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Abstract— In this article, quasi-vertical and lateral gallium
nitride (GaN) Schottky barrier diodes (SBDs) with similar electri-
cal parameters are irradiated with 200-keV protons at different
fluences. The radiation-induced defects induced by irradiation
affect carrier concentration and tunneling current, result in a
slight decrease in the forward current and an increase in the
reverse current of quasi-vertical GaN SBDs. In contrast, lateral
GaN SBDs exhibit significant degradation in forward current
characteristics and a reduction in reverse current postirradiation.
Electrical parameter variations in the N−-GaN and N+-GaN lay-
ers of quasi-vertical SBDs, as well as changes in 2-D electron gas
(2DEG) concentration at the AlGaN/GaN heterojunction inter-
face in lateral diodes, are analyzed through C–V , transmission
line model (TLM), and Hall measurement. By combining stopping
and range of Ions in matter (SRIM) and technology computer-
aided design (TCAD) simulations, the types and distributions
of radiation-induced defects in both GaN SBDs are modeled
to comprehensively reveal the degradation mechanisms in both
devices under proton irradiation.

Index Terms— Gallium nitride (GaN), lateral Schottky barrier
diode (SBD), proton irradiation, quasi-vertical SBD.

I. INTRODUCTION

GaN has excellent material properties, such as high
breakdown electric field, high mobility, and high-

electron-saturation drift velocity, so that it is considered the
most potential candidate material for high power and voltage
electronic devices [1], [2].

Gallium nitride (GaN) Schottky barrier diodes (SBDs)
have been gradually applied in switching and discrete limiter
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Fig. 1. Schematic cross section of epitaxial structure of (a) quasi-vertical
GaN SBDs and (b) lateral GaN SBDs.

modules in recent years due to their high-power capacity
at high frequency [3], [4]. Two common structures of GaN
SBDs, namely quasi-vertical and lateral, exhibit distinct char-
acteristics in terms of conduction mechanisms and device
geometry [5], [6], [7], [8], [9].

The quasi-vertical GaN SBD, as shown in Fig. 1(a), exhibits
a peak electric field located in the drift layer with a more
uniform distribution, which contributes to excellent blocking
characteristics. By simply increasing the thickness of the
N−-GaN drift layer, the breakdown voltage can be enhanced,
allowing for a smaller device area and higher integration
density. However, its conduction and blocking characteristics
are influenced by the doping concentration of the drift layer,
necessitating a design tradeoff for optimized performance.
Additionally, deep etching processes involved in its fabrica-
tion may introduce more defects in the device, leading to a
reduction in device reliability.

On the other hand, as shown in Fig. 1(b), lateral GaN
SBDs conduct current primarily between the AlGaN and GaN
layers, relying on spontaneous and piezoelectric polarization
effects [10], [11]. When the Al composition in AlGaN is
between 0.2 and 0.3, a significant density of polarization-
induced positive charges accumulates at the heterojunction
interface. To maintain electrical neutrality, free electrons are
induced on the GaN side of the interface. These electrons are
attracted by the high-density positive charges near the hetero-
junction, forming a narrow and deep quantum well, confining
the electrons and creating a highly concentrated 2-D electron
gas (2DEG) at the interface. The high concentration of 2DEG
ensures excellent conduction properties, while the undoped
GaN channel layer enables high electron mobility. Sharing the
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epitaxial layer structure with high-electron-mobility transistors
further facilitates integration in module applications. However,
lateral AlGaN/GaN SBDs exhibit a higher electric field con-
centration at the surface, which can increase reverse leakage
current due to localized field effects. The lower barrier on the
GaN side allows carriers in the channel to spill over, weak-
ening 2DEG confinement and resulting in device performance
degradation. Additionally, increasing the breakdown voltage
of lateral diodes requires proportional increases in the distance
between the anode and the cathode, leading to larger device
dimensions and associated manufacturing costs.

It has been reported that GaN device operation in harsh
radiation environments, such as those encountered in space or
nuclear applications, presents significant challenges [12], [13],
[14], [15], [16], [17], [18], [19], [20]. Given that both types
of GaN SBDs are used in similar application scenarios, it is
essential to understand and compare the performance degra-
dation of different GaN SBDs under irradiation to ensure the
reliability and robustness of electronic systems in such envi-
ronments. Due to the wide bandgap and high-ionization-energy
characteristics of GaN materials, GaN diodes theoretically
have superior tolerance to radiation damage in radiation envi-
ronments. In [18], N-GaN SBDs were irradiated by a 60Co
gamma ray. After a cumulative irradiation dose of 21 Mrad(Si),
the reverse leakage current increased slightly, whereas the
forward current was almost unchanged. However, GaN diodes
are more sensitive to the displacement effect. In [19],
1-MeV proton irradiation increases the ideality factor and
series resistance on the N-GaN SBDs. In [20], the carrier
removal effect in the lateral AlGaN/GaN SBD irradiated by
3-MeV protons is predominantly influenced by bulk traps
in the AlGaN layer. Despite the extensive research on the
radiation effects in GaN SBDs, most studies focus separately
on lateral and vertical structures. Variations in device epitaxial
structure (substrate and buffer layers), electrical parameters,
as well as irradiation particle type and energy all influence
the analysis of performance degradation mechanisms under
irradiation for the two different GaN SBD structures.

In this article, the radiation tolerance of quasi-vertical and
lateral GaN SBDs, which have similar electrical parameters,
is compared. Considering that GaN SBDs exhibit higher
sensitivity to displacement damage compared to ionizing
radiation, the 200-keV proton irradiation effects on both
GaN SBDs are investigated. Through current–voltage (I –V ),
capacitance–voltage (C–V ), transmission line model (TLM),
Hall measurements, and technology computer-aided design
(TCAD) simulation, degradation mechanisms of lateral and
quasi-vertical GaN SBDs are revealed in detail.

II. EXPERIMENTAL DETAILS

Fig. 1 shows the schematic cross section of the quasi-
vertical and lateral GaN SBDs. Both epitaxies are grown
on C plane sapphire substrates by metal-organic chemical
vapor deposition (MOCVD). For quasi-vertical GaN SBDs,
a 2-µm buffer layer was grown first, followed by 3-µm
N+-GaN (Si: 5 × 1018 cm−3) and 1-µm high-quality N−-GaN
(Si: <1 × 1016 cm−3) drift layers. For lateral GaN SBDs,
a 4-µm GaN buffer layer was grown first, followed by a

Fig. 2. SRIM simulation defects distribution of 200-keV protons in
(a) quasi-vertical and (b) lateral GaN SBDs.

150-nm undoped GaN channel layer and a 5-nm AlGaN
barrier layer. The SiN passivation layer was deposited by low-
pressure chemical vapor deposition (LPCVD) with a thickness
of about 20 nm and followed by plasma-enhanced chemical
vapor deposition (PECVD) with a thickness of 180 nm. The
space between the anode and the cathode is 2 µm. The cathode
ohmic metal stack Ti/Al/Ni/Au and anode Schottky metal stack
Ni/Au were deposited for both GaN SBDs.

Devices under tests (DUTs) were irradiated by a 200-keV
proton beam in a vacuum environment at room temperature
in Harbin Institute of Technology. During the radiation, DUTs
were biased at −20 V. The proton fluence was set as 1 × 1012

and 1 × 1013 p/cm2. The Schottky contact diameter for
both types of diodes is 150 µm. The breakdown voltage
(I = 100 µA) of the quasi-vertical diode and lateral diode
are 55 and 60 V, respectively.

Keysight B1505 Power Device Analyzer was used to take
data in I –V and C–V measurements at room temperature,
and the latter measurement was carried out at the frequency
of 1 MHz. HMS-5300 Hall equipment was used to measure
carrier concentration and mobility. In all cases, electrical
measurements were taken 24 h after the proton irradiation.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Proton Projection Range Simulation

The defect distribution resulting from 200-keV proton irra-
diation in quasi-vertical and lateral GaN SBDs was simulated
using stopping and range of Ions in matter (SRIM) software.
A total of 1 × 103 protons were simulated. As shown in
Fig. 2, the proton penetration depth is 1.4 µm, with the defect
peak occurring at 1.1 µm. This defect peak corresponds to
a position of 0.1 µm in the N+-GaN layer of quasi-vertical
diodes and 0.9 µm in the buffer layer of lateral diodes.

B. Electrical Characteristics of Quasi-Vertical GaN SBDs
Under Proton Irradiation

Fig. 3 shows forward and reverse characteristics of quasi-
vertical GaN SBDs at 300 K. It can be observed that the
forward current of the SBD degrades slightly, while the
reverse current shows a more noticeable increase as the proton
fluence increases. Fig. 4(a) and (b) shows the schematic of
current flow under forward and reverse biases for quasi-
vertical GaN SBDs. In the case of forward bias, the barrier
on the GaN side decreases, leading to an increased number
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TABLE I

CALCULATED ND − NA CONCENTRATION IN THE N−-GAN LAYER OF
QUASI-VERTICAL SBDS UNDER DIFFERENT FLUENCE

TABLE II

RSH , CARRIER CONCENTRATION, AND MOBILITY OF THE N+-GAN LAYER
FOR QUASI-VERTICAL SBDS UNDER VARIOUS PROTON FLUENCES

of electrons moving from GaN to the metal and forming a
forward current. Thermionic emission is the primary current
transport mechanism in SBDs, which is predominantly com-
posed of majority carriers in the N−-GaN layer. Through the
C–V measurements, the variation of carrier concentration in
the N−-GaN layer after proton irradiation can be obtained.
Fig. 5(a) shows 1/C2 versus reverse voltage for GaN SBDs at
room temperature, and ND − NA of the N−-GaN drift layer
can be extracted by

d(1/C2)

dV
=

2
q A2εεS(ND − NA)

(1)

where ND and NA are the donor and acceptor doping con-
centrations, respectively. εs is the permittivity of GaN. The
calculated ND − NA of the N−-GaN layer is shown in
Table I, indicating a decrease in ND − NA at the fluence of
1 × 1013 p/cm2. As the electron concentration in the N−-GaN
layer decreases after irradiation, the forward current of the
device correspondingly decreases.

In addition, the degradation in the electrical performance
and ohmic contact of the N+-GaN layer under various irradi-
ation fluences can be evaluated through the TLM and Hall
measurements. Fig. 5(b) illustrates the I –V curves of the
N+-GaN TLM samples. RSH can be extracted by the following
equation:

Rtotal =
RSH

2π

[
ln

(
rn

r0

)
+ LT

(
1
rn

+
1
r0

)]
(2)

where LT is the transfer length, and r0 and rn represent
the radii of the inner and outer rings of the TLM structure,
respectively. The measured RSH, carrier concentration, and
mobility of N+-GaN are shown in Table II. It can be observed
that N+-GaN exhibits almost no performance degradation
under proton irradiation, although the defects induced by the
proton irradiation are primarily localized within the N+-GaN
layer.

When the SBDs under reverse bias, electrons overcome
the barrier and enter the semiconductor from metal, result-
ing in the generation of reverse leakage current. The main

Fig. 3. I –V characteristic curves of quasi-vertical GaN SBDs under different
proton irradiation fluence. (a) Forward bias I –V characteristics. (b) Reverse
bias I –V characteristics. Green curves illustrate SBDs subjected to a −20-V
bias without irradiation, having the same stress time as those exposed to a
fluence of 1 × 1013 cm2.

Fig. 4. Schematic of the (a) current flow under forward voltage and (b) TAT
under reverse bias for quasi-vertical GaN SBDs.

Fig. 5. (a) Measured 1/C2 versus reverse voltage for SBDs. (b) I –V curves
of the N+-GaN TLM sample under various proton fluences.

leakage current mechanism is thermionic emission while tun-
neling currents also contribute to the formation of reverse
current. Using TCAD simulations, the variations in the
reverse current of quasi-vertical SBDs before and after
irradiation are modeled. For the simulation modeling of
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Fig. 6. Trap density distribution along the proton incident depth in the GaN
layer.

quasi-vertical GaN SBDs, appropriate physical models are
employed to ensure accuracy and reliability. These include
compound models (Schockley–Read–Hal (SRH), Avalanche),
mobility models (HighFieldSaturation, DopingDependence),
polarization, anisotropic Poisson models, Fermi–Dirac and
Schockley–Read–Hall statistics. The defect density distribu-
tion in the GaN layer induced by irradiation can be obtained by
multiplying the number of defects generated along the proton
irradiation path, as determined by SRIM simulation, by the
proton fluence. To simulate the distribution of traps generated
by proton irradiation in TCAD software, traps following a
Gaussian distribution are incorporated at a depth of 0.1 µm in
the N+-GaN layer. Additionally, constant doping profiles are
applied to the GaN layers along the path of proton irradiation
(as shown in Fig. 6). Based on the calculation, the peak defect
density generated in the N+-GaN layer is 4 × 1015 cm−3 under
a fluence of 1 × 1013 p/cm2.

It has been reported that low-energy proton irradiation
introduces various traps in the GaN layer, including a trap at
EC-0.2 eV, a donor-like trap at EC-0.8 eV, and an acceptor-like
trap at EC-0.6 eV [21]. The trap at EC-0.2 eV is commonly
attributed to donor defects such as nitrogen vacancies (VN) and
the dehydrogenation of passivated substitutional oxygen impu-
rities (ON–H) [22], [23]. The acceptor-like trap at EC-0.6 eV
is associated with iron impurity (FeGa), which is a common
substitutional impurity in the GaN buffer layer [24], [25], [26],
[27]. Irradiation induces the dehydrogenation of FeGa–H in
the buffer layer. As for the trap at EC-0.8 eV, while some
reports attribute it to gallium interstitial, its high formation
energy and absence in recent device studies suggest that it may
have been introduced due to immaturity in early GaN epitaxial
growth [28], [29]. Therefore, the trap at EC-0.8 eV will not be
further considered in this discussion. In addition, the gallium
vacancy (VGa) at EC-2 eV exhibits a low formation energy as
an acceptor defect in N-type GaN. After proton irradiation,
VGa is generated in the GaN layer [22], [30].

For quasi-vertical GaN diodes, the proton penetration depth
is approximately 1.4 µm, which does not extend into the buffer
layer. Consequently, irradiation-induced dehydrogenation of
FeGa-H is negligible. Therefore, acceptor defects in simula-
tions are VGa. Fig. 7(a) shows the electric field distribution
for quasi-vertical SBDs. The electric field is predominantly

Fig. 7. (a) Electric field distribution of quasi-vertical SBDs under −20 V.
(b) Electron current density distribution and (c) reverse current curves of
quasi-vertical SBDs with and without various traps, along with the reverse
current curve of the SBD after enhancement in TAT tunneling.
located at the N−-GaN layer of the device. In Fig. 7(b) and (c),
it can be observed that, compared to the original device,
the reverse current of the device with introduced donor- and
acceptor-like traps decreases slightly. SRIM simulations indi-
cate that irradiation generates a higher density of VGa than VN
in the N-GaN layer, suggesting that acceptor-like defects have
a more significant impact on the device. Acceptor-like defects
capture electrons, leading to a reduction in the reverse current.
The peak acceptor-like defects concentration is calculated to
be 2.5 × 1015 cm−3, while the doping concentration of the
N+-GaN layer at the peak is 5 × 1018 cm−3, implying that
the compensating effect of acceptor defects in the N+-GaN
region is negligible. In the N−-GaN layer, where the doping
concentration is relatively lower, the compensating effect of
acceptor-like defects becomes slightly more significant, con-
sistent with previous C–V and Hall measurements. Previous
studies have reported that VN at the metal/GaN interface
can enhance trap-assisted tunneling (TAT) [31]. Based on
the device with introduced traps, the TAT effect is further
enhanced, leading to an increase in reverse current, which
aligns with experimental results. Hence, it can be concluded
that the increase in reverse current in quasi-vertical GaN
SBD is caused by the irradiation-induced VN defects at the
metal/GaN interface, which increase the tunneling current.

C. Electrical Characteristics of Lateral AlGaN/GaN SBDs
Under Proton Irradiation

Fig. 3(a) shows the forward I –V characteristics of lateral
SBDs at 300 K. Different from quasi-vertical SBD, the forward
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Fig. 8. C–V curves for lateral SBDs under various proton irradiation fluence.
The inset shows the full scale of the I –V curve for lateral AlGaN/GaN SBDs.

Fig. 9. Carrier concentration Ncv distribution as a function of depth under
various proton fluences.

current of lateral SBDs degrades significantly as the proton
fluence increases. The C–V curves of the lateral SBDs under
various proton fluences are shown in Fig. 8. Based on the data
in Fig. 8, Fig. 9 illustrates the detailed carrier concentration
distribution along the depth. The C–V curves can be divided
into three parts. Part I reflects the carrier concentration in the
GaN channel and the buffer layer when the 2DEG is depleted
under the reverse voltage. Part II is the process of 2DEG
transformation from depletion to accumulation. In Part III,
electrons accumulated in the AlGaN layer under the forward
bias, which represents the accumulation part of the C–V
curves.

As the irradiation fluence increases, the capacitance in
part III of the C–V curve increases, indicating an increase in
the number of trapped electrons in the AlGaN layer. Under
an applied forward voltage, more electrons are trapped as
the 2DEG crosses the AlGaN layer. This defect should be
attributed to the ON undergoing a “DX-like” reconfiguration,
exhibiting acceptor-like behavior in the AlGaN layer [22],
[32], [33]. Acceptor-like defects exhibit electronegativity upon
capturing electrons, leading to an increase in capacitance.
Additionally, the capacitance in part I of the C–V curves
significantly increases with rising fluences, attributed to the
formation of acceptor defects in the GaN channel and buffer
layers. As shown in Fig. 8, the 2DEG concentration in
the AlGaN/GaN channel decreases after irradiation, with the
increase of trapped electrons in the GaN channel and buffer
layers. Due to the thinness of the AlGaN layer (5 nm), it is
hard to directly calculate the trapped electron concentration
in the AlGaN layer with the equipment limitations. The
electron trapping in the AlGaN layer after proton irradiation

Fig. 10. (a) Schematic band diagram for lateral AlGaN/GaN SBDs under
various bias voltages. (b) Variation of polarized charge on the AlGaN/GaN
interface before and after irradiation.

has been confirmed in [20]. The schematic illustrating electron
trapping in the AlGaN and GaN layers is shown in Fig. 10(a).
As depicted in Fig. 10(b), an increase in negatively charged
defects in the AlGaN layer induces an opposing polarization
field at the AlGaN/GaN interface, which reduces the polar-
ization intensity of the heterojunction interface and further
diminishes the 2DEG concentration [34]. This reduction in
2DEG concentration consequently decreases the forward cur-
rent of the lateral SBD. This phenomenon, in which proton
irradiation-induced acceptor defects capture electrons, leading
to a decrease in output current, also appears in GaN HEMT
devices [35], [36].

Unlike quasi-vertical diodes, protons can penetrate the
buffer layer of lateral diodes. Consequently, in simulations,
the radiation-induced acceptor defect level in the GaN channel
layer is set to EC-2 eV, while acceptor defects in the buffer
layer are EC-2 eV and EC-0.6 eV. Fig. 11(a) presents the
simulated distribution of electron current density. When the
lateral SBD is in conduction, electrons in the channel not only
move along the AlGaN/GaN interface but also extend into
the AlGaN layer, the GaN channel layer, and the GaN buffer
layer. Simulations on lateral SBDs with traps, as shown in
Fig. 11(b), indicate that proton irradiation-induced acceptor
defects have minimal effect on the forward current. This
is likely due to the low defect density in the AlGaN and
GaN channel layers, providing limited compensation for the
2DEG. When the polarization intensity at the heterojunction is
reduced in simulations, a significant decline in forward current
is observed, consistent with experimental results. Therefore,
it can be concluded that the negatively charged defects in
the AlGaN layer reduce the polarization intensity of the
heterojunction, leading to a decrease in 2DEG concentration,
which is the primary cause of forward current degradation in
AlGaN/GaN SBDs after proton irradiation.

Fig. 3(b) shows reverse I –V characteristics of lateral GaN
SBDs. It should be noted that the reverse leakage current
of lateral GaN SBDs decreases with increasing irradiation
fluence. In Fig. 12(a), there is a high peak electric field at
the edge of the anode for lateral SBDs. Under the effect
of the electric field, the 2DEG in the AlGaN/GaN channel
near the anode is depleted. Electrons are injected from the
anode into the GaN channel and the buffer layer under the
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Fig. 11. (a) Distribution of electron current density in a lateral SBD under
forward voltage and (b) forward current curves of lateral SBDs with and
without various traps, along with the forward current curve of the lateral
SBD after a reduction in polarization strength.

electric field, moving toward the cathode. Upon reaching the
edge of the depletion region, electrons reenter the AlGaN/GaN
channel and are eventually collected by the cathode. Unlike
quasi-vertical diodes, due to the presence of the AlGaN layer,
electrons are prevented from directly tunneling from the metal
into the GaN, VN in the GaN channel layer does not contribute
to tunneling current formation. Instead, acceptor-like defects
have a more significant influence on the device, leading to a
reduction in reverse current. Fig. 13 shows the distribution
of electron-trapped charge, clearly indicating that most of
the electrons are trapped in the region below the cathode.
Although the peak of irradiation-induced defects is in the
GaN buffer layer, defects generated in the GaN channel layer
near the 2DEG have a more significant impact on the reverse
current.

D. Comparison of Proton Irradiation Effects on
Quasi-Vertical and Lateral AlGaN/GaN SBDs

Due to the different structure and conduction mechanisms
of quasi-vertical and lateral SBDs, the degradation degree of
electrical characteristics is also different after proton irradia-
tion. Table III is a summary of forward and reverse electrical
characteristics for quasi-vertical and lateral SBDs with various
proton fluences. The turn-on voltage (Von) is extracted at I =

1 mA and the reverse current (IR) is measured at the reverse
voltage of 20 V. The ideal factor n of diodes is calculated by
fitting the linear region of forward current curves.

For the quasi-vertical GaN SBD, Von remains consistent
at 0.85 V before and after proton irradiation, only slightly
decreasing to 0.87 V at a fluence of 1 × 1013 p/cm2.
IR increases with higher irradiation fluence, rising from
2.6 × 10−7 to 3.5 × 10−7 A. Additionally, the ideal factor
n shows minimal change, increasing slightly from 1.10 to
1.13 after irradiation. In contrast, the lateral GaN SBD exhibits
more significant performance degradation. Von increases pro-
gressively from 0.51 V before irradiation to 0.67 V. IR,
however, decreases as the irradiation fluence increases, drop-
ping from 7.3 × 10−6 to 5.1 × 10−6 A. The ideality factor n
also shows a marked increase from 1.23 to 1.51, indicating a
greater impact of proton irradiation on its performance.

Fig. 12. (a) Electric field distribution of lateral SBDs under −20 V.
(b) Electron current density distribution and (c) reverse current curves of
lateral SBDs with and without various traps.

Fig. 13. Distribution of trapped electrons in the GaN layer with acceptor
traps.

TABLE III
SUMMARY OF Von , IR , AND n FOR QUASI-VERTICAL AND LATERAL GAN

SBDS UNDER VARIOUS PROTON FLUENCES

IV. CONCLUSION

This study thoroughly investigates the impact of proton
irradiation on the performance of lateral and quasi-vertical
GaN SBDs. Systematic simulations and experimental analyses
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reveal that quasi-vertical GaN SBDs exhibit better perfor-
mance compared to lateral GaN SBDs under 200-keV proton
irradiation. For quasi-vertical GaN SBDs, the forward cur-
rent primarily depends on the doping concentration in the
N-GaN layer. Since this doping concentration is relatively
high compared to the concentration of irradiation-induced
acceptor defects, the compensation effect is minimal, leading
to only a slight decrease in the forward current. However, the
increase in the reverse current is attributed to the presence
of shallow donor defects at the Metal/GaN interface, which
enhances the trap TAT effect, allowing more electrons to tunnel
from the metal into the GaN. For lateral AlGaN/GaN SBDs,
defects in the AlGaN layer become negatively charged when
electrons are trapped, creating an inverse polarization field
at the heterojunction surface. This reduces the polarization
intensity and lowers the 2DEG concentration, which is the
primary reason for forward current degradation in lateral
diodes after irradiation. Additionally, the AlGaN layer prevents
electrons from directly tunneling from the metal into the GaN,
so shallow donor defects in the GaN channel layer do not
contribute to the tunneling current. The decline in the reverse
current is due to irradiation-induced acceptor defects in the
GaN channel layer beneath the cathode, which traps electrons.
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