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ABSTRACT

Traditional mesa terminations require precise angle design to reduce the electric field at the edge and surface treatment to reduce etch
damage. Otherwise, the device usually suffers a premature breakdown. This work proposes the use of easy-to-implement hydrogen plasma
treatment to solve the premature breakdown caused by mesa and demonstrates the avalanche capability in GaN-on-GaN p-i-n diodes. The
breakdown electric field when the avalanche occurred was �2.3MV/cm at room temperature for a GaN drift layer with a doping
concentration of �7� 1015 cm�3, which is consistent with the theoretical value. The temperature coefficient of the avalanche breakdown
voltage of the devices was 4.64–4.85� 10�4 K�1. This work shows a simple and effective approach to achieve avalanche capability in vertical
GaN power devices, which can serve as an important reference for the future development of efficient and robust GaN power electronics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0107677

Due to its excellent material properties such as high bandgap,
large critical electric field, high mobility, and large Baliga’s figure of
merit, gallium nitride (GaN) has become one of the most promising
candidates in power electronics. GaN power devices are capable of
operating at high switching frequencies and high breakdown voltages,
thereby drastically improving the energy conversion efficiency, reduc-
ing the volume of energy storage components, and scaling down the
form factor of power systems.1–3 As GaN devices are increasingly
maturing for commercialization, more and more attention has been
paid to the reliability of GaN power devices.4–8 Avalanche capability is
a critical metric for a robust power device due to its nature of nonde-
structive avalanche breakdown and the need for safety protection of
power systems. It has been shown that proper engineering of electric
field distribution in devices is the key to achieve avalanche break-
down.9–12 One of the commonly used methods for device electric field
engineering is edge termination (ET), including ion implantation,13–18

field plate,9,10 beveled mesa,19 and deeply vertical mesa.20,21

Mesa isolation has been one of the most commonly used edge
terminations due to its ease of implementation. However, reaching
avalanche capability by mesa isolation demands precise dimensional
or angular designs and high requirements for the fabrication

process,11,12,20,22 such as beveled mesa19 and deeply vertical mesa.20,21

Additional design may also be required, such as the field plate.9,10

Moreover, mesa etching may cause surface damage and surface leak-
age pathway,23 resulting in a premature breakdown. Meanwhile,
hydrogen plasma based ET is another easy-to-implement solution by
using hydrogen plasma treatment to convert p-GaN to the high resis-
tive GaN.24–26 In this study, the hydrogen plasma treatment has been
applied to the conventional mesa isolation to eliminate the surface
leakage and avoid premature breakdown, which helps to realize GaN-
on-GaN p-i-n diodes with avalanche capability. The proposed
approach can not only help to simplify the fabrication process but also
achieve high-performance GaN p-i-n diodes.

Vertical GaN p-i-n diodes were grown by metalorganic chemical
vapor deposition (MOCVD) on c-plane GaN bulk substrates. The
device structure consisted of a 20-nm-thick pþ-GaN layer, a 500-nm-
thick p-GaN layer, a 2.2-lm-thick drift layer, and a 500-nm-thick
nþ-GaN buffer layer. Figure 1(a) shows the vertical p-i-n diodes with
conventional mesa edge termination (Mesa-ET), which is used as a
reference. The hydrogen plasma treatment was applied to the same
device on the same sample to form the combined ET (MHP-ET) con-
sisting of the Mesa-ET and hydrogen plasma treatment, as shown in
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Fig. 1(b). The hydrogen plasma was produced by an inductively cou-
pled plasma (ICP) tool with an RF power of 5W. The plasma treat-
ment has been found not very sensitive to the processing time,24,27

indicating a large processing window. The samples were annealed at
400 �C for 5min at N2 ambient after the plasma treatment. The diam-
eter of the p-GaN Ohmic contact ranged from 100 to 300lm. The dis-
tance between the edge of the p-GaN Ohmic contact and the edge of
the mesa was kept at 35lm. The treatment region was 15lm away
from the edge of the p-GaN Ohmic contact. Figure 1(c) shows the
capacitance–voltage (C–V) curve of the sample, and Fig. 1(d) shows
the doping profile in the drift layer extracted from the C–V curve.28

The average doping concentration of the GaN drift layer was
�7� 1015 cm�3.

Figures 2(a) and 2(b) show the forward current–voltage (I–V)
curves of the Mesa-ET and MHP-ET devices. The magnitude of the
current density of the MHP-ET device is slightly higher than the
Mesa-ET device. The turn-on voltages of the device with the Mesa-ET
and the MHP-ET are 3.1 and 3.4V, respectively. The device with the
MHP-ET is less sensitive to temperature change, thereby leading to a
more stable ideality factor at different temperatures [Fig. 2(c)]. Figure
2(d) presents the on-resistance of the devices at relatively large forward
biases (>6V), showing different trends of the on-resistance with the
temperature. The forward current contains three components, i.e., the
diffusion current, the Shockley–Read–Hall (SRH) recombination
current, and the radiative recombination current.29 Since an ideal p–n
diode tends to have a small SRH recombination current and a low par-
asitic resistance (large diffusion current),29 the MHP-ET device in this
work is closer to the ideal with relatively low on-resistance and smaller
ideality factors at different temperatures. Ideally, the forward charac-
teristics of these two types of devices should be very close because these
forward characteristic parameters mainly depend on the material
properties, p-type Ohmic contact, and n-type Ohmic contact, and
these parameters are the same for both devices. One possible reason

for the differences is that the annealing process during the formation
of the MHP-ET affected the Ohmic contacts.

Figure 3(a) shows the reverse I–V curves of the vertical GaN
p-i-n diodes with the Mesa-ET at different temperatures. The devi-
ces had breakdown voltages in the range of 375–450V at room
temperature. When the temperature was higher than 75 �C, the
GaN p-i-n diodes with different sizes all showed smaller break-
down voltages and suffered from a destructive breakdown at device
edges. The breakdown voltages of the devices with the Mesa-ET
decreased with increasing temperature, which is because more
electron–hole pairs were generated at higher temperatures, leading
to the decrease in the required voltage for breakdown to occur.30

As shown in Fig. 2(b), the vertical GaN p-i-n diodes with the
MHP-ET showed relatively high breakdown voltages of 450–470 V
at room temperature. All devices of different sizes exhibited non-
destructive breakdown up to 125 �C. The breakdown voltages of
the devices with the MHP-ET increased with increasing tempera-
ture, indicating an avalanche breakdown due to the impact ioniza-
tion where higher voltages were needed at higher temperatures for
charge carriers to gain sufficient kinetic energy for impact ioniza-
tion since the mean free path of charge carriers is reduced at higher
temperatures. Furthermore, the devices with different sizes showed
similar breakdown voltages, indicating good uniformity and
scalability of the MHP-ET.

FIG. 1. Schematics of vertical GaN p-i-n diodes with (a) Mesa-ET and (b) MHP-ET.
(c) C–V curve of the sample. (d) Doping profile extracted from the C–V curve.

FIG. 2. Forward performance of the Mesa-ET and MHP-ET devices: (a) I–V curves
in linear scale at different temperatures, (b) I–V curves in semi-log scale at different
temperatures, (c) ideality factors at different temperatures, and (d) on-resistance at
different temperature.
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The electric field distributions in the Mesa-ET and MHP-ET
devices are shown in Fig. 4. The results were simulated using the com-
mercial TCAD software Silvaco.31 The HR-GaN, transferred from the
p-GaN layer by the hydrogen plasma, was treated as undoped GaN
(6� 1015 cm�3) in the simulation. The reported impact ionization
coefficients21 were used to define the breakdown. As shown in Figs.
4(a)–4(c), compared with the electric field distribution in the device by
Mesa-ET, the MHP-ET can effectively reduce the electric field at
the mesa edge, i.e., shift it from the mesa edge with an etched sur-
face to an inner position. As shown in Fig. 4(d), the GaN p-i-n
diodes with either Mesa-ET or MHP-ET should have almost the
same breakdown voltage in the ideal case. However, etching dam-
age generally exists on the etched sidewall; especially in this work,
we did not perform surface damage repair, such as wet etching.
The etching damage can cause a surface leakage path at the high
electric field,23 leading to the premature breakdown of the devi-
ces.14 The results not only show that the premature breakdown
with Mesa-ET comes from the surface leakage but also show that
the hydrogen plasma can be used as an effective approach to elimi-
nate the surface leakage.

Figure 5(a) presents the avalanche breakdown voltages at differ-
ent temperatures and sizes for devices with the MHP-ET. The temper-
ature coefficient of the avalanche breakdown voltage due to impact
ionization was extracted to be 4.64–4.85� 10�4 K�1. The breakdown
electric field, Ec, when the avalanche occurred can be estimated by24

Vbr ¼ Ecd �
qNDd2

2e0eGaN
; (1)

where Vbr is the breakdown voltage, d is the thickness of the drift layer,
q is the electron charge, ND is the doping concentration in the drift
layer, e0 is the permittivity of the free space, and eGaN is the dielectric
constant of GaN along c axis which is 10.4.32,33 The breakdown electric
field was calculated to be�2.3MV/cm at room temperature, as shown
in Fig. 5(b). Reported values10,14–16,19,20,34,35 of the breakdown electric
field as a function of the doping level in GaN vertical p-i-n diodes with
avalanche capability are plotted in Fig. 5(c). The fitting curve is plotted
based on the reported impact ionization coefficients.21 The experimen-
tal data agree well with the theoretical curve.

In summary, vertical GaN-on-GaN p-i-n diodes with the Mesa-
ET and MHP-ET were fabricated and measured. The devices with the
conventional Mesa-ET broke down at 375–450V and suffered from
destructive breakdown, while the devices with the MHP-ET showed
nondestructive avalanche breakdown at 450–470V at room tem-
perature. Device simulation indicates that the MHP-ET can effec-
tively eliminate the surface leakage by reducing the electric field at

FIG. 3. Reverse I–V curves of the devices with different sizes at different tempera-
tures with (a) Mesa-ET and (b) MHP-ET. Mesa-ET shows a negative temperature
coefficient, while MHP-ET shows a positive temperature coefficient.

FIG. 4. Simulations of the electric field distribution in the devices with (a) Mesa-ET
and (b) MHP-ET. (c) Electric field profiles at the device surface for the Mesa-ET
and MHP-ET. (d) Simulations of the breakdown I–V curves for the Mesa-ET and
MHP-ET.
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the mesa edge, thereby avoiding a premature breakdown. This
work provides an easy-to-implement ET to achieve avalanche
capability in vertical GaN power devices, which can serve as a ref-
erence for the future development of efficient and robust GaN
power electronics.
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