type GaN surface region due to the formation of
Ag–Ga solid solution.3,5,6 In this letter, we have investigated
the addition of a CeO2-doped In2O3 interlayer to Ag contacts
to form low-resistance Ohmic contacts to p-GaN for high-
performance flip-chip LEDs. Possible transport mechanisms
are described in terms of combination of defect-assisted tun-
neling and hopping conduction via deep level defects.

1.0 �m thick p-type GaN layers were grown on c-plane
sapphire substrates by metal organic chemical vapor deposi-
tion. The Hall measurement of the GaN samples showed a
carrier concentration of 6.0�1017 cm−3 and a mobility of
10.2 cm2/V s. Prior to photolithography, the GaN samples
were treated with a buffered oxide etch solution for 20 min
at room temperature and rinsed in de-ionized water.6 Circular
transmission line method patterns with an inner dot radius of
120 �m and a gap spacing of 4–24 �m were used for mea-
suring specific contact resistance. 2.5 nm thick CeO2-doped
In2O3 �ICO� layers were e-beam evaporated using an In2O3

target containing 10 wt % CeO2, on which Ag layers were
e-beam evaporated. For reference, single Ag contacts were
also prepared. Some of the samples were rapid thermal an-
nealed at 530 °C for 1 min in air. Current-voltage-
temperature �I-V-T� and capacitance-voltage �C-V� measure-
ments were carried out with transfer length method patterns �
100�50 �m2 in pad size� using an HP 4155A parameter
analyzer and an HP 4284A LCR meter, respectively. X-ray
photoemission spectroscopy �XPS, VG Multilab ESCA 2000
model� was performed using a Mg K� x-ray source in an
UHV system. The binding energy �BE� was calibrated with
respect to the Au 4f peak �BE=84.0 eV�. Secondary ion
mass spectroscopy �SIMS, Cameca IMS 6f model� was car-
ried out using primary ion beams of cesium �CS

+� and oxygen
�O2

+�.
Figure 1 shows the typical I-V characteristics of

ICO�2.5 nm� /Ag�250 nm� contacts before and after anneal-
ing at 530 °C. The as-deposited sample shows nonlinear
I-V behavior. The electrical behavior is, however, improved
significantly upon annealing. Measurements showed that the
annealed sample produces specific contact resistance of
3.42�10−4 � cm2. In addition, the I-V-T measurements
were carried out and their calculated specific contact resis-
tances are plotted as a function of the temperature, as shown
in the inset of Fig. 1. Details will be discussed later.

Figure 2 shows the XPS Ga 3d and N 1 s core level
spectra obtained from ICO/Ag contacts on p-GaN before and
after annealing at 530 °C. The Ga 3d core level obtained
from the near interface region of the annealed sample shifts
toward the higher binding-energy side by 1.0–1.3 eV com-
pared to that of the as-deposited one, leading to a large band
bending of p-GaN �about 1.7–1.8 eV�,8 namely, an increase
of Schottky barrier height. �The Ga 3d peak shifts indicate a
change of band bending since the N 1s core level spectra
show a shift behavior similar to that of the Ga 3d peaks�.9 On
the other hand, for the annealed sample, there is a shoulder at
the lower binding-energy side of the Ga 3d peak, which is
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indicative of the presence of metallic Ga, which was outdif-
fused from GaN. This causes the generation of acceptorlike
Ga vacancies at the GaN surface region.5 However, despite
the presence of an amount of Ga vacancies below the con-
tact, the Ga 3d peak largely shifts toward the higher binding-
energy side. This implies that the surface Fermi level is af-
fected by other defect states. This result is different from the
results previously reported for Ag-based contacts.3,5

SIMS depth profile results from the sample annealed at
530 °C in air �not shown� exhibited that a large amount of
Ga outdiffused into the Ag layer and some amount of oxygen
indiffused into GaN. This indicates that air annealing may
induce active interfacial reaction and create a high density of
defect states associated with Ga vacancies and oxygen-
related defects.10 Thus, we believe that such defect states
may cause the surface Fermi level to move to the midband
gap level.8

Figure 3 shows the C-V characteristics of single Ag and
ICO/Ag contacts after annealing at 530 °C. The capacitances
of the annealed Ag contacts remain almost independent of
frequency �Fig. 3�a��. However, those of the annealed

ICO/Ag contacts rapidly decrease with increasing frequency
�Fig. 3�b��. This frequency dependence shows that �deep�
defect states can exist11 in the annealed ICO/Ag sample, as
expected from the XPS and SIMS results.

Possible transport mechanisms of the annealed ICO/Ag
contacts could be described in terms of the temperature de-
pendence of the contact resistivity as shown in the inset of
Fig. 1. The contact resistivity increases with decreasing tem-
peratures. This indicates that the carrier transport of the con-
tacts containing a high density of defect states may be domi-
nated by thermionic emission, defect-assisted tunneling, and
hopping conduction via deep level defects.12,13 However,
considering the large Schottky barrier height �due to a large
band bending� of the annealed ICO/Ag contacts, thermionic
emission could be excluded. Then, transport mechanisms
may be explained by means of the defect-assisted tunneling
or hopping conduction models.13,14

Figure 4 shows the I-T characteristics of the annealed
ICO/Ag contacts. For the defect-assisted tunneling mecha-
nism, reverse leakage current �I� is given by14

I = qND exp�−
q�B − �t

kT
��phW exp�− �tW� , �1�

where ND is the density of defect states at deep energy level
��t�, �B the Schottky barrier height, �ph the phonon fre-

FIG. 1. �Color online� Typical I-V characteristics of
ICO�2.5 nm� /Ag�250 nm� contacts to p-GaN before and after annealing at
530 °C. The specific contact resistances for the annealed sample as a func-
tion of 1/T are shown in the inset.

FIG. 2. �Color online� XPS spectra of Ga 3d and N 1s core levels before
and after annealing at 530 °C in air as a function of the sputtering time � *

denotes the midinterface region between the contact and GaN�.

FIG. 3. Frequency dependence of the C-V characteristics of �a� the Ag and
�b� ICO/Ag contacts annealed at 530 °C.

FIG. 4. �Color online� I-T characteristics of the annealed ICO/Ag contacts.
The inset shows plots of the sheet resistivity of the p-GaN as a function of
1/T1/4.
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quency, W the distance between the deep defects, k the
Boltzmann constant, and �t= �2/���2m*�t�0.5. The plot of
ln I vs 1/T reveals two distinct linear fitting regions, namely,
a temperature region between 413 and 130 K, and below
130 K, where their energy positions for defect-assisted tun-
neling �q�B−�t� are 0.140 and 0.033 eV, respectively. On
the other hand, the temperature dependence of the sheet re-
sistivity of p-GaN is shown in the inset of Fig. 4. In the
relationship between the sheet resistivity of p-GaN and
exp�T0 /T�1/4, where T0=16�3 /kND and �−1 is the localiza-
tion length, a linear fitting region is observed at the tempera-
tures in the range of 293–130 K. This indicates that hopping
conduction via deep level defects13–15 may also contribute to
the carrier conduction in this temperature region.

Based on the XPS, SIMS, and electrical results, possible
carrier transport mechanisms may be explained as follows. It
is believed that from the I-T relation, in the temperature re-
gion 413–130 K, the carrier transport can be dominated by
temperature-dependent deep defect-assisted tunneling
�marked as “I” in Fig. 5� with thermal activation energy
�EA=q�B−�t� of 0.140 eV. For the 293–130 K region, how-
ever, hopping conduction via localized deep defect states
�“II” in Fig. 5� could contribute additionally to the
temperature-dependent carrier conduction. On the other
hand, for the temperature region below 130 K, the relatively
low tunneling energy position of 0.033 eV indicates that the

carrier transport may also be dominated by field-emission
tunneling.13

From the XPS analysis, the large band bending of
p-GaN �about 1.7–1.8 eV� attributed to the surface Fermi
level pinning by a high density of defect states was observed
for the sample annealed at 530 °C. This result indicated that
mechanism of the oxide-combined Ag Ohmic contacts could
not be explained simply by the reduction of Schottky barrier
height. Instead, we proposed possible carrier conduction
models via temperature-dependent defect-assisted tunneling
and hopping.

In summary, we investigated the carrier transport mecha-
nisms for the ICO�2.5 nm� /Ag�250 nm� Ohmic contacts to
p-GaN by means of XPS, SIMS, and electrical measure-
ments. It was shown that annealing caused an increase of
band bending of p-GaN although the contacts became
Ohmic. The C-V results indicated the presence of �deep� de-
fect states in the annealed sample. Based on the XPS, SIMS,
and electrical results, the carrier transports were described in
terms of the combination of defect-assisted tunneling and
hopping conduction via deep level defects.
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FIG. 5. �Color online� Band diagram showing possible carrier transports of
ICO/Ag contacts annealed at 530 °C.
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