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Abstract. In order to determine the temperature dependence of the reverse transition
voltage between thermionic emission and tunneling mechanisms, a numerical method has
been applied for B-Ga,0O; Schottky barrier diodes. The main idea of this method is based on
the intersection of /-V curves of thermionic emission and tunneling process. The reverse
transition voltage increases for low and high temperatures, while it decreases at
intermediate temperatures. This means that unexpected peak by Padovani-—Stratton’s
condition is observed at low temperatures. The reverse transition voltage increases linearly
with increasing the barrier height, and the inverse of doping concentration. An analytical
model has been proposed to predict the dependence of the reverse transition voltage on
temperature, doping concentration and barrier height for B-Ga,O; Schottky barrier diodes.
This model is well tested on experimental reverse transition voltage data previously
published in the literature for B-Ga,O; SBDs.
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1. Introduction

The monoclinic beta-phase of gallium oxide (B-Ga,03)
becomes one of the most attractive materials in recent
years, for next generation power electronic devices due
to their excellent material properties for high voltage
applications, e.g., the breakdown field of 8 MV/cm,
4.8 eV bandgap, and Baliga’s figure of merit that
is more than 4 times larger than those for other
wide bandgap materials GaN and SiC [1-7]. Moreover,
B-Ga,0; material is available as high-quality freestanding
B-Ga,O; substrates grown using the inexpensive melt
methods [7]. The Schottky barrier diodes (SBDs) based
on (-Ga,O; material are being conducted early-stage
research by several authors. Few studies have dealt with
the electrical behavior of $-Ga,O; SBDs using B-Ga,0;
single crystal grown using the several growth methods
with different crystal orientations [8-25]. In these works,
the most of the authors investigated the electrical
conduction in B-Ga,O; SBDs under forward bias
conditions where the thermionic emission current
dominates the forward total current. However, it is not

yet clear which mechanism is dominant under reverse
bias, and further attempts and investigations are
undergoing to analyze and understand the origin of the
undesirable large leakage currents that have been
observed in the wide bandgap semiconductor SBDs such
as SiC, GaN and B-Ga,03, due to the high electric fields
normally encountered at the metal/semiconductor inter-
face. Higashiwaki et al. [12] investigated the reverse
characteristics I-V of Pt/Ga,0; (001) Schottky barrier
diodes fabricated on n-Ga,0O; drift layers grown using the
halide vapor phase epitaxy, in the operation temperature
range from 21 to 200 °C at reverse bias voltages ranging
from zero bias up to 200 V, they have found that the
reverse leakage current agrees well with the thermionic
field emission (TFE) model as would be expected of
wide bandgap semiconductor SBDs. Konishi and his co-
authors [18] investigated the reverse characteristics of
vertical Ga,0O; FP-SBDs using an HVPE-grown drift
layer fabricated on a Si-doped n-B-Ga,O; drift layer
grown using the halide vapor phase epitaxy on a Sn-
doped n-Ga,0; (001) substrate under the same conditions
of temperature and reverse bias as Higashiwaki et al.
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They concluded that the thermionic emission (TE)
process dominates the current flow under both forward
and reverse bias conditions. In our more recent
theoretical and experimental works [26, 27], we
investigated the conduction mechanisms of the leakage
current for 4H-SiC SBDs and found that the reverse
transition voltage versus temperature plot was strongly
dependent on several parameters, namely: doping
concentration, barrier height and effective mass. Since
the electron effective mass in [-Ga,O; material is
different from that of 4H-SiC material, so, one can
expect a significant change in the reverse transition
voltage for B-Ga,O; SBDs. In this work, due to the
difficulty of obtaining a unified analytical expression of
the reverse transition voltage as a function of
temperature, doping concentration and barrier height
for all types of Schottky diodes, we will also investigate
the conduction mechanisms of the leakage current for
B-Ga,0; SBDs to identify the ranges of temperature and
reverse bias, over which B-Ga,0; Schottky diodes exhibit
tunneling and thermionic emission, and propose another
model to predict the reverse transition voltage as a
function of temperature, doping concentration and barrier
height for f-Ga,O; SBDs. This model will be tested on
experimental reverse transition voltage data previously
published in the literature.

2. Theory and modeling

The total electron current density flowing through the
Schottky barrier diode is the sum of the two dominant
components, namely: thermionic emission over the
potential barrier and carrier tunneling through the
potential barrier [28]. The thermionic emission current
density with including the image force lowering is
expressed by [29]

~—1(p,=0,)
‘ITherm = A*Tze ol (1)

bl

where T is the temperature, A" — effective Richardson
constant, kg — Boltzmann constant, and the barrier
lowering due to the image force effect is given by [30]:
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where ¢, is the semiconductor permittivity, Np — doping
concentration, and { — distance between the conduction
band and the equilibrium Fermi level.

The reverse leakage current of the Schottky barrier
diode by tunneling process is expressed by [29, 31-34]
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Here, T(E,) is the tunneling probability calculated using
the Wentzel-Kramers—Brillouin (WKB) approximation
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where x; and x, are two classical turning points. The
WKB approximation predicts tunneling current through a
reverse biased Schottky barrier with credible accuracy

[33]. Including the image force lowering effect, the po-
tential energy profile U(x), for an arbitrary Schottky
diode as measured with respect to the energy of the
bottom of the conduction band in the bulk of the
semiconductor, it can be given by [29, 34]
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where D is the depletion width dependent on the reverse
bias voltage Vz.

By using the general expression (3) of the tunneling
current and neglecting the image force lowering,
Padovani and Stratton [35] analyzed tunneling currents in
Schottky barriers from the standpoint of field emission
(FE) and thermionic field emission (TFE) by using one-
dimensional WKB approximation. Padovani and Stratton
[35] developed their model by considering only the first
three terms of the Taylor series expansion of the ex-
ponent of the transparency of the barrier around energy
E, above the bottom of the conduction band for the
thermionic field emission model, and the first two terms
of the Taylor series expansion of the exponent of the
transparency of the barrier around the Fermi level for
field emission model, and, therefore, there are restrictions
that must be met to ensure accuracy.

In the intermediate temperature range, where
thermionic field emission is dominant, the current density
in the reverse direction is expressed by the following
equation [35]:
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The condition which gives the upper temperature limit or
the minimum bias to apply to the diode in order to
observe thermionic-field emission is given by [35]

3E,, cosh*(Ey,/kgT)

(10)
2q sinh’ (Eoo /kBT)

-V>0,+

If the temperature gets lower or the reverse bias gets
higher the current is dominated by pure field emission,
which can be expressed as [35]
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The transition between thermionic field emission (TFE)
and field emission (FE) is given by the constant ¢, where

{

The constant ¢; is given for reverse biases in such a
manner that =V > ¢, by

1/¢, <kgT, for TFE,

12
1/¢; > kgT, for FE. (12

e = Ego [0/, VI (13)
In our recent study [36], we tested the accuracy of the
Padovani—Stratton model (Egs. (6) and (11)) in terms of
the percent error in the barrier height over a range —
1000 V at room temperature with and without the image
force barrier lowering. We found that Padovani—Stratton
model is less accurate when the image barrier lowering is
ignored at low reverse bias voltage, however, it is
inaccurate when we take into account the image barrier
lowering on entire range bias.

3. Results and discussion

The parameters chosen for performing the simulation of
reverse characteristics I-V of B-Ga,O; Schottky barrier

diode are: effective mass m" = 0.342m, [37], theoretical
effective Richardson constant A= 41.1 A cm"z-K"z,
semiconductor permittivity g= 10.2g, [38, 39]
0, =1.1eV. The calculated reverse current densities
according to tunneling and thermionic emission models
for B-Ga,0; Schottky barrier diode at room temperature
with doping concentration Np 5.10"” cm™, barrier
height ¢, = 1.1 eV and effective mass m" = 0.342m, are
shown in Fig. 1. The calculation includes the effect of
image force lowering in both the thermionic emission
and electron tunneling process. As shown in this figure,
the total I-V characteristic is the result of two current
components: the tunneling current, and the thermionic
emission current. As shown in Fig. 1, both generated
curves (I-V)7,, and (I-V)7pern are intersected. The
intersection voltage is the reverse transition voltage (Vr)
between thermionic emission and tunneling mechanisms.

and
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Fig. 1. Reverse I-V characteristics based on both the thermionic

emission and tunneling processes for f-Ga,0; SBD.
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Fig. 2. Ranges of temperature and reverse bias, over which
B-Ga,0; Schottky diodes exhibit tunneling and thermionic
emission in the case when the image force lowering is included.
Comparison with Padovani—Stratton’s condition.

As shown in Fig. 1, the transition between thermionic
emission and tunneling occurs at approximately Vr
=111V reverse bias. For a high bias (V>> 111 V) the
total current is dominated by the tunneling current, while
at low reverse bias (V << 111 V) the thermionic emission
current becomes the dominant one. Near the reverse
transition voltage, neither tunneling nor thermionic
emission accurately describes the conduction process
because both these currents have the same order of
magnitude, therefore, both mechanisms should be
combined together.

The intersection between the generated curves I-V
for a given temperature determines the ranges of
temperatures and reverse bias over which B-Ga,0;
Schottky barriers exhibit tunneling and thermionic emis-
sion as shown in Fig. 2 with Np = 5.10 cm’3, barrier
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height ¢, = 1.1 eV and effective mass m" = 0.342m,. For
comparison, we also show the ranges of temperature and
reverse bias obtained without image force lowering (IFL)
by using our method (Egs. (1) and (3) without inclusion
of image force lowering) and by using the Padovani—
Stratton condition given by Eq. (10). As shown in Fig. 2,
the reverse transition voltage increases for low (< 240 K)

and high (>330K) temperatures with increasing
temperature, while it decreases with increasing
temperature in the intermediate temperature range
(240...330 K).

The competition between both these mechanisms;
thermionic emission and tunneling makes in the curve
two local extrema points: a local maximum point at
approximately 77 = 220 K and a local minimum point at
approximately 7, = 300 K, respectively. Below, in the
reverse transition voltage versus temperature plot, the
thermionic current is larger than the tunneling one, while
above it the tunneling current is larger than the
thermionic emission one. Appearance of the peak at low
temperatures means that thermionic emission mechanism
is preponderant in this range of low temperatures. This
new behavior is not expected by the Padovani—Stratton
model (Eq. (10)).

The increase in the reverse transition voltage for
low (< T)) and high temperatures (> 7,) means that the
emission current component is larger than the tunneling
current component, when the temperature is increased,
and in order for these two current components to be
equal, the current tunneling component should be
increased by increasing the reverse bias, and vice versa
when the reverse transition voltage decreases within the
ranges of intermediate temperatures (T < T < T5) [26].

The influence of doping concentration on reverse
transition voltage as a function of temperature is shown
in Fig. 3. As shown in this figure, the reverse transition
voltage increases with decreasing the doping
concentration due to the decrease in the tunneling
probability, because electrons see a thick barrier. The tw
o temperatures 7; and 7, that correspond to the local
maximum and minimum, respectively, do not vary with
the doping concentration. As shown in the inset to Fig. 3,
for a fixed temperature, the reverse transition voltage
increases linearly with the inverse of doping
concentration (N}').

Fig. 4 shows the influence of barrier height on
reverse transition voltage as a function of temperature for
B-Ga,O; SBD. The temperatures 7 and 7, corresponding
to the local extrema increase linearly with increasing the
barrier height in accord to the following equations:
T1 =20+ 200(])], for Tl and T2 = 300(])], for T2.

For a given temperature (7, ), the reverse transition
voltage remains unchangeable until the barrier height
reaches the value (¢, ), from which the local minimum

occurs at the same temperature (7, ). For example, when

the barrier height is ¢, =1 eV, the local minimum occurs
at T7,= 300 K, as shown in Fig. 4. Above the barrier

height ¢; the reverse transition voltage increases linearly
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Fig. 3. Reverse transition voltage versus temperature plot for

various doping concentrations for f-Ga,O; SBD. The dotted
lines are the curves fitted by using our proposed model (Eqs.
(14) and (15)). The inset shows the reverse transition voltage as
a function of the inverse doping concentration for various
temperatures.
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Fig. 4.

various barrier heights for f-Ga,O; SBD. The dotted lines are
the curves fitted by using our proposed model (Eqs. (14) and

(15)).

Reverse transition voltage versus temperature plot for

with increasing the barrier height as shown in Fig. 5 for
various temperatures within the range 270...390 K with
the step 30 K. When the barrier height is below ¢, , the
amount of decrease of both these current components is
of the same order of magnitude, while, when the barrier
height reaches ¢, the tunneling current component
decreases faster than the thermionic emission current, as
shown in the inset to Fig. 5.

By fitting several simulated data of reverse
transition voltage as a function of temperature and barrier
height, with the parameters: A'= 41.1 Acm K7,
m"=0.342mq and &, = 10.2¢,, and by following the same
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Fig. 5. Reverse transition voltage as a function of barrier height
for various temperatures for f-Ga,O; SBD. The inset shows the
current densities Jr,, and Jy,,, versus barrier height at 300 K
and V=-30.25 V.
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Fig. 6. Comparison between experimental reverse transition
voltages and those calculated using our model (Eqgs. (14) and
(15)) for B-Ga,O3; SBD. (a) Vy gy, obtained using the no bias
dependence of the barrier height model [39], (b) V7 g, obtained
using the bias dependence of the barrier height model [40].

steps outlined in our previous work [26], the following
function relationships can be obtained for -Ga,O; SBD:

[£(6,)+ g0, ) + (o, 2 +p<¢b)r3][1131:],

50K <T <T,=3000, (14)

15
[262.349 ~2.016T +5.5-107°T" ](118] ,

D
T =T, =3000,.

Here, the functions f(¢), g(¢s). h(¢s), and p(¢;) are
linearly dependent on the barrier height and given by

£(0,)=-107.9+199.642¢,
g(0,)=1(0.458-3.565¢,)
h(0,)=(21.8+43.25¢,)107
p(0,)=(~210.41+30.630, )10

5)

Using this model, we can predict the reverse
transition voltage between the thermionic emission and
tunneling mechanisms for any temperature range and
reverse bias range; therefore, we can know which
conduction mechanism is appropriate for analysis of the
experimental data for B-Ga,O; SBDs. As shown in Figs.
3 and 4, our proposed analytical model indicated by the
dotted lines is in good agreement with the simulated data.
Moreover, in order to validate our proposed model, we
tested it on experimental data previously published in the
literature [40]. As shown in Fig. 6, the reverse transition
voltage calculated using our model is in a good
agreement with the experimental reverse transition
voltage, whether for the experimental data obtained by
the no bias dependence of the barrier height model
(Fig. 6a) or for those obtained by the bias dependence of
the barrier height model (Fig. 6b).

4. Conclusions

In this study, we have applied the theoretical method to
investigate the conduction mechanisms of the leakage
current of B-Ga,O; SBDs, which allow us to determine
the ranges of temperature and reverse bias, over which -
Ga,0; Schottky diodes exhibit tunneling and thermionic
emission in the case when the image force lowering is
included. This method has been applied due to equality
between the tunneling and thermionic emission current
components of the total current. Unexpected peak by
Padovani—Stratton’s condition is observed in the reverse
transition voltage versus temperature curve at low
temperatures, which means that the thermionic emission
mechanism is preponderant in this range of low
temperatures. In order to predict the reverse transition
voltage between both these mechanisms as a function of
temperature, barrier height and doping concentration, an
analytical model has been proposed. Experimental
reverse transition voltage data previously published in
the literature are well described by our model.
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