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By using temperature-dependent current–voltage, variable-frequency capacitance–voltage, and Hall measurements,
the effects of the thermal oxidation on the electrical properties of Ni/Au Schottky contacts on lattice-matched
In0.18Al0.82N/GaN heterostructures are investigated. Decrease of the reverse leakage current down to six orders of magni-
tude is observed after the thermal oxidation of the In0.18Al0.82N/GaN heterostructures at 700 ◦C. It is confirmed that the
reverse leakage current is dominated by the Frenkel–Poole emission, and the main origin of the leakage current is the emis-
sion of electrons from a trap state near the metal/semiconductor interface into a continuum of electronic states associated
with the conductive dislocations in the InxAl1−xN barrier. It is believed that the thermal oxidation results in the formation
of a thin oxide layer on the InxAl1−xN surface, which increases the electron emission barrier height.
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1. Introduction

The lattice-matched In0.18Al0.82N/GaN heterostructures
have recently aroused great interest as an ideal candi-
date for high-temperature, high-frequency, and high power
applications.[1–3] The In0.18Al0.82N/GaN high electron mobil-
ity transistor (HEMT), which leads to a stress-free structure,
represents an alternative to the AlxGa1−xN/GaN HEMT with a
high density of the two-dimensional electron gas (2DEG) and
high reliability.[1,2] However, many important problems fac-
ing the In0.18Al0.82N/GaN HEMTs are still not resolved, such
as the high reverse leakage current of the Schottky contacts
and charges trapped in the InxAl1−xN barrier.[3–5] Several in-
vestigations have shown that the effects of both dislocations
and defect states in the barrier might play an important role in
reverse leakage current.[4–6] Arslan et al.[4] analyzed the leak-
age current mechanisms in the Schottky contacts on lattice-
matched InxAl1−xN/AlN/GaN heterostructures and concluded
that the Frenkel–Poole (F–P) emission dominates from 250 K
to 375 K. They thought that the main process in the leakage
flow is the emission of electrons from a trapped state near
the metal/semiconductor (M/S) interface into a continuum of
states associated with conductive dislocations. Chikhaoui et
al.[5] furthermore gave a description of the F–P emission with
the determination of the trap and dislocation energy level.
However, to date, no effective methods of leakage current re-
duction have been achieved.

In the present study, by using temperature-dependent

current–voltage (I–V ), variable-frequency capacitance–
voltage (C–V ), and Hall measurements, we demonstrate a sig-
nificant improvement in the leakage current of Ni/Au Schottky
contacts on lattice-matched In0.18Al0.82N/GaN heterostruc-
tures after thermal oxidation.

2. Experiments

The In0.18Al0.82N/GaN heterostructures were grown on
the (0001) surface of a sapphire substrate using metal–organic
chemical vapor deposition (MOCVD). The growth was ini-
tiated with a 25 nm-thick low-temperature GaN nucleation
layer. Then, an approximately 2.0 µm GaN template was
grown at 1070 ◦C followed by a 20 nm-thick In0.18Al0.82N bar-
rier layer grown at 800 ◦C. The typical mobility and density of
the 2DEG in the heterostructures at room temperature (RT) are
1180 cm2·V−1·s−1 and 2.31×1013 cm−2, respectively.

After the MOCVD growth, the van der Pauw con-
figurations and Schottky diode structures were fabricated.
Ti/Al/Ti/Au (20/180/55/50 nm) Ohmic contacts were de-
posited, followed by rapid thermal annealing in N2 ambient
at 850 ◦C for 30 s. Then, a 500 nm-thick top layer of Au
patterned with a second lithography was deposited to improve
the resistance to oxidation of the Ohmic contacts during high
temperature annealing. The samples were annealed in O2 am-
bient for 1 h at 600 ◦C (600 ◦C-annealed) and 700 ◦C (700 ◦C-
annealed), respectively. Finally, Ni/Au (50/100 nm) were de-
posited as Schottky contacts. The samples without the thermal
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oxidation were also prepared for reference (non-annealed).

The RT 2DEG mobility and density for the 700 ◦C-
annealed sample are 1180 cm2·V−1·s−1 and 1.83×1013 cm−2,
respectively. Compared with the non-annealed sample, the
sample after thermal oxidation has a slight reduction of 2DEG
density, and the 2DEG mobility always remains unchanged.
To identify the quality of the Ohmic contact of the sample, the
specific contact resistivity is determined by the linear trans-
mission line method (LTLM). The values of the specific con-
tact resistivity are 1.39×10−5 Ω·cm2 and 6.44×10−5 Ω·cm2

for the non-annealed sample and 700 ◦C-annealed sample, re-
spectively, which indicates the thermal oxidation has little in-
fluence on the Ohmic contact resistivity.

3. Results and discussion

Figure 1 shows the curves of current density versus bias
voltage for non-annealed, 600 ◦C-annealed, and 700 ◦C-
annealed samples at RT, respectively. The thermal oxidation
of bare In0.18Al0.82N/GaN heterostructures at 700 ◦C leads to
a significant decrease of the reverse leakage current down to
six orders of magnitude. The significant decrease in reverse
leakage current is also accompanied by a little decrease in for-
ward current. The forward I–V characteristics are analyzed
using the standard thermionic emission (TE) model[7] under
the assumption of an effective Richardson constant of A∗ =

56 A·cm−2·K−2.[8] The non-annealed sample displays a low
Schottky barrier height (SBH) of Φb = 1.2 eV and a high ide-
ality factor (IF) of n = 2.9. The 600 ◦C-annealed and 700 ◦C-
annealed samples exhibit SBH values of 1.7 and 1.8 eV and IF
values of 1.3 and 1.9, respectively. The thermal oxidation in-
creases the SBH accompanied with an improvement in IF. Lin
et al.[9] analyzed the effects of a thin native oxide layer on a
Au/Ni/n-type GaN Schottky diode and concluded that the tun-
neling current was induced in the presence of native oxide on
the GaN surface. As a result, the forward I–V characteristics
for the 700 ◦C-annealed sample in our work have also been
analyzed using the thermionic field emission (TFE) model.[9]

However, the 700 ◦C-annealed sample demonstrates nearly the
same SBH in the TFE model (1.754 eV) as in the TE model
(1.775 eV). An increase of the series resistance should be re-
sponsible for a little decrease in forward current after the ther-
mal oxidation. The specific contact resistivity increases from
1.39×10−5 Ω·cm2 to 6.44×10−5 Ω·cm2 after the thermal ox-
idation at 700 ◦C without a change in magnitude. As a result,
the increase of the series resistance of the diode should not be
the main cause for the decrease of the reverse leakage current
after the thermal oxidation.
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Fig. 1. (color online) Curves of current density versus bias voltage for
non-annealed, 600 ◦C-annealed, and 700 ◦C-annealed samples at RT,
respectively.

The surface chemistry properties of the InxAl1−xN sur-
faces for non-annealed and 700 ◦C-annealed samples are stud-
ied by x-ray photoemission spectroscopy (XPS) as shown in
Fig. 2. From the O 1s XPS spectra, it can be seen that a few O–
H bonds (531.2 eV) exist on the non-annealed InxAl1−xN sur-
face while O–In (529.7 eV) and a few O–H bonds (531.2 eV)
exist on the 700 ◦C-annealed InxAl1−xN surface.[10] There-
fore, we can deduce that the thermal annealing in O2 ambient
introduces a thin oxide layer on the InxAl1−xN surface as a
dielectric.
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Fig. 2. (color online) XPS spectra from O 1s core level of the InxAl1−xN
surfaces for non-annealed and 700 ◦C-annealed samples, respectively.
Dashed lines correspond to fitted curves for each bond.
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Fig. 3. (color online) Measured curves of reverse leakage current density di-
vided by electric field versus square root of electric field for (a) non-annealed
and (b) 700 ◦C-annealed samples, respectively. The insets show the plots
of S(T ) versus 1000/T which allows the determination of emission barrier
height.

The F–P emission refers to the electric-field-enhanced thermal
emission from a trapped state into a continuum of electronic
states. The reverse leakage current density J associated with
the F–P emission is given by[4–6]

J =CEb exp[−q(Φt−
√

qEb/πε0εs)/kT ],

where Eb is the electric field in the InxAl1−xN barrier at the
metal/InxAl1−xN interface for the non-annealed sample or at
the thin oxide/InxAl1−xN interface for the 700 ◦C-annealed
sample, Φt is the barrier height for electron emission from the
trapped states, εs is the relative dielectric permittivity, ε0 is the
permittivity of free space, T is the absolute temperature, and k
is the Boltzmann constant. For the current transport dominated
by F–P emission, the ln(J/Eb) should be a linear function of√

Eb as follows: ln(J/Eb) = R(T )
√

Eb + S(T ), with R(T ) =
q
√

q/(πε0εs)/kT , and S(T ) = −qΦt/(kT )+ lnC. The mea-
sured reverse leakage current densities in the non-annealed
samples from 150 K to 300 K and the 700 ◦C-annealed sam-
ples from 400 K to 500 K are observed to be dependent on
both electric field and temperature which are expected to be
of F–P emission, which are shown in Figs. 3(a) and 3(b).

The inset shows the plot of S(T ) versus 1000/T which al-
lows the determination of emission barrier height. We obtain
Φ t = 0.003 eV from 150 K to 300 K for the non-annealed sam-
ple and Φ t = 0.30 eV, Φ t = 0.34 eV from 400 K to 500 K for
the 600 ◦C-annealed and the 700 ◦C-annealed samples, respec-
tively. The thermal oxidation leads to the increase of emission
barrier height.

-8 -6 -4 -2 0 2
0

1

2

3

4

C
ap

ac
it
an

ce
/
1
0

3
 p

F
Bias voltage/V

non annealed 1 kHz

600 C annealed 1 kHz

700 C annealed 1 kHz

peak
pinch off

(a)

102 103 104 105 10 6

0

2

4

6

8

700 C annealed

600 C annealed

experiment
fitting curve

C
p
/
1
0

5
 p

F
Sc
m

-
2

Frequency/Hz

non annealed

(b)

Cix Ciy

Cp

Gp

CD

Fig. 4. (color online) (a) Measured curves of device capacitance CM ver-
sus bias voltage for non-annealed, 600 ◦C-annealed, and 700 ◦C-annealed
samples at 1 kHz, respectively. The inset shows the full equivalent circuit
model employed in our analysis. (b) The frequency dependences of the val-
ues of interface state capacitance Cp for non-annealed, 600 ◦C-annealed,
and 700 ◦C-annealed samples, respectively, the voltage V is selected to be at
pinch-off voltage. Dashed lines correspond to the best fitted curves for the
experimental results.

Figure 4(a) shows the measured values of device ca-
pacitance CM versus bias voltage for non-annealed, 600 ◦C-
annealed, and 700 ◦C-annealed samples at 1 kHz, respec-
tively. A clear 2DEG plateau region and a carrier accumu-
lation region in the C–V curves can be observed. The neg-
ative bias voltage value after the complete depletion of the
2DEG (pinch-off) and the positive bias voltage value before
the diode turns on in the carrier accumulation region (peak)
are indicated for the 700 ◦C-annealed sample by the arrows in
Fig. 4(a). The sheet carrier densities are determined by the in-
tegration of the C–V curves, and we obtain 2.36×1013 cm−2,
2.28×1013 cm−2, and 1.98×1013 cm−2 for the non-annealed,
600 ◦C-annealed, and 700 ◦C-annealed samples, respectively.
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After the oxidation at 600 ◦C the pinch-off voltage shifts to-
wards −7 V as a result of the formation of a thin oxide layer
on the InxAl1−xN surface. After the oxidation at 700 ◦C the
pinch-off voltage returns to −4 V as a result of the reduc-
tion of the sheet carrier density. Figure 4(b) shows the fre-
quency dependence of the interface state capacitance Cp for the
non-annealed, 600 ◦C-annealed, and 700 ◦C-annealed sam-
ples, respectively. The voltage V is selected to be the pinch-
off voltage. Measurements of the device capacitance CM as
functions of frequency f ranging from 100 Hz to 1 MHz are
performed. The full equivalent circuit model employed in
our analysis is shown in the inset of Fig. 4(a), where Cix is
the oxide layer capacitance, Ciy the InxAl1−xN barrier capac-
itance, Cp the interface state equivalent capacitance, Gp the
interface state equivalent conductance, and CD the depletion
region capacitance. The analysis is performed on the assump-
tion that the interface states comprise a continuum of levels.
Cp is given by[11–13] Cp = q2ANss arctan(ωτ)/(ωτ), where ω

is the circular frequency of the test signal, τ the time con-
stant of the interface state, A the contact area, Nss the density
of interface states. At the pinch-off voltage, we can obtain
Cp by Cp = Ci[(Ci/CM− 1)−1− (Ci/CM(HF)− 1)−1], where
1/Ci = 1/Cix + 1/Ciy and CM(HF) is the high-frequency ca-
pacitance. At peak voltage, we can obtain Cp i.e., Cp =

CM −CM(HF). The interface state capture cross section σn

is given by σn = (τvthND)
−1 exp(−qVs/kT ), where vth is the

thermal velocity of electrons, ND the ionized impurity con-
centration, Vs the semiconductor surface potential.[14] The in-
terface state energy level is given by EC−ET = q(Vs +VB),
where VB is the potential difference between the conduction-
band edge and the Fermi level, and we obtain qVB = 0.02 eV
from the temperature-dependent Hall measurements. By plot-
ting Cp versus f (C− f ) and fitting the resulting curves to Cp

equations, Nss and τ can be extracted. Based on the work by
Soh et al.,[15] σn for ON related defect clusters along the dis-
location line is 1.8× 10−17 cm2, and then we can obtain Vs

and EC−ET.[15] At peak voltage, the C– f characteristics are
corresponding to the characteristics of interface states located
at the M/S interface. However, the C– f characteristics at the
pinch-off voltage are not exactly the characteristics of an in-
terface effect. They can be best described as the characteris-
tics of the overall effect including the real interface states at
the InxAl1−xN/GaN interface and the defect states inside the
InxAl1−xN barrier (near-interface states). As a result, the Vs

at pinch-off voltage is not exactly equal to the usual semi-
conductor surface potential (the potential difference between
the semiconductor surface and the semiconductor interior, the
bending degree of the GaN conduction band here), and the Vs

can be considered as a quasi-semiconductor surface potential
associated with near-interface states. In this work, we put an
emphasis on the identification of the defect states associated
with the conductive dislocations inside the InxAl1−xN barrier
by C– f analysis of the Schottky diodes at the pinch-off volt-
age.

Table 1 shows the simulation results of the defect states
located at the M/S interface and inside the InxAl1−xN barrier
for the non-annealed, 600 ◦C-annealed, and 700 ◦C-annealed
samples, respectively. Thermal oxidation does not induce the
increase of the surface state density on the InxAl1−xN surface.
A continuum of electronic states located inside the InxAl1−xN
barrier with an activation energy of about 1.16 eV and a den-
sity of 2.36×1012 cm−2·eV−1 are determined for 700 ◦C-
annealed sample compared with an activation energy of about
1.02 eV and a density of 5.32×1012 cm−2·eV−1 before the
thermal oxidation. The decrease of the defect state density
associated with the conductive dislocations in the InxAl1−xN
barrier after the thermal oxidation may also be responsible for
the reverse leakage current reduction.

Figure 5 shows the schematic energy-band diagrams
of Ni/Au Schottky contacts on the In0.18Al0.82N/GaN het-
erostructures before and after the thermal oxidation. We sug-
gest that the reverse leakage current in the Schottky contact is
dominated by F–P emission, and the main source of the leak-
age current is the emission of electrons from a trapped state
within the semiconductor (most likely a trapped state near the
M/S interface) into a continuum of electronic states associated
with the conductive dislocations. In this model, the trapped
state energy must be close to the metal Fermi level, and the
emission of carriers from the metal into the trapped states
would easily occur. The analyses of F–P emission and C– f
characteristics indicate that the increase of the emission barrier
height and the decrease of the defect state density associated
with the conductive dislocations in the InxAl1−xN barrier by
the thermal oxidation should be the causes of the observed de-
vice improvement. It is believed that the thermal oxidation re-
sults in the formation of a thin oxide layer on the In0.18Al0.82N
surface, which increases the emission barrier height.

Table 1. Simulation results of the interface state density Nss and the interface state energy level EC−ET located at the M/S interface
and inside the InxAl1−xN barrier for non-annealed, 600 ◦C-annealed, and 700 ◦C-annealed samples, respectively.

Inside the InxAl1−xN barrier At the M/S interface
EC−ET/eV Nss/1012 cm−2·eV−1 EC−ET/eV Nss/1012 cm−2·eV−1

Non-annealed 1.023 5.32 0.118 4.13
600 ◦C-annealed 1.131 2.86 0.214 3.31
700 ◦C-annealed 1.158 2.36 0.254 3.11
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Fig. 5. (color online) Schematic energy-band diagrams of the Au/Ni/In0.18Al0.82N/GaN Schottky diodes before (a) and after (b) the
thermal oxidation, respectively.

4. Conclusions

In the present paper, by using temperature-dependent I–
V , variable-frequency C–V , and Hall measurements, the ef-
fects of the thermal oxidation on the electrical properties
of Ni/Au Schottky contacts on the In0.18Al0.82N/GaN het-
erostructures are investigated. A decrease of the reverse leak-
age current down to six orders of magnitude is observed after
the thermal oxidation of bare In0.18Al0.82N/GaN heterostruc-
tures at 700 ◦C. It is confirmed that the reverse leakage current
is dominated by F–P emission, and the main source of the leak-
age current is the emission of electrons from a trapped state
near the M/S interface into a continuum of electronic states
associated with the conductive dislocations in the InxAl1−xN
barrier. It is believed that the thermal oxidation results in
the formation of a thin oxide layer on the InxAl1−xN surface,
which increases the emission barrier height from 0.003 ev to
0.34 eV. Therefore, the reverse leakage current is reduced sig-
nificantly. It is suggested that the thermal oxidation is a simple
and effective method of minimizing the reverse leakage cur-
rent in In0.18Al0.82N/GaN HEMTs.
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