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Pt/Au, Ni/Au, Ni/Pt/Au Schottky contacts were placed on a quaternary
Al0.84In0.13Ga0.03N epilayer. The electrical and structural properties of the as-
deposited Pt/Au, Ni/Au, Ni/Pt/Au and annealed Ni/Pt/Au Schottky contacts
were investigated as a function of annealing temperature using current–
voltage (I–V), capacitance–voltage (C–V), and high resolution x-ray diffraction
measurements (HR-XRD). According to the I–V, Norde, and C–V methods, the
highest Schottky barrier height (SBH) was obtained for the Pt/Au (0.82 eV (I–
V), 0.83 eV (Norde), and 1.09 eV (C–V)) contacts when they were compared
with the other as-deposited Schottky contacts. The estimated SBH of the an-
nealed Ni/Pt/Au Schottky contacts, calculated from the I–V results, were
0.80 eV, 0.79 eV, and 0.78 eV at 300�C, 400�C, and 500�C, respectively. The
SBH decreases with an increase in the annealing temperature up to 500�C
compared with that of the as-deposited Ni/Pt/Au Schottky contact. The ob-
served extra peaks in the annealed samples confirm the formation of a new
interfacial phase at the interface. However, the diffraction patterns of the
annealed Schottky contacts did not change as a function of the annealing
temperature. The higher ideality factors values were obtained for as-deposited
Pt/Au (5.69), Ni/Au (6.09), and Ni/Pt/Au (6.42) Schottky contacts and annealed
Ni/Pt/Au (6.42) Schottky contacts at 300�C (6.89), 400�C (7.43), and 500�C
(8.04). The higher n results can be attributed to current-transport mecha-
nisms other than thermionic emission, such as dislocation related tunneling.
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INTRODUCTION

In the last decade, wurtzite group III-nitride
semiconductors have attracted considerable interest
due to their strong potential for applications in high-
power, high-frequency electronic device applications,

and also in optical devices.1–6 The ternary alloys,
such as AlGaN, AlInN, InGaN, and quaternary
AlInGaN alloy, have become promising candidates
because of their applicatility to several types of device
structures, high frequency and high power devices,
light emitting diodes (LED), and laser diodes (LD).4–7

In the last few years, because of its versatility in
adjusting material properties, i.e. lattice constant and
energy bandgap, separately, quaternary AlInGaN has
become the focus of interest.6–9 The independent(Received July 10, 2018; accepted November 8, 2018)
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control properties of the lattice constant and energy
band gap, by varying the indium (In) and aluminum
(Al) compositions of the AlInGaN alloys, also provide
additional freedom to adjust the strain and band gap,
and make them attractive materials as active layers in
visible and ultraviolet (UV) LED and LD.6–9 In
addition, the spontaneous and piezoelectric polariza-
tion field in a pseudomorphically grown AlInGaN
epilayer on a GaN template layer can be controlled by
changing the In and Al composition of the AlInGaN
epilayer that is used as a barrier layer in high electron
mobility transistor (HEMT) structures.7–9 This prop-
erty is an important opportunity for the growth of the
high sheet carrier density of GaN-based HEMT. On
the other hand, In and Al ratio-dependent lattice
constant regulation can be used for the growth of
HEMT with a lattice-matched barrier and GaN tem-
plate layer with an appropriate In and Al ratio.8,9

These properties offer an important opportunity in the
realization of the depletion mode (d-mode) and
enhancement-mode (e-mode) operations in GaN based
HEMTs.9 Recently, a GaN-based HEMT with quater-
nary AlInGaN alloy barrier has been demonstrated
with promising performance in comparison with the
AlGaN and AlInN barrier HEMT, which demon-
strated the high potential of quaternary AlInGaN
alloy in the high-power, high-frequency field.8,9

Schottky contacts are the important part of HEMT
when used as a gate contactor or for other device
applications. Low leakage current and good thermal
stability play main roles in many electronic and
optoelectronic devices.10–13 However, abnormal leak-
age currents under reverse bias strongly degrade the
gate current characteristics and increase power con-
sumption,10–12 hence the need for a high quality
Schottky contact to the GaN-based HEMT. Because of
high defect and dislocation densities in the GaN-
based materials, high leakage currents were mea-
sured via the defects of dislocation tunneling.14,39,41 A
large SBH has been shown to decrease leakage
currents and thus improve the noise level and the
high voltage performance of the device.11,13–16 Schot-
tky contacts on GaN-based structures need a high
SBH. To date, in order to reduce the reverse-biased
leakage current in Schottky contacts, incorporating a
Schottky metal possessing high work function, such
as Au (5.1 eV), Pd (5.12 eV), Ni (5.15 eV), or Pt
(5.65 eV), is a common method of maximizing the
effective SBH of the metal/n-GaN, metal/AlInN/GaN,
or metal/AlGaN/GaN HEMT contacts.17–22 However,
these studies are not enough for high quality Schottky
contacts on GaN-based materials. Further improve-
ment should be done. Therefore, various rare metals,
alloys, and multilayer systems have also been inves-
tigated and the thermal annealing of the Schottky
contacts, in particular, has been reported to be quite
effective in some cases.23–30 Khanna et al.23 investi-
gated the temperature dependence of W2B5-based
rectifying contacts to n-GaN and showed that the
SBH (0.65 eV) increased with annealing temperature
up to 200�C. Reddy et al.24 investigated the thermal

annealing temperature effects on the electrical and
structural properties of Pt/Mo Schottky contacts onn-
type GaN. They concluded that Pt/Mo contact does not
seriously suffer from thermal degradation during the
annealing process, even at 600�C. On the other hand,
Wang et al.25 reported the degradation of Pt contacts
on n-GaN above 600�C. Order et al.26 studied the
electrical properties and thermal stability of ZrB2

Schottky contacts to n-GaN and reported a barrier
height of 0.80 eV, as-deposited. However, after
annealing in a nitrogen atmosphere for 20 min., the
barrier height decreased to 0.70 eV at 300�C and
0.60 eV at 400�C. Miura et al.27 investigated the
thermal annealing effects on Ni/Au Schottky contact
diodes on n-GaN and AlGaN/GaN HEMT structures.
They found that the most suitable metals for this
system are Pt and Ir, after annealing at 500�C. They
also characterized the Schottky contacts with and
without Ni metal and it was found to play a significant
role in the Ni/Pt(Ir)/Au system in obtaining better
quality Schottky contacts. In their study, they applied
the Ni/Pt(Ir)/Au system as a gate electrode in the
AlGaN/GaN HEMTs, and they obtained decrements
in gate leakage current as well as increments in drain
breakdown voltage without degrading the transcon-
ductance of the transistor.

The improvement of the current-transport prop-
erties of Schottky contacts on the quaternary
AlInGaN alloy is also very important for the
AlInGaN/GaN HEMTs and/or other quaternary
AlInGaN alloy-based device applications. Unfortu-
nately, few studies can be found about the current-
transport properties of Schottky contacts on the
quaternary AlInGaN alloy in the literature.31–33

Although extensive studies on the annealing
effect on the current-transport mechanisms of the
Schottky contacts on GaN16,18,23–29 and
AlGaN18,19,27,30 have been performed, very little
information is available concerning the annealing
effect on the properties of Schottky contacts on the
quaternary AlInGaN alloy.34 The thermal anneal-
ing treatment effects on the Pt-Al0.08In0.08Ga0.84N
Schottky contacts at various temperatures (300–
600�C) have been reported by Ghazai et al.34 They
conclude that high SBH and better surface mor-
phology were obtained for Pt-Al0.08In0.08Ga0.84N
Schottky contacts annealed at 400�C.

This study investigates the current-transport
mechanisms of the Pt/Au, Ni/Au, and Ni/Pt/Au
Schottky contacts on the MOCVD-grown quater-
nary Al0.84In0.13Ga0.03N epilayers grown on a GaN/
Al2O3 structure. In the second part, the thermal
annealing effects on the current-transport mecha-
nism of the Ni/Pt/Au Schottky contacts are pre-
sented as a function of the annealing temperature.

EXPERIMENTAL PROCEDURE

The nominally 118 nm AlxInyGa1�x�yN epilayers
were grown on a GaN/Al2O3 structure in a low-
pressure metalorganic chemical vapor deposition
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(MOCVD) reactor (Aixtron 200/4 HT-S) using tri-
ethylgallium (TEGa), trimethylaluminum (TMAl),
trimethylindium (TMIn), and ammonia as Ga, Al,
In, and N precursors, respectively. In the growth
process, a c-plane (0001) double-polished 2-inch
diameter Al2O3 substrate was used. The surface of
the Al2O3 substrate was baked under H2 ambient at
1200�C for 10 min. After the cleaning process, a
nominally 50 nm thick, low-temperature GaN
nucleation layer was grown at a temperature of
515�C. The growth process was continued with the
growth of the GaN template layer, which contains
two parts at different growth conditions. The thick-
ness of the first part of the GaN template layer is
1 lm and is grown at 1040�C and 300 mbar pres-
sure. The second part of the GaN template layer, a
nominally 2 lm thick undoped GaN layer, was
grown at a temperature of 1060�C and a pressure
of 150 mbar. The GaN template layer was followed
by 118 nm thick quaternary AlxInyGa1�x�yN epilay-
ers that were grown at a temperature of 1150�C and
30 mbar (Fig. 1a). The thickness of the
AlxInyGa1�x�yN epilayers was determined from the
focused ion beam (FIB) image of the samples
(Fig. 1b).

Before device processing, molar fractions of the
indium and the aluminum in the AlxInyGa1�x�yN
epilayers were determined by x-ray diffraction
(XRD) and x-ray photoelectron spectroscopy (XPS).

After the characterization process, wafers were
cut into several pieces of 8 9 8 mm. Square Van Der
Pauw shape ohmic contacts and 1 mm diameter
circular dot Schottky contacts were formed on the
samples (Fig. 1a). Prior to the metallization process,
six samples were selected. Before ohmic contact
formation, all of the six samples were cleaned with

acetone in an ultrasonic bath. Then, each sample
was treated with isopropyl alcohol and rinsed in
deionized (DI) water that possessed 18 MX resistiv-
ity. After cleaning, the samples were dipped in a
solution of HCl:H2O (1:1) for 30 s in order to remove
the surface oxides, and were then rinsed in DI water
again for a prolonged period.

The Ti/Al/Ni/Au (45/120/55/300 nm) metals were
deposited on the AlInGaN surface under a vacuum
of 10�7 Torr and were annealed at 800�C for 45 s in
N2 ambient in order to form the ohmic contact. The
same ohmic contact recipe was applied for all of the
six samples. After the formation of the ohmic
contacts, room temperature Hall measurements
were done for all samples. Hall measurements were
continued by Schottky contact formation. The Pt/Au
(40/250 nm), Ni/Au (40/250 nm), and Ni/Pt/Au (30/
40/250 nm) (done on 4 samples) Schottky contacts
were formed by evaporation. In order to study the
thermal annealing effects on the current-transport
mechanism of Ni/Pt/Au Schottky contacts on qua-
ternary AlxInyGa1�x�yN epilayers, samples were
annealed at a temperature of 300�C, 400�C, and
500�C for 2 min in an N2 atmosphere in rapid
thermal annealing (RTA) equipment.

The XRD measurements were performed by using
a Rigaku Smart Lab high-resolution diffractometer
system, delivering CuKa1(1.544 Å) radiation. A
Thermo Scientific K-a XPS system was used for
XPS measurement. The room temperature capaci-
tance–voltage (C–V) and conductance–voltage (G/
x–V) measurements of the samples were performed
by an HP 4192A LF impedance analyzer at 500 kHz.
The measurements were performed under the test
signal of 50 mV peak to peak. The resolution of
capacitance and conductance measurements was

Fig. 1. (a) Schematic diagram of the quaternary Al0.84In0.13Ga0.03N epilayer grown on GaN/sapphire structures, (b) cross-section FIB image of
the quaternary Al0.84In0.13Ga0.03N epilayer on the GaN/sapphire structures (Al0.84In0.13Ga0.03N epilayer thickness was determined from FIB
image).
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± 0.4 pF. The current–voltage (I–V) characteristics
of the samples were measured with a Keithley
model 199 dmm/scanner. The resolution of current
measurements was ± 1 nA. The temperature of the
samples was measured with a Lake Shore model
321 auto-tuning temperature controller with sensi-
tivity better than ± 0.1 K. Moreover, the carrier
mobility and the carrier density were measured
using the Hall Measurement System in the temper-
ature range of 12–300 K. The surface morphology
characterizations of the quaternary AlxInyGa1�x�yN
epilayers were also done by atomic force microscopy
(AFM) in contact mode with a commercial VEECO
CPII.

RESULTS AND DISCUSSION

In order to assess the surface quality of the
AlxInyGa1�x�yN epilayers grown on GaN/sapphire
structures under optimized growth parameters, the
surface morphology of the samples was observed by
optical microscopy and AFM imaging was done over
a 4.5 9 4.5 lm2 scan size. The surface of the
AlInGaN epilayers has a crack-free and mirror-like
surface morphology. Figure 2 shows the AFM imag-
ing of the epilayers grown on GaN/sapphire struc-
tures. It can be seen that the sample has a smooth
surface morphology with low roughness (RMS =
0.63 nm) and low defect density.

XRD analyses were performed to investigate the
phase and crystalline quality of the quaternary
AlInGaN layer. The x-2h scans for the
AlxInyGa1�x�yN/GaN/sapphire structures are shown
in Fig. 3. The spectra reveal a (002) plane peak of the
GaN layer at 34.915�. Besides the (002) diffraction
peak of GaN, the diffraction from AlxInyGa1�x�yN
epilayers was also observed at a higher angle side of
GaN (002) diffraction peak at 35.926�.

The full width at half maximum (FWHM) of the
rocking curve (x-scan), a measure for the mosaicity
in an AlInGaN epitaxial layer, is commonly used to
quantify its crystal structure. The structural quality
of the AlInGaN layers was estimated through XRD
x-scans. The FWHM values of the x-ray rocking
curve are 317 arcsec and 500 arcsec for the (002)
and (102) planes, respectively. These results con-
firm that the layers are grown without being
affected macroscopically by phase separation and

have a wurtzite crystal structure with high crys-
talline quality, as indicated by the FWHM of the
symmetric and asymmetric planes.

The In and Al molar fraction in the
AlxInyGa1�x�yN epilayers were estimated using
x-ray photoelectron spectroscopy (XPS) and verified
by HR-XRD. The aluminum, indium, and gallium
incorporations of the sample were found to be
approximately 84% (Al), 13% (In) and 3% (Ga),
respectively. The Al and In compositions were
determined by the simulation fitting of 2h-scans at
an AlInGaN (0002) diffraction pattern using the
Global Fit software (Fig. 3). XPS measurement was
used to confirm the Al and In content in the
AlInGaN layers.

In order to measure the carrier density and the
mobility of quaternary AlInGaN alloy, Hall mea-
surements were carried out between 10 K and
300 K at a magnetic field of 0.5 T using square
Van der Pauw geometry. The temperature-depen-
dent low magnetic field Hall (0.5 T) mobility and
carrier density versus temperature curves are given
in Fig. 4. The sign of the Hall voltage showed that
the n-type carriers determine the current conduc-
tions in the unintentionally doped quaternary
Al0.84In0.13Ga0.03N epilayer.

Figure 4 shows temperature-dependent Hall
Effect measurement results for the sample before
Schottky contact formation. The results indicate
that at T = 300, K the electron Hall mobility is
450 cm2 V�1 s�1; it increases monotonically with
decreasing temperature from room temperature,
begins to level off at about 60 K and saturates at
about 50 K (Fig. 4). At t = 12 K, its value equals
876 cm2 V�1 s�1. This behavior reflects the 2-di-
mensional (2D) character of the electrons in the
channel between the AlInGaN layer and GaN layer.
The carrier density has no temperature dependence
between the temperature ranges of 12–60 K. At
higher temperatures, the carrier density increases

Fig. 2. AFM images (4.5 9 4.5 lm2 scans) of the nominally 118 nm
thick quaternary Al0.84In0.13Ga0.03N epilayer grown on GaN/sapphire
structures.

Fig. 3. The XRD x� 2h scans of the quaternary Al0.84In0.13Ga0.03N
epilayer grown on GaN/sapphire structures and simulation of the
measured curve by GlobalFit software.
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monotonically with increasing temperature and
approaches values of 2.13 9 1013 cm�2 at 300 K.

X-ray powder diffraction measurements were
done to identify the interfacial reaction products
that occur between the Ni/Pt/Au Schottky contacts
and AlInGaN epilayer before and after the anneal-
ing process. Figure 5 shows the XRD 2h-scan pat-
terns of the Ni/Pt/Au Schottky contacts before and
after annealing at 300�C, 400�C, and 500�C, respec-
tively. Figure 5a shows the XRD plot of the as-
deposited Ni/Pt/Au Schottky contact on the AlIn-
GaN epilayer. As can be seen in the figure, in
addition to the characteristic peaks of GaN (002),
(004), and AlInGaN (002), there are peaks that come
from the Pt, Ni, and Au metals. Figure 5a, b, c, and
d shows the XRD 2h patterns of the as-deposited Ni/
Pt/Au Schottky contacts and after annealing at
300�C, 400�C, and 500�C, respectively. In addition
to peaks that are observed in the as-deposited
contacts, there are other extra peaks observed in
the annealed samples. This indicates formation of a
new interfacial phase at the interface. However, the
diffraction patterns of the annealed Schottky con-
tacts did not change as a function of the annealing
temperature. This means all of the annealing
temperatures created same interfacial crystal
phase.

The performance of Schottky contacts usually
depends on the properties of the semiconductor
surface, native, or deposited interfacial layer
between semiconductor and metals, number of
donor or acceptor atoms, and surface/interface
states (Nss), which have strongly affected the ideal-
ity factor and Schottky barrier height.35–38

Figure 6a shows the semi-logarithmic plots of
forward and reverse I–V characteristics of the as-
deposited Pt/Au, Ni/Au, Ni/Pt/Au Schottky contacts
and Ni/Pt/Au Schottky contacts, annealed at 300�C,
400�C, and 500�C, on quaternary AlInGaN epilayer
measured at room temperature. As shown in this

figure, all these plots exhibit the typical behavior of
a diode with a good rectifying behavior. In the
intermediate bias region, ln I versus V plots show a
linear behavior, but they start to deviate from the
linearity especially due to the effects of Rs. In
addition, the observation of none or soft saturating
behavior in the reverse-bias region suggest that the
SBH is a function of applied bias voltage. In
Schottky type contacts, SBH, n and Rs are Schottky
contact properties which govern current-trans-
port/conduction by thermionic-emission (TE) theory.

The more important Scottky contact parameters,
SBH and n, can be extracted by the linear fitting of
the ln I versus V plots in the intermediate bias
region (‡ 3kT/q) using standard TE theory. Accord-
ing to TE theory, in this region, the relationship
between I and V can be expressed with an equation
given below38,39;

I ¼ AA�T2 exp � qUB0

kT

� �
exp

qðV � IRsÞ
nkT

� �
� 1

� �

ð1Þ

In the Eq. 1 A* is the effective Richardson constant
(A*) and were calculated using A* = 4pm*qk2/h3

relation, where m* is effective electron mass for
quaternary Al0.84In0.13Ga0.03N epitaxial layer and
were estimated that m* = 0.34m0 by a linear
extrapolation from the measured values of AlN,
InN, and GaN.40 Thus, the Richardson constant can
be calculated to be 41.2 A cm�2 K�2. In the equa-
tion, q is electron charge, k is the Boltzmann
constant and h is the Planck constant. The other
terms in Eq. 1 of UB0, Rs, n and A are the Schottky
barrier height, series resistance, ideality factor, and
contact area, respectively.37

The terms before the square brackets constitute
the reverse-saturation current (Is) that is obtained
from the intercept of the linear regime of the ln I–V
plot, but the value of n is obtained from the slope of
this plot using Eq. 2a:

n ¼ q

kT

dðV � IRsÞ
dðln IÞ

� �
ð2aÞ

Moreover, a Schottky contact parameter of UB0 can
be calculated by using the diode area and calculated
Is in Eq. 2b.37,39

UB0 ¼ kT

q
ln

AA�T2

Is

� �
ð2bÞ

The values of Is, n and UB0 parameters are given in
Table I for each contact. The value of SBH obtained
from the reverse bias capacitance–voltage (C–V)
characteristics is higher than that of SBH obtained
from the forward bias current–voltage (I–V) char-
acteristics for each diode, due to the nature of the
measurement method.37 According to I–V, Norde,
and C–V methods, the highest SBH (0.82 eV) was
obtained for the as-deposited Pt/Au Schottky

Fig. 4. Temperature-dependent Hall measurement results for the
quaternary Al0.84In0.13Ga0.03N epilayer grown on GaN/sapphire
structures from 12 K to 300 K. The line was used for the eye guide.
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contacts on the quaternary AlInGaN epilayer. The
highest SBH was obtained for the Pt/Au (0.82 eV
from I–V) contacts when they were compared with

the as-deposited Schottky contacts. The annealing
effect on the SBH of the Ni/Pt/Au Schottky contact
on the quaternary AlInGaN epilayer was calculated

Fig. 5. The x-ray powder diffraction pattern of Ni/Pt/Au Schottky contact on the quaternary Al0.84In0.13Ga0.03N epilayer (a) as-deposited and
annealed at (b) 300�C, (c) 400�C, and (d) 500�C.

Fig. 6. (a) The forward and reverse bias I–V characteristics for the as-deposited Pt/Au, Ni/Au, Ni/Pt/Au Schottky contacts and Ni/Pt/Au Schottky
contacts on the quaternary Al0.84In0.13Ga0.03N epilayer annealed at different temperatures. (b) The barrier height versus ideality factor behavior
for the as-deposited and annealed at 300�C, 400�C, and 500�C Ni/Pt/Au Schottky contacts are given.
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using the I–V, Norde, and C–V methods. It is noted
that the barrier height decreases with an increase
in the annealing temperature up to 500�C compared
to that of the as-deposited Ni/Pt/Au Schottky con-
tact. The estimated SBH of the annealed Ni/Pt/Au
Schottky contacts, calculated from the I–V results,
were 0.80 eV, 0.79 eV, and 0.78 eV at 300�C, 400�C,
and 500�C, respectively. It is observed that the SBH
of the Ni/Pt/Au decreased when the contact was
annealed at 500�C. The variation in the barrier
height of Ni/Pt/Au Schottky contact after annealing
suggests that Ni/Pt/Au metals react with the
AlInGaN epilayers, as confirmed by XRD results.

On the other hand, higher ideality factors values
were obtained for as-deposited Pt/Au (5.69), Ni/
Au(6.09), Ni/Pt/Au (6.42) Schottky contacts and
annealed Ni/Pt/Au (6.42) Schottky contacts at
300�C (6.89), 400�C (7.43), and 500�C (8.04). The n
values of the Schottky contacts on the quaternary
AlInGaN epilayer are much greater than 1. The
higher n values can be attributed to the current-
transport mechanisms other than thermionic emis-
sion, such as dislocation-related tunneling similar
to AlGaN41 and AlInN14 ternary alloys. In addition,
the nitride based alloy is a random alloy; it is subject
to a percolation threshold, above which an infinitely
connected network of the minority alloy component
exists. Because of these, there can be alloy compo-
sition inhomogeneity in the small length scales. The
alloy composition inhomogeneity inherent to low-
temperature nitride-based alloys result in a Schot-
tky barrier height inhomogeneity.41 Such fluctua-
tions have a significant impact on Schottky barrier
performance and can cause a high ideality factor of
the Schottky contact on the nitride-based alloys.42

The Fig. 6b shows the calculated UB0 versus n
values of as-deposited and annealed Ni/Pt/Au Schot-
tky contacts. There is a linear correlation between
UB0 and n.

Both the values of series resistance (Rs) and shunt
resistance (Rsh) can cause a serious error in the
extraction of I–V characteristics and they can be
extracted from the structure resistance (Ri) as a
function of applied bias voltage (Vi) by using Ohm’s
Law (Ri = dV/dI). However, the real values of Rs

and Rsh for these contacts correspond to enough
high forward and reverse bias voltages as seen in
Fig. 7. As can be seen in Fig. 7 and Table I, both the
values of Rs and Rsh are a function of bias voltage
and changed from range to range due to a particular
distribution of surface charges, barrier, and inter-
facial layer inhomogeneities.

The high series resistance across the Schottky
contact can inhibit accurate evolution of barrier
height from the standard ln I–V plot. For this case,
the Norde method makes it convenient to calculate
the values of Rs and AB0 by considering Eq. 1 in the
situation where the voltage across the diode is
greater than 3kT/q.43 In this method, a function
F(V) is plotted against voltage44:
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FðVÞ ¼ V

c
� kT

q
ln

IðVÞ
AA�T2

� �
ð3Þ

Here, I is the current and the integer denoted by c is
also greater than the n value. F(V)–V plots (Fig. 8)
have minimum points of Vmin and Imin which are
used to calculate the values of Rs and UB0 by Eqs. 4a
and 4b, respectively.

Rs ¼
ðc� nÞkT

qImin
; ð4aÞ

UB0 ¼ FðVminÞ þ
Vmin

c
� kT

q
ð4bÞ

The obtained experimental values of the Fmin,Vmin,
Imin, Rs and UB0 (in Table I) obtained from the

Norde function are tabulated in Table II for each
Schottky contact. As can be seen in Tables I and II,
the Rs values obtained from Ohm’s Law and Norde
method are usually closer to each other, but some
discrepancies in the values of Rs can be attributed to
the nature of the measurement methods corre-
sponding to different voltages.

Figure 9a and b shows the C–V and G/x–V
behavior of the as-deposited Pt/Au, Ni/Au, Ni/Pt/
Au Schottky contacts and annealed Ni/Pt/Au Schot-
tky contacts on a quaternary Al0.84In0.13Ga0.03N
epilayer measured bias voltage between � 8 V and
8 V and frequency of 500 kHz at room temperature.
It is clear that both the C–V and G/x–V plots
exhibit reverse, depletion, and accumulation
regions for each diode.

The doping profile of the semiconductor (both n-
type and p-type) and the barrier height UB(C–V) of a
metal–semiconductor rectifying contact or Schottky
barrier diodes can be calculated using a C–V
(capacitance versus voltage) measurement.38,39,43

In the C–V technique, a small AC signal is usually
superimposed on the DC bias voltage so that
charges of one sign are induced on the metal surface
and the charges of the opposite sign on the semi-
conductor.38,39,43 Thus the field-ionized impurity
concentration in the semiconductor depletion region
can be calculated by measuring the capacitance as a
function of the DC bias voltage. For Schottky type
contacts, the value of capacitance in a depletion
layer can be expressed as38,39,44;

1

C2
¼ 2

qeseoNAA2
VD � kT

q
� VR

� �
ð5Þ

In Eq. 5, es is the permittivity of the semiconductor,
eo is the permittivity of free space, ND is the doping
concentration of donor atoms, VD is the diffusion
potential and VR is the reverse bias voltage. The
permittivity values for the Al0.84In0.13Ga0.3N epi-
layer were estimated as 12.3 by a linear extrapola-
tion from the measured values of AlN, InN, and
GaN.40 The values of VD and ND are obtained from
the intercept and slope of the linear part of C�2

versus V plots, respectively39,44;

ND ¼ 2

qese0A2tanh
ð6aÞ

Thus, the value of Fermi energy (EF) for the
Schottky contacts using the equation below39;

EF ¼ kT

q
ln

Nc

ND

� �
ð6bÞ

with

Nc ¼ 2
2pm�

ekT

h2

� �3=2

ð7Þ

where Nc is the effective density of states in the
conductance band of the semiconductor and m�

e is

Fig. 7. The profile of the structure resistance (Ri) versus Vi plots for
the as-deposited Pt/Au, Ni/Au, Ni/Pt/Au Schottky contacts and Ni/Pt/
Au Schottky contacts on the quaternary Al0.84In0.13Ga0.03N epilayer
annealed at different temperatures.

Fig. 8. Modified Norde plot, obtained from forward I–V
characteristics at room temperature, for the as-deposited Pt/Au, Ni/
Au, Ni/Pt/Au Schottky contacts and Ni/Pt/Au Schottky contacts on
the quaternary Al0.84In0.13Ga0.03N epilayer annealed at different
temperatures.
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the effective mass of the electron. Thus, the value of
barrier height UB(C–V) was calculated using the
value of voltage intercept Vo for each Schottky
contact in the relation below:

/B C� Vð Þ ¼ V0 þ
kT

q

� �
þ EF ¼ VD þ EF ð8Þ

The obtained experimental values of the UB(C–V)
are also given in Table I. As shown in Table I, the
value of SBH obtained from the reverse bias C–V
characteristics is higher than the forward bias I–V
characteristics due to the nature of measurements
method for each sample. Under the reverse bias
condition, the total electric field (interior and exter-
nal) and depletion layer width are higher than
forward biases.

The voltage dependent value of Rs for each sample
was also extracted from the measured C and G
values by using Niccolian and Brews. According to
this method, the accurate value of Rs can be
extracted from the C and G values at the strong
accumulation region, but it can also be extracted as
a function of applied bias voltage as the following
equation44:

Rs ¼
Gm

G2
m þ xCmð Þ2

ð9Þ

Figure 10 shows the voltage dependent profile of Rs

for each contact at room temperature. As shown in

Table II. The values of Fmin,Vmin, Imin and Rs calculated from Norde function for the Schottky contacts on
quaternary Al0.84In0.13Ga0.03N epilayer at room temperature

Schottky contact Annealing Fmin (V) Vmin (V) Imin (lA) Rs (kX) Rs (C/G–V) (kX)

Pt/Au No 0.685 1.448 3.91 27.62 ± 0.12 3.13 ± 0.18
Ni/Au No 0.673 0.998 2.90 33.71 ± 0.21 3.46 ± 0.22
Ni/Pt/Au No 0.73 1.548 2.71 33.04 ± 0.18 1.45 ± 0.16
Ni/Pt/Au 300�C 0.671 1.148 5.73 13.62 ± 0.26 2.65 ± 0.15
Ni/Pt/Au 400�C 0.739 1.198 0.49 13.28 ± 0.31 1.85 ± 0.32
Ni/Pt/Au 500�C 0.735 1.048 0.32 15.45 ± 0.17 2.04 ± 0.25

Fig. 9. The reverse and forward bias (a) C–V and (b) G/x–V characteristics, measured at room temperature, for the as-deposited Pt/Au, Ni/Au,
Ni/Pt/Au Schottky contacts and Ni/Pt/Au Schottky contacts on the quaternary Al0.84In0.13Ga0.03N epilayer annealed at different temperatures.

Fig. 10. The Rs–V plots obtained from the C/G–V data of the as-
deposited Pt/Au, Ni/Au, Ni/Pt/Au Schottky contacts and Ni/Pt/Au
Schottky contacts on the quaternary Al0.84In0.13Ga0.03N epilayer
annealed at different temperatures at room temperature.
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Tables I and II, values of Rs using obtained from
Norde function, Ohm’s Law from I–V data and
Nicollian-Brews method from C–V and G/x–V data
almost match each other.

CONCLUSIONS

In the present study, the Schottky contact param-
eters of the Pt/Au, Ni/Au, Ni/Pt/Au contacts on the
quaternary Al0.84In0.13Ga0.03N epitaxial layer and
thermal annealing effects on the electrical and struc-
tural properties of the Ni/Pt/Au contacts were inves-
tigated by I–V, C–V and XRD measurements. The
higher ideality factors values were obtained for as-
deposited Pt/Au (5.69), Ni/Au (6.09), Ni/Pt/Au (6.42)
Schottky contacts and annealed Ni/Pt/Au (6.42) Schot-
tky contacts at 300�C (6.89), 400�C (7.43), and 500�C
(8.04). The higher n results can be attributed to the
current-transport mechanisms other than thermionic
emission, such as dislocation related tunneling.

The highest SBH was obtained for the Pt/Au
(0.82 eV (I–V), 0.83 (Norde), and 1.09 (C–V)) con-
tacts when they were compared with the other as-
deposited Schottky contacts. On the other hand, the
estimated SBH of the Ni/Pt/Au Schottky contacts
decreases with an increase in the annealing tem-
perature (from I–V results; 0.80 eV(300�C),
0.79 eV(400�C), and 0.78 eV(500�C)). The variation
in the barrier height of Ni/Pt/Au Schottky contact
after annealing suggests that Ni/Pt/Au metals react
with the Al0.84In0.13Ga0.03N epilayers, as confirmed
by the XRD results.

ACKNOWLEDGMENTS

This work is supported by TUBITAK under Pro-
ject No. 116F041. One of the authors (E.O.) also
acknowledges partial support from the Turkish
Academy of Sciences.

REFERENCES

1. M.E. Levinshtein, S.L. Rumyantsev, and M.S. Shur, Prop-
erties of Advanced Semiconductor Materials: GaN, AIN,
InN, BN, SiC, SiGe (New York: Wiley, 2001). ISBN 978-0-
471-35827-5.

2. R.S. Pengelly, S.M. Wood, J.W. Milligan, S.T. Sheppard, and
W.L. Pribble, IEEE Trans. Microw. Theory Tech. 60, 1764
(2012).

3. S. Nakamura, Science 281, 956 (1998).
4. N. Ketteniss, L.R. Khoshroo, M. Eickelkamp, M. Heuken, H.

Kalisch, R.H. Jansen, and A. Vescan, Semicond. Sci. Tech-
nol. 25, 075013 (2010).

5. T. Lim, R. Aidam, P. Waltereit, T. Henkel, R. Quay, R. Lo-
zar, T. Maier, L. Kirste, and O. Ambacher, IEEE Electron.
Dev. Lett. 31, 671 (2010).

6. H. Hirayama, J. Appl. Phys. 97, 091101 (2005).
7. R. Wang, G. Li, J. Verma, B.S. Rodriguez, T. Fang, J. Guo, Z.

Hu, O. Laboutin, Y. Cao, W. Johnson, G. Snider, P. Fay, D.
Jena, and H. Xing, IEEE Electron. Dev. Lett. 32, 1215 (2011).

8. B. Reuters, A. Wille, B. Hollander, E. Sakalauskas, N.
Ketteniss, C. Mauder, R. Goldhahn, M. Heuken, H. Kalisch,
and A. Vescan, J. Electron. Mater. 41, 905 (2012).

9. B. Reuters, A. Wille, N. Ketteniss, H. Hahn, B. Hollander,
M. Heuken, H. Kalisch, and A. Vescan, J. Electron. Mater.
42, 826 (2013).

10. S.L. Rumyantsev, N. Pala, M.S. Shur, R. Gaska, M.E.
Levinshtein, M. Asif Khan, G. Simin, X. Hu, and J. Yang, J.
Appl. Phys. 88, 6726 (2000).

11. S. Karboyan, J.G. Tartarin, M. Rzin, L. Brunel, A. Cur-
utchet, N. Malbert, N. Labat, D. Carisetti, B. Lambert, M.
Mermoux, E. Romain-Latu, F. Thomas, C. Bouexière, and C.
Moreau, Microelectron. Reliab. 53, 1491 (2013).

12. D. Marcon, T. Kauerauf, F. Medjdoub, J. Das, M. Van Hove,
P. Srivastava, K. Cheng, M. Leys, R. Mertens, S. Decoutere,
G. Meneghesso, E. Zanoni, and G. Borghs, in IEEE Inter-
national Electron Devices Meeting, 20.3.1, 2010.

13. F. Lee, L.-Y. Su, C.-H. Wang, Y.-R. Wu, and J. Huang, IEEE
Electron. Dev. Lett. 36, 232 (2015).
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