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A vertical junction barrier Schottky diode with a high-K/low-K compound dielectric structure is proposed and opti-
mized to achieve a high breakdown voltage (BV). There is a discontinuity of the electric field at the interface of high-K
and low-K layers due to the different dielectric constants of high-K and low-K dielectric layers. A new electric field peak
is introduced in the n-type drift region of junction barrier Schottky diode (JBS), so the distribution of electric field in JBS
becomes more uniform. At the same time, the effect of electric-power line concentration at the p–n junction interface is
suppressed due to the effects of the high-K dielectric layer and an enhancement of breakdown voltage can be achieved. Nu-
merical simulations demonstrate that GaN JBS with a specific on-resistance (Ron,sp) of 2.07 mΩ·cm2 and a BV of 4171 V
which is 167% higher than the breakdown voltage of the common structure, resulting in a high figure-of-merit (FOM) of
8.6 GW/cm2, and a low turn-on voltage of 0.6 V.
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1. Introduction
Gallium nitride (GaN) materials are very suitable for

fabricating high-power devices due to wide band gap, high
saturation electron mobility, high critical breakdown field,
good thermal conductivity, and superior Baliga’s figure-of-
merit than SiC and Si.[1–4] Recently, the demonstration of
low leakage current and high breakdown voltage (BV) verti-
cal GaN diodes has become a major focus in the field of power
electronics.[5–8] However, the high turn-on voltage (Von > 3 V)
will cause a high conduction loss in power switching applica-
tions in p–n junction diodes.[9–11] And for vertical GaN Schot-
tky barrier diodes (SBDs), there is an electric field peak at the
Schottky contact, which can lead to a high tunneling current of
the Schottky barrier.[12,13] In the past few years, vertical GaN
JBS diodes have been fabricated by forming p–n junction on
the basis of vertical GaN SBDs.[14,15] The JBS can reduce the
leakage current of high voltage operation without sacrificing
the positive characteristics, because a thick barrier produced
by the p–n junction is only added to the high electric field re-
gion, and the tunneling current can be reduced significantly.
However, the electric field of the p–n junction is not uniform
enough in GaN JBS and causes premature breakdown, thus
hindering the improvement of BV of JBS with low leakage
current.

Some literature has reported the structure of a high-K di-
electric layer as a passivation layer.[16–18] The structure can
improve the reverse breakdown voltage of the device effec-
tively by utilizing the characteristic that the electric field dis-

tribution in the high-K dielectric layer tends to be uniform.
When the high-K dielectric layer is used as a passivation layer
of a semiconductor device, the electric field distribution inside
the device is modulated and tends to be uniform, so the BV of
the device is increased. However, the use of only high-K di-
electric layers is far from the theoretical limit of GaN reverse
characteristics. By utilizing a composite dielectric structure
composed of a high-K dielectric layer and a low-K dielectric
layer, we have reported a GaN p–n junction diode having high
reverse characteristics.[19]

In this paper, a vertical GaN-based JBS with a high-
K/low-K compound dielectric structure (GaN VCD-JBS) is
proposed to increase the breakdown voltage of conventional
JBS and reduce the effects of electric field crowding at the tip
of the p–n junction without sacrificing forward characteristic.
The breakdown voltage of the proposed GaN VCD-JBS is im-
proved by optimizing the parameters of the device. Then, the
highest figure-of-merit of 8.6 GW/cm2 is obtained in compar-
ison with the papers recently reported.

2. Device structure
The device structure of the proposed GaN VCD-JBS

is shown in the following Fig. 1. The simulated epitaxial
GaN structure consists of a 15-µm-thick GaN drift region
doped with 1×1016 cm−3, which acts as a current path and
pressure-resistant structure. Then two p-type regions doped
with 1×1018 cm−3 are formed. The depth and length of the
p-type region are 1 µm and 2 µm, respectively. Two Si3N4
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high-K dielectric layers are added to both sides of GaN JBS
while two SiO2 low-K dielectric layers are placed at the bot-
tom of the high-K layers mentioned above. The device has
a length (LJBS) of 5.5 µm and a thickness (TJBS) of 15 µm,
respectively. For convenience, the width of Schottky contact,
the distance from the interface of the p–n junction in JBS to
the SiO2 low-K dielectric layer, and the length of the dielec-
tric layer are labeled as Wn, T , and L respectively.
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Fig. 1. Schematic cross-section of GaN VCD-JBS.

According to Gauss’s law and Poisson’s equation, when
the electric fluxes are equal at the interface of two materials
with different dielectric constants, the electric field strength
along the direction of the electric displacement vector inside
the two materials satisfies the following relationship:

εhigh K ·Ehigh K = εlow K ·Elow K . (1)

Since the dielectric constant of Si3N4 is 7.5 and the di-
electric constant of SiO2 is 3.9, it can be seen from the formula
that the electric field at the interface of the Si3N4 material layer
and the SiO2 material layer is discontinuous. The electric field
in the vertical direction has a lift from the Si3N4 material layer
to the SiO2 material layer. Based on this principle, we de-
signed a GaN VCD-JBS with a high breakdown voltage. JBS
depends on the p–n junction formed by the p-type doping re-
gion and the n-type drift region which generates a depletion
region in n-type GaN to withstand voltage without increasing
turn-on voltage. However, the electric field away from the p–
n junction interface in the n-type GaN is drastically reduced,
which leads to a reduction in breakdown voltage. In this work,
we use the discontinuous electric field in the dielectric layer
to affect the electric field in the n-type GaN. By increasing the
electric field in the n-type GaN away from the p–n junction in-
terface, the electric field in the n-type drift region becomes uni-
form, so that the breakdown voltage is increased without sac-
rificing forward characteristics such as specific on-resistance,
saturation current, and turn-on voltage. Then, by optimizing
the vertical high-K/low-K compound dielectric structure and

balancing the size of the Schottky contact area, the electric
field away from the p–n junction is more uniform keeping the
doping concentration constant.

3. Simulation models and calibration
3.1. Simulation models

In the process of simulation, low-field mobility model,
high-field mobility model, Shockley–Read–Hall (SRH)
model, Fermi–Dirac model, Auger model, bandgap narrow-
ing model, phonon-assisted tunneling model for GaN SBD,
and the Selberherr’s impact ionization model are adopted. The
reverse I–V characteristics of GaN diodes can be well ex-
plained by the phonon-assisted tunneling model.[20] The tun-
neling current is generated by the emission of electrons from
the energy level of the metal–semiconductor interface. The
density of the tunneling current is

J = qNsW. (2)

In which q describes the electron charge, Ns describes
the occupied density of states at the interface, and W is the
phonon-assisted tunneling rate as a function of temperature T
and electric field strength E:

W =
qE

(8m∗εT)

√
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Here Γ 2 is the width of the central absorption band

Γ
2 = 8a(}ω)2

(
2

exp(}ω/kBT )−1
+1
)
, (5)

where a describes the electron–phonon interaction constant,
h̄ω describes the phonon energy, and εT describes the trap
depth.

In this paper, low-field mobility and high-field mobility
models are used as carrier mobility models. The Albrecht
model is selected as low-field mobility for simulation, and the
low-field mobility of carriers is described as

1
µ (N,T )

=
a ·N
N0

(
T
T0

)−3/2

ln

(
1+3

(
T
T0

)2( N
N0

)−2/3
)

+b
(

T
T0

)3/2

+
c

exp(T1/T )−1
, (6)

where µ(N,T ) is the low-field carrier mobility as a function of
doping concentration N and lattice temperature T , where a, b,
c, T0, N0, and T1 are obtained from Monte Carlo fitting results,
The results are 2.61× 10−4 V·s·cm−2, 2.9×10−4 V·s·cm−2,
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170.0×10−4 V·s·cm−2, 300 K, 1.0×10−17 cm−3, 1065 K,
respectively.[21]

The high field mobility of charge carriers is described as

µ(E) =
µ (N,T )+Vsat[E(n1−1)/En1

C ]

1+α (E/EC)
n2 +(E/EC)

n1
, (7)

where µ(E) is the high-field carrier mobility as a function of
the electric field strength E, Vsat, EC, α , n1, and n2 are ob-
tained from the Monte Carlo fitting results, and the results are
1.9064×107 cm/s, 220.8936 kV/cm, 6.1973, 7.2044, 0.7857,
respectively.[22]

In this paper, the impact ionization model is selected as
Selberherr’s impact ionization model, and the collision ion-
ization rate of electrons (αn) and holes (αp) are respectively
described as

αn = an exp
[
−
(

bn

E

)m]
, (8)

αp = ap exp
[
−
(

bp

E

)m]
, (9)

where E is the local electric field, an, bn, ap, bp, and m
are obtained from Monte Carlo simulation results, which

are 2.52×108 cm−1, 3.41×107 V/cm, 5.37×106 cm−1,
1.96×107 V/cm, 1, respectively.[23]

3.2. Simulation calibration

The GaN vertical p–n diode reported by Esmat Farzana
has been used to calibrate the simulation model.[24] The re-
ported diode is grown on a free-standing substrate with an epi-
taxial dislocation density of 106 cm−2. The epitaxial structure
consists of a 0.25-µm layer of n+GaN ([Si]: 1×1019 cm−3),
followed by a 4-µm layer of undoped GaN as the n-drift layer,
a 0.4-µm layer of p+GaN ([Mg]: 3×1019 cm−3) layers, and a
10-nm p++GaN ([Mg]: 3×1020 cm−3) layer to make ohmic
contacts. The GaN p–n diode was simulated by the Silvaco
ATLAS tool and the above model was used to calibrate the
simulation model parameters. The simulated GaN p–n diode
has a turn-on voltage of 3 V and a breakdown voltage of
1100 V, which is similar to the experimental results. The for-
ward characteristics and the electric field characteristics of the
reported GaN vertical diodes and the simulation results are
shown in Fig. 2. The simulation results show great fitting accu-
racy, proving the credibility of our model for the GaN vertical
diode.
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Fig. 2. (a) Comparison of the simulated and reported forward characteristics. (b) Comparison of simulated electric field and reported electric field in the
diode drift region.

4. Results and discussion

Figure 3 shows the forward and reverse characteristics
of the conventional GaN SBD, the conventional GaN JBS,
the GaN JBS with SiO2 dielectric layer, and the GaN VCD-
JBS designed in the work. As shown in Fig. 3. The break-
down voltage of the conventional SBD is 320 V, while the
breakdown voltage of the conventional JBS shown in Fig. 3 is
2262 V. The reason is that the p-type doping region implanted
inside the JBS forms a p–n junction with the n-type drift re-
gion. In the case of withstanding voltage, the high electric
field which should have been on the Schottky contact surface
is transferred to the p–n junction inside the device. At the
same time, the p–n junction forms a higher barrier than the
Schottky barrier and can withstand higher voltages. For GaN

VCD-JBS, the BV is 3165 V when the length of the dielectric
layer L = 4 µm and the distance from the p–n junction inter-
face to the low-K dielectric layer T = 5 µm, while the break-
down voltage of the GaN JBS with only SiO2 dielectric layer
is 2585 V. The results confirmed that the layer of high K/low K
compound dielectric can effectively modulate the electric field
and effectively improve the withstand voltage.

The inset of Fig. 3 shows a comparison of the output char-
acteristics of conventional GaN SBD, conventional GaN JBS,
GaN JBS with SiO2 dielectric layer, and GaN VCD-JBS. Sim-
ulated results show that the turn-on voltage of GaN VCD-JBS
is 0.6 V, which is comparable to conventional GaN-based SBD
and conventional GaN-based JBS and much less than the turn-
on voltage of the p–n diode (> 3 V). As can be seen from the
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inset of Fig. 3, the forward current density of GaN VCD-JBS,
GaN JBS with SiO2 dielectric layer and conventional GaN JBS
is slightly less than the forward current density of GaN SBD,
because the Schottky contact area is reduced due to the pres-
ence of a p–n junction in the JBS. However, compared with
p–n junction diodes of the same size, the forward characteris-
tics are significantly improved.

Figure 4 shows the equipotential contours of the conven-
tional GaN JBS, GaN JBS with SiO2 dielectric layer, and de-
signed GaN VCD-JBS. As shown in Fig. 4, the depletion depth
of the drift region in conventional JBS is shorter than the de-
pletion depth of the drift region in VCD GaN JBS. Meanwhile,
the potential in the dielectric layers on both sides can also help
to withstand voltage. Simulation results show that the n-type
drift region can be increased significantly and a higher break-
down voltage can be achieved by optimizing the high-K/low-K
dielectric layer.
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(c) the GaN VCD-JBS.

Figure 5 shows the electric field distribution of the con-
ventional GaN JBS, the GaN JBS with SiO2 dielectric layer,
and GaN VCD-JBS when the dimension of the JBS is 15 µm
and the electric field curve distribution of the two devices
when x = 0.1 µm. As shown in Figs. 5(a) and 5(b), the electric
field is concentrated on the p–n junction of JBS and decreases
away from the interface of the p–n junction in the n-type drift
region. As shown in Fig. 5(c), there is a discontinuity of elec-
tric field at the interface of Si3N4 and SiO2 due to the different
dielectric constants of Si3N4 and SiO2. The electric field of
Si3N4 at the interface is suppressed and the electric field of
SiO2 is enhanced.

As shown in Fig. 5(d), the areas enclosed by the electric
field curves of conventional GaN JBS and GaN JBS with SiO2

dielectric layer are approximately triangular, and the electric
field gradually decreases as the distance from the p–n junction
increases. As we all know, the integral of the electric field over
the depletion region can represent the withstand voltage of the

region. For GaN VCD-JBS, by introducing a high-K/low-K
dielectric layer, the electric field in the drift region away from
the p–n junction is increased, and the electric field distribu-
tion tends to be uniform. However, due to the electric field
crowding effect, the electric field is concentrated at the sharp
spike of the p–n junction interface. The peak electric field of
the sharp spike is relatively high, so the electric field at other
areas of the p–n junction interface is lower than the critical
breakdown electric field when the device is breaking down. As
shown in the inset of Fig. 5(d), the addition of a high-K/low-K
dielectric layer is equivalent to the introduction of a high elec-
tric field at the contact surface of the dielectric layer and GaN
JBS, which improves the electric field away from the spikes of
the p–n junction interface, further increasing the breakdown
voltage. Compared to a conventional junction termination, the
proposed structure raises the electric fields in the n-type region
away from the p–n junction interface.
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We investigate the relationship between BV and the dis-
tance from the p–n junction interface to low-K dielectric layer
T and the length of the dielectric layer L. For convenience of
further investigation, GaN VCD-JBS with one block of low-
K and one block of high-K on both sides is optimized firstly
by Silvaco simulation. The distance between p–n junction and
low-K dielectric layer varied from 1 µm to 11 µm, and the
length of the dielectric layer was changed from 1 µm to 12 µm.
When the leakage current is detected to be 50 mA/cm2 in the
Silvaco simulation, the voltage is defined as the breakdown
voltage.

Figure 6 shows the relationship between the breakdown
voltage and the length of the dielectric layer L. The inset of
Fig. 6 shows the relationship between the breakdown voltage
and the distance from the interface of p–n junction to the low
K dielectric layer T . As the length of the dielectric layer L in-
creases, the breakdown voltage gradually increases until satu-
ration. When the length of the dielectric layer reaches 10 µm,
the breakdown voltage of GaN VCD-JBS reaches the maxi-
mum value. However, longer dielectric layers result in a waste
of conductive area in the device. The length of the dielectric
layer L = 4 µm has been chosen, and the device has a large
breakdown voltage with a small size. With the increase of T ,
the breakdown voltage increases firstly and then decreases. If

the distance between the p–n junction interface and the low-K
dielectric layer is undersized, a high electric field peak close to
the p–n junction in JBS causes a premature breakdown. But if
the distance between the p–n junction interface and the low-K
dielectric layer is too large, the new electric field peak intro-
duced in the n-type drift region is relatively low and causes a
low breakdown voltage. The distance between the p–n junc-
tion interface and the low-K dielectric layer T = 5 µm has
been chosen. When T = 5 µm, the breakdown voltage of GaN
VCD-JBS reaches the maximum value.
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Figure 7 shows that the electric field distribution inside
the device varies with the variety of the distance between p–n
junction interface and low-K dielectric layer T when it breaks
down. The breakdown voltages of the device can be observed
by the different electric field distributions inside the devices.
With the observation of Fig. 7, the breakdown voltage of con-
ventional GaN JBS is 2262 V. By optimizing the distance be-
tween interface of the p–n junction and the low-K dielectric
layer T , the electric field in JBS becomes more uniform. When
T is optimized to be 5 µm, the GaN VCD-JBS achieves a
BV = 3165 V, which is larger by 38% than conventional GaN
JBS.

For GaN JBS diodes, the Schottky contact area is impor-
tant for the forward and reverse characteristics of the diode. As
the width of the Schottky contact region increases, the specific
on-resistance of the JBS (Ron,sp) will decrease. However, the
wide Schottky contact increases the reverse leakage current of
the diode and reduces the breakdown voltage.
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Figure 8 shows the relationship between the BV and Ron

and the Schottky contact width of GaN conventional JBS Wn

obtained by simulation. As the Schottky contact width in-
creases, the device’s resistance gradually decreases, but the BV
of the JBS diode also decreases. From the inset of Fig. 8, we
can conclude that the figure-of-merit (FOM) of JBS increases
firstly and then decreases with Wn increasing. In the range
of Wn between 1.3 µm and 1.6 µm, the FOM of JBS reaches
3 GW/cm2. Therefore, we choose 1.5 µm as the Schottky con-
tact width of the device.

Figure 9 shows the electric field distribution of the two
cells’ combination of GaN VCD-JBS at the breakdown volt-
age. The optimized structure above is just one cell of a com-
plete GaN VCD-JBS. The complete GaN VCD-JBS consists
of many identical cells in parallel. A cell and the adjacent
cell share a common dielectric layer. Therefore, it is neces-
sary to verify whether the GaN VCD-JBS composed of two or
more cells can achieve the effect. It has been verified that the
breakdown voltage of GaN VCD-JBS composed of two cells
is 3050 V. Compared with the single cell GaN VCD-JBS, the
breakdown voltage is only reduced by 3%, which is negligi-
ble. Since each cell shares an identical dielectric layer with an
adjacent cell, half of the dielectric layer should be calculated
when calculating the on-resistance of the structure.
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Fig. 9. The distribution of electric field for two cells combination of GaN
VCD-JBS.

The above optimization simulations are performed with
only one layer of low dielectric constant material. Even if the
optimum value is reached, the electric field away from the p–
n junction is still low and not uniform enough. In order to
make the electric field distributions more uniform and realize a
higher breakdown voltage of GaN VCD-JBS, it is necessary to
add the multi-layer of the low-K dielectric. The multi-layer of
the low-K dielectric can introduce a plurality of electric field
peaks to increase the electric field away from the p–n junction
surface, resulting in an enhanced BV of the GaN VCD-JBS.
Parameters of an optimized structure with three blocks of low-
K layers are listed in Table 1.
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Table 1. GaN VCD-JBS with three blocks of low-K dielectric layers specifications.

Parameters Units Values Parameter captions

Thigh K µm 5 thickness of high K layer
Tlow K1 µm 4.5 thickness of low K1 layer
Tlow K2 µm 4.5 thickness of low K2 layer
Tlow K3 µm 1 thickness of low K3 layer
Lh/lcop µm 4 compound dielectric layers length

Npc cm−3 1×1018 p-type layer doping concentration
Nnc cm−3 1.5×1016 n-type layer doping concentration
Tjbs µm 15 JBS thickness
Ljbs µm 5.5 length of JBS
Lp µm 2 length of p-type region
Tp µm 1 thickness of p-type region

Lp−p µm 1.5 distance between p-type region
Phigh K – 27 relative permittivity of high K layer
Plow K1 – 12 relative permittivity of low K1 layer
Plow K2 – 7.5 relative permittivity of low K2 layer
Plow K3 – 3.9 relative permittivity of low K3 layer
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Fig. 10. The electric field distributions corresponding to conventional GaN-
based JBS and optimized GaN VCD-JBS at x = 0.1 µm.

Figure 10 shows the electric field distribution curve of a
conventional JBS and the electric field distribution curve of
a GaN VCD-JBS with an optimized multi-layer of the low-K
dielectric at x = 0.1 µm. Its parameters are shown in Table 1.
The concentration of the n-type drift region is 1.5×1016 cm−3

in the device. The electric field distribution of the optimized
GaN VCD-JBS becomes more uniform. The area enclosed
by the electric field curve is increased by an enhanced elec-
tric field away from the p–n junction. The BV of GaN VCD-
JBS reaches 4171 V. Compared with the traditional JBS of
BV = 1560 V, an increase of 167% is obtained. The forward
characteristics of GaN VCD-JBS using multi-layer of low-K
dielectric are also excellent. It has a very low on-resistance
of 2.07 mΩ·cm2, and a very high Baliga’s figure-of-merit of
8.6 GW/cm2 is obtained in the optimized GaN VCD-JBS.
Therefore, a reasonable optimization of multi-layer of low-K
dielectric and high-K dielectric structure can make the elec-
tric field distribution more uniform, and thus achieve greater

breakdown voltage.
Figure 11 shows the comparison of GaN VCD-JBS in

this work with other reported diodes. The high-performance
GaN VCD-JBS makes it an advanced high-voltage power de-
vice, with the highest BV of 4171 V, an extremely low Ron

of 2.07 mΩ·cm2, and an excellent FOM of 8.6 GW/cm2. The
slash lines in Fig. 11 represent the theoretical limits of Si, SiC,
and GaN, respectively. The optimized structure is far beyond
the theoretical limit of SiC and close to the theoretical limit of
GaN. The work represents great potential for GaN VCD-JBS
performance.
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Fig. 11. Baliga’s figure-of-merit is shown for state-of-art devices and for
our proposed devices from this paper, the 3491 V devices with Ron values of
2.2 mΩ·cm2.

5. Conclusion
In this work, a vertical GaN-based JBS with a high-

K/low-K compound dielectric structure (GaN VCD-JBS) is
proposed. The electric field peaks introduced by high-K/low-
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K dielectric layers make the electric field away from the p–n
junction rise and the distribution of the electric field becomes
more uniform. The width of Schottky contact Wn, the distance
from the interface of p–n junction in JBS to low-K dielectric
layer T , and the length of the dielectric layer L of the high
K/low K dielectric composite layer are optimized respectively
in subsequent work, resulting in superior forward and reverse
characteristics. The simulation results show that when the drift
region thickness of GaN VCD-JBS is 15 µm and the drift re-
gion concentration is 1.5×1016 cm−3, a high BV of 4171 V
and low Ron,sp of 2.07 mΩ·cm2 for GaN VCD-JBS with three
low K dielectric composite layers can be achieved, and the
Baliga’s figure-of-merit is 8.6 GW/cm2. This structure shows
the potential of GaN JBS as a power diode and provides new
ideas for designing high withstand voltage devices.
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