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In the present paper, using of SILVACO-TCAD numerical simulator for studying the enhancement in Pt/n-GaN Schottky
diode current–voltage (I-V) characteristics by introduction of a layer of hafnium dioxide (HfO2) (with a thickness e = 5 nm)
between the Pt contact and semiconductor interface of GaN is reported. The simulation of I-V characteristics of Pt/n-GaN was
done at a temperature of 300 K. However, the simulation of Pt/HfO2/n-GaN structure was performed in a temperature range
of 270 – 390 K at steps of 30 K. The electrical parameters: barrier height (Φb), ideality factor and series resistance have been
calculated using different methods: conventional I-V, Norde, Cheung, Chattopadhyay and Mikhelashvili. Statistical analysis
showed that the metal-insulator-semiconductor (Pt/HfO2/n-GaN) structure has a barrier height of 0.79 eV which is higher

compared with the (Pt/n-GaN) structure (0.56 eV). The parameters of modified Richardson ((ln
(

I0
T2

)
−
(

q2σ2
s0

2kT2

)
= ln(AA∗)−

q∅B0
kT ) equation versus ( 1

kT ) have been extracted using the mentioned methods. The following values: A∗
Simul = 22.65 A/cm2·K2,

14.29 A/cm2·K2, 25.53 A/cm2·K2 and 21.75 A/cm2·K2 were found. The Chattopadhyay method occurred the best method for
estimation the theoretical values of Richardson constant.

Keywords: Schottky diode; Pt/n-GaN; Pt/HfO2/n-GaN; (I-V), Norde, Cheung, Mikhelashvili and Chattopadhyay methods; mod-
ified Richardson equation.

1. Introduction
The III-V semiconductors family is widely

used in manufacturing of electronic compo-
nents such as Schottky diodes (MS), metal-
insulator-semiconductor (MIS) and metal-oxide-
semiconductor (MOS) transistors, etc. [1–4]. GaN
binary compound is a direct band gap semicon-
ductor with Eg = 3.22 eV and lattice parameter a
= 4.52Å at 300 K [5] that belongs to III-V fam-
ily. This binary compound is a promising mate-
rial for light-emitting diodes (LEDs), photodetec-
tors (MSMs), laser diodes (LDs), solar cells and
microwave field effect transistors [6–10]. GaN high
frequency characteristics make it suitable for high
frequency and high power applications [11].

The application of GaN in metal-insulator-
semiconductor devices studies attracted

∗E-mail: 3ali39@gmail.com

researchers attention, especially in electrical
characterization of MIS nitride interfaces, in
which the most important insulator is hafnium
dioxide (HfO2). Hafnium dioxide (HfO2) – a
binary compound has proven to be one of the most
high-k dielectrics because of its excellent dielectric
properties, high melting point [12, 13], wide band
gap (calculated Eg = 5.10 eV and experimental Eg
= 5.12 eV) and lattice parameter a = 4.98Å (local
density approximation LDA) at 300 K [14, 15].
This binary compound is a promising material for
MOSFET [16] and MIS. In this context, hafnium
dioxide (HfO2) may play a crucial role as an
interfacial layer in GaN-based Schottky diodes and
it is important to understand the electrical behavior
of Pt/HfO2/n-GaN-based structures.

There have been many experimental and the-
oretical studies on the fabrication of Schottky
diodes (metal- GaN) devices. Among these stud-
ies, Varra Niteesh Reddy et al. [17] performed an
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analysis of electronic parameters and frequency-
dependent properties of Au/NiO/n-GaN Schottky
diodes at various frequencies in the range of
1 kHz – 1 MHz. V. Rajagopal Reddy et al. [18]
reported electrical properties and current transport
mechanism in Au/BaTiO3/n-GaN structures that
have been investigated by current-voltage (I-V) and
capacitance-voltage (C-V) measurements at a tem-
perature of 300 K. B. Prasanna Lakshmi et al. [19]
studied the effect of temperature on the electrical
properties of Au/Ta2O5/n-GaN structures at vari-
ous temperatures in the range of 400 – 600 K.
C. Venkata Prasad et al. [20] investigated electrical
and carrier transport properties of an Au/Y2O3/n-
GaN diode with rare-earth oxide interlayer. M. Siva
Pratap Reddy et al. [21] investigated temperature
effect on electrical properties and carrier transport
mechanism in the Ni/Au/Al2O3/GaN diode in the
range of 150 – 400 K.

In this paper, numerical simulations (Sim.) of
(Pd/n-GaN) Schottky diode containing a layer of
hafnium dioxide have been presented. The effect
of hafnium dioxide layer on electrical properties of
(Pd/n-GaN) structure at a wide temperature range
(270 K – 390 K) has been discussed in order
to enhance the electrical performance of Schot-
tky diode-based structures. Therefore, our work is
extended to study the evolution of barrier height
(Φb0), ideality factor (n) and series resistance (Rs)
using (I-V), Norde, Cheung and Cheung, Chat-
topadhyay and Mikhelashvili methods. The ob-
tained results are in agreement with experimen-
tal and theoretical ones. Our numerical simulations
have been performed using SILVACO-TCAD soft-
ware.

2. Modeling
In order to elucidate the observed effect of tem-

perature on the (Pt/HfO2/GaN) structure perfor-
mance, modeling and simulation have been carried
out using the ATLAS module of the SILVACO-
TCAD software based on work of Arjun Shetty
et al. [22]. The parameters used in the simulation
are listed in Table 1 with corresponding references
for each value. The Schottky diode was assumed to
be operating under standard conditions, in temper-
ature range (270 K –390 K).

3. Result and discussion
3.1. Current-voltage (I-V) method

The effect of diode resistance can be modeled
by a series combination of a diode and a resis-
tor (Rs) through which the current flows. In addi-
tion, in the case of an ideal diode, ideality factor
(n) equals 1, while for a real diode the n value is
higher than 1 (n >1 ). In the case of Schottky diode,
assuming that the current is due to a thermionic
emission (TE), the relation between the applied for-
ward bias and the current can be given by equa-
tion 1 [18, 27, 28].

I = I0 exp
(
−qV
kT

)[
1− exp

(
q(V − IR)

nkT

)]
(1)

where I0, n, k and T are the reverse saturation cur-
rent, the ideality factor, the Boltzmann constant, the
absolute temperature in Kelvin, respectively. We
could find the value of (I0) by plotting lnI versus
V and extrapolating the curve to V = 0 V. Then, by
replacing the calculated (I0) value in the equation 2

I0 = AT 2A∗ exp
(

qΦb0

kT

)
(2)

where A is the rectifier contact area, A∗ is the
Richardson constant (A∗ = 26.4 A/cm2·K2 for n-
GaN [29]) and Φb is the Schottky barrier height.
The value of Φb can and calculated by equation 3

Φb0 =
kT
q

ln
(

AA∗T 2

I0

)
(3)

Fig. 1 shows the current-voltage (I-V) charac-
teristics of Pt/GaN Schottky diode, at atemperature
of 300 K, and Pt/HfO2/GaN diode, at some selected
temperatures (270, 300, 330, 360 and 390 K) in a
semi-logarithm scale. The obtained simulation re-
sults for the saturation current (I0), barrier height
(Φb) and ideality factor (n) are shown in Table 2.

The value of experimental ideality factor (n)
matched with the simulated value, and the exper-
imental barrier height (Φb) value is a bit smaller
than the simulated value in temperature range of
270 – 390 K. According to the obtained results, we
observed that increasing of temperature is accom-
panied with decreasing of the ideality factor and the
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Table 1. Parameters of HfO2 used in the simulation at T = 300 K.

Parameter Symbol Value Ref

Thickness [nm] e(HfO2) 5 [22]

Band gap [eV] Eg (HfO2) 5.7 [23]

Contact work function [eV] Φn 5.65 [24]

Electron affinity [eV] χ 1.75 [25]

Dielectric constant ε 25 [26]

Fig. 1. I-V characteristics of Pt /GaN (a) at T = 300 K
and (b) Pt/HfO2/GaN for T = 270, 300, 330, 360
and 390 K.

barrier height increase. Consequently, due to the
low energy, the charge carriers are not able to cross
the large barrier height at these temperatures. How-
ever, current transport is provided by lower parts of
barrier height [30, 31].

3.2. Cheung method

The ideality factor (n), the Schottky barrier
height (Φb) and the series resistance (Rs) have been
calculated by a second method called Cheung and
Cheung [32]. In this method, ideality factor (n) and
the series resistance (Rs) can be obtained using
the derivative ( ∂V

∂ (ln(I)) ) that is determined in equa-
tion 4 [32]:

G =
∂V

∂ (ln(I))
=

nkT
q

+ I Rs (4)

Also, Schottky barrier height (Φb), can be de-
fined by Cheung’s (H(I)) relation presented by

equation 5 [32]:

H (I) =V −
(

nkT
q

)
ln
(

I
AA∗T 2

)
= n Φbn + IRS

(5)

Fig. 2a – c shows the obtained curves of(
dV

d(ln(I))

)
and H(I) as a function of I for Pt/GaN

structure and for Pt/HfO2/GaN structure, at differ-
ent temperatures (270, 300, 330, 360 and 390 K).
The values of the ideality factor (n), the Schottky
barrier height (Φb) and the series resistance (Rs)
were determined from these curves and presented
in Table 2.

Fig. 2. (a) dV
d(ln(I)) and H (I) as a function of I for Pt/GaN

at T = 300 K, (b) dV
d(ln(I)) as a function of I for

Pt/HfO2/GaN, (c) H (I) as a function of I for
Pt/HfO2/GaN at T = 270, 300, 330, 360 and
390 K.

3.3. Norde method
Alternatively, the Norde approximation [33]

can be used. This approximation is based on a mod-
ified forward current-voltage (I-V) plot that can be
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Table 2. Values of saturation current, barrier height, ideality factor and series resistance for Pt/GaN and
Pt/HfO2/GaN structures in the temperature range 270 K – 390 K.

Pt/GaN Pt/HfO2 /GaN
T[K] 300 270 300 330 360 390

Sim. Exp. [22] Sim. Exp. [22] Sim. Exp. [22] Sim. Exp. [22] Sim. Exp. [22] Sim. Exp.

I- V method

I0·10−8 [A] 6.5 – 102 – 416 – 56.0 – 1.52 – 6.82 –

Φb [eV] 0.56 0.54 0.74 0.53 0.79 0.63 0.80 0.70 0.85 0.77 0.87 –

n 2.01 2.10 1.82 1.80 1.33 1.30 1.28 1.42 1.23 1.30 1.20 –

RS [Ω] 257 – 285 – 277 – 272 – 267 – 263 –

Cheung’ s method G(I)
n 2.50 – 1.90 – 1.75 – 1.58 – 1.50 – 1.42 –

RS [Ω] 410 – 266 – 263 – 262 – 260 – 248 –

Cheung’ s method H(I)

Φb [eV] 0.56 – 0.61 – 0.68 – 0.75 – 0.80 – 0.83 –

RS [Ω] 398 – 272 – 267 – 262 – 260 – 258 –

Norde’s method –

Φb [eV] – 0.68 – 0.76 – 0.77 – 0.79 – 0.81 –

Chattopadhyay’s method –

n 1.98 – 1.81 – 1.72 – 1.42 – 1.35 – 1.25 –

Φb [eV] 0.60 – 0.66 – 0.70 – 0.76 – 0.81 – 0.83 –

Mikhelashvili’s method
Φb [eV] 0.59 – 0.64 – 0.69 – 0.74 – 0.75 – 0.77 –

n 2.11 – 3.10 – 2.12 – 2.00 – 1.95 – 1.89 –

RS [Ω] 450 – 269 – 260 – 207 – 160 – 158 –

used to calculate the parameters: series resistance
(Rs) and barrier height (Φb) of both structures. The
Norde approximation is defined by equation 6 [33]:

F (v) =
v
γ
− kT

q
ln
(

I (v)
AA∗T 2

)
(6)

where γ is an integer (dimensionless) greater than
n (n = 2.01) and the I(V) represents the current
which is acquired from the (I-V) curve. In this ap-
proximation, Φb and Rs values can be determined
using equation 7 [33, 34]:

Φb = F (v0)+

[
v0

γ
− kT

q

]
(7)

where n value is obtained from the ln I-V curve,
F(v0) is the minimum point of F(v) plot, v is the
corresponding voltage.

Fig. 3a and Fig. 3b show the evolution of
Norde’s function F(v) of V obtained from for-
ward bias (I-V) characteristics of the (Pt/GaN or
Pt/HfO2/GaN) structures. The results of barrier
height (Φb) are shown in Table 2.

Fig. 3. F (V) as a function of V obtained from for-
ward bias current-voltage characteristics of (a)
Pt /GaN at T = 300 K and (b) Pt /HfO2/Ga for
T = 270, 300, 330, 360 and 390 K.

From Fig. 3a, we can determine the values of
F(v) and (v) that are equal to 0.579 and 0.281 V,
respectively, at temperature of 300 K.
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3.4. Chattopadhyay model
This approximation can be used to determine

the barrier height (Φb) and the ideality factor (n)
values from Ψs(V) behavior shown in Fig. 4. The
barrier height (Φb), can be calculated from the
equation 8 [35]:

ϕb = Ψs(JC,VC)+C2VC +Vn−
KT
q

(8)

where Vn is the potential difference between the
Fermi level (EF) and the bottom of the conduction
band (Ec), which can be written as shown in equa-
tion 9:

Vn =
kT
q

ln
(

Nc

Nd

)
(9)

where, Nc and Nd present the effective conduction
band density of states and the carrier concentration,
respectively. The calculated Vn values are equal
to 0.073, 0.081, 0.087, 0.097 and 0.104 eV corre-
sponding with 270, 300, 330, 360 and 390 K, re-
spectively.

Fig. 4. Surface potential-forward voltage curves of
(a) the Pt/GaN at T = 300 K and (b) the
Pt/HfO2/GaN for T = 270, 300, 330, 360 and
390 K.

The value of surface potential Ψs is given in
equation 10 [35, 36]:

Ψs =
kT
q

ln
(

AA∗T 2

I

)
−V n (10)

From Fig. 4, we have determined the values of
Ψs and VC (critical voltage) that are equal to 0.36,

0.39, 0.42, 0.47, 0.52 eV and 0.54, 0.44, 0.39, 0.38,
0.29 eV, respectively, for corresponding tempera-
tures of 270, 300, 330, 360 and 390 K. The inverse
of the ideality factor (C2) can be determined by
equation 11:

C2 =
1
n
=

(
dΨs

dV

)
Jc,V c

(11)

With the aid of equations 8 and 11, the values
of ideality factor (n) and barrier height (Φb) were
obtained and collected in Table 2.

3.5. Mikhelashvili method
Another technique for determination of the

barrier height (Φb), the ideality factor (n) and
the series resistance (Rs) is called Mikhelashvili’s
method [35]. This method is based on the equa-
tion 12:

θ (v) =
d(ln(I))
d(ln(v))

(12)

The ideality factor (n) and the barrier height
(Φb) are obtained from equations 13 and 14:

n =
qvm(θ m −1)

kT θ
2
m

(13)

Φb =
kT
q

[
θ m +1− ln

(
Im

AA∗T 2

)]
(14)

where: θm and Vm are the coordinates of maximum
point in θ (V) versus V plot shown in Fig. 5. We
determined θm and Vm values, which are : 7.44,
6.36, 5.7, 4.33, 3.56 V and 0.6, 0.4, 0.404, 0.33,
0.3 V for different temperatures 270, 300, 330, 360
and 390 K, respectively. The series resistance (Rs)
is obtained from equation 15:

Rs =
vm

Imθ
2
m

(15)

We computed the values of barrier height (Φb),
ideality factor (n) and series resistance (RS) and re-
ported them in Table 2. The obtained results (using
I-V approach as example) between temperatures
270 K and 390 K, show an increase in barrier height
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Fig. 5. Mikhelashvili’s plots for (a) the Pt /GaN at T =
300 K and (b) the Pt /HfO2/GaN for T= 270,
300, 330, 360 and 390 K.

(Φb) (from 0.74 to 0.87 eV), a decrease in ideal-
ity factor (n) (from 1.82 to 1.20) and a decrease
in series resistance (RS) (from 285 to 263 Ω). We
observed that an increase in temperature is accom-
panied by a decrease in the ideality factor and in-
crease in the barrier height for all methods. Sta-
tistical analysis results reveal that Pt/HfO2/n-GaN
structure has a higher rectification ratio with low re-
verse leakage current compared to Pt/n-GaN struc-
ture. The calculated barrier height of Pt/HfO2/n-
GaN structure (0.79 eV) is higher than Pt/n-GaN
structure (0.56 eV) [22]. This relationship between
temperature, barrier height and ideality factor is
due to the inhomogeneity of barrier height result-
ing from Gaussian distribution of interfacial states
at the M/SC interface [35]. The origin of this bar-
rier height variation on Pt/HfO2/n-GaN has been
successfully explained on the basis of thermionic
emission current (TE). This behavior is attributed
to spatial variations of the barrier height [36]. We
observed that the series resistance (Rs) value de-
creased with increasing temperature. This decrease
can be due to the increasing of the free carrier con-
centration at high temperatures [37].

3.6. Inhomogeneous barrier analysis

The net current density j (j = jsm − jms) through
an inhomogeneous Schottky contact can be derived
with the help of thermionic emission theory [37].

The density of the current (jsm) flowing from the
semiconductor into the metal across the band bend-
ing V, and the current (jms) from the metal to the
semiconductor are written in the equation 16 [37]:

jsm = A∗T 2e−qV/kT e−qVd/kT (16)

and equation 17

jms = A∗T 2e−q∅b/kT (17)

To have the percentages of potential distribu-
tion, we integrated jsm over the potential Vd in
equation 16. We get then the equation 18:

jsm = A∗T 2e−qv/kT
∫

∞

−∞

e−qVd/kT P(Vd)dVd (18)

After integrating, equation 18 yields the effec-
tive band bending Vj

d for the current (jsm) as written
in equation 19:

V j
d = v̄d −

σ2
s

2kT/q
(19)

Equation 18 can be rewritten as shown in equa-
tion 20:

jsm = A∗T 2e−qv/kT e−qV j
d /kT (20)

With similar integration of jsm over the potential
Vd of equation 17 we get equation 21:

Φap = Φ̄b0 −
σ2

s

2kT
(21)

where (σs) is the zero bias standard deviation of
the BH distribution and it is a measure of the barrier
homogeneity. The temperature dependence of (σs)
is usually small and can be neglected. The voltage-
independent ideality factor (n) requires a linear in-
crease in Φb(V, T) with the bias.

This is only possible if the mean Schottky bar-
rier height SBH (Φb), as well as the square of
the standard deviation (σs), vary linearly with the
bias [38, 39].

The observed variation of the ideality factor (n)
with the temperature is given by equation 22 [38,
39]:

∂∅ap

∂V
=
(
n−1

ap −1
)
= −ρ2 +

ρ3q
2kT

, (22)
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where:

∆Φb (v,T ) = Φb (v,T )−Φb (0,T ) (23)

and

∆σ
2 (v) = σ

2 (v)−σ
2 (0) = ρ3v (24)

It is assumed that the mean SBH and the zero
bias standard deviation are linearly bias dependent
on Gaussian parameters such as Φ̄b = ρ2v + Φb0
and standard deviation σs = σs0 +ρ3v [38] where
ρ2 and ρ3 are voltage coefficients which may be de-
pendent on T. They quantify the voltage deforma-
tion of the barrier height distribution [40]. We cal-
culated σs0 – zero bias standard deviation, ρ2 and
ρ3 voltage coefficients using I-V, Cheung, Chat-
topadhyay and Mikhelashvili schemes by fitting
the nonlinear variation of Φb and n−1 − 1 versus
(2kT)−1 shown in Fig. 6. The results obey the vari-
ations presented in equations 25 and 26:

Φ
A
b =−0.009(2kT )−1 +1.15

Φ
B
b =−0.013(2kT )−1 +1.23

Φ
C
b =−0.006(2kT )−1 +1.34

Φ
D
b =−0.0098(2kT )−1 +1.07

(25)


(n−1 −1)

A
= −0.019(2kT )−1 +0.45

(n−1 −1)
B
=−0.019(2kT )−1 +0.38

(n−1 −1)
C
=−0.01(2kT )−1 +0.10

(n−1 −1)
D
=−0.014(2kT )−1 +0.015

(26)

where Φ
A
b is obtained by I-V method; Φ

B
b is ob-

tained by Cheung method; Φ
C
b is obtained by Chat-

topadhyay method; Φ
D
b is obtained by Mikhe-

lashvili method.
The obtained values of σs, ρ2 and ρ3 are pre-

sented in Table 3.
In this section, we calculated Richardson con-

stant using two methods. The first - using conven-
tional Richardson plot of the reverse saturation cur-
rent [41] which can be written as shown in equa-
tion 27:

ln
(

I0

T 2

)
= ln(AA∗)− q∅b

kT
(27)

Fig. 6. (a) zero-bias apparent barrier height (Φb),
(b) ideality factor (n−1 − 1) vs. 1/2kT plot for
Pt/HfO2/GaN

The plot of ln
(

I0
T2

)
vs. 1000

T is shown in Fig. 7a.
We can get the value of Richardson constant (A∗)
from the intercept of the straight portion of the
curve (Fig. 7a) where we found the following value
0.51 A · cm−2K−2.

The second method combines equation 2 and
equation 21 to get equation 28:

ln
(

I0

T 2

)
−
(

q2σ2
s

2kT 2

)
= ln(AA∗)− q∅b

kT
(28)

The modified Richardson plot ln
(

I0
T2

)
−(

q2σ2
s

2kT2

)
= ln(AA∗) − q∅b

kT versus 1
kT shown in

Fig. 7b, has quite a good linearity over the whole
temperature range. The calculated Richardson con-
stant (A∗) values using ((I-V), Cheung, Chattopad-
hyay and Mikhelashvili) methods are shown in Ta-
ble 4.

4. Conclusions
Firstly, current-voltage characteristics of

Pt/HfO2/GaN have been simulated with the mod-
ule ATLAS of SILVACO-TCAD in the temperature
range 270 – 390 K by analyzing the parameters
behavior with the temperature variation. We used
different methods namely: conventional forward
bias I-V, Cheung, Norde, Chattopadhyay, and
Mikhelashvili to extract ideality factor (n), barrier
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Table 3. Calculated values of standard deviation σ s, ρ2 and ρ3 (voltage coefficients) in the temperature range of
270 K – 390 K.

Method σs [eV] ρ2 ρ3

I-V 0.097 -0.45 0.019
Cheung 0.114 -0.38 0.019

Chattopadhyay 0.078 -0.10 0.010

Mikhelashvili 0.088 0.015 0.014

Fig. 7. (a) modified Richardson plots of ln
(

I0
T2

)
vs.

(1000/T) and (b) ln
(

I0
T2

)
−
(

q2σ2
s0

2kT2

)
vs. (1/kT)

for Pt/HfO2/GaN in the temperature range
270 K – 390 K.

Table 4. The calculated values of the modified Richard-
son by the four methods

A∗cm−2K−2

Methods Present work Exp. [22]

I-V method 22.64 22.8

Cheung method 14.29 –

Chattopadhyay model 25.53 –

Mikhelashvili method 21.75 –

height (Φb) and series resistance (Rs). It was found
that the ideality factor and series resistance of the
diode decrease while the corresponding barrier
height increases with increasing temperature. We
observed that the insulator layer of HfO2 caused
an improvement in the performance of the diode
by increasing the barrier height from 0.56 eV to
0.79 eV and decreasing the ideality factor from

2.01 to 1.33. In addition, the HfO2 can be used
as an interfacial layer to improve such parameters
as rectification (BH) and ideality factor of a Pt/n-
GaN. The obtained results have also shown that
the linearity of Richardson plot (ln

(
I0
T2

)
−
(

q2σ2
s

2kT2

)
versus 1

kT ) simulated by conventional forward bias
I-V, Cheung, Chattopadhyay and Mikhelashvili
methods is a consequence of the barrier inho-
mogeneity, which means that the inhomogeneity
of the barrier does not affect the transport with
temperature variation. Therefore, we obtained
Richardson constant values in a close agreement
with the known value of (26.4 A·cm−2K−2 for
n-type GaN) by Chattopadhyay method.
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