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The current-conduction mechanisms of the as-deposited and annealed at 450 °C (Ni/Pt) Schottky
contacts on AlInGaN quaternary alloy have been investigated in the temperature range of 80–320 K.
The zero-bias barrier height (BH) (ΦB0) and ideality factor (n) of them were evaluated using therm-
ionic emission (TE) theory. The ΦB0 and n values calculated from the I-V characteristics show a
strong temperature dependence. Such behavior of ΦB0 and n is attributed to Schottky barrier inho-
mogeneities. Therefore, both the ΦB0 vs n and ΦB0 vs q/2kT plots were drawn to obtain evidence
on the Gaussian distribution (GD) of the barrier height at the metal/semiconductor interface. These
plots show two different linear parts at low and intermediate temperatures for as-deposited and
annealed Schottky contacts. Thus, the mean value of ΦB0 and standard deviation (σ0) was calculated
from the linear parts of the ΦB0 vs q/kT plots for both samples. The values of the effective
Richardson constant (A�) and mean BH were obtained from the modified Richardson plots which
included the effect of barrier inhomogeneity. These values of Richardson constant and barrier
height for as-deposited contacts were found to be 19.9 A cm−2 K−2 and 0.59 eV, respectively, at low
temperature, but 43.3 A cm−2 K−2 and 1.32 eV, respectively, at intermediate temperatures. These
values of Richardson constant and barrier height for annealed contacts were found to be 19.6 A
cm−2 K−2 and 0.37 eV, respectively, at low temperature, but 42.9 A cm−2 K−2 and 1.54 eV, respec-
tively, at intermediate temperatures. It is clear that the value of the Richardson constant obtained for
as-deposited and annealed samples by using double-GD for intermediate temperatures is close to
the theoretical value of AlInGaN (=44.7 A cm−2 K−2). Therefore, I-V-T characteristics for the
as-deposited and annealed Schottky contacts in the temperature range of 80–320 K can be success-
fully explained based on TE theory with double-GD of the BHs. Published by the AVS.
https://doi.org/10.1116/1.5045259

I. INTRODUCTION

III-nitride semiconductors’ materials have the wide energy
bandgap, high-electron saturation velocity, and high break-
down field, and these properties make them as attractive
materials for the development of optoelectronic device appli-
cations, such as heterojunction field-effect transistors, high-
electron mobility transistors (HEMTs), photodiodes, light
emitting diodes (LEDs), laser diodes (LDs), and solar cells.1,2

The ternary alloys, such as AlGaN, AlInN, InGaN, and qua-
ternary AlInGaN alloys, received a great deal of attention in
the past decade due to its possible candidate in several types
of device structures, high frequency and high power devices,
LEDs, and LDs.3–6

In recent years, its versatility in control of the lattice
constant and energy bandgap by varying the indium (In) and
aluminum (Al) compositions of the AlInGaN alloys provides
additional freedom to adjust the strain and bandgap and
makes them attractive materials as active layers in visible
and ultraviolet LED and LD.6 In addition, the spontaneous
and piezoelectric polarization field in a pseudomorphically

grown AlInGaN epilayer on a GaN template layer can be
controlled by changing the In and Al atomic ratio in the
AlInGaN epilayer and those properties give a great opportu-
nity for using HEMT structures as a barrier layer.7–9 In addi-
tion, an HEMT structure, which contains a lattice-matched
barrier to the GaN template layer, can be grown by regulat-
ing the In and Al ratio in the AlInGAN epilayer.3–5 These
properties give an important opportunity for the realization
of the depletion-mode (d-mode) and enhancement-mode
(e-mode) operation in GaN-based HEMTs.5

Schottky contacts (SCs) are an important part of HEMT
as a gate contact or other device applications. In order to
construct such devices, it is necessary to understand the
properties of the metal/III-nitride materials interface and its
influence on the electrical characteristics of Schottky contacts
on these materials. The low leakage current and good
thermal stability play the main roles in many electronic and
optoelectronic devices.7,8 The abnormal leakage currents
under reverse bias strongly degrade the gate current charac-
teristics and increase the power consumption.9 Therefore, a
high quality Schottky contact to GaN-based HEMT must be
done.a)Author to whom correspondence should be addressed: engina@bilkent.edu.tr
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There are conflicting measurements in the literature espe-
cially on the temperature dependence of both the ideality
factor (n) and zero-bias barrier height (BH) (ΦB0) in metal-
semiconductor type SCs with and without an interfacial
layer.10–15 Because the analysis of the forward bias current-
voltage characteristics of these devices based on thermionic
emission (TE) theory usually reveals abnormal behavior,
such as the increase of ΦB0 and increase of n with increasing
temperature and the nonlinearity of the conventional
Richardson plot.16–21 Very recently, they showed that the
analysis of the forward bias I-V characteristics in the (Au/
Ti)/Al2O3/n-GaAs(MIS), Au/Bi0.5Na0.5TiO3(BNT)-BaTiO3

(BT)/n-GaN(MIS), Au/(0.07 graphene-doped PVA)/n-Si
(MPS), and Au/C20H12/n-Si(MPS) type Schottky barrier
diodes based on the TE theory have revealed an abnormal
increase of ΦB0 and decrease of n, respectively, especially at
low temperatures.16,22–24 They also indicated that the value
of n may be much greater than unity, but the value of the
effective Richardson constant (A*) obtained from the slope
of the conventional Richardson plot maybe a million times
lower than their theoretical value of a semiconductor. In the
literature, such behavior of Schottky barrier heights (SBHs)
and n with temperature has usually been interpreted on the
basis of the existence of the Gaussian distribution (GD) of
the SBHs at around a mean value BH due to BH inhomoge-
neities between a metal and a semiconductor.19–21 In other
words, at low temperatures, electrons or holes do not have
enough energy to pass through the top of SBH, but they can
be passed through lower barriers/patches at around mean
SBH and that leads to an increase in the current and so n.
However, at high temperatures, they gain more and more
energy to pass the top of SBH.25–27

Many researchers have also reported that the thermal
annealing affects the electrical properties of Schottky
contacts.28–35 Khanna et al.31 showed that the SBH (0.65 eV)
of the W2B5-based rectifying contacts on the n-GaN layer
increased with an annealing temperature up to 200 °C.
Reddy et al.32 concluded that a Pt/Mo Schottky contact on
the n-type GaN does not seriously suffer from thermal degra-
dation during the annealing process even at 600 °C. On the
other hand, Wang et al.33 reported the degradation of Pt con-
tacts on n-GaN above 600 °C. In addition, Order et al.34

reported that the barrier height of the ZrB2 Schottky contacts
on n-GaN was changed from 0.80 eV (as-deposited) to 0.70
and 0.6 eV after annealing at 300 and 400 °C in a nitrogen
atmosphere for 20 min, respectively. Miura et al.35 investi-
gated the thermal annealing effects of 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 break-
down voltage without degrading the trans conductance of the
transistor.

The improvement of the current-transport mechanisms 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.
Unfortunately, limited studies can be found about the current-
transport properties of Schottky contacts on the quaternary
AlInGaN alloy in the literature.19,36,37 Subramaniyam et al.36

interpreted the measured I-V characteristics of the (Ni/Au)-
InAlGaN/GaN Schottky barrier diode in the temperature
range of 295–473 K by using the GD of barrier heights. On
the other hand, Laurent et al.19 published a study about the
current-transport properties of the Ni Schottky contacts on
the AlInGaN quaternary alloy. They proposed that alloy com-
position fluctuations inherent to low-temperature III-N alloys
result in Schottky barrier height inhomogeneity and that the
Schottky barrier height follows a Gaussian distribution.

In this study, the possible current-transport mechanisms
of the as-deposited and annealed at 450 °C (Ni/Pt/Au) SCs
on Al0.87In0.04Ga0.09N quaternary alloy were investigated in
the temperature range of 80–320K under the forward bias case.
The nonideal I-V behavior of these SCs is explained in terms of
barrier inhomogeneity assuming that the SBH takes on
double-GD. The source of the reduction in A* from the theo-
retically expected result was also investigated. In addition,
the value of Rs and BH was calculated using the Norde func-
tion for each temperature.

II. EXPERIMENT

The Al0.87In0.04Ga0.09N quaternary alloy was grown on
c-plane (0001) double-polished 2 in. diameter Al2O3 sub-
strate in a low-pressure metalorganic chemical vapor deposi-
tion reactor (Aixtron 200/4 HT-S). In the growth process,
triethylgallium, trimethylaluminum, trimethylindium, and
ammonia precursors were used as Ga, Al, In, and N sources,
respectively. The surface of the substrate was baked under
H2 ambient at 1250 °C for 12 min. The growth process was
continued with the growth of the nominally 50 nm thick, low
temperature (515 °C) GaN nucleation layer. The undoped,
3 μm thick GaN template layer contains two parts that were
grown at different growth conditions. The thickness of the
first part is 1 μm and was grown under 1040 °C and 300
mbar pressure conditions. Then, the growth continued with
the growth of the second part of the GaN template layer. The
thickness of the second part is nominally 2 μm. There is no
doping in the GaN template layer. This layer was grown at
1060 °C and 150 mbar. After the growth process of the GaN
template layer, the 85 nm thick AlxInyGa1-x-yN quaternary
alloys were grown at a temperature of 1150 °C and 30 mbar
[Fig. 1(a)]. The molar fractions of the indium and aluminum
in the AlxInyGa1-x-yN quaternary epilayer were determined
by x-ray diffraction and x-ray photoelectron spectroscopy
(XPS) measurements. The Al, In, and Ga atomic ratio in the
sample, obtained from the XPS measurements, has been
approximately found to be 87% (Al), 4% (In), and 9% (Ga),
respectively. Furthermore, the atomic compositions of Al, In,
and Ga have been confirmed by the simulation fitting of
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2θ-scans at an AlInGaN (0002) diffraction pattern using the
appropriate Fit software.

The ohmic and Schottky contact fabrication started with
cutting and sample cleaning. The wafers were cut into
several pieces of 6 × 6 mm and treated with isopropyl alcohol
and rinsed in deionized (DI) water that possessed 18MΩ
resistivity. After the cleaning process, 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 ohmic contact pattern was shaped on the AlInGaN
epilayer surface in the square Van der Pauw shape [Fig. 1(b)].
The Ti/Al/Ni/Au metals were deposited in the thickness ratio
of 50/120/50/250 nm, respectively. The metallization was
done under a vacuum of 10−7 Torr and rapid thermal
annealing (RTA) of the Ohmic contacts is performed at
800 °C for 45 s in N2 ambient. After the formation of the
ohmic contact, the Ni/Pt/Au (30/45/300 nm) Schottky
contacts were formed by evaporation under a vacuum of
10−7 Torr. The geometry of the Schottky contacts is a
0.8 mm diameter circular dot. To study the thermal annealing
effects of Ni/Pt/Au contacts on AlxInyGa1-x-yN quaternary
alloy, samples were annealed at a temperature of 450 °C for
15 min in an N2 atmosphere in RTA equipment. The forward
and reverse bias I-V characteristics of the (Ni/Pt/Au) SCs on
AlInGaN epilayer for the as-deposited and annealed at 450 °C
samples have been measured in the temperature range of 80–
320 K using a Keithley model 2400 current-voltage source
meter. The atomic ratio of Al, In, Ga, and N in the AlInGaN
epilayer was determined using a Rigaku Smart Lab high-
resolution diffractometer system, delivering CuKα1 (1.544 Å)
radiation and the Thermo Scientific K-Alpha XPS system.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the typical semilogarithmic
forward and reverse bias I-V characteristic of the as-deposited
and annealed (Ni/Pt) SCs on an AlInGaN epilayer in the
temperature range of 80–320 K by steps of 20 K, respectively.

From Figs. 2(a) and 2(b), it can be seen that the ln I-V
curve contains linear behavior in the forward bias regime at

intermediate voltages for both samples and a deviation
occurs from the linearity especially due to the effect of Rs in
the high voltage region. The ≈4 orders of rectification have
been obtained at room temperature for both samples. The
measured leakage currents are changed in the range from
1.3 nA (at 80 K) to 2.2 nA (at 320 K) and 1.4 nA (at 80 K) to
3.0 nA (at 320 K) at −1 V for the as-deposited and annealed
samples, respectively. It is noted that the leakage current
increases with an increase in temperature and they did not go
to saturation. The nonsaturation behavior in the reverse bias
region can be explained in terms of image force lowering
BH, generation-recombination (GR), and the existence of an
interfacial layer.18,38–40

In order to determine current-transport mechanisms and to
calculate ΦB0 and n of the (Ni/Pt) SCs on AlInGaN quater-
nary alloy in the forward bias regime at intermediate voltages
(V≥ 3 kT/q), the equations that were given based on TE
theory were used.18,39 It is well known that when a Schottky
type contact/diode has Rs and the value of n is higher than
unity, the forward bias I-V curve in terms of TE theory can
be expressed as18,39

I ¼ AA�T2 exp
�
� q

kT
ΦB0

�
exp

q(V � IRs)
nkT

� �
� 1

� �

¼ Io exp
qVD

nkT

� �
� 1

� �
: (1)

In Eq. (1), the quantities of A*, A, T, ΦB0, n, Rs, I0, and VD

the effective Richardson constant, contact area, temperature
in K, zero-bias barrier height, ideality factor, series resis-
tance, reverse bias saturation current, and voltage drop across
the diode, respectively. The theoretical calculations of the
Richardson constant for the AlInGaN quaternary alloy with a
composition of 87% (Al), 4% (In), and 9% (Ga) were calcu-
lated via Vegard’s law, with AlN, GaN, and InN effective
mass values from Ref. 41. The calculated values for A* were
found as 44.7 A cm−2 K−2. Therefore, it is possible to extract
the values of I0, n, and also ΦB0 parameter from analyzing
ln I vs V curves as a function of temperature in that the inter-
cept and slope of ln I vs V plot using Eq. (1) and the theoreti-
cal value of A*.19–24

The experimental Io, ΦB0, n and nT values were calculated
from intercepts and slopes of the forward bias ln I vs V graph
at each temperature using TE theory. The calculated values
of this parameter for the as-deposited and annealed samples
are tabulated in Table I. The Io, n, ΦB0, and nT values for the
as-deposited SCs change from 1.2 nA, 17, 0.19 eV, and 1394
(at 80 K) to 1.7 nA, 5, 0.84 eV, and 1815 (at 320 K), respec-
tively. On the other hand, the values of the I0, n, ΦB0, and nT
parameters for the annealed SCs change from 0.48 mA, 15,
0.20 eV, and 1200 (at 80 K) to 3.8 nA, 5, 0.81 eV, and 1731
(at 320 K), respectively. The ΦB0 vs T and n vs T plots were
given in Figs. 3(a) and 3(b) for both samples.

As can be seen in Table I and Figs. 3(a) and 3(b), the
values of the ΦB0 and n parameters show a strong depen-
dence on temperature. From this graph, one can observe that
the experimental values of ΦB0 increased with increasing

FIG. 1. (a) Schematic diagram of the Al0.87In0.04Ga0.09N quaternary alloy on
the GaN/LT-GaN/sapphire structure, (b) circular Schottky and square Van
Der Pauw ohmic contact on the Al0.87In0.04Ga0.09N epilayer surface.
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temperature, while the n decreased with increasing tempera-
ture. Such temperature dependent behavior of ΦB0 and n is
defined as a deviation from ideal TE theory. In addition, the
n values for the as-deposited and annealed (Ni/Pt) SCs are
considerably higher than unity even at room temperature and
can be attributed to the high density of interface states,
located between the metal and semiconductor, disorder and
dangling bonds. As the authors indicated, they are also due
to the image force effect, barrier inhomogeneities, or other
current-transport mechanisms such as tunneling15 or
recombination-generation mechanisms.14,30 These effects can
be passivate using dielectric materials such as SiO2, SiN, or
HfO2 passivation materials, interfacial chemical passiv-
ation,42 or thermal annealing process.31,32

The value of BHs or activation energy (Ea) is to draw a
traditional Richardson plot [ln(Io/T

2) vs q/kT] and thereby
both the values of A* and Ea can be obtained from the inter-
cept point and slope of this plot. According to Eq. (1), the

ln(I0/T
2) vs q/kBT plot should yield a straight line for an

ideal Schottky contact, in which the slope gives the barrier
height of the contact, and the intercept gives ln(A*).
However, in our case, ln(I0/T

2) vs q/kBT plot deviated from
the linearity especially and yield a very low value of A* and
BH when compared with their theoretical values due to the
barrier inhomogeneities at the metal/semiconductor interface
for as-deposited and annealed samples (Fig. 4). Small experi-
mental A* values, high ideality factors, and nonlinearity in
conventional Richardson plot ln(I0/T

2) vs q/kBT and the tem-
perature dependent SBHs are all evidence of barrier inhomo-
geneities in the (Ni/Pt) Schottky contact on the AlInGaN
quaternary alloy.12,14,19,21

According to Refs. 10 and 25, there is a linear correlation
between ΦB0 and n as evidence of the Gaussian distribution
of a barrier height between the metal and the semiconductor.
Therefore, ΦB0 vs n plots for the (Ni/Pt) SCs on AlInGaN
quaternary alloy were also drawn and represented in
Figs. 5(a) and 5(b), respectively. In Figs. 5(a) and 5(b), it can
be seen that there is a good linear correlation between ΦB0

and n and it shows two linear regions that correspond to low
and intermediate temperatures. The extrapolation of the ΦB0-n
plot to n = 1 for low and intermediate temperatures gives a
BH of approximately 0.62 and 1.4 eV for as-deposited and
0.54 and 1.7 eV for annealed samples, respectively.

The changes in both n and ΦB0 with temperature for the
SCs on the semiconductor materials could be associated with
the existence of a spatial inhomogeneity in the BHs that con-
sists extensively of lower and higher barriers or patches with
different areas.17–27,23,24,35 In other words, current can pref-
erentially flow through the lower BH or patches and lead to
an important increase in n value.

In order to explain the abnormalities observed in the
forward bias I-V characteristics of the as-deposited and
annealed (Ni/Pt) SCs on AlInGaN quaternary alloy, we con-
sider the inhomogeneous barrier, consisting of various
patches (can be defined as the percolation path) of relatively
lower or higher barrier height with respect to a mean value.
The total current across a Schottky contact under the

FIG. 2. I-V characteristic of the (Ni/Pt/Au) SCs on AlInGaN quaternary alloy for (a) as-deposited and (b) annealed at 450 °C at various temperatures.

TABLE I. Temperature dependent values of the parameters of I0, n, ΦB0, and
nT for the as-deposited and annealed SCs on AlInGaN quaternary alloy.

T

(K)

As-deposited Annealed at 450 °C

I0 × 10−9

(A) n

ΦB0

(eV)
nT

(K)
I0 × 10−9

(A) n

ΦB0

(eV)
nT

(K)

80 1.2 17 0.19 1394 0.5 15 0.20 1200
110 1.1 14 0.25 1402 0.4 12 0.26 1204
120 1.1 12 0.30 1406 0.4 10 0.31 1208

140 5.5 10 0.36 1416 1.0 9 0.36 1246
160 1.0 9 0.41 1442 7.9 8 0.41 1248
180 2.5 8 0.46 1538 1.0 7 0.46 1314
200 1.1 8 0.52 1585 1.1 7 0.50 1428
220 0.8 7 0.58 1613 0.7 7 0.58 1470
240 0.5 7 0.65 1625 2.0 6 0.62 1507
260 0.8 6 0.69 1673 1.2 6 0.68 1532
280 0.8 6 0.75 1745 1.7 6 0.73 1622
300 0.8 6 0.81 1749 2.6 5 0.78 1671
320 0.2 5 0.84 1815 3.8 5 0.81 1731
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inhomogeneous barrier height assumption can be expressed
as10–12,28–30

I(V) ¼
ðþ1

�1
I(ΦB0, V)P(ΦB0)dΦB0: (2)

In Eq. (2), I(ΦB0,V) is the current for a barrier of height ΦB0

at voltage V based on the TE theory and P(ΦB0) is the nor-
malized distribution function giving the probability of the
occurrence of barrier height ΦB0. The Gaussian distribution
function can be written as10–12,25

P(ΦB0) ¼ 1

σ0

ffiffiffiffiffi
2π

p exp � (ΦB0 � �ΦB0)
2

2σ2
0

" #
: (3)

In Eq. (3), ΦB0 and σ0 are the mean value of the BH and the
standard deviation from the mean BH, respectively. The
current equation under the inhomogeneous barrier height can
be derived using GD and I(ΦB0,V) function in Eq. (2) and

expressed as10–12,25,28–30

I(V) ¼ AA�T2 exp � qΦap

kT

� �
exp

q(V � IRs

napkT

� �
� 1

� �
: (4)

In Eq. (4), Φap is the apparent barrier height and can be cal-
culated using the formula given below,10–12,25,28–30

Φap ¼ ΦB0(T ¼ 0)� q2σ2
0

2kT

� �
: (5a)

On the other hand, apparent ideality factor (nap) in Eq. (4)
can be calculated using the equation given below,10–12,25,28–30

1
nap

� 1

� �
¼ �ρ2 �

qρ3
2kT

� �
: (5b)

In Eq. 5(b), both ρ2 and ρ3 are the voltage coefficients that
are independent of the temperature, and they quantify the
voltage deformation of BHs distribution and they are the
dimensionless coefficients.28–30,40 The basis of the GD theory
for BHs, modified BHs, and σ0 is bias dependent. Therefore,
in order to explain the above unideal behavior of the forward
bias I-V characteristics of these two types of SCs, the GD of
ΦB0 with a mean BH and σ0 was employed, as introduced by
Ref. 43. On the basis of Eq. 5(a), the value of Φap vs q/2kT
plots should be given a linear region yielding ΦB0 and σ0
from the y-axis intercept and slope of the linear fit, respec-
tively. Similarly, the nap vs q/2kT plot should be given a
linear region yielding ρ2 and ρ3, respectively. For this
purpose, the Φap vs q/2kT and (n−1− 1) vs q/2kT plots were
drawn and given in Figs. 6 and 7, respectively.

It is clear that the Φap vs q/2kT plot has two distinct linear
regions with different slopes for the as-deposited and
annealed SCs, implying the presence of the double-GD of
ΦB0 at the M/S interface. From the corresponding calcula-
tions using the intercepts and slopes of these straight lines
for the as-deposited sample, the mean values of ΦB0 and σ0

FIG. 3. n vs T and ΦB0 vs T plots of the (Ni/Pt/Au) SCs on AlInGaN quaternary alloy; (a) as-deposited and (b) annealed at 450 °C.

FIG. 4. ln(I0/T
2) vs q/kT graph of the (Ni/Pt/Au) SCs on AlInGaN quaternary

alloy; (a) as-deposited and (b) annealed at 450 °C.
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were found as 0.61 eV and 77 mV for low and 1.328 V and
0.17 eV for intermediate temperatures, respectively. On the
other hand, the values of ΦB0 and σ0 parameters were found
as 0.55 eV and 70 mV for low and 0.98 eV and 151 mV for
the annealed sample, respectively. The value of σ0 is a
measure of the barrier homogeneity. The low value of σ0 is
corresponding to homogeneity of BH, but the high value of
it is corresponding to inhomogeneity of BH. Furthermore,
two distinct linear regions with different slopes behavior
observed in the nap vs q/2kT graph for both samples.
Similarly, the calculations using the intercepts and slopes of
these straight lines were done for the as-deposited sample;
the mean values of ρ2 and ρ3 were found as −0.852 and
−0.0013 for low and −0.748 and −0.0043 for intermediate
temperatures. After the annealing process, the values of ρ2
and ρ3 changed as −0.829 and −0.0015 for the low region
and −0.755 and −0.0034 for the intermediate temperature
region.

Figures 3 and 5–7 have indicated that the values of BHs
and n are considerably dependent on temperature and applied
voltage in the forward bias region. All of these experimental
results for the fabricated (Ni/Pt) SCs on AlInGaN quaternary
alloy are indicated that there are two different ΦB0s at low
(T≤ 160 K) and intermediate (T≥ 180 K) temperatures.

On the other hand, the more reliable value of the A* and
mean value of BHs can be calculated from the intercept and
slope of the modified Richardson plot that includes the effect
of barrier inhomogeneity. For this purpose, the modified
ln(Io/T

2)−q2σo2/2(kT)2 vs q/kT plot was drawn and given in
Figs. 8(a) and 8(b) for the as-deposited and annealed (Ni/Pt)
SCs on AlInGaN quaternary alloy, respectively. Two straight
lines for the low and high temperatures regime can be seen
from the plots given in Figs. 8(a) and 8(b). Therefore, both
the values of ΦB0and A* were extracted from the slope and
intercept of these plots as 0.59 eV and 19.9 A cm−2 K−2 at
low and 1.32 eV and 43.3 A cm−2 K−2 at high temperatures

FIG. 5. ΦB0 vs n plots of the (Ni/Pt/Au) SCs on AlInGaN quaternary alloy; (a) as-deposited and (b) annealed at 450 °C.

FIG. 6. Apparent barrier height vs q/2kT plots of the (Ni/Pt/Au) SCs on AlInGaN quaternary alloy; (a) as-deposited and (b) annealed at 450 °C.
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for the as-deposited sample, respectively. After the annealing
process, the 0.37 eV and 19.7 A cm−2 K−2 values were calcu-
lated for ΦB0 and A* parameters in the low-temperature
region. However, the 1.54 eV and 42.9 A cm−2 K−2 values of
the parameters obtained for the annealed sample were in the
high temperature region, respectively.

It is clear that the value of A� for as-deposited and annealed
samples for intermediate temperatures is very close to the theo-
retical values of AlInGaN (=44.7 A cm−2 K−2). As a result, we
can say that the current-transport mechanism in the fabricated
(Ni/Pt) SCs on AlInGaN quaternary alloy can be successfully
explained on the basis of TE theory with the double-GD of the
BHs in the whole temperature range. In addition, at low tem-
peratures, tunneling mechanisms may be dominated by another
current-transport mechanism in these structures. In other
words, the decrease in ΦB0 and the increase in n with decreas-
ing temperatures are also evidence that the termionic field
emission (TFE) at an intermediate temperature or field
emission (FE) at a low temperature is possibly the other
current-transport mechanisms.15,26

It is clear that the values of ΦB0 increase with increasing
temperature for the as-deposited and annealed SCs and that
is also in agreement with what is reported for the negative
temperature coefficient of the bandgap of the semiconductor
or ideal diode. This result shows that the current-conduction
mechanism in the as-deposited and annealed (Ni/Pt) SCs on
AlInGaN quaternary alloy deviates considerably from the
pure TE theory especially at low temperature. It is assumed
that, at higher temperatures, the TE and GR theories domi-
nate, but with tunneling at lower temperatures. On the other
hand, when there is a tunneling mechanism, including TFE
or FE, it is valid that the relationship for the forward bias
current-voltage can be expressed as follows:27,39

I ¼ Itun exp
q(V � IRs

E0

� �
� 1

� �
with ntun

¼ E00

kT
cot h

E00

kT

� �
¼ E0

kT
: (6a)

FIG. 7. (n−1− 1) vs q/2kT plots of the (Ni/Pt/Au) SCs on AlInGaN quaternary alloy; (a) as-deposited and (b) annealed at 450 °C.

FIG. 8. Modified Richardson plots of the (Ni/Pt/Au) SCs on quaternary AlInGaN alloy; (a) as-deposited and (b) annealed at 450 °C.
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In Eq. 6(a), E00 is the characteristic tunneling energy, which
is related to the tunnel effect transmission probability,

E00 ¼ h

4π
ND

m�
eεs

� �1=2

: (6b)

In Eq. 6(b), m�
e is the effective mass of electron, εs(=11.8ε0

for AlInGaN layer) is the dielectric permittivity of semicon-
ductor, and ε0 (=8.85 × 10−12 F/m) is the permittivity of free
space. It is well known that the TFE and FE theories should
be dominated when E00≈ kT/q and E00 � kT=q, respec-
tively. For this purpose, nT vs T plot of the (Ni/Pt) SCs on
AlInGaN quaternary alloy as-deposited and annealed was
drawn and represented in Figs. 9(a) and 9(b), respectively.
The value of E00 was calculated to be 0.10 and 0.08 eV for
as-deposited and annealed samples, respectively. In our case,
as can be seen in Figs. 9(a) and 9(b), besides the TE with
inhomogeneous barrier height, there can be another current
mechanism, such as FE, which is dominated at low tempera-
tures (T≤ 160 K), but TFE becomes dominant after 180 K.

The existence of series resistance (Rs) for an electronic
device can also cause a serious error in the extraction of elec-
trical parameters and leads to a deviation from the linearity
of the forward bias I-V plots at enough high bias voltages.
Since an electronic device has both Rs and native or depos-
ited interfacial layer, the applied bias voltage on the device
will be shared by an Rs, interfacial layer that is inserted
between the metal and the semiconductor and a depletion
layer of the device or SBD. However, the low value of Rs

can be accomplished either by having a low SBH between
the metal and the semiconductor or by enhancing the tunnel-
ing through the SBH by using heavy doped semiconductors
(≥1017 cm−3). In general, the value of Rs can originate from
the ohmic contact to the semiconductor, the contact made by
the probe wire to the gate or rectifier contact, the bulk resis-
tance of the semiconductor, a dirt film or particulate matter
at the back contact interface and extremely nonuniform
doped atoms in the semiconductor.

There are various methods reported in the literature for
the estimation of the Rs from the forward bias I-V data, such
as Ohm’s law, Norde,44 Cheung and Cheung,45 and modified
Norde functions.46 Among them, the simplest as well as
most accurate and reliable one is the modified Norde func-
tion. Norde proposed an alternative method to determine the
Rs and barrier height based on TE theory which is valid even
for the higher values of the ideality factor from the deviation
from the linear part of the ln I-V plot for each temperature.
On the other hand, the value of BHs and Rs may be different
from the method to the other method due to the nature of the
calculation method and applied bias voltage range. In this
study, the values of Rs and BH were obtained from the modi-
fied Norde method by Ref. 46. According to Bohlin, an alter-
native easy method to determine the BH (ΦB) and Rs can be
expressed as

F(V) ¼ V

γ
� kT

q
ln

I(V)
AA�T2

� �� �
: (7)

FIG. 9. nT/q vs T/q plots of the (Ni/Pt/Au) SCs on AlInGaN quaternary alloy; (a) as-deposited and (b) annealed at 450 °C.

FIG. 10. Modified Norde functions of the (Ni/Pt/Au) SCs on AlInGaN qua-
ternary alloy; (a) as-deposited and (b) annealed at 450 °C.
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In Eq. (7), γ is a dimensionless integer. Norde44 found that
the F(V) vs V plot had the form of a curve with a minimum
point. He further developed an equation describing the
special relationship between I and V at the minimum point
and this equation can be used to determine the contact
parameter values of ΦB and Rs. Also, the F(V) vs V plot in
the modified Bohlin methods had a minimum point and,
similar to the Norde methods, contact parameters can be
obtained by solving the equations of the minimum points.

The F(V) vs V plots for each temperature were drawn by
using Eq. (7) for the (Ni/Pt) as-deposited and annealed SCs
on AlInGaN quaternary alloy and were given in Fig. 10,
respectively. As can be seen in these figures, F(V) vs V plot
has a minimum for each temperature. According to the
Norde method, the values of Rs and ΦB0 can be obtained
from the expressed following relation, respectively:45

Rs ¼ kT(γ � n)
qI0

, (8)

ΦB0 ¼ F(V0)þ V0

γ
� kT

q
, (9)

where n value is obtained from the plot of the ln I vs V.
F(V0) is the minimum value of the F(V)-V plot and V0 and I0
are the corresponding voltage and current values for any tem-
perature, respectively. For n = 1 and α = 2, Eqs. (7)–(9) are
the same for the normal Norde method given in Ref. 43. The
calculated values of Rs and ΦB0 for each temperature were
given in Table II.

As can be seen in Tables I and II, there is some difference
between the values of BH obtained from the I-V and Norde
methods. However, in general, by comparing the experimen-
tal results, the BH values that are obtained from the linear
part of the ln I-V plot and Norde functions are almost consis-
tent with each other. The discrepancy between BHs obtained
from the Norde and I-V methods can be attributed to the

nature of the calculation method and the applied bias voltage
effect. The high value of Rs may be due to insufficient free
charge carriers at low temperature, but the increase in tem-
perature leads to an increase in charge carriers (electrons and
holes), which results in a decrease in Rs. The value of BH at
low temperatures (T≤ 200 K) for both as-deposited and
annealed samples is in good agreement, but at high tempera-
tures (≥200 K) the value of BH for an annealing sample
becomes lower than the as-deposited sample.

IV. CONCLUSION

The current-transport mechanisms of the as-deposited and
annealed at 450 °C (Ni/Pt) Schottky contacts on AlInGaN
quaternary alloys have been investigated in the temperature
range of 80–320 K. The obtained experimental results indi-
cated that the value of ΦB0 decreased while the value of n
increased with decreasing temperature in both samples. Such
behavior of the BH and higher values of n especially at low
temperature could be associated with the nature of inhomo-
geneous BH consisting of a combination of low and high
barriers or patches between the metal and the semiconductor.
The ΦBo-n, ΦBo-q/2kT, and n−1-q/2kT plots have two distinct
linear regions with different slopes that correspond to the
low (80–160 K) and high (180–320K) temperatures. These
plots are evidence of the existence of the double-GD of BH in
these structures that have ΦBo and σo. On the other hand, to
obtain a more reliable value of the A* and the mean value of
BH, the modified Richardson plot was drawn by using the
experimental values of σo. Therefore, both the values of ΦB0

and A* were extracted from the slope and the intercept of these
plots as 0.59 eV and 19.9 A cm−2 K−2 at low and 1.32 eV and
43.3 A cm−2 K−2 at high temperatures before annealing,
respectively. After annealing, the values were 0.37 eV and
19.7 A cm−2 K−2 at low and 1.54 eV and 42.9 A cm−2 K−2 at
high temperatures, respectively. It is clear that the value of A*
before and after annealing for intermediate temperatures is
close to the theoretical value of AlInGaN (=44.7 A cm−2 K−2).

TABLE II. Temperature dependent values of the parameters of Vm, Im, Fm, Rs, and ΦB0 for the as-deposited and annealed SCs on AlInGaN quaternary alloy.

T (K)

As-deposited Annealed at 450 °C

Vm

(V)
Im

(μA)
Fm

(mV)
Rs

(kΩ)
ΦB0

(eV)
Vm

(V)
Im

(μA)
Fm

(mV)
Rs

(kΩ)
ΦB0

(eV)

80 1.348 10.5 187 5.72 0.24 1.398 8.8 201 11.80 0.25
110 1.398 12.3 233 4.92 0.30 1.398 10.6 257 9.80 0.30
120 1.398 14.1 280 4.30 0.36 1.648 12.1 310 8.61 0.37
140 1.448 15.6 330 3.91 0.42 1.548 13.2 356 8.14 0.41
160 1.448 16.5 379 3.77 0.49 1.498 14.1 414 7.63 0.47
180 1.448 18.3 418 3.62 0.53 1.698 15.1 465 7.51 0.54
200 1.398 19.1 468 3.58 0.59 1.648 16.7 519 7.38 0.58
220 1.448 19.3 533 3.60 0.66 1.498 17.4 583 7.28 0.63
240 1.684 19.4 595 3.62 0.76 1.248 17.8 618 7.30 0.68
260 1.684 19.4 640 3.72 0.81 1.098 18.0 685 7.34 0.73
280 1.699 20.0 707 3.76 0.89 1.248 18.6 732 7.52 0.77
300 1.448 19.3 744 3.91 0.91 1.498 18.3 778 7.88 0.81
320 1.448 19.0 784 4.12 0.95 1.598 17.8 810 8.39 0.85
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In conclusion, the current-transport mechanism in the fabri-
cated (Ni/Pt/Au) SCs on a quaternary AlInGaN epilayer
can be successfully explained based on TE theory with the
double-GD of the BHs in the whole temperature range.
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