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Abstract: Edge termination techniques play a crucial role in enhancing the breakdown volt-
age (BV) and managing electric field distribution in GaN-based power devices. This review
explores six key termination methods—field plate (FP), mesa, bevel, trench, ion implanta-
tion, and guard ring (GR)—with a focus on their performance, fabrication complexity, and
insights derived from TCAD simulations. FP and trench terminations excel in high-voltage
applications due to their superior electric field control but are accompanied by significant
fabrication challenges. Mesa and bevel terminations, while simpler and cost-effective, are
more suited for medium-voltage applications. Ion implantation and GR techniques strike
a balance, offering customizable parameters for improved BV performance. TCAD simu-
lations provide a robust framework for analyzing these techniques, highlighting optimal
configurations and performance trade-offs. The choice of edge termination depends on the
specific application, balancing BV requirements with manufacturing feasibility. This review
offers a comprehensive comparison, emphasizing the critical role of simulations in guiding
the selection and design of edge termination techniques for GaN power devices.

Keywords: gallium nitride; pseudo-vertical PN junction diode; breakdown voltage; electrical
field crowding; edge termination technique

1. Introduction
Gallium nitride (GaN) is a wide-bandgap semiconductor material known for its

excellent material properties, including high electron mobility, high electron saturation
velocity, high thermal conductivity, and a high critical electric field. These properties are
becoming increasingly important in various applications [1,2]. As a result, GaN-based
devices offer advantages such as a higher breakdown voltage, lower on-resistance, and
reduced power losses. Vertical GaN power devices are particularly advantageous, as they
provide low energy consumption, a high power density, a high operating frequency, and a
high conversion efficiency, making them ideal for power electronic systems compared to
silicon (Si) [3–5]. Higher breakdown voltages can be achieved by increasing the thickness of
the drift layer without enlarging the overall device size. This approach also enables higher
current handling, a smaller chip area, and better heat dissipation, which are beneficial
for electronics and power systems [6–9]. Among these devices, GaN-based vertical P-i-N
diodes, which feature high breakdown voltages, low on-resistance, and lower reverse
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leakage currents, have been extensively studied, with significant progress reported [10–14].
However, destructive breakdown and premature avalanche breakdown can occur due
to electric field crowding at various edges, including the P-N junction, depletion region,
and electrode.

Recently, power devices with enhanced avalanche breakdown capabilities have been
developed, allowing for higher breakdown voltages. Protection periphery techniques are
commonly applied to reduce the electric field concentration at the device edges by control-
ling the depletion region of the junction. Several techniques, including field plates [15],
ion implantation [16,17], plasma treatment [18], and mesa etching [19–23], have been
implemented to mitigate the electric field at the edges of GaN P-i-N diodes, leading to
higher breakdown voltages. These edge terminal techniques are effective in improving
device performance without negatively influencing the on-state behavior, and they can
be used in combination to optimize the device architecture. The purpose of this review
is to investigate and compare the effects of different edge termination techniques on the
breakdown voltage of GaN-based devices, with a strong emphasis on pseudo-vertical p-n
diodes (PND) as test structures for fully vertical devices. Pseudo-vertical structures serve
as an essential intermediate step in the development of true vertical GaN power devices,
offering valuable insights into their electrical performance and optimization. By leveraging
TCAD (Technology Computer-Aided Design) modeling, this study aims to refine edge
termination strategies, ultimately contributing to the advancement of high-voltage GaN
technologies. Edge terminations are essential for managing the electric field distribution at
the device edges, as improper handling can lead to premature breakdown. Using TCAD
simulations allows for precise modeling of electric field behavior and breakdown voltage
under various edge termination conditions. By analyzing these simulations, this review
aims to highlight the role of edge terminations in optimizing the breakdown voltage, pro-
viding insights into how different approaches can improve the performance and reliability
of GaN power devices.

2. Edge Termination Techniques
To explore the effectiveness of these edge termination techniques in enhancing BV,

Technology Computer-Aided Design (TCAD) Sentaurus Synopsys simulations were per-
formed to analyze various mitigation methods, including field plates (FPs), ion implan-
tation, mesa etching, bevel at different angles, guard rings (GRs), and adding of the
trench termination. This section details the features and effectiveness of these approaches
as demonstrated in recent advancements. Table 1 provides a comparative overview of
the most commonly used methods, highlighting their operating principles, advantages,
and limitations.

2.1. Prototype Device Structure and Parameters

Several GaN-based quasi-vertical p-n diode structures have been designed and cali-
brated without considering the presence of defects in the bulk GaN layers. As illustrated
in the cross-sectional schematic in Figure 1a,b, the analyzed structure consists, from top
to bottom, of a P-GaN layer with a thickness of 500 nm and a doping concentration of
5 × 1018 cm−3, an N−-GaN drift layer with a thickness of 10 µm and a doping concentra-
tion of 1 × 1016 cm−3, an N+-GaN layer with a thickness of 1 µm and a doping concentration
of 5 × 1018 cm−3, a 1.5 µm buffer layer (AlGaN/AlN), and a 50 µm silicon substrate. It
is important to note that the breakdown mechanism remains largely the same between
vertical and quasi-vertical structures in a non-punch-through (NPT) configuration as shown
in Figure 1c [24–26]. The underlying physical processes, such as electric field distribution
and avalanche multiplication, do not change significantly in either configuration as clearly



Electronics 2025, 14, 1188 3 of 23

depicted in Figure 1d. The primary difference lies in the device geometry, which influ-
ences the on-state characteristics due to the current crowding effect in a pseudo-vertical
structure [24]. Therefore, the choice of a quasi-vertical structure was made to optimize
the electrical performances of this architecture while maintaining the same breakdown
characteristics as a vertical configuration.

Table 1. Comparison of edge termination methods: operating modes, advantages, and disadvantages.

Edge Termination
Technique Operating Mode Pros Cons

Field Plate (FP)
Extends the electric field
laterally, reducing peak field
strength at the junction edge.

Enhances breakdown
voltage, reduces surface
charging effects, and
improves reliability
and performance.

Increased device
capacitance, added
parasitics, more complex
design and fabrication.

Mesa

Physically etches a mesa
structure to define the
device’s active area and
control field distribution.

Simple and straightforward
fabrication, effective for
planar device designs.

Surface damage during
etching, increased surface
leakage current, lower
long-term reliability.

Bevel
Creates an angled edge to
spread electric field lines and
reduce field crowding.

Reduces electric
field intensity,
improves breakdown
voltage, and reduces risk of
premature breakdown.

Requires precise angle
control during etching,
complex and delicate
manufacturing process.

Trench

Etches deep trenches around
the active region to modify
field distribution and
minimize field crowding.

High breakdown voltage,
effective electrical isolation,
minimizes surface leakage.

High etching complexity,
potential for etch-induced
lattice damage, added
processing steps.

Ion Implantation

Introduces dopant or
isolation ions to modify
electrical properties and
reduce surface traps.

Improves stability, reduces
leakage currents, and
enhances breakdown voltage
and reliability.

Requires precise dose
and energy control,
potential for crystal lattice
damage, complex
post-implant annealing.

Guard Rings

Uses multiple concentric
rings to distribute and
control electric field lines at
the device periphery.

Simple design, effectively
reduces peak electric
field intensity, and
minimizes leakage.

Increases device footprint,
requires additional
lithography steps, more
complex alignment needed.

In non-punch-through (NPT) structures, the narrow space charge extension within the
highly doped p-GaN layer ensures that the breakdown voltage remains largely independent
of the layer’s thickness [27–31]. This characteristic allows for the implementation of a
thinner p-GaN region in practical devices, thereby enhancing efficiency and minimizing
material consumption. Accordingly, the simulation structure incorporates a thin p-GaN
layer (0.5 µm) to reflect real-world device design considerations.

For reliable simulation outcomes, several physical phenomena must be carefully con-
sidered. Key physical models and parameters, including impact ionization coefficients, are
summarized in Table 2 and will be applied throughout the simulations in this study [28–30].
For the structure described in this article, we assumed an ideal case with no surface leakage
or other non-idealities in the bulk. With a drift doping of 1 × 1016 cm−3, the maximum
breakdown voltage was found to be ~1750 V, considering a peak field of 2.6 MV/cm
(parallel-plane peak field, EPP).
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Figure 1. (a) Schematic cross-section of the pseudo-vertical p-n diode structure, illustrating the ar-
rangement of key device layers including the p-type and n-type regions and contacts. (b) Simulated 
cross-section structure in TCAD, showing a detailed layer composition and geometry, used to in-
vestigate the breakdown characteristics of the device under different termination techniques. (c) The 
breakdown voltage and peak electric field in both quasi-vertical and fully vertical structures for 
different drift doping concentrations. (d) Electric field distribution at avalanche breakdown in both 
structures. 

Table 2. Key simulation parameters implemented in TCAD. 

Physical Phenomenon Models Parameters Values 

GaN bandgap Temperature-dependent bandgap model (@0K) 
Bandgap (Eg0) 3.44 eV 

Electron affinity (Chi0) 4.1 eV 
Incomplete ionization Magnesium (p-doped) Acceptor activation energy 200 meV 

Mobility Low-field doping-dependent Arora model 
µmin 1500 cm2/Vs 
µmax 160 cm2/Vs 

Reference doping 3 × 1017 cm−3 

Impact ionization 
Electron impact ionization coefficients 

an 4.48 × 108 cm−1 
bn 3.39 × 107 cm−1 

Hole impact ionization coefficients 
ap 7.13 × 106 cm−1 
bp 1.46 × 107 cm−1 

Radiative recombination Radiative recombination constant Crad 1.1 × 10−10 cm3 s−1 

Auger recombination 
Electron coefficient An 3 × 10−31 cm6 s−1 

Hole coefficient Ap 3×10−31 cm6 s−1 

  

Figure 1. (a) Schematic cross-section of the pseudo-vertical p-n diode structure, illustrating the
arrangement of key device layers including the p-type and n-type regions and contacts. (b) Simulated
cross-section structure in TCAD, showing a detailed layer composition and geometry, used to investigate
the breakdown characteristics of the device under different termination techniques. (c) The breakdown
voltage and peak electric field in both quasi-vertical and fully vertical structures for different drift
doping concentrations. (d) Electric field distribution at avalanche breakdown in both structures.

Table 2. Key simulation parameters implemented in TCAD.

Physical Phenomenon Models Parameters Values

GaN bandgap Temperature-dependent bandgap
model (@0K)

Bandgap (Eg0) 3.44 eV

Electron affinity (Chi0) 4.1 eV

Incomplete ionization Magnesium (p-doped) Acceptor activation energy 200 meV

Mobility Low-field doping-dependent
Arora model

µmin 1500 cm2/Vs

µmax 160 cm2/Vs

Reference doping 3 × 1017 cm−3

Impact ionization

Electron impact
ionization coefficients

an 4.48 × 108 cm−1

bn 3.39 × 107 cm−1

Hole impact
ionization coefficients

ap 7.13 × 106 cm−1

bp 1.46 × 107 cm−1

Radiative recombination Radiative
recombination constant Crad 1.1 × 10−10 cm3 s−1

Auger recombination
Electron coefficient An 3 × 10−31 cm6 s−1

Hole coefficient Ap 3×10−31 cm6 s−1
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2.2. Metal Field Plates

Figure 2 illustrates a quasi-vertical p-n diode with a metal field plate located at its
edge over the SiO2 oxide. The electric field at the edge of the junction can be modulated by
applying a bias voltage to the metal field plate [27]. Without bias voltage, the depletion
region boundary follows the profile shown in case A. When a positive bias is applied to the
field plate relative to the n-GaN drift layer, it attracts electrons toward the surface, reducing
the depletion layer’s extension along the surface, as depicted in case B. This increases the
electric field at the junction, thereby lowering the breakdown voltage. Conversely, applying
a negative bias repels electrons from the surface, expanding the depletion region along the
surface, as shown in case C. This reduces the electric field at the p-n junction, resulting in a
higher breakdown voltage [31].
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Figure 2. Schematic cross-section of the simulated structure in TCAD with field plate termination.

To identify key parameters and establish design guidelines for minimizing electric
field crowding at the edges, the reverse breakdown characteristics of p-n diodes with field
plate-based edge termination were analyzed. The simulated structure incorporates silicon
dioxide (SiO2) as the primary dielectric material, with a thickness (TSiO2) ranging from
0.1 µm to 0.6 µm. The analysis further investigates the effects of varying the field plate
length (LFP) from 1 µm to 13 µm and the interface state density (Qss) from 5 × 1011 cm−2 to
1 × 1014 cm−2 on the breakdown voltage and electric field distribution.

As illustrated in Figure 3a, the breakdown voltage (BV) increases marginally with
the length of the field plate (LFP) up to 8 µm, showing the field plate has no effect on the
breakdown below this dimension since the field plate is over the p+ anode region. A more
pronounced increase of approximately 800 V is observed when the LFP exceeds 10 µm, which
aligns with the drift layer thickness. This trend is consistent across all passivation layer
thicknesses. The substantial increase in BV can be attributed to the lateral expansion of the
depletion region, which becomes comparable to the vertical depletion depth within the drift
layer [10,31,32]. Moreover, the relationship between the passivation layer thickness (TSiO2)
and the breakdown voltage (BV) reveals that, for thicknesses below approximately 0.2 µm,
the breakdown voltage increases as the passivation layer thickness increases, reaching a
maximum value of approximately 1200 V. However, beyond this thickness, the breakdown
voltage begins to decrease. As illustrated in Figure 3b, for a thin passivation layer, the electric
field is suppressed at the junction edge and shifts toward the edge of the field plate. In
contrast, for a thicker oxide layer, the field plate’s influence on the electric field within the
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GaN material is minimal, resulting in field crowding at the p-n junction edge. When the
passivation layer thickness is TSiO2 = 0.2 µm, the electric field is distributed approximately
equally between the main junction edge and the field plate edge. This behavior occurs
because, in the case of a thicker oxide layer, the field plates exert less influence on the electric
field distribution within the GaN material, as evidenced by the one-dimensional (1-D) electric
field distribution shown in Figure 3c, extracted at the p-n junction edge. In experimental
devices, interface states arise from dangling bonds at the surface, which are inherently present.
A high density of surface states can lead to increased leakage and a redistribution of the
surface electric field [33]. To examine their effect, positive fixed charges at the GaN/Oxide
interface were considered, with densities ranging from 5 × 1011 cm−2 to 1 × 1014 cm−2. The
high density of surface states attracts electrons, forming a conductive surface channel that
shorts the depletion region in the bulk and redistributes the electric fields. As a result, the
BV starts decreasing when the QSS is above 1 × 1012 cm−2 due to the concentrated electric
field at the GaN/Oxide interface, as shown in Figure 3d. This effect is more pronounced
when the surface fixed charge (QSS) is high, leading to a more evenly distributed electric
field and a lower BV. Therefore, minimizing QSS at the interface is critical to maintaining the
effectiveness of the field plate edge termination.
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Figure 3. (a) The breakdown voltage vs. the field plate length LFP for several SiO2 thicknesses. (b) Electric
field distribution at −200 V for different SiO2 thicknesses. (c) Simulated 1-D electric field distribution
cutline in the vertical GaN P-N diode for different SiO2 thicknesses and without a field plate (red). (d) The
breakdown voltage plotted against surface fixed charge (red) with a parallel plate BV in blue.
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2.3. Mesa

As previously mentioned, electric field crowding at the edge of the p-n junction, which
is strongly associated with impact ionization [28], reduces the junction breakdown voltage
by intensifying the local electric field concentration. Therefore, mesa etching serves as an
effective means of mitigating the electric field distribution from the p-n junction to the bulk.
This technique, owing to its simplicity, is widely utilized in the vertical GaN PND process.
It facilitates the achievement of a high breakdown voltage (BV) while maintaining both
nondestructive and avalanche characteristics in PNDs [19,34]. To assess the effectiveness
of this termination method, TCAD simulations were conducted, varying the mesa depth
(DM) from 0.5 µm to 8 µm (referring to the etching depth of the n-drift region), as shown
in Figure 4. Additionally, the impact of the bending radius (RB) at the mesa edges was
investigated, with values ranging from 0.1 to 1 µm. Beyond that, the impact of the mesa
length (LM) is not explicitly reflected in the results. This omission arises because, beyond
a certain threshold (8 µm), the LM parameter no longer has a significant effect on the BV
and the electric field distribution, as the lateral extension of the depletion layer becomes
comparable to the vertical extension in the drift layer.
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As depicted in Figure 5a, the breakdown voltage exhibits an almost linear increase
with the depth of the mesa etching (DM) at a low doping concentration (≤1 × 1016 cm−3).
As the etching depth increases, the breakdown voltage progressively approaches the ideal
parallel-plane breakdown voltage. For deep etching, DM > 6 µm, the device achieves a
breakdown voltage of 1605 V, representing 92% of the ideal parallel-plane breakdown
voltage device. However, at higher doping levels (≥2 × 1016 cm−3), the breakdown voltage
is more limited by the doping due to the reduced depletion extension in the n-GaN drift
layer [29].

The electric field distribution at −200 V for the vertical PND was analyzed for mesa
etching depths of DM = 0, 2, 4, and 8 µm, as shown in Figure 5b. Notably, a significant
reduction in the electric field at the junction, with decreased equipotential crowding,
occurs at DM = 2 µm, since the field peak is also displaced from the p-n junction to the
bottom of the mesa. This phenomenon was previously discussed by H. Fukushima [19,20].
However, as the etching depth increases, the tip electric field at the edge diminishes,
resulting in a more uniform electric field distribution [19]. Devices with deeper mesa
etchings exhibit particularly uniform electric field distributions, especially around the
edges. Additionally, the impact of the bending radius RB at mesa corners was investigated
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for a mesa depth of 3µm. As shown in Figure 5c, the breakdown voltage (BV) increases
with rounded corners, rising from 900 V to 1000 V. This positive effect can be attributed to
the enhanced electric field distribution at the mesa corners [35], as previously explained in
the context of trench gate MOSFETs [36,37]. These simulations underline the significance of
incorporating rounded corners to improve voltage capability, despite the added complexity
in the fabrication process.
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By comparing TCAD simulation results with experimental data (with a drift doping
layer of 2~3 × 1016 cm−3) reported for the state of the art, as shown in Figure 5a, a good
correlation can be observed. However, some discrepancies arise in certain cases, which
can be attributed to interface state defects created during the mesa etching process. After
mesa dry etching in GaN, interface states are formed due to plasma-induced damage,
chemical modifications, and defect generation. These states trap carriers, affecting device
performance through increased leakage and reduced mobility. Surface oxidation and
nitrogen vacancies further degrade electrical properties. Post-etch treatments such as
annealing and passivation can mitigate these effects, improving reliability. To investigate
this effect, interface states were incorporated into the TCAD simulations, with a density
ranging from 1 × 1012 cm−2 to 1 × 1013 cm−2, along with the implementation of a field
plate with a DM of 7 µm and a bending radius RB of 1 µm, as illustrated in Figure 5d.
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As observed, the electric field becomes increasingly concentrated at higher interface state
densities exceeding 5 × 1012 cm−2, as previously seen in the previous section.

These results indicate that for mesa etching, a deeper etching depth results in a smaller
and more distant electric field at the tip of the device edge relative to the center of the
P-N junction. This leads to a more uniform electric field distribution within the device,
reduces the likelihood of premature breakdown at the edge, and increases the breakdown
voltage. Therefore, in designing a vertical mesa etching terminal structure, the mesa should
be etched to a depth greater than the maximum depletion width to achieve a breakdown
voltage approaching that of the ideal plane parallel structure [27].

2.4. Bevel Mesa

In addition to the conventional perpendicular mesa structure discussed in the previous
section, a mesa structure with a negative bevel has been widely adopted to mitigate electric
field crowding at the edge of the PN junction. In such design, the electric field at the edge
exhibits a decreasing trend as the bevel angle θ is reduced from 90◦. This adjustment causes
the peak electric field to shift inwards within the device [21].

Several experimental studies have demonstrated that beveled mesa structures can
achieve a breakdown voltage (BV) exceeding 3.3 kV with a low leakage current, outper-
forming the 3 kV BV observed in planar devices with steep mesas using the same field
plate (FP) structure [38–43].

To investigate this further, TCAD simulations were conducted on pseudo-vertical p-n
diodes with beveled mesa structures, as illustrated in Figure 6 [21]. To better understand
the individual impact of each parameter, the simulations were divided into two parts. The
first part excluded any passivation to assess only the intrinsic effects, while the second
included fixed positives charges with a simple field plate to account for the influence of
surface defect charges on the reverse performance of the p-n diode.
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Figure 6. Schematic cross-section of the simulated structure in TCAD with bevel termination.

The bevel etch depth Tbevel is required to extend beyond the p-n junction boundary and,
practically, should be as deep as possible. However, to account for fabrication limitations
and simplify the analysis, a constant bevel etch depth of 2 µm was selected for all presented
cases. It should be noted that with sufficiently low bevel angles, the etch depth could, in
theory, be reduced to the thickness of the p-layer itself. In our study, the bevel angle was
varied from 90◦ to 10◦ in 10◦ decrements, and subsequently to 8◦, 5◦, 3◦, 1◦, and 0.8◦. To
assess the impact of the drift doping, the doping densities were varied from 1 × 1016 cm−3

to 5 × 1016 cm−3.
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As depicted in Figure 7a, the breakdown voltage (BV) of the bevel mesa structure
exhibits two distinct trends based on the doping concentration of the n−-GaN drift layer
and the bevel angle (θ).
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state of the art (SOA) at different doping levels (1~5 × 1016 cm−3). (b) Peak field extracted from a
horizontal cutline at a p-n junction versus a bevel angle (θ) at −300V; the blue circle indicates the
transition angle.

In the first trend, for bevel angles ranging from 90◦ to 10◦, the breakdown voltage
generally decreases for all doping concentrations, eventually stabilizing at approximately
300 V for smaller angles. However, at higher doping levels (5 × 1016 cm−3), this decline is
more pronounced, with the BV dropping to ~100 V at minimal angles. In the second trend,
for ultra-small bevel angles (less than 10◦), the BV starts to increase uniformly across all
doping concentrations, reaching up to 850 V.

The optimal performance, characterized by a breakdown voltage of 1570 V, occurs at a
bevel angle of 80◦ and a doping concentration of 1 × 1016 cm−3. This configuration achieves
approximately 91% of the ideal parallel-plane breakdown voltage. When compared to pre-
viously reported values in the state of the art, as shown in Figure 7a, the TCAD simulation
results demonstrate strong consistency with these findings (with a drift doping layer of
2~3 × 1016 cm−3) [39,44–46]. However, some studies report higher breakdown voltages
(BVs) at certain bevel angles. This discrepancy could be attributed to the inclusion of addi-
tional edge termination techniques alongside bevel termination, such as the use of a field
plate with a simple passivation oxide or specifically SOG (spin-on-glass) passivation [39,40].
This could be further investigated through additional TCAD simulations.

To further analyze the impact of the negative bevel and its angle on device performance,
the electric field distribution at the p-n junction was examined using a constant doping
concentration of 1 × 1016 cm−3 in the n-_GaN drift layer. Figure 7b shows the peak electric
field at −300 V for bevel angles ranging from 90◦ to 0.8◦. The electric field is concentrated
at the edge of the main p-n junction, which is the critical point for breakdown within the
device. The electric field (EF) for various bevel angles (θ) is extracted along a horizontal
cutline at the p-n junction. Two distinct trends emerge, corresponding to the previously
observed behavior of the breakdown voltage (BV). For bevel angles ranging from 90◦ to
10◦, the electric field (EF) increases as θ decreases, resulting in a reduction in BV. However,
for bevel angles smaller than 10◦, the EF begins to decrease, leading to an increase in BV, as
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shown in Figure 7a. At θ = 8◦, the electric field at the edge starts decreasing, initiating the
beveled edge termination mechanism. This angle is defined as the transition angle (θt) for
the simulated p-n diode. The transition angle is significant because it represents the largest
bevel angle where the edge field drops and marks the point at which the peak electric field
shifts from the p-n junction edge to the bulk of the device. As θ decreases further below 8◦,
this transition becomes increasingly pronounced [21].

To assess the interface states effect, a 0.4 µm SiO2 passivation layer was applied
along the sidewalls, in conjunction with the introduction of interface states (QSS). Various
densities of quasi-static surface states (QSS), ranging from 1 × 1012 cm−2 to 7 × 1012 cm−2,
were incorporated at the GaN/SiO2 interface. Notably, in the absence of interface charges,
the passivation layer, despite having a different dielectric constant than GaN, exerts a
negligible influence on the electric field distribution both in the bulk and at the surface of
the device. In this study, the bevel angle was fixed at 60◦, with the doping concentration
set to 2 × 1016 cm−3. Additionally, As illustrated in Figure 8a, the breakdown voltage
decreases significantly from 640 V in the absence of fixed charges to less than 300 V with a
Qss of 7 × 1012 cm−2. The presence of positive fixed charges on the beveled surface attracts
electrons, thereby limiting the extension of the depletion region into the bulk, as previously
discussed in the literature [15,21]. Consequently, the electric field, which was initially more
evenly distributed due to the bevel termination, becomes significantly concentrated at the
surface. This effect is evident in the electric field distribution at the GaN/SiO2 interface, as
shown in Figure 8b. This results in the disruption of the low edge field previously achieved
by the bevel termination, shifting the peak electric field to the surface and compromising
the device’s performance. This signals the onset of extrinsic breakdown and an increase in
leakage current, which prevents the observation of avalanche breakdown. Thus, reducing
Qss during the device’s fabrication through surface and sidewall treatments is an important
step to guarantee an effective bevel edge termination [45–48].
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2.5. Trench Termination TT

Trench termination involves etching grooves or trenches around the edge of a device
to create a controlled electric field distribution. This method effectively spreads the electric
field at the junction between the semiconductor and the surrounding material, preventing
the concentration of field lines at the edges that could lead to premature breakdown. The
technique is particularly advantageous in GaN devices, where high-voltage performance
is critical [35,49]. Various trench structures can be employed, including deeply etched
trenches, laterally offset trenches, or stacked trench configurations, each tailored to specific
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application requirements [35]. By carefully optimizing the trench geometry, the breakdown
voltage and overall reliability of GaN-based devices can be significantly improved.

In this study, TCAD simulations were conducted on a pseudo-vertical PND featuring a
rounded deep trench termination designed to control the electric field, as shown in Figure 9.
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Initially, the structure was investigated without any trench filling to evaluate the
intrinsic effects of the trenches. The trench depth (DT) was varied from 1 to 8 µm, and the
trench length (LT) was also varied from 1 to 8 µm. Results (not presented) showed an initial
increase in breakdown voltage (BV) from 1 to 6 µm, beyond which no significant impact was
observed. This behavior can be explained by the electric field shifting from the PN junction
toward the bottom of the trench as the trench length increases. Once the trench length
reaches a certain value (around 6 µm), the electric field becomes more evenly distributed,
and further increases in trench length no longer significantly affect the breakdown voltage.
The difference between trench and mesa termination can primarily be attributed to the
variation in damage induced by the etching process on different geometries.

To achieve results that closely reflect practical scenarios, the trench was filled with a
polymer material to mitigate the risk of air arcing and to prevent electric field crowding at
the corners. Benzocyclobutene (BCB) was selected for this purpose due to its low dielectric
constant of 2.65, as reported in [49,50]. Additionally, a simple field plate was incorporated
into the simulation to further optimize the electric field distribution along the surface of
the p-n diode, enhancing the overall device performance.

As explained in the previous section, the breakdown voltage (BV) increases strongly
with a deeper trench (DT). As the trench depth increases, the breakdown voltage progres-
sively approaches the ideal parallel-plane breakdown voltage. For trench depths greater
than 6 µm (DT > 6 µm) and doping (1 × 1016 cm−3), the device achieves a breakdown
voltage of 1602 V, which represents approximately 92% of the ideal breakdown voltage of
an ideal parallel-plane device.

Proceeding to the second phase of the study, the trench was filled with Benzocy-
clobutene (BCB) material. For this analysis, the trench depth (DT) and length (LT) were
fixed at 6 µm each, and the n-GaN doping concentration was maintained at 1 × 1016 cm−3.
As illustrated in Figure 10a, the incorporation of BCB significantly affects the electric field
distribution within the device at −300 V. The low dielectric constant of BCB effectively
reduces electric field crowding near the trench edges, contributing to a more uniform field
distribution. This modification results in a substantial improvement in the breakdown
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voltage compared to the real unfilled trench configuration, highlighting the efficiency of
trench filling in alleviating surface electric field intensities and enhancing the device’s
overall performance.
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To achieve more realistic results, the impact of interface states at the BCB/GaN inter-
face was considered, as was performed for previously presented edge termination methods.
Various densities of interface states Qss (ranging from 1 × 1011 cm−2 to 1 × 1013 cm−2)
were incorporated into the simulations to mimic real-world device conditions. As show in
Figure 10b, in the case of the trench with BCB, the BV significantly decreases at higher inter-
face state densities (>1 × 1012 cm−2). Moreover, the presence of interface states substantially
alters the electric field profile (cutline at −300 V), leading to a pronounced electric field
concentration at the BCB/GaN interface, as shown in Figure 10c. These localized distortions
in the electric field can adversely affect the voltage-handling capability of the device.

According to the simulation results, the selection of suitable materials and the adoption
of advanced processing techniques to minimize interface state densities are crucial for fully
harnessing the advantages of trench termination.
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2.6. Ion Implantation

In addition to traditional edge termination techniques such as field plates, bevel mesa,
and trench, ion implantation has emerged as a promising approach for controlling the
electric field and preventing premature breakdown in vertical GaN power diodes. This
stage involves the introduction of specific compensating species (e.g., O, H, and Zn) or
inert species (e.g., Ar, N, He, and Kr) into the termination regions, creating deep-level
traps that modify the electric field distribution and suppress surface breakdown [17,51–56].
Recently, ion implantation using species such as nitrogen (N) and hydrogen (H) has been
explored for improving the performance of vertical GaN P-N diodes [16,47,57]. While ion
implantation offers precise control over doping profiles, the mechanisms behind its effect
are distinct from those of traditional techniques like bevel or planar mesa termination. Ion
implantation can create regions of varying conductivity that effectively redistribute the
electric field, mitigating the risks of breakdown. The mechanisms behind ion implantation
terminations are multifaceted.

The vertical GaN PND structure under simulation, illustrated in Figure 11, builds
upon the previously simulated pseudo-vertical structure by incorporating an innovative
edge termination approach using a rectangular box of fixed negatively charged traps.
In this simulation study, several parameters were varied to investigate their influence
on the breakdown voltage (BV) performance: implant overlap (Ov), which refers to the
degree of overlap between the implanted region and the main junction; implant length (Li),
representing the lateral extension of the implant region; implant depth (Di), indicating the
vertical penetration of the implanted species; and F-ion concentration, which is the density
of fixed negatively charged traps introduced via F-ion implantation, studied to evaluate
their effect on charge balancing and field modulation.
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Figure 11. Schematic cross-section of the simulated structure in TCAD with ion implantation termi-
nation. A rectangular box with fixed negative charges is defined in the structure.

The impact of each parameter on the breakdown voltage (BV) is depicted in Figure 12.
Note that the influence of the implant overlap (Ov) is not explicitly shown in the results
because beyond a certain value (1 µm), the Ov parameter ceases to significantly affect the
BV and the electric field distribution, as previously discussed in prior studies [51,55].

Consequently, to streamline the analysis and emphasize other influential factors, the
implant overlap (Ov) parameter was fixed at a constant value of 1 µm for the simulations.
This ensures that the observed effects on breakdown voltage (BV) are primarily due to



Electronics 2025, 14, 1188 15 of 23

variations in implant length (Li), implant depth (Di), and F-ion concentration, allowing for
a more focused examination of these parameters’ roles in edge termination.
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several drift layer-doping levels. (c) Breakdown voltage versus F-ion concentration (FC) for various
implant depths (Di). (d) Simulated electric field distribution as a function of F ion concentration (FC)
at −200V, with fixed Di and Li values of 0.8 µm and 6 µm, respectively.

Figure 12a illustrates the dependence of implant length (Li) on BV, with initial F-ion
concentration and implant depth (Di) values set to 2 × 1017 cm−3 and 0.7 µm, respectively.

At low doping levels (<2 × 1016 cm−3), the BV increases as Li increases. This improve-
ment is attributed to the lateral extension of the depletion layer into the implanted region,
which shifts the electric field peak from the p-n junction to the edges of the implanted
region. However, at higher Li values, the BV reaches a plateau because the lateral depletion
extension becomes comparable to the vertical extension through the drift layer. At higher
doping levels (>2 × 1016 cm−3), the BV exhibits a distinct behavior compared to lower
doping levels. This difference is likely due to the doping-induced limitations, where BV
becomes more constrained by the doping concentration than by the effects of the implant.

Figure 12b presents the impact of implant depth (Di) on breakdown voltage (BV)
at various doping levels, while maintaining the fixed-charge concentration and implant
length (Li) at 2 × 1017 cm−3 and 6 µm, respectively. The simulation results reveal two
distinct trends: (i) at low doping levels, BV initially increases with Di, reaching a peak at
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Di = 0.6 µm, before starting to decline. The reduction in BV at deeper implantations can be
attributed to the altered electric field distribution, as previously discussed in works such
as [54,57]. This effect highlights the complex interplay between implantation depth and
field management in low-doped devices. (ii) At high doping levels, unlike at lower doping
levels, BV exhibits a single trend, increasing slightly with Di until it stabilizes at Di = 0.6 µm.
This stabilization is primarily due to the limited depletion extension in the n-GaN drift
layer [29] as discussed in the previous sections, which limits further improvement in BV
beyond this implant depth. It is worth noting that the electric field distributions for these
simulations are not shown, as they have been extensively analyzed in prior research [51,55].
However, the results emphasize the critical role of implant depth in determining BV, with
Di = 0.6 µm emerging as an optimal value for both low and high doping scenarios.

Finally, the impact of fluorine concentration (FC) on breakdown voltage (BV) and
electric field distribution was analyzed, as illustrated in Figure 12c. An increase in the
F concentration for a given implantation dose (Di) suggests the presence of an optimal
negative fixed-charge concentration at a specific depth, which corresponds to the maximum
BV. Furthermore, the optimal fixed-charge concentration decreases as the thickness of the
negative fixed-charge region increases. Additionally, with increasing implantation depth,
the reduction in BV becomes more significant as the F ion concentration (FC) rises.

The findings emphasize the critical role of optimizing both F ion concentration (FC)
and implant depth (Di) to enhance BV and reduce the electric field intensity at the p-n
junction. Figure 12d shows the 2-D electric field distribution at −200 V. It is evident that at
low F ion concentrations (FC), there is still significant electric field crowding around the
edge of the p-n junction, with FC values below 5 × 1016 cm−3 in the implant region. In
this case, the relatively low amount of negative fixed charges is insufficient to disperse the
electric field away from the periphery of the main junction. However, at a higher F ion
concentration of >2 × 1017 cm−3, the electric field peak shifts from the main p-n junction to
the outer edge of the implanted region, demonstrating the influence of the negatively fixed
charges on the electric field distribution in the vertical GaN PND.

The BV demonstrated high sensitivity to variations in both FC and Di, indicating the
necessity of a balanced approach to these parameters. Simulations revealed that the optimal
BV of 1410 V, reaching approximately 80% of the parallel-plane BV, was achieved at an FC of
2 × 1017 cm−3 combined with an implant depth of 0.8 µm. This highlights the importance of
precise FC regulation and carefully selected implant depths for effective edge termination.
As the implant depth increased, the reduction in BV became more pronounced at elevated
F concentrations. This interplay between implantation depth and charge concentration
underscores the potential adverse effects of excessive concentrations at greater depths,
which can disrupt the electric field distribution and compromise BV performance.

These results underscore the importance of precisely optimizing implantation param-
eters to achieve effective edge termination with uniform concentration in the implanted
regions, ensuring reliable performance in high-voltage GaN devices. Similar behavior
has also been observed in the analysis of junction termination extension (JTE) in Si and
SiC technologies.

In conclusion, ion implantation is a versatile and effective edge termination technique
for GaN devices, enabling precise control over breakdown voltage and electric field distri-
bution. The results highlight the importance of optimizing key parameters such as implant
depth, length, and fluorine concentration to achieve robust performance. By carefully
balancing these factors, ion implantation can mitigate electric field crowding, enhance
breakdown voltage, and improve device reliability. This makes it a promising solution for
high-power and high-frequency GaN applications, where advanced edge termination is
critical for achieving optimal performance.
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2.7. Guard Rings

Transitioning to guard ring edge termination, this technique is a prominent method
for managing electric fields at the device periphery, offering distinct advantages compared
to other edge termination strategies [56–61]. Typically, field guard rings used in silicon
are highly P-type-doped (>1 × 1019 cm−3). However, integrating highly doped P-type
rings in GaN is particularly challenging due to the difficulty of achieving p-type doping in
GaN by implantation. Our approach aims to create moderately doped guard rings within
the n-GaN drift layer using fluorine implantation, modeled by negative fixed charges as
explained in the previous section.

Junction termination extension (JTE) offers field control by expanding the depletion
region laterally through tailored doping profiles [23]. However, JTE often requires precise
control over doping concentration and lateral diffusion, which can complicate fabrication.
In contrast, guard rings can achieve effective edge termination with fewer design con-
straints, though they may require optimization of spacing and doping levels for maximum
efficiency [61].

For this section, TCAD simulations using the same pseudo-vertical PND are employed
to systematically investigate the impact of key design parameters on the performance
of guard ring edge termination based on negatively fixed charges (F ions), as shown in
Figure 13. These parameters include the spacing and width of the guard rings, the number
of rings, and the F ion concentration (dose). Through these simulations, the influence of
each parameter on critical device metrics, such as breakdown voltage (BV) and electric field
distribution, is evaluated. The goal is to optimize the guard ring configuration to achieve
robust and reliable edge termination, ensuring high-performance operation in GaN-based
power devices.
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Figure 13. Schematic cross-section of the simulated structure in TCAD with trench termination.

Building on the findings from the ion implantation termination discussed in the
previous section, as well as additional simulations incorporating guard ring (GR) edge
termination, the optimal fluorine (F) ion concentration was determined to be 2 × 1017 cm−3.
Consequently, this value is fixed and consistently applied in all simulations and results
presented in this section. This approach establishes a standardized baseline for evaluating
the influence of key guard ring parameters on device performance, including the guard
ring depth (DGR) ranging from 0.1 µm to 1 µm in 0.1 µm increments, guard ring length
(LGR) from 1 µm to 2.5 µm, spacing between adjacent guard rings (SGR) from 0.5 µm to
2.5 µm, and the number of guard rings (NGR) from 3 to 7.
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Figure 14a illustrates the simulated breakdown voltage (BV) as a function of guard ring
depth (DGR), with constant parameters of LGR = 1 µm, SGR = 1 µm, and NGR = 3. The results
demonstrate that BV increases with DGR, reaching an optimum value at a depth of 2 µm,
identified as the optimal depth for guard rings. Beyond this point, the BV reaches saturation
and remains constant, emphasizing the importance of optimizing DGR for maximum device
performance [59]. Next, the effect of guard ring length (LGR) was analyzed while keeping
DGR = 2 µm, SGR = 1 µm, and NGR = 3 constant as presented in Figure 14b. The results
indicate a near-ideal parallel-plane BV of 1740 V, with less sensitivity to variations in LGR

compared to DGR. This finding is consistent with observations in previous studies [59].
This behavior can be attributed to the equipotential nature of the guard ring length region,
making LGR a less critical parameter for electric field management.
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In contrast, the impact of the spacing between adjacent guard rings (SGR) was evalu-
ated with constant DGR = 2 µm, LGR = 1 µm, and NGR = 4. As shown in Figure 14c, two
distinct trends emerge: (i) smaller SGR values less than 1 µm result in reduced BV due
to insufficient electric field spreading and a peak electric field concentration at the outer
edge of the termination. (ii) Larger SGR values beyond 1.5 µm lead to weaker electrostatic
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coupling between adjacent rings, causing a higher peak electric field at the inner edge of the
termination. An optimal electric field profile and enhanced BV are achieved for SGR values
between 1.0 µm and 1.5 µm, highlighting the importance of balanced spacing for effective
edge termination and superior device performance. Finally, the influence of the number of
guard rings (NGR) was investigated, as shown in Figure 14d (with DGR = 2 µm, LGR = 1 µm
fixed). The results indicate that increasing the number of guard rings improves BV due to
the enhanced lateral spreading of the electric field from the p-n junction edge to the bottom
of the GR region. For three guard rings, the peak electric field is located at the outer edge
of the termination. This peak is effectively suppressed as the number of rings increases.
However, for NGR = 7, the peak electric field shifts to the inner edge of the termination, with
further increases in NGR providing enhanced performance improvements. These findings
align well with experimental results reported in [59].

In conclusion, the moderately doped guard ring (GR) edge termination has been found
to be an effective technique for enhancing the breakdown voltage, achieving approximately
99% of the parallel-plane BV (~1740 V) in GaN devices by optimizing the electric field
distribution. Key parameters such as guard ring depth (DGR), length (LGR), spacing (SGR),
and the number of rings (NGR) play significant roles in achieving optimal device perfor-
mance. The simulations revealed that DGR and SGR are critical for managing electric field
peaks and maximizing BV, while LGR has a less pronounced effect due to its equipotential
nature. Increasing NGR improves electric field spreading with enhanced BV. These findings
highlight the necessity of precise parameter tuning to ensure robust and reliable edge
termination for high-voltage GaN devices, making GR a scalable and efficient solution for
advanced power electronics.

3. Conclusions
In conclusion, the various edge termination techniques—field plate (FP), mesa, bevel,

trench, ion implantation, and guard ring (GR)—aim to improve breakdown voltage (BV)
and optimize electric field distribution in GaN pseudo-vertical p-n diodes. However,
the selection of the most suitable termination method is often influenced not only by
performance considerations but also by fabrication complexity and cost as shown in Table 3.

Table 3. Comparison of edge termination techniques.

Edge Termination Maximum BV Complexity Cost

Field Plate 1200 + +

Mesa 1605 + +

Bevel 1570 ++ +

Trench 1602 +++ ++

Ion Implantation 1410 ++ ++

Guard Ring (GR) 1740 +++ ++

(a) Field Plate (FP) Termination: This method is highly effective in extending the high-
voltage region and smoothing electric field transitions. However, it requires precise
metallization steps and careful alignment of the field plates, which can add to the
fabrication complexity.

(b) Mesa Termination: Mesa involves creating a stepped surface to direct electric fields
away from the device edges. This method is relatively simple to fabricate using
standard etching techniques, making it a cost-effective solution for many power
devices. Its simplicity, however, may limit its performance in very high-voltage
applications compared to other more advanced techniques.
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(c) Bevel Termination: Beveling the device edges helps to reduce electric field intensity
at the corners, effectively preventing breakdowns. The fabrication of bevel edges
requires precise angle control, which can be challenging. Bevel termination offers a
good balance between performance and ease of fabrication, making it suitable for
medium-voltage applications.

(d) Trench Termination: Trench termination, especially when combined with materials like
Benzocyclobutene (BCB), reduces electric field crowding and improves performance.
Fabricating trenches with high precision is more complex and requires additional steps
like trench filling and planarization, which increases fabrication costs and complexity.
However, trench termination excels in high-voltage applications where field control
is critical.

(e) Ion Implantation Termination: This method modifies the edge termination with species
like fluorine (F), which helps prevent premature breakdown. Ion implantation is a
relatively straightforward process compared to trench termination but requires careful
control of implantation depth and concentration. While the process is not as complex as
trenching or field plating, the optimization of ion concentration and depth for maximum
BV performance requires high precision, which can make this method more challenging
from a production point of view than simpler techniques like bevel termination.

(f) Guard Ring (GR) Termination: Guard ring termination distributes the electric field
evenly around the device. While the concept is simple, optimizing guard ring pa-
rameters such as depth, length, spacing, and the number of rings can add fabrication
complexity. It requires precise alignment of the guard rings, which increases manufac-
turing time and cost. However, it is a highly effective technique for high-voltage and
high frequency applications, where the benefits in terms of field control justify the
added complexity.

Each termination method offers unique advantages in terms of device performance,
but the choice of technique often depends on the specific application, the required break-
down voltage, and the fabrication resources available. For high-performance devices
where maximizing BV is critical, trench, field plate, and guard ring terminations are often
preferred, despite their greater fabrication complexity. Conversely, mesa, bevel, and ion
implantation terminations are more suitable for cost-effective designs where moderate
performance is sufficient. In addition, other parameters such as avalanche breakdown
capability must be taken into account. Guard rings and implantation edge terminations are
known to be more efficient than MESA or field plates to maximize this parameter. However,
it is important to note that our simulation results regarding edge termination techniques
for GaN could be further improved with experimental validations and considerations for
industrial scalability, ensuring that the methods are not only theoretically effective but also
practically feasible for large-scale production.
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