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Abstract—We have investigated the electrical 
properties of Ru/Ni/n-GaN Schottky structure using 
current-voltage (I-V) and capacitance-voltage (C-V) 
measurements at room temperature. The barrier 
height (Fbo) and ideality factor (n) of Ru/Ni/n-GaN 
Schottky structure are found to be 0.66 eV and 1.44, 
respectively. The Fbo and the series resistance (RS) 
obtained from Cheung’s method are compared with 
modified Norde’s method, and it is seen that there is a 
good agreement with each other. The energy 
distribution of interface state density (NSS) is 
determined from the I-V measurements by taking into 
account the bias dependence of the effective barrier 
height. Further, the interface state density NSS as 
determined by Terman’s method is found to be 
2.14´1012 cm-2 eV-1 for the Ru/Ni/n-GaN diode. 
Results show that the interface state density and 
series resistance has a significant effect on the 
electrical characteristics of studied diode.  
 
Index Terms—Ru/Ni/n-GaN, series resistance, 
interface state density, Terman’s method    

I. INTRODUCTION 

Wide bandgap materials like gallium nitride (GaN) 
have been extensively used in optoelectronic devices 
such as light emitting diodes, laser diodes and UV 
detectors [1, 2]. This is due to their many good properties 
like the efficient, long-lasting light-emitting capability, 
especially in the visible range, the chemical stability, the 
mechanical strength and high temperature endurance. 
Due to the technological importance of metal-
semiconductor (MS) structures, a full understanding of 
the surface and interface properties of Schottky barrier 
diodes is of great interest. It is clear that the deviations 
from the ideal Schottky barrier formation are localized 
within a few atomic layers of the MS intimate contact 
with energies which fall inside the forbidden gap. Such 
charge accumulated at the MS contact reduces the 
effective potential difference between the semiconductor 
and the metal contact [3]. The MS contact is one of the 
most widely used rectifying contacts in device 
technology [4, 5]. It is well known that Schottky barrier 
diode (SBD) possesses a thin interfacial native oxide 
layer between the metal and the semiconductor. The 
existence of such an insulating layer can have a strong 
influence on the diode characteristics as well as the 
interface state density (NSS), ideality factor (n) and 
barrier height (Fbo). The interface states play an 
important role on determination of Fbo and other 
characteristic parameters, and these can affect the device 
performance, stability and reliability. In this work, Nickel 
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(Ni) has been selected as the first layer because it has 
high work function metal 5.15 eV as well as good 
adhesion and reactivity with GaN. Ruthenium (Ru) is 
selected as second layer since it has high melting point, 
hence Schottky contacts with Ru/Ni metal alloy can 
operate with stability at high temperature and in high 
power systems. 

II. EXPERIMENTAL TECHNIQUE 

In this work, 2 mm-thick Si-doped N-face GaN wafer 
used was grown by metal organic chemical vapor 
deposition (MOCVD) on the c-plane Al2O3 sapphire 
substrate. The carrier concentration obtained by means of 
Hall measurements is ~ 4.07×1017 cm-3. Prior to the 
metal deposition, the n-type GaN wafer was first 
ultrasonically degreased with warm trichloroethylene, 
acetone and methanol for 5 min each step, followed by 
rinsing in deionized (DI) water. The degreased wafer was 
then dipped into boiling aquarezia [HNO3:HCl=1:3] for 
10 min to remove the native oxides. For ohmic contacts, 
bilayer of Ti (25 nm)/Al (100 nm) were deposited on a 
portion of the wafer and then annealed at 650°C for 3 
min in N2 ambient. Ru (30 nm)/Ni (20 nm) Schottky 
contacts with a diameter of 0.7 mm were deposited on n-
GaN surface using an electron beam evaporation system 
under a pressure of 5´10-6 mbar. The current-voltage (I-
V) and capacitance-voltage (C-V) characteristics of 
Ru/Ni/n-GaN Schottky diode were measured using a 
Keithley source measurement unit 2400 and automated 
DLTS (DLS-83D) system at room temperature. 

III. RESULTS AND DISCUSSION 

The typical forward and reverse bias I-V 
characteristics of Ru/Ni/n-GaN SBD are measured at 
room temperature and shown in Fig. 1. The forward I-V 
characteristics of the Schottky diode can be described by 
the following equation [5] 

 

 * 2 exp exp 1boq qVI AA T
kT nkT

é ùFæ ö æ ö= - -ê úç ÷ ç ÷
è øè ø ë û

   (1) 

 

When V>3nkT/q, the equation is transformed as 
following manner 

 * 2 exp expboq qVI AA T
kT nkT
Fæ ö æ ö= -ç ÷ ç ÷

è øè ø
     (2) 

 
In forward direction, the equation could also be 

expressed as 
 

 * 2ln ln boqqI V AA T
nkT kT

Fæ ö= + -ç ÷
è ø

      (3) 

 
where q is the electron charge, V is the applied voltage, T 
is the absolute temperature, n is the ideality factor, k is 
the Boltzmann’s constant, A is contact area and A* is the 
effective Richardson constant assumed to be 26.4 A/(cm 
K)2 for n-GaN [6]. The Fbo and n of Ru/Ni/n-GaN 
Schottky diode are calculated using Eq. (3). The slope of 
straight line region of the forward-bias I-V characteristics 
(ln I versus V) through the relation 
 
 Fbo=intercept. (kT/q)       (4) 

 
And 
 

 
1.qn

kT slope
=             (5) 

 
where n is a measure of conformity of the diode to pure 
thermionic emission (TE). As shown in Fig. 1, the I-V 
characteristics of the Ru/Ni/n-GaN Schottky diode 
exhibits an excellent rectifying behavior with relatively 
low leakage current of 7.47 mA at a reverse bias of -1 V. 
The forward bias I-V curve quickly becomes dominated 

 

Fig. 1. Typical current-voltage characteristics of the Ru/Ni/n-
GaN Schottky diode at room temperature. 
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by series resistance (RS) from contact wires or bulk 
resistance of the semiconductor, giving rise to the 
curvature at high voltage region. Calculations showed 
that the Fbo and n values of the Ru/Ni/n-GaN Schottky 
diode are 0.66 eV and 1.48 respectively. The Ru/Ni/n-
GaN Schottky diode with a large value of ideality factor 
is distant from ideal due to the presence of a thin 
interfacial layer (IL) and the interface states. The non-
linearity of I-V characteristics at high bias values 
confirmed a continuum of interface states, which is in 
equilibrium with the semiconductor [7].  

As can be seen from Fig. 1, the forward bias I-V 
characteristics are linear on a semi-log scale at low 
forward bias voltages, but deviate considerably from 
linearity due to the effect of RS, the IL and the interface 
states when the applied voltage is adequately large. 
According to Cheung [8] method, the values of Fbo and 
RS can be evaluated using a technique in the high bias 
voltage where the ln I-V curves does not show linear 
behavior as follows: 

 

 
(ln ) S
dV kTn R I

d I q
æ ö

= +ç ÷
è ø

    (6a) 

 * 2( ) lnnkT IH I V
q AA T
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è ø

        (6b) 

and ( ) bo SH I n R I= F +  (6c) 
 

Fig. 2 shows the experimental dV/d(lnI) versus I and 
H(I) versus I plots for the Ru/Ni/n-GaN Schottky diode 
at room temperature. Eq. (6a) gives a straight line for the 
data of downward curvature region in the forward bias I-
V characteristics. Thus, the values n and RS are derived 
from the intercept and slope of dV/d(lnI) versus I plot, 
and the corresponding values are 1.48 and 445 W. A plot 
of H(I) versus I (Fig. 2) will also lead to a straight line 
with the y-axis intercept equal to nFbo, substituting using 
the n value resultant from Eq. (6a) and the data of the 
downward curvature region in the forward bias I-V 
characteristics in Eq. (6c), and obtained Fbo. The slope of 
this plot also determines RS, which can be used to check 
the consistency of Cheung’s approach. From H(I) versus 
I, the Fbo and RS values are found to be 0.67 eV and 685 
W, respectively. Moreover, the values of RS obtained 
from dV/d(lnI) versus I and H(I) versus I plots are in 
good agreement with each other. This case shows the 

technical consistency of Cheung’s approach. 
Because high series resistance can hinder an accurate 

evolution of barrier heights from the standard I-V plot, 
the Norde method was also employed [9] to compare the 
effective Schottky barrier heights (SBHs) of the Ru/Ni/n-
GaN Schottky diode. The modified Norde’s function is as 
follows 

 

 * 2

( )( ) lnV kT I VF V
q AA Tg

æ ö é ù= - ç ÷ ê úë ûè ø
  (7)  

 
where g is the integer (dimensionless) greater than n. I(V) 
is the current obtained from the forward bias I-V curve. 
The effective barrier height Fbo is given as 

 

 min
min( )bo

V kTF V
qg

F = + -           (8) 

 
where F(Vmin) is the minimum point of F(V) and Vmin is 
the corresponding voltage. A plot of the Norde function F 
(V) versus V for the Ru/Ni/n-GaN Schottky diode is 
shown in Fig. 3. The value of RS is also obtained as 
follows 

 

 
( )

S
kT nR

qI
g -

=          (9) 

 
Using Eqs. (8) and (9), the Fbo and the RS values for 

the diodes are found to be 0.69 eV and 561 W, 
respectively. The RS causes a non-linear region of I-V 
curve of the diode. There is a good agreement among the 

 

Fig. 2. Cheung’s plots of series resistance of the Ru/Ni/n-GaN 
Schottky diode at room temperature. 
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values of Fbo obtained from the forward bias ln I-V, 
Cheung’s method and Norde’s methods. Also, it is noted 
that the RS value obtained from Norde’s method is in 
good agreement with those obtained from the Cheung’s 
method. Furthermore, the values of RS indicated that the 
RS is a current-limiting factor for this structure. The 
effect of the RS is usually modeled with series 
combination of a diode and a resistance. The voltage 
drop across a diode is determined in terms of the total 
voltage drop across the diode and the resistance. 

The capacitance-voltage (C-V) relationship for 
Schottky contact is given by [4]  

 
2 2

2
1 bi

d s

kTV V
q

C A qN e

æ ö
- -ç ÷

è ø=
      (10) 

 
where eS is the permittivity of the semiconductor, V is the 
applied voltage and A is the contact area of the diode. 
The x-intercept of the plot of (1/C2) versus V is Vo and 
related to built-in potential Vbi by the equation 
Vbi=Vo+kT/q, where T is the absolute temperature. The 
barrier height is given by Fb=Vbi+Vn, where Vn=(kT/q) 
ln (Nc/Nd). The density of states in the conduction band 
edge is given by Nc=2(2pm*kT/h2)3/2, where m*=0.22mo, 
and its value was 2.6×1018 cm-3 for GaN at room 
temperature. Fig. 4 shows a plot of 1/C2 as a function of 
bias voltage V at frequency of 1 MHz for Ru/Ni/n-GaN 
Schottky diode. From the slope of the graph the carrier 
concentration (Nd) is calculated as 9.9×1017 cm-3 for as-
deposited contact. This value is used for the calculation 
of barrier height. In C-V measurements, the net doping 

concentration is difference of the electrically active 
concentration of donors and acceptors. In case of n-type 
material, the concentration of donors outbalances the 
concentration of acceptors. One more reason, the 
decrease in barrier height with increasing dopant 
concentration is due to the effect of the interfacial layer 
and interfaces states [10]. The calculated barrier height of 
Ru/Ni/n-GaN Schottky diode is 0.79 eV by C-V method. 

Typically, a thin IL is always present due to 
incomplete covalent bonds, chemical reaction and sharp 
discontinuity between MS contact [11], which results in a 
new dielectric phase. The existence of an electric charge 
in the thin IL, which is neither semiconductor nor metal, 
introduces a high density of interface states [12]. When a 
MS contact with an IL is considered, it is assumed that 
the forward bias current in a Schottky barrier is due to 
TE current corrected by tunneling, which is represented 
[7] as  

 

 ( )* 0.5exp expboq qVI AA
kT nkT

c d
Fæ ö æ ö= - -ç ÷ ç ÷

è øè ø
  (11) 

 
where c is the mean barrier height presented by the thin 

IL of thickness (d). The term 0.5exp( )c d-  is commonly 

known as the transmission coefficient across the thin IL. 
The values of n and Fe are assumed to be voltage 
dependent and can be written following equations, 
respectively [7, 13] 
 

 

Fig. 3. F(V) versus V plot of Ru/Ni/n-GaN Schottky diode at 
room temperature. 

 
 

 

Fig. 4. The reverse bias 1/C2 versus V characteristics of the 
Ru/Ni/n-GaN Schottky diode at room temperature. 
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where b is the voltage coefficient of Fe, WD is the space-
charge region width being deduced from the 
experimental C-V measurements at high-frequency (1 
MHz), NSS is the density of the interface states and eS and 
ei are permittivities of the semiconductor and the IL, 
respectively. The expression for the NSS can be given as 
 

 ( )1 ( ) 1i S
SS

D

N n V
q W

e e
d
é ù

= - -ê ú
ë û

      (14) 

 
The interface state energy distribution and relative IL 

thickness is determined by Card and Rhoderick [7], and 
Kolnik and Ozvold [14]. In the case where the entire 
interface states are in equilibrium with the semiconductor 
when the diode is forward biased, whereas in the reverse 
direction the change of the interface state charge is 
negligible. The IL thickness has been estimated from I-V 
and C-V measurements [15-18]. We have evaluated the 
value of d/ei from the following expression [14, 19]. 

 

 
1
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        (15) 

 
where br=(kT/q)(d(lnI)/dV) is the slope of the I-V 
characteristics. In an n-type semiconductor, the energy of 
the interface states with respect to the bottom of the 
conduction band at the surface of the semiconductor is 
given by [7, 20, 21] 
 
 ( )C SS eE E q V- = F -          (16) 

 
By using Eqs. (12)-(16), the I-V characteristics can be 

used for the evaluation of the NSS as a function of 
interface states energy ESS. NSS versus EC-ESS is shown in 
Fig. 5. Substituting the values of the n(V) in Eq. (12) 
using d=9.72 Å and WD=1.42 mm, the NSS as evaluated 
by Terman’s method is found to be 2.14×1012 cm-2 eV-1 

for the Ru/Ni/n-GaN Schottky diode [22]. From Fig. 5, it 
can be seen that an exponential increase in interface 
states density exists from mid gap towards the bottom of 
the conduction band. 

IV. CONCLUSIONS 

In this work, the interface properties of Ru/Ni/n-GaN 
Schottky diode have been investigated by current-voltage 
(I-V) and capacitance-voltage (C-V) measurements. The 
value of the RS is calculated from high voltage region of 
the structure by Cheung’s method. It is noted that there is 
a good agreement between the values of the RS obtained 
from Cheung’s and modified Norde’s method. Further, 
the NSS calculated by Terman’s method is 2.14×1012 cm-2 
eV-1 for the Ru/Ni/n-GaN Schottky diode. It is clear that 
ignoring the role of interfacial insulator layer, NSS and RS 
can lead to significant errors in the electrical characteri- 
stics of devices. 
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Fig. 5. Interface state density distribution profiles as a function 
of EC-ESS for Ru/Ni/n-GaN Schottky diode at room 
temperature. 
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