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Abstract

GaN-based vertical P-i-N diode with mesa edge terminal structure due to
electric field crowding effect, the breakdown voltage of the device is signifi-
cantly reduced. This work investigates three terminal structures, including
deeply etched, bevel, and stepped-mesas terminal structures, to suppress elec-
tric field crowding effects at the device and junction edges. Deeply-etched
mesa terminal yields a breakdown voltage of 1205 V, ie, 89% of the ideal
voltage. The bevel-mesa terminal achieves about 89% of the ideal breakdown
voltage, while the step-mesa terminal is less effective in mitigating electric
field crowding, at about 32% of the ideal voltage. This work can provide an
important reference for the design of high-power, high-voltage GaN-based
P-i-N power devices, finding a terminal protection structure suitable for
GaNPiN diodes to further enhance the breakdown performance of the device
and to unleash the full potential of GaN semiconductor materials.
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1. Introduction

Gallium nitride (GaN) is a representative wide-bandwidth semiconductor ma-
terial, due to its superior material properties (e.g. high electron mobility, high
electron saturation velocity, high thermal conductivity, and critical electric
field), which are growing concerns [1] [2] [3] [4]. These superior material prop-
erties translate into higher breakdown voltage, lower on-resistance, and low
power loss. Vertical GaN power devices offer huge advantages. GaN-based de-

vices with low energy consumption, high power density, high operating fre-
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quency and high conversion efficiency have been applied to power electronic
systems [5] [6] [7]. By increasing the thickness of the drift layer without in-
creasing the size, it can achieve higher breakdown voltage, but it also has a high
current, better heat dissipation, smaller chip area, and low dislocation density,
which is widely used in the field of electronics and electricity [8]-[14]. Among
them, GaN-based vertical P-i-N diodes with high breakdown voltage, low
on-resistance, and lower reverse leakage current have been extensively studied,
and great progress has been made [15]-[25]. However, destructive breakdown
and premature avalanche breakdown occur due to electric field crowding effects
at device edges, P-N junction edges, depletion region edges, and electrode edges.
To mitigate the electric field at the edge, power devices with improved avalanche
breakdown capability have a high breakdown voltage. Edge terminal techniques
have been widely used in power devices to reduce the tip electric field by con-
trolling the depletion region of the junction. To reduce the tip electric field at the
device edge, device structures with terminal protection have been developed.
Various edge terminal techniques have now been employed to mitigate the elec-
tric field aggregation effect at the edges of GaN PiN to obtain higher breakdown
voltages. These techniques mainly include such as field plates, ion implantation
and plasma treatment, mesa etching, etc [10]. It should be noted that these edge
terminal techniques do not degrade the forward characteristics and can be used
in combination to achieve better device performance.

Mesa etching is a key step in the fabrication of GaN-based devices to isolate
neighboring devices, and due to its simplicity, mesa etching terminal structures
are very popular in GaN-based vertical P-i-N diodes. Recently, Fukushima [26]
and others designed deeply etched mesa structures to alleviate the electric field
crowding at the device edges, where the deeper the mesa, the more relaxed the
edge electric field. In addition to the common vertical mesa structure, a nega-
tive-angle mesa structure is usually obtained in actual device fabrication. How-
ever, the appropriate P*-GaN doping concentration and bevel angle can also mi-
tigate the P-N junction edge electric field and transfer the tip electric field to the
inside [27] [28] [29]. Stepped-mesa edge terminal has been reported to increase
the device breakdown voltage of GaN power devices [30]. For structures with a
stepped mesa, the parameters such as width, depth, and number of steps play an
important role.

Therefore, in order to make the breakdown voltage close to that of an ideal
parallel-plane device. In this thesis, we investigate three mesa-based edge ter-
minal techniques using SILVACO TCAD, ie., deeply-etched mesa, beveled me-
sa, stepped mesa edge terminal. With the starting point that vertical GaN PiN
power diodes can fundamentally break through the breakdown voltage of tradi-
tional planar-type PiN diodes, the terminal protection technology at the present
stage is discussed in detail and analyzed with simulation results, to find the ter-
minal protection structure applicable to GaN PiN diodes, to further enhance the
breakdown performance of the devices and to fully release the potential of GaN

semiconductor materials.
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2. Simulation Results

2.1. Prototype Device Structure and Parameters

The different GaN-based vertical P-i-N diode structures have been implemented,
calibrated and simulated in SILVACO TCAD. Figure 1 shows the ideal parallel
planar GaN P-i-N diode structure. These include a P*-GaN layer with a thick-
ness of 500 nm and a doping concentration of 1 x 10" cm™; an N™-GaN layer
with a thickness of 10 um and a doping concentration of 2 x 10'® cm™; and an
N*-GaN layer with a thickness of 2 pm and a doping concentration of 2 x 10"
cm™. It should be noted that the high concentration doped P*-GaN region is
approximated as a one-sided step junction due to its narrow space charge region.
The breakdown voltage is almost independent of the thickness of the P*-GaN
layer, and the thickness of the P*-GaN layer of the actual device is generally
smaller, hence the simulation structure proposed in this section is also designed
as a very thin layer. The material parameters of the GaN used for simulation and
the model and its parameters are shown in Table 1. In addition to the above
models, there are also the bandgap narrowing model (BGN), the Farahm and
modified Caughey-Thomas model (FMCT), the nitride high-field mobility mod-
el (GANSAT.N), and the Fermi-Dirac statistical model (Fermi-Dirac).

Table 1. Material and model parameters for GaN.

Material/Model Property Values
Bandgap (eV) 3.43
Electron affinity (eV) 4.1
GaN Dielectric constant 8.9

Effective Conduction Band Density of states (cm™) 2.24 x 10'®

Effective Valence Band Density of states (cm™)  2.51 x 10"

amp (cm™) 2.52 x 108
bmp (V/cm) 3.41 x 107
Impact Ionization
apz (cm™) 5.37 x 10°
bp1i2 (V/cm) 1.96 x 107
Donor Activation Energy (AEp) (meV) 17
a, (eV.cm) 3.4x107°
Incomplete Ionization
Acceptor Activation Energy (AE4) (meV) 240
a, (eV.cm) 1.15x 107°
Electron Lifetime () 1.2 x 1078
SRH Recombination
Hole Lifetime (13,) 1.2x 1078
Electron Coefficient (cm™:s) 2.8 x 10731
Auger Recombination
Hole Coefficient (cm™-s) 9.9 x 107
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Figure 1. Ideal parallel plane GaN-based vertical
P-i-N diode structure.

2.2. Deeply-Etched Mesa Terminal Structure

As shown in Figure 2 shows the schematic cross-section of the GaN-based ver-
tical P-i-N diode used for simulation. Simulation studies are carried out on de-
vice structures with etching depths ranging from 0.5 pm to 7 pm (referring to
the etching depth of the n-drift region), keeping other parameters constant. As
shown in Figure 3, the breakdown voltage increases almost linearly with the
depth of the mesa etching. With the increase in the etching depth of the mesa,
the breakdown voltage gradually approaches the ideal parallel plane breakdown
voltage. For deep etch 7'= 7 um, the device breakdown voltage is 1205 V, which
is 97% of the breakdown voltage of an ideal parallel-plane device.

As Figure 4 demonstrates the electric field distribution when avalanche
breakdown occurs in devices with GaN-based vertical P-i-N diode etching
depths of 77=1 um, 3 pm and 5 pm, respectively, it can be observed that the
electric field aggregation effect obviously occurs at the edge of the device, and
with the increase of the etching depth attenuating the tip electric field at the edge
to make the electric field homogeneous and sparse, and for the devices with
deeper etching of the mesa surface, the distribution of the electric field is more
homogeneous, especially at the edges.

One-dimensional electric field distributions in the perpendicular direction
from the center of the GaN-based vertical P-i-N diode junction to the edge were
extracted for different etching depths, as shown in Figure 5. At shallow etching
depths, the device edge electric field crowding is very significant, and the peak
electric field reaches up to 3.6 MV/cm at etching depth 7'= 0.5 pum, leading to
premature breakdown at the edge, at which time the center of the P-N junction
is still far from reaching the GaN critical electric field of 3.3 MV/cm. When the
etching depth 7' = 4 pm, avalanche breakdown occurs when the electric field
strength at the center of the P-N junction is comparable to the electric field at
the edge, which is almost equal to the GaN critical electric field of 3.3 MV/cm,
and it can be assumed that the breakdown occurs at the same time. When the
etching depth 7> 5 um, the avalanche breakdown occurs when the center field
of the P-N junction is slightly larger than the edge field. When the etching depth
is T'= 7 um, with the same condition, the electric field at the tip edge is very

small and much smaller than that at the center of the P-N junction, and at this
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time, the breakdown voltage and electric field distribution are close to those of
an ideal parallel planar GaN-based vertical P-i-N diode.

These results show that in vertical mesa etching, the deeper the etching depth,
the smaller and further away from the center of the P-N junction the electric
field at the tip of the device edge, the more uniform the electric field inside the
device, the less prone to premature breakdown at the edge, and the larger the
breakdown voltage. Therefore, in the design of a vertical mesa etching terminal
structure, the mesa is etched to a greater depth than the edge of the depletion re-
gion, and the breakdown voltage can be raised to a level close to the ideal parallel
planar structure. Moreover, this terminal method has a simple process step, but
it is necessary to deposit a passivated dielectric layer on mesa terminal structure

in order to suppress the leakage current caused by the plasma damage of etching.

p*GaN

n GaN

n*GaN

Figure 2. Deeply-etched mesa edge terminal.
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Figure 3. Breakdown voltage of GaN-based ver-
tical P-i-N diode with different etched depths.
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Figure 4. Electric field distributions of devices with 7’= 1 um, 7’= 3 yum and 7'= 5 pm
when avalanche breakdown occurs.
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Figure 5. Electric field distributions along the vertical
direction (Y-cutline).

2.3. Bevel Mesa Terminal Structure

There are two general types of bevel mesa structures, positive bevel angle and
negative bevel angle. In practice, negative bevel angle mesa terminal structures
are easier to realize and are often used in wide-band semiconductor devices. In
the bevel mesa terminal structure simulation, the P-N junction edges are etched
at an angle, and the mesa bevel angle is increased from 10° to 80°. In addition,
the breakdown voltage of this terminal structure is extremely sensitive to the
doping concentration of the P*-GaN layer, and the doping concentrations of the
P*-GaN layer of 1 x 10" cm™ and 5 x 10" cm™ were also simulated during the
simulation process. In Figure 6 a schematic cross-sectional view of a bevel mesa
terminal structure for simulation is shown.

Structures with P*-GaN layer doping concentrations of N, =1 x 10'® cm™, 5 x
10" cm™, and 1 x 10" cm™ were simulated under non-pass-through conditions
in order to investigate the effect of doping concentration variations on the ter-
minal structure of the bevel mesa. It should be noted that the doping concentra-
tion of the P*-GaN layer should not be too low in order to form good ohmic
contacts. In Figure 7, the breakdown voltages of GaN-based vertical P-i-N dio-
des at different bevel angles for each P*-GaN layer doping concentration are
shown. For all P*-GaN layer doping concentrations of the bevel mesa terminal
structure, the breakdown voltage decreases with decreasing & eventually re-
maining almost constant at small angles. However, at high-concentration doping
of the P*-GaN layer with N,= 1 x 10" cm, the breakdown voltage decreases
faster and reaches a lower value of 450 V at small angles, whereas at
low-concentration doping of the P*-GaN layer with N, = 1 x 10'® cm™ a larger
breakdown voltage of 850 V can still be obtained at small angles. The device has
the highest breakdown voltage of 1160 V when = 80" and N, =1 x 10'® cm™,
when the device is also close to the ideal parallel plane structure.

The electric field distribution at a reverse bias voltage of 350 V for P*-GaN

doping concentration N, =1 x 10* cm™ at angles of 10°, 40°, and 70°, respectively,

DOI: 10.4236/jamp.2024.122037

559 Journal of Applied Mathematics and Physics


https://doi.org/10.4236/jamp.2024.122037

S.Shietal.

ntGaN

Figure 6. Beveled mesa edge terminal.
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Figure 7. Breakdown voltage of GaN P-i-N diode

with the bevel angle for N, =1 x 10" cm™, 5 x 10'8
cm™and 1 x 10 cm™.

was extracted in order to better understand the effect of the angle of the terminal
of the bevel mesa on the breakdown voltage, as shown in Figure 8. At a small
bevel angle 6= 10°, a tip electric field is generated at the edge P-N junction due
to the smaller width of the depletion region on the beveled surface, which can
lead to premature breakdown. As the bevel angle gradually increases, the deple-
tion region on the bevel sidewall surface extends toward the interior, which mi-
tigates the tip electric field at the junction edge, resulting in an increase in the
breakdown voltage. At a large bevel angle 8 = 70°, the surface depletion region
boundary extends further inward, and the electric field distribution of the device
is more uniform in both the vertical and horizontal directions, which is then
closer to the ideal parallel plane structure electric field distribution.

In order to further understand the effect of the bevel mesa terminal on the
electric field at different angles, the one-dimensional electric field distributions
of GaN-based vertical P-i-N diodes at different bevel angles in the vertical and
horizontal directions were extracted, as shown in Figure 9. It can be seen that
both vertical and horizontal maximum electric fields at the P-N junction edge
increase with decreasing angle. As the bevel angle @ gradually increases from 10°
to 80°, the electric field strength in the X direction decreases from a maximum of
3.6 MV/cm to 1.8 MV/cm, and the electric field strength in the Y direction de-

creases from a maximum of 3.3 MV/cm to 1.7 MV/cm.
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Figure 8. Electric field distributions of devices with 8= 10", = 40" and = 70" at reverse
bias of 350 V.
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Figure 9. Electric field distributions along the X-cutline
and Y-cutline.

It is finally concluded that the doping concentration and bevel angle of
P*-GaN in the bevel mesa terminal structure have a crucial effect on the break-
down voltage. At relatively large bevel angles, the devices have a more uniform
electric field and a high breakdown voltage. Also at small angles, by reducing the
doping concentration in the P*-GaN region, the device can be brought to a bet-

ter level of breakdown voltage. These results are instructive for designing GaN
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PiN diodes with bevel mesa terminal structures.

2.4. Stepped-Mesa Terminal Structure

The key parameters of the step mesa terminal include step width (W), step depth
(D), and number of steps. In the simulations, combinations of (W, D) of (0.5
pm, 0.5 yum) and (0.5 pm, 1.0 pm) and (1.0 pm, 1.0 um), respectively, were inves-
tigated, where the values of all three combinations were expressed in um. The
drift layer was etched into a step type to disperse the electric field aggregation
effect. P-N junction interface at 500 nm, where n is the number of step steps. A
schematic cross-section of the step mesa terminal structure used for the simula-
tion is shown in Figure 10.

Figure 11 shows the breakdown voltages for three different ( W, D) combina-
tions at different numbers of steps. At the same number of steps, the device has
the highest breakdown voltage for (W, D) = (0.5 pm, 1.0 um), respectively. The
results of the simulation show that the smaller the width W and the larger the
depth D of the steps, the higher the breakdown voltage. This is due to the fact
that the drift layer is etched as a step type, and the electric field is forced to
spread in the vertical direction instead of the lateral direction. The smaller the
W, the larger the D, which means that more material is removed from the
transverse direction, and the electric field must spread vertically to the interior

of the drift layer due to the lack of material in the transverse direction. The peak

p'GaN

n GaN

n*GaN

Figure 10. Stepped-mesa edge terminal.

450
—=— (0.5um,0.5um)

< —o— (1.0um,1.0pum)
g4oo | —4—(0.5um,1.0pm)
8
S
Z 350}
2
o
°
©
o 300 F
m

250 1 1 L 1 1

Number of steps

Figure 11. Breakdown voltage of GaN-based ver tical
P-i-N diode with different W, D and number of steps.
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electric field will be shifted from the center of the P-N junction to the step be-
hind it and spread to the inside of the drift layer. The combination of a small
width Wand a large depth D, results in a higher breakdown voltage because it
can withstand a higher voltage inside than at the edge. In addition, in all three
cases, the increase in the number of steps will result in the edge electric field dis-
tribution being more uniform, and the breakdown voltage will increase.

These trends can be explained in Figure 12, where the step mesa structure
disperses the peak electric field at each step and reduces the overall electric field
at the center of the P-N junction. The lateral electric field distribution of the fig-
ure shows that the step mesa terminals have multiple localized smaller peaks of
the electric field at the etched corners.

As shown in Figure 13, compared to the peak electric field at the edge of the
p-n junction, the localized peak electric field distribution in the X-direction de-
creases to 3.5 MV/cm, 1.9 MV/cm, 0.8 MV/cm, and 0.3 MV/cm after passing
through the four-step mesa, and the localized peak electric field in the
Y-direction decreases to 2.4 MV/cm, 1.9 MV/cm, 0.9 MV/cm, and 0.3 MV/cm.
These additional electric field peaks help to mitigate the overall electric field ag-
gregation at the edges of the P-N junction, thereby increasing the breakdown
voltage. In addition, too much depth reduces the number of achievable steps,
which may have a negative impact on the breakdown voltage. However, if the
width can be minimized as much as possible, this will also help to improve the
breakdown voltage.

It can be concluded that as the number of steps increases, more local electric
field peaks are generated at the device edge to alleviate the electric field concen-
tration effect at the center of the P-N junction, thus increasing the device break-
down voltage. When ( W, D) = (0.5 pm, 1.0 pm)and the number of steps is 5, the

breakdown voltage is up to 430 V, which is much smaller than the one of the

i Y, -cutline
N

i Y,-cutline

: Y,-cutline

i Y,-cutline

Figure 12. Electric field distributions of devices with W= 0.5
pm, D = 1.0 um and number of steps = 4 at reverse bias of
300 V.
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Figure 13. Electric field distributions along the Xi-X4
cutline and Y:1-Y4 cutline.

ideal parallel planar structure, and is about 32% of the breakdown voltage of the
ideal parallel planar structure, which is worse than that of the other terminal
structures. In addition, the maximum number of steps for the device will be drift
layer thickness dependent, but the more steps on the mesa top, the more fabrica-
tion steps there will be, which may lead to more etch damage, more fabrication
cost and less device reliability. Therefore, the choice of the number of mesa steps

is a trade-off between breakdown voltage, fabrication cost, and reliability.

3. Results and Discussion

The performance of GaN-based vertical P-i-N diodes prepared using different
terminal protection techniques was compared, as shown in Figure 14. Notably,
the forward /-V characteristics of these different terminal structure devices are
similar to those of the ideal parallel plane structure, which means that these ter-
minal structures do not degrade the forward conduction performance. In addi-
tion, these terminal structures have different parameters, and the breakdown
voltage may also be further enhanced by changing these parameters. For exam-

ple, the breakdown voltage of a bevel mesa terminal structure with a tilt angle
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Figure 14. Forward I-V characteristics and reverse /-V
characteristics of different edge terminal structures.

6 = 40° and a P*-GaN layer doping concentration N, = 1 x 10 cm™ having a
field plate is 1055 V, which is lower than the breakdown voltage of a bevel mesa
terminal structure without a field plate with a tilt angle § = 80" and a P*-GaN
layer doping concentration N, = 1 x 10'® cm™ of 1060 V. This does not mean
that the field-plate terminal structure is inferior to the structure without
field-plate terminal, since other parameters itself are quite important.

Table 2 summarizes the maximum breakdown voltages for each terminal
technique in this structure. Devices with deeply etched mesa show large break-
down voltages, close to those of ideal parallel-plane devices. These terminal
techniques should be considered in addition to the enhanced breakdown voltage,
and the fabrication process for each terminal technique should be considered.
Bevel mesa, step mesa, and deeply-etched mesa terminals depend on control of
the dry etching process. Whereas both surface burrs and roughness of the field
plate metal may lead to electric field spikes or long-term reliability problems in
high-voltage devices, this problem is now generally addressed by growing the di-
electric under the field plate.
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Table 2. Breakdown voltage for each edge terminal technologies.

Edge terminal technology =~ Breakdown voltage (V)/% Device parameter
Deely Etched Meas 1205 (92%) T=7um
Beveled Meas 1160 (89%) 6=80°, N,=1x 10 cm™
Step Meas 425 (32%) W=0.5um, D=1.0pum,n=>5

It is worth noting that the simulation work done in this section uses only
n"-GaN drift layers with a doping concentration of Ny = 2 x 10'° cm™ and a
thickness of 10 pm, with the main purpose of demonstrating the protection ca-
pability of these terminal techniques. When the doping concentration drift layer
is decreased to Ny =1 x 10' cm™ and the thickness is increased to 20 um, the
breakdown voltage can be increased up to 2500 V. When the doping concentra-
tion drift layer is decreased to Ny= 5 x 10" cm™ and the thickness is increased

to 20 um, the breakdown voltage can be increased up to 3800 V.

4. Conclusions

This work has presented a simulation analysis of edge terminal protection tech-
nologies, which have been a hot research topic in recent years, to demonstrate
the protection reliability of these terminal technologies. In SILVACO TCAD si-
mulations, three types of mesa edge terminal structures for GaN-based vertical
P-i-N diode be designed, modeled, and fully investigated, including deep-
ly-etched mesa, bevel mesa, step mesa. The results show that these terminal
structures can alleviate the electric field crowding at the junction edges and im-
prove the breakdown voltage. For deeply-etched mesa terminal structures, the
device breakdown voltage increases linearly with countertop etching depth. For
the bevel mesa terminal structure, the breakdown voltage decreases with de-
creasing angle @ for all P*-GaN layer doping concentrations, eventually remain-
ing almost constant at small angles. For a step mesa terminal structure, the
smaller the width W and the greater the depth D of the steps, the greater the
breakdown voltage. Among these three edge terminal structures, the breakdown
voltages of the deeply-etched mesa terminal structures is close to those of the
ideal parallel-plane devices, reaching 92% and 94% of their ideal breakdown
voltages, respectively, whereas the bevel mesa terminal structure is 89% of the
ideal breakdown voltage and the step mesa terminal structure is only 32% of the
ideal breakdown voltage. In future research, the device breakdown voltage can

be further improved by varying the thickness of the drift layer.
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