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Abstract—The current transport mechanism of indigenously fabricated Ni/n-GaN Schottky barrier diodes
(SBDs) has been analysed using the current–voltage (I–V) and capacitance–voltage (C–V) measurements.
Various models like Rhoderick’s method, Cheung’s method, Norde’s method, modified Norde’s method,
Hernandez’s method, and Chattopadhyay’s method have been used to extract the different electric parame-
ters from the I–V curve. A comparison has been made between the various electrical parameters such as ide-
ality factor, barrier height, and series resistance, which are extracted from the forward bias I–V curve of
Ni/n-GaN SBDs. The carrier concentration of the substrate and the barrier height is obtained from C–V
characteristics of Ni/n-GaN SBDs. We observe from the reverse current characteristics that the Ni/n-GaN
SBDs show the dominance of Schottky emission in intermediate and higher voltages.

Keywords: Schottky contacts, GaN, electrical properties, Rhoderick’s method, Cheung’s method, Norde’s
method, Modified Norde’s method, Hernandez’s method, Chattopadhyay’s method, current transport
mechanism
DOI: 10.1134/S1063782620020141

1. INTRODUCTION
Wide-bandgap semiconductors (WBGSs) like gal-

lium nitride (GaN), aluminum nitride (AlN) etc. are
being extensively used in the modern electronic device
fabrication technology. For modern electronic
devices, GaN is the potential material having excep-
tional properties like direct band gap, high chemical
resistance, high melting point, and good thermal con-
ductivity [1–7]. Metal–semiconductor (M–S) con-
tacts are an essential aspect of electronic devices, and
optimization of electronic properties of GaN-based
devices requires the elaboration of stable and reliable
ohmic and Schottky contacts. Current–Voltage (I–V)
and Capacitance–Voltage (C–V) characteristics of the
M–S interface give enormous depths of information
on the physical and electrical properties of a bulk
semiconductor material and its interface. Therefore,
the analysis of electrical parameters with different
methods leads to a better understanding of the current
transport mechanism which is highly essential for
device fabrication technology.

The studies on extraction of electrical parameters
by different methods like Rhoderick’s method [8],
Cheung’s method [9], Norde’s method and Modified
Norde’s method [10, 11], Hernandez’s method [12],
and Chattopadhyay’s method [13] are very essential
and helpful in better understanding the electrical

properties of M–S Schottky interfaces. Further, the
analysis of reverse I–V characteristics will reveal the
conduction mechanism of M–S Schottky contacts
[14–20]. Usually, the electrical parameters extracted
from I–V characteristics are affected by image-force
effects, dipole lowering effects, tunneling currents,
and leakage currents [21–25]. Whereas, C–V charac-
teristics give more veracious results of electrical
parameters [26–30].

In the present study, we report the fabrication of
Ni/n-GaN Schottky barrier diodes (SBDs). Analysis
of its current transport mechanism by I–V character-
istics has been analyzed through various models and
the comparative study has been done for extracted
electrical parameters.

2. EXPERIMENTAL
The Si-doped GaN (0001) on sapphire (0001)

wafers of thickness 4 μm having dimensions of 10 ×
5 mm are used for the fabrication of GaN SBDs.
Before deposition of ohmic contacts, wafers of n-GaN
were cleaned in different steps as: boiling in aqua regia
for removing the native surface contamination, clean-
ing in deionised water, degreasing the wafers by boiling
in trichloroethylene, rinsing in boiled isopropanol,
rinsing in deionised water, and finally dipped into a
169
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Fig. 1. Structure of Ni/n-GaN SBDs.
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Fig. 2. The plot of I–V characteristics for Ni/n-GaN SBDs.
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Fig. 3. The plot of ln(I) vs. voltage for Ni/n-GaN SBDs.
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solution with equal ratio of HCl and H2O for 10 s.
After wafer cleaning, the layers of ohmic contacts were
deposited by evaporating titanium|aluminum (Ti|Al,
40|120 nm) using an electron beam (e-beam) evapora-
tion system at a pressure of 6 × 10–9 bar. Finally, using
an e-beam evaporation system at a pressure of 6 ×
10–9 bar, Schottky contacts were deposited by evapo-
rating nickel (Ni, 60 nm) by using a stainless-steel
mask in contact with the n-GaN (Fig. 1). I–V and
C–V characterization of Ni/n-GaN SBDs were per-
formed at room temperature using semiconductor
device parameter analyzer (Agilent Technologies
B1500A).

3. RESULTS

3.1. Current–Voltage (I–V) Characteristics

The transport mechanism of the Schottky junction
is governed by the thermionic emission of majority
carriers over the potential barrier that forms at the
M–S interface. The current due to thermionic emis-
sion for an applied voltage is given by [8]:

(1)

where the symbols have their usual conventional
meanings.

Figure 2 represents the I–V characteristics of
Ni/n-GaN SBDs. According to Rhoderick’s method,
the ideality factor n and the barrier height ϕB are given
by the slope and the intercept of the plot of lnI vs. volt-
age (Fig. 3), respectively.

The values of the ideality factor n, saturation cur-
rent I0, and barrier height ϕB were determined to be
2.25, 3.56 × 10–8 A, 0.698 eV, respectively. For low-
resistance diode, this method holds good since low
resistance is ignored for low forward-bias voltage [9,
10]. From Fig. 2, it appears that Ni/n-GaN SBDs in
the present study do not have low resistance.

The series resistance RS is an essential parameter of
M–S contacts, which affects the electrical properties
of SBDs. The SBDs parameters like Schottky barrier
height B, ideality factor n, and series resistance RS can
also be obtained using Cheung and Cheung’s method
[9]. According to [9], the thermionic emission I–V
characteristics of SBDs with series resistance RS can
be expressed as

(2)

where the IRS is the voltage drop across RS of SBDs.
Cheung’s functions can be written as follows

(3)

( ) ( ) = − −
  

0 exp 1 exp ,qV qVI I
nkT nkT

− = − 
 

S
0

( )exp ,q V IRI I
nkT

 = +   
S ,

(ln )
dV kTIR n

d I q
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Fig. 4. The plot of dV/dln(I) vs. current for Ni/n-GaN SBDs.
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Fig. 5. The plot of H(I) vs. I for Ni/n-GaN SBDs.
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Fig. 6. The plot of F(V) vs. voltage for Ni/n-GaN SBDs.
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(5)

The value of n is 1.14, and the value of RS is
55.98 kΩ from Fig. 4.

Another value of RS is given by the slope of the plot
of Fig. 5.

These two values of series resistance RS prove the
validity of Cheung’s method. The values of RS
obtained from these two plots are nearly going on par
with each other which gives the uniformity of
Cheung’s method. By this method, the average value
of RS is 60.88 kΩ, and the value of ϕB is 0.687 eV.

For the diodes with large series resistance, Norde
[10, 11] developed a method to determine ϕB and RS.
Usually, the values of n lie between 1 and 2, so to
determine large values of RS of diodes, the modified
Norde’s method is used. Norde’s method involved the
function F(V) given as

(6)

The current I0 corresponding to minima of F(V) vs.
V plot will give RS as

(7)

and ϕB is given as

(8)

where F(V0) and V0 are the values of F(V) and V corre-
sponding to the least value of current I0. In modified
Norde’s method, F(V) is defined as

(9)

Since the ideality factor lies between 1 and 2, there-
fore, γ = 2 (>1). The RS and ϕB can be calculated using
the following equations:

(10)

(11)

From the plot of F(V) vs. voltage (Fig. 6), the value
of RS is 45.47 kΩ, and ϕB is 0.687 eV.

Another method that accounts for the voltage-
dependent nature of the ideality factor (n), the barrier
height ϕB and the series resistance RS was developed by

 = +
  2( ) ln ,

*
kT IH I V n
q AA T

= ϕ +B S( ) .H I n IR

 = −  
 2

( )( ) ln .
2 *

I VV kTF V
q AA T

=S
0

,kTR
qI

ϕ = + −0
B 0( ) ,

2
V kTF V

q

 = −  
 γ 2

( )( ) ln .
*

I VV kTF V
q AA T

γ −=S
0

( 1),kTR
qI

ϕ = + −
γ
0

B 0( ) .V kTF V
q
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Fig. 7. The plot of Z(V, T) vs. VD for Ni/n-GaN SBDs.
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Fig. 8. The plot of Surface potential vs. V for Ni/n-GaN
SBDs.
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Hernandez et al. [12]. They have formulated a voltage-
dependent function Z(V, T) given as

(12)

(13)

From Fig. 7, the values of voltage-dependent ideal-
ity factor n and the barrier height ϕB obtained are 2.18
and 0.667 eV, respectively.

For large values of RS, the lnI vs. V plot become
non-linear. This leads to a severe problem in finding
the saturation current. Hence, the extracted values of
ϕB are not reliable. Chattopadhyay developed a model
[13] to account for this problem and defined the sur-
face potential ΨS which is given as

(14)

 
 

=  
   − −     

2 D

1( , ) ln ,
* 1 exp

kTZ V T
qVq AA T
kT

= −ϕ + D
B

0

( , ) ( , ) .
( , )
VZ V T V T

n V T

 Ψ = − 
 

2

S
*ln ,n

kT AA T V
q I
Table 1. The values of ideality factor n of Ni/n-GaN SBDs e
nandez’s method, and Chattopadhyay’s method

n(I–V) n(dV)/d(lnI)

2.25 1.14

Table 2. The values of series resistance (RS) and barrier hei
method, Norde’s method (NM), modified Norde’s method (

Barrier height ϕB, eV

I–V H(I) F(V) Z – V ΨS–V dV/d

0.698 0.687 0.681 0.667 0.657 55.
ϕB and n can be written as [14, 15]

(15)

(16)

From Fig. 8, the values of VC and ΨS(IC, VC)
obtained are 0.06 and 0.43 eV, respectively. From
Eqs. (15) and (16), the calculated values of ϕB and
n are 0.657 eV and 1.04, respectively.

Tables 1 and 2 list the extracted values of ideality
factor n, series resistance RS, and barrier height ϕB
from the different methods.

The value of ideality factor n is found to vary from
1.04 to 2.25 in different methods, which shows non-
ideal I–V behaviour. The value of barrier height ϕB is
found to vary from 0.657 to 0.698 eV from the above
methods, which is low in comparison to the value
observed in the case of Ni/n-GaN SBDs [16–20].

ϕ = Ψ + +B S 2( , ) ,C C C nI V C V V

Ψ = = −  
 

S
2

,

1 .
C CI V

dC
n dV
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xtracted from Rhoderick’s method, Cheung’s method, Her-

n(Z–V) n(ΨS–V)

2.18 1.04

ght (ϕB) of Ni/n-GaN SBD’s extracted from the Cheung’s
MNM), Hernandez’s method, and Chattopadhyay’s method

Series resistance RS, kΩ

lnI H(I) F(V)(NM) F(V)(MNM)

98 65.77 45.32 43.42
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Fig. 9. The plot of logI vs. logV for Ni/n-GaN SBDs.

0

0.10.01

1E-3

lo
gI

Experimental
Region I
Region II
Region III

1E-4

1E-5

1E-6

1E-7

1
logV
The logI vs. logV plot (Fig. 9) is analysed to study
the dominance of the current conduction mechanism
in the forward-bias region of I–V characteristics.

The existence of different current conduction
mechanisms can be shown in the logI vs. logV plot,
which has different linear regions (I, II, and III) with
different slopes. In Region I, the value of slope is
1.35 close to unity, which indicates an ohmic
behaviour, which may be due to the “background dop-
ing” or “thermally generated carriers” [12, 17]. The
value of slope is 3.31 in Region II, higher than 2.0, and
this may be due to the “space-charge-limited current
(SCLC)” with “discrete trapping levels”. For
Region III, the slope value decreases to 2.08, since the
Ni/n-GaN SBDs may reach the “trap-filling” limit
[18, 19].

Figure 10 shows the variation of reverse current (IR)
with reverse voltage, indicates that either the Poole–
Frenkel emission (PFE) or Schottky emission (SE)
mechanisms are dominant in the M–S junction.

The current through the diode for PFE [20] and SE
[21] are given by

(17)

(18)

( )∝
πε εR

0

1exp ,
r

qEI E
kT

( )∝
πε ε

2
R

0

1exp .
2 r

qEI T
kT
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Table 3. The theoretical and the experimental values of Poole–F

Poole–Frenkel emission (10–3 V/cm)–1/2

theoretical experimental

9.51 1.22
From Fig. 10, the slopes of plots can be expressed
as [22, 23]

(19)

The value of n is 1 for PFE, and the value of n is 2
for SE. The theoretical values of the slopes of plots are
given in Table 3. The slopes obtained from the plots
are closer to the theoretical value for SE, which sug-
gests the dominance of SE for both intermediate and
higher voltage of the reverse current conduction
mechanism due to the “thermally-activated carriers”
emitted over the M–S barrier [24]. Whereas at low
voltage, it corresponds to PFE in which the defect
states govern the conduction [25].

3.2. Capacitance–Voltage (C–V) Characteristics
The C–V measurement is done at a very high fre-

quency (1 MHz). The C–V measurement has been
analyzed using the depletion capacitance equation for
SBDs as follows [26]:

(20)

and the ϕB is given as

(21)

The calculated value of barrier height from the plot
between 1/C2 vs. the applied voltage (Fig. 11) is
0.727 eV, and donor concentration (ND) is 8.97 ×
1014 cm–3.

The ϕB values are smaller by I–V technique as
compared to C–V technique. These lower values
obtained by I–V technique because of the presence of
the native oxide layer at the M–S interface [27–30].
Any damage at the M–S interface alters the I–V char-
acteristics because defects may act as recombination
centers or as traps for trap-assisted tunnel currents.
C–V measurements are not affected by such defects
since interfacial capacitance and capacitance due to
the depletion layer are in series. As I–V techniques
involve the f low of electrons from semiconductor to
metal, the ϕB obtained from this method will give
lower value than from C–V measurements. These
smaller values by I–V technique may be due to pres-
ence of lateral inhomogeneities in the Schottky barrier
height (SBH) at the Ni/n-GaN interface [31, 32], the
influence of image-force and dipole lowering effects,
and may be due to the tunneling and leakage currents
[33, 34].
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Fig. 11. The plot of 1/C2 vs. V for the Ni/n-GaN SBDs.
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4. CONCLUSIONS

The fabrication and current transport properties of
Ni/n-GaN SBDs have been discussed in the present
study. The different electrical parameters have been
obtained from Rhoderick’s method, Cheung’s
method, Modified Norde’s method, Hernandez’s
method, and Chattopadhyay method. The value of the
ideality factor n extracted by Cheung’s method and
Chattopadhyay method is close to 1, whereas this
value is approximately 2 by Rhoderick’s method and
Hernandez’s method. It was found that the values of
the barrier height ϕB obtained from the forward bias by
applying different methods were nearly equal to each
other, whereas the values of the series resistance RS
obtained from Cheung’s and Norde methods were
showing small variation with each other. Furthermore,
the values of n, RS, and ϕB obtained from different
methods are compared with each other. The various
methods discussed in the present study give approxi-
mately the same values of electrical parameters, which
reflect the reliability of different methods for the anal-
ysis of Ni/n-GaN SBDs. The ϕB values obtained from
the I–V technique (0.697 eV) are smaller than the val-
ues obtained from the C–V technique (0.727 eV),
which may be due to the presence of “lateral inhomo-
geneities” at the Ni/n-GaN interface and “image
force due to current f low across the barrier”. Further,
reverse current transport mechanism is mainly due to
SE for intermediate and higher voltage regions. This is
further verified by the forward conduction mechanism
of the Ni/n-GaN SBDs.
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