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we will develop an analytical model to
reverse tunneling current by taking into
Schottky barrier lowering caused by the
effect. With this aim, we assume that the
Schottky barrier is trapezoidal.

1. Introduction
In recent years, silicon carbide (4H-SiC), gallium oxide
(Ga2O3) and other wide bandgap semiconductors became
promising for next-generation power electronic devices
because of their excellent material properties for highvoltage applications [1–4]. Under the reverse bias
condition, the dominant mechanisms, by which the
carrier transport occurs in Schottky barriers, are
thermionic emission at low bias and carrier tunneling
through the potential barrier at high bias voltages [5–16].
The image force lowering of the potential energy barrier
is important for wide bandgap semiconductor Schottky
barrier diodes due to the high electric fields at the metalsemiconductor interface [11]. The most significant
generally term that causes the effective barrier height to
differ from the flat-band barrier height is the image force
lowering of the potential energy barrier [11]. An accurate
analytical model to describe the reverse characteristics of
Schottky barrier diodes, which takes into account the
image force correction, is necessary. The most sufficient
analytical model for describing the reverse tunneling
current is the Padovani–Stratton model [17], however,
this model does not include the image force correction,
although some authors [9, 14, 18, 19] used it without
demonstration, on the condition that they replaced the
barrier height  b by the barrier height reduced by image
force effect, b  b . In our recent work [20], we
demonstrated that this method is inaccurate. In this work,

describe the
account the
image force
shape of the

2.Theory and modeling
The current density due to the net flow of electrons from
the metal to semiconductor through the Schottky barrier
is given in [21, 22]
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Here, kB, T, and A are the Boltzmann constant, temperature, and effective Richardson constant, respectively.
ζ denotes the difference between the equilibrium Fermi
level and conduction bands, and T(Ex) is the tunneling
probability that electron at the energy level Ex can
penetrate the potential barrier. In this study the
probability is derived on the basis of the WKB
approximation and given by
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where x1 and x2 are the classical boundaries at any given
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electron energy Ex. The WKB approximation enables to
calculate the tunneling current through a Schottky barrier
with reasonable accuracy [23]. U(x) is the potential
energy profile for the Schottky barrier diode. With
account of barrier lowering caused by the image force,
the potential energy of the Schottky barrier U(x)
measured with respect to the energy of the bottom of
conduction band in the bulk of semiconductor can be
expressed as [24]
U x  

2
q2 ND
D  x 2  q ,
2 S
16 S x

(3)

where ND, εS are the doping concentration and the
semiconductor permittivity, respectively. The depletion
width D depends on the electric field F (bias voltage, V) as

D

2 S b    V   S F

.
qND
qND

Fig. 1. Schematic energy level diagrams showing thermionic–
field emission, and field emission for a Schottky barrier under
the reverse bias voltage.

(4)
A  E f  E x  qb  qb ,

Taking into account the image force correction, we
will assume that the shape of the Schottky barrier is
trapezoidal as shown in Fig. 1. Neglecting the image
force correction, the Schottky barrier can be
approximated as a triangular barrier, as shown in the
same figure.
The trapezoidal Schottky barrier shown in Fig. 1
has the following form:
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Field emission: Low-temperature range
Field emission (FE) occurs when electrons tunnel at the
Fermi level of the metal, it dominates when the applied
field is high enough or at low temperatures. Stratton
[17, 26] derived the current-voltage relationship for field
emission through a potential barrier of arbitrary shape,
and it can be expressed for sufficiently large biases
(clV >> 1) as

14

(6)

The tunneling probability T(Ex), under the WKB
approximation through the trapezoidal potential can be
evaluated by multiplication of the three probabilities in
each region of the trapezoidal potential and can be
expressed as
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where the parameters b1 and c1 are the first two terms of
the Taylor expansion for the exponent of the tunneling
probability T(Ex) for the barrier around the Fermi level.
By letting εx = Ef – Ex, the equation (7) may be expanded
in the Taylor series as
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in which the energy E00 is given by [17]:

the electric field F. The barrier drop ( b ) due to the
image charge effect is given by [25]
.

(9)

In the notation of Padovani and Stratton [17], and
neglecting the parameter ζ before the applied voltage (V),
the parameter α1 can be written by another way as

where xm  qb 2qF and x0  qb qF are the
abscissas of the potential maximum in the presence of
image barrier lowering and the potential, when the image
force is negligible at the electron energy
E x  E f  qb  qb , respectively, and they depend on
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where A, α1, and α2 are given by
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From the equation (24), the energy Em is expressed as
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The minimum bias to be applied for observing the
thermionic–field emission current is as follows:
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Neglecting the image force correction (Δϕb = 0) in
the equations (21) and (23), we find another expression
for thermionic–field emission, which can be written as

(20)
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where the parameters bm, cm, and fm are the first three
terms of the Taylor expansion for the exponent of the
tunneling probability T(Ex) for the barrier around the
energy Em, and they can be expressed as
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The equation of the second order for the parameter
B has a real solution, if the condition given by Eq. (28) is
satisfied; this means that the energy level Em is located
below the top of barrier:

If the temperature is raised, electrons are excited to
higher energies, and the tunneling probability increases
rapidly because these electrons “see” a thinner and lower
barrier [5]. So, most of emitted electrons tunnels at the
energy Em between the top of the Schottky barrier and
Fermi level energy. The energy distribution of emitted
electrons can be approximated as a Gaussian distribution,
and the energy level Em is its mean, where the
contribution to the tunneling current is maximum. By
putting ε = Em – Ex and following the same steps for FE
model, the exponent of the transparency for the barrier
around the particular energy Em, and neglecting the error
function term, the current density of thermionic–field
emission (TFE) could be expressed as [17, 27]
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Using the equations (22) and (25), and after some
manipulations, we can find an equation of the secondorder for the parameter B, the solution of this equation
can be given by

Thermionic–field emission: Intermediate temperature
range
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The energy level Em that represents the peak of the
energy distribution for emitted electrons will be as
follows [17]

Neglecting the image force correction ( b  0 ) in
the equations (15) and (16), we find the same expression
of the Padovani–Stratton for the field emission mode
[17]:
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Here, the parameter B is given by

The equation (13) of the field emission will be valid
only for temperatures like that [17]
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3. Results and discussion
To examine the accuracy of our new model, we compare
it with its original one that has been deduced from the
equation (1). We will perform our simulation of reverse
characteristics by using the SiC Schottky diode, where
the effective mass m* = 0.2m0, and effective Richardson
constant is equal to 146 A·cm–2·K–2 [28, 29]. The barrier
height is equal to ϕb = 1.1 V, and our calculations are
performed over large bias voltages, up to −1000 V
at room temperature. For thermionic–field emission
current, we used the doping concentration close to Nd =
5·1015 cm–3, while, for the field emission current, we used
the doping concentration Nd = 2·1017 cm–3. Fig. 2 shows
for comparison the current densities calculated using our
developed model for field emission and thermionic–field
emission as well as current densities calculated using the
general model given by the equation (1). It is clear from
this figure that the current densities of FE and TFE are in
good agreement with those calculated using the general
model (Eq. (1)), in particular FE current over all the
range of reverse bias voltages. For low and high bias
voltages, the calculations exhibit a discrepancy between
our TFE model and the general model. For low bias
voltages, the energy Em is located at the top of barrier, so,
the Taylor expansion for the exponent of the tunneling
probability T(Ex) of the barrier around the energy Em is
not accurate, because the value of the quantity B has the
same order of magnitude of the energy ε = Em – Ex,
hence, the Taylor expansion with the first three terms in
this case is not satisfied [21]. For high bias voltages, the
energy Em is getting closer to the Fermi energy where the
field emission becomes the dominant process.
The shape of the trapezoidal barrier shown in Fig. 1
is not the only possible trapezoidal shape that can
describe the Schottky barrier with image force correction.
In fact, we can modify the trapezoidal barrier sketched in
Fig. 1 by varying the intermediate point c between the
two extreme points a and b, which have the abscissas

Fig. 2. Calculated reverse current densities according to general
model (Eq. (1)), TFE/FE models for 4H-SiC SBD with account
of the image force correction.

x = 0 and x = x0, respectively. The abscissa of the new
point c can be determined by a fractional number
multiplied by the abscissa xm as 0xm, (1/3)xm, (1/2)xm,
(2/3) xm, (3/4)xm, 1xm and (5/4)xm. The trapezoidal barrier
defined by xc = 0xm was already used to describe the
reverse current characteristics for 4H-SiC Schottky
diodes [30].
In Fig. 3, we have shown the percent error in the
current density J TFE / FE  J Eq.(1)  J Eq.(1) for each new
point c for field and thermionic–field emission. As
shown in Fig. 3a, the trapezoidal barrier defined by the
point c that has the abscissa (5/4)xm is better than other
abscissas in the case of field emission, and the mean
percent error is close to 8%. The mean percent error in
the current density of the trapezoidal barrier defined by
the point c that has the abscissa 1xm is close to 9%, which
means that it is in good agreement with the trapezoidal
barrier defined by the abscissa (5/4)xm .

Fig. 3. Percentage error (%) of current density with the image force barrier lowering according to FE (a) and TFE (b) models for 4H-SiC
SBD at various abscissas of the point c.
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Модифіковані рівняння польового та термоіонно-польового випромінювання
для бар’єрних діодів Шотткі у зворотному режимі
A. Latreche
Анотація. У цій теоретичній роботі автор модифікував співвідношення струм-напруга у моделях польового та
термоіонно-польового випромінювання, розроблених Падовані та Страттоном для бар’єрних діодів Шотткі в
умовах зворотного зміщення з урахуванням корекції сил зображення. У цьому підході розглянуто форму
бар’єра Шотткі як трапецієподібну. Отримані результати добре узгоджуються з густинами струму,
розрахованими в рамках цих розроблених моделей, та тими, що розраховуються за загальною моделлю.
Ключові слова: тунельний струм, польове випромінювання, термоіонно-польове випромінювання, діод
Шотткі, сили зображення, трапецієподібний бар’єр.
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