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Abstract.  With the rapid development of high-frequency, high-power electronic systems,
traditional silicon-based devices are no longer sufficient to meet the application
requirements of high efficiency and high power density. Gallium nitride (GaN) is a wide-
bandgap semiconductor material with excellent electrical and thermal properties, and is
currently an important research subject for next-generation power electronic devices.
Enhancement-mode (E-mode, normally off) GaN high electron mobility transistors
(HEMTs) have attracted widespread attention due to their higher security and simpler
driving requirements. This paper systematically reviews the main technical approaches to
realizing E-mode GaN HEMTs, including fluorine ion implantation, MIS structures, and p-
GaN gate technology. Its working mechanism, structural characteristics, advantages and
disadvantages were analyzed and compared. The main performance enhancement
technologies, including interface state control and field plate structure optimization, were
thoroughly examined. In addition, important issues such as current collapse and short-circuit
protection were analyzed in the context of practical device applications. Finally, the
development trends of GaN devices are discussed from an application perspective. With
continued advances in materials, device structures, and packaging technologies, GaN
devices are likely to become increasingly important in high-frequency and high-power-
density power electronic applications.
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1. Introduction

Currently, the continued growth of global energy consumption has become an increasingly
important issue. Electricity is expected to account for a large proportion (approximately 60%) of
total energy use in the future, which places higher demands on power electronic devices, especially
in terms of frequency, voltage, and power levels. Meanwhile, practical applications are also
developing towards lower costs and miniaturized devices. This combination of factors is causing
traditional silicon-based devices to approach the limit of their performance. As a result, wide-
bandgap semiconductors like gallium nitride (GaN) have received great interest as potential
materials used in future high-frequency, high-power devices. GaN devices may be operated with
higher electric field strengths and higher temperatures, with less conduction loss compared to silicon
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(Si). Not only do these benefits concern the material itself, but also the AlGaN / GaN heterojunction
structure.

Based on this heterojunction, GaN field-effect transistors (FETs) utilize the two-dimensional
electron gas (2DEG) formed at the interface as the conduction channel, enabling high current
density and low on-resistance (Ron). Thus, they have found extensive application in power and radio
frequency applications. A majority of traditional GaN FETs are depletion-mode (normally-on) which
implies that the devices can carry a current even with zero gate voltage. Although this allows high
current capabilities, it also presents a number of practical issues, including poor safety, greater
complexity of the gate driver circuitry, and increased probability of failure. In contrast, E-mode GaN
FETs remain off at zero gate voltage and turn on under positive gate bias, making them more
suitable for modern circuit systems with simplified driving requirements [1].

Several approaches have been suggested to realize E-mode GaN FETs. These include recessed
gate structures, p-type GaN gate technology, fluorine ion implantation, cascode configuration, and
metal-insulator-semiconductor gate structures. All these techniques are capable of producing a
positive threshold voltage (Vth) with the devices obtained having different performances.

The article is devoted to the E-mode GaN high electron mobility transistor (HEMT) technology,
which examines the principle of its work, its typical structures, and some important performance
indices. Moreover, three exemplary techniques including fluorine ion implantation, gate-recessed
MIS-HEMT and p-GaN gate were compared in accordance with their working mechanisms,
structural properties, benefits and drawbacks. Besides, the present paper also makes reference to the
most important device parameters, which include Vth, Ron, breakdown characteristics, gate
reliability, and dynamic performance, and addresses the existing issues and development prospects.
The objective is to elucidate the technical disparities among different implementation approaches
and offer an orientation on the optimization of devices and associated studies.

2. Main technical approaches to achieving E-mode GaN HEMT

In the research of realizing E-mode GaN HEMTs, different technical routes are essentially about the
manipulation of the gate region band and the 2DEG. Based on the different manipulation methods,
they can be divided into three categories: first, charge-controlled methods, represented by fluorine
ion implantation, which deplete the channel by introducing negative charges; second, gate dielectric
manipulation methods, represented by hybrid MIS-HFETs, which achieve E-mode by adjusting the
interface potential; and third, structural manipulation methods, represented by p-GaN gates, which
achieve channel depletion by raising the barrier through the p-n junction.

2.1. Fluorine ion implantation technology

Fluorine ion implantation is a classic method for achieving normally-off GaN HEMTs. The basic
idea is to introduce negatively charged fluorine-related charges near the gate region through plasma
etching or ion implantation, thereby weakening the polarization effect in the AlGaN/GaN
heterojunction, reducing the concentration of the 2DEG under the gate and shifting the Vth toward
positive values [2,3]. As illustrated in Figure. 1, fluorine ions introduced beneath the gate region
generate negative charges that deplete the 2DEG at the AlGaN/GaN interface.
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Figure 1. The structure of fluorine ion implanted AlGaN/GaN HEMT

Currently, the mature fluorine ion implantation method involves injecting F- ions using fluorine-
based plasma processing technology. When enough F- ions are injected, the Vth will shift to a
positive value, resulting in E-mode HEMT. In their experiments, Yong Cai et al. demonstrated this
method by introducing fluorine ions into the AlGaN barrier layer using CF₄ plasma. This approach
shifts the threshold voltage (Vth) of AlGaN/GaN HEMTs from approximately −4 V to +0.9 V,
allowing the device to operate in E-mode. The incorporated fluorine ions also exhibited good
thermal stability up to 700 °C [2].

Although this method is simple and effective, the stability of Vth of such devices after annealing
becomes a problem. Fluorine ion implantation can cause lattice damage to devices, introducing
current collapse. Thermal annealing can reduce deep-level traps caused by fluorine ion implantation
and repair lattice damage, thereby reducing current collapse. However, this also shifts Vth towards a
negative value, weakening the effect of ion implantation [4].

Although fluorine ion implantation technology has advantages such as simple process and
flexible threshold control, the lattice damage and Vth stability issues it introduces still limit its
application in high-reliability devices.

2.2. Hybrid MIS-HFET structure

To overcome the limitations of the above methods and achieve higher-performance E-mode HEMTs,
Kambayashi et al. proposed a hybrid MIS-HFET structure. In this particular device, SiO₂ was
adopted as the gate dielectric, making it a specific MOS-HFET implementation. In this approach, a
recessed MOS channel is formed by chlorine (Cl₂) plasma etching, resulting in an E-mode device
with a Vth of 2.7 V [5].

This structure avoids ion implantation and enables the fabrication of uniform, large-area
AlGaN/GaN MOS-HFETs. Because silicon dioxide (SiO2) is inexpensive and has good bandgap
alignment with GaN, it is often used as a gate insulating layer [6]. Taking it as an example, the large
conduction band offset at the SiO₂/GaN interface can effectively block electron injection under
positive gate bias, thereby reducing gate leakage current. With an insulating layer introduced, gate
control over the channel is established primarily through the electric field, which enhances the
ability to modulate the energy band of the AlGaN barrier. In this structure, when the gate voltage is
zero, the gate electric field can deplete the 2DEG at the interface, thereby reducing or even
eliminating the carrier concentration in the channel and realizing the normally-off characteristic of
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the device, as shown in Figure 2. The introduction of an insulating layer enhances gate control and
also enables more stable electrostatic modulation of the channel.

Figure 2. A cross-sectional structure of an AlGaN/GaN MOS-HEMT with a SiO₂ dielectric layer

However, Fiorenza et al. reported that such devices still exhibit instability with respect to the Vth
[6]. The reason is that the near-interface traps were not sufficiently passivated after the nitride
annealing treatment. Under gate bias stress, these traps can capture and release charge carriers,
resulting in a shift in the Vth during operation. Since E-mode devices rely on a stable positive Vth to
ensure safe shutdown, this instability has a significant impact on device reliability.

2.3. P-GaN gate technology

Among the various approaches proposed to realize E-mode GaN HEMTs, the p-GaN gate structure
is one of the most widely adopted because it can simultaneously provide a positive Vth, low gate
leakage current, and good process compatibility. These advantages make it one of the most widely
used solutions.

This approach introduces a p-GaN layer over the AlGaN layer. The p-type layer raises the
conduction band of the underlying AlGaN, thus, depleting the 2DEG with zero gate bias. This
structure allows normally-off operation, as depicted in Figure 3. Because doped GaN tends to be n-
type conductivity, it is important to have enough holes in the p-GaN layer to effectively deplete the
channel. The most frequently used p-type dopant in GaN-based materials is magnesium (Mg). Its
Vth can be improved by increasing its doping concentration or activation efficiency.

Figure 3. P-GaN gate AlGaN/GaN HEMT structure enables normally-off operation by depleting the
2DEG at zero gate bias
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Nevertheless, Mg has certain drawbacks. The ionization energy of Mg is quite high in GaN
(which restricts the hole concentration at high doping concentrations). Also, over-doping with Mg
negatively affects the crystal quality of p- GaN films and lowers the amounts of electroactive
acceptors because of the compensation effect [7]. Thus, it is not possible to continue improving the
performance of the devices by increasing the doping concentration indefinitely; the maximum
obtainable Vth is inherently constrained by the material.

To address the aforementioned issues, extensive research has been conducted on gate materials.
Comparative tests were conducted on various metals (such as nickel, molybdenum, and titanium) for
p-GaN gates. The results show that titanium nitride (TiN) exhibits excellent thermal stability,
chemical robustness, and compatibility with standard manufacturing processes, and has great
application potential. By combining TiN gate electrodes with p-GaN technology, device
performance can be further improved, and the Vth can be shifted forward by about 2.1 V [1].

Overall, p-GaN gate technology achieves a stable normal turn-off state through its inherent
structural design, and has become the mainstream solution for manufacturing E-mode GaN devices.
Although its performance is still limited by the trade-off between doping efficiency and material
quality, and further improvements require synergistic optimization of doping strategies and gate
engineering, it remains the most commercially viable and feasible solution at present.

3. Key technologies for improving device performance

In E-mode GaN HEMT devices, performance improvements primarily depend on the control of
interface states and electric field distribution. Interface states are mostly due to the defects created in
the process of fabricating the gate insulation layer interface or AlGaN/GaN interface, contamination
with oxygen, and surface damage. Electric field distribution is controlled using field plate structures.
It redistributes the electric field and suppresses local field peaks, increasing the breakdown voltage
and reducing the dynamic performance degradation. This section will focus on introducing the two
main technologies listed above that can enhance the performance of GaN devices.

3.1. Interface state control

Interface states are primarily due to defects, oxygen contamination, and surface damage that have
been introduced during the preparation of the gate insulating layer and the AlGaN/GaN interface.
Such interface states may capture and release charge carriers causing issues such as frequency
dispersion in C-V properties, Vth drift, and higher dynamic Ron, which are very limiting on the
operation of the devices.

The interface chemical state is strongly associated with the development of interface states. For
example, in the Al₂O₃/GaN structure, Ga-O bonds are readily created at the interface and such oxide
defects have a major effect on increasing the density of interface states. The use of this approach is
also effective in preventing the diffusion of oxygen into the system and suppressing the creation of
Ga-O bonds through the introduction of an AlN interface layer between the gate insulating layer and
GaN. It is possible to decrease Dit by almost an order of magnitude, the C-V frequency dispersion of
the device will be significantly reduced, and the quality of the interface will be greatly improved [8].

Besides the optimization of interface materials, processing technology plays a vital role in
interface state as well. Conventional dry etching causes surface degradation and contamination of
trenches in the fabrication of trench gates, resulting in a higher interface state density. In order to
solve this problem, a self-terminating trench gate process has been proposed that may be able to
remove the damaged layer and recover the surface chemical state. This technique will lower the
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interfacial state density by approximately 10¹³ eV⁻¹·cm⁻² to 10¹¹–10¹² eV⁻¹·cm⁻², and greatly
decrease C-V frequency dispersion [9].

To sum up, it is possible to implement interface state control using materials engineering or
optimizing processes. One solution would involve adding an interface of high quality to prevent the
occurrence of interface defects and optimizing the etching and heat treatment steps in order to
minimize damage and impurity entry. Therefore, reducing the interface state density through
material engineering and process optimization is essential for improving the overall performance
and reliability of E-mode GaN HEMTs.

3.2. Field plate structure optimization

Field plate structure is one of the methods that are frequently applied in modulating the electric
field. A metal extension above the gate or source creates an additional potential profile, modifying
the electric field distribution. Field plate structures shift the electric field peak at the gate edge
toward the drain, thereby reducing the local electric field intensity [10]. This mechanism improves
device stability under high-voltage conditions and thus greatly improving its off-state breakdown
voltage and decreasing the leakage current.

Besides improving breakdown performance, the field plate structure has a strong influence on the
dynamic operation of the device. Under conditions of a high electric field, electrons can be more
readily trapped at the interface or the surface, resulting in current collapse. The insertion of a field
plate structure can reduce the peak electric field and suppress electron trapping, and alleviate the
reduction of dynamic Ron. Experimental results show that, in comparison to devices without field
plates, the dynamic Ron is much lower and the device performance is much better when the field
plate structure is introduced [10].

Moreover, various field plate structures have performance improvement differences. Typical
structures are gate field plates, source field plates, and dual field plate structures which incorporate
both the former. The optimum electric field distribution achieved through the dual-field plate
structure can be used to lower the peak of the electric field and reduce current collapse even further,
thus providing an overall improvement in performance. The rational choice of the field plate
structure and its dimensional parameters play a significant role in the practical design of devices as it
can be used to achieve high-performance and high-reliability enhancement GaN-FETs.

4. Current challenges and outlook

4.1. Challenges

4.1.1. Current collapse effect

Current collapse is another major constraint that impedes the efficiency and reliability of the E-mode
GaN HEMTs. In most cases, when the devices are turned on again after they have been switched off
at a high voltage, the drain current decreases significantly with a corresponding increase in dynamic
Ron. The degradation is not a permanent failure, but it is strongly associated with charge carrier
trapping and release in traps [11].

Current collapse is primarily caused by carrier trapping under high electric field conditions.
During the off-state, a high electric field in the gate–drain region promotes electron trapping by
surface, interface, and buffer layer states. Upon reactivation of the device, the long detrapping time
constant will lead to failure of some electrons to return to the channel in time and thus reduce the
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carrier concentration in the channel and reduce the turn-on current. It is time-dependent and depends
on bias conditions, electric field strength, and device structure.

In order to alleviate current collapse, several strategies have been created, such as surface
passivation to decrease interface states, field plate structures to reduce the electric field, and dual
heterostructures to enhance carrier confinement. These methods can enhance the performance of the
device to a certain degree, yet they do not totally remove this issue. Interface and surface defects
remain challenging to eliminate entirely during the production process. At the high voltage operation
of the device, the carrier capture process will be continually induced by the electric field, which is
very strong, so that the current collapse remains rather serious in high power applications. In
addition, current collapse has a multi-timescale nature. The capture and release time constants of
different types of traps differ, which results in different levels of performance degradation at
different frequencies of operation and pulses. It also makes the modeling and optimization of the
devices more challenging and requires greater stability of the devices in high-frequency, high-
efficiency operation.

Current collapse remains a key challenge in the development of GaN power devices. The solution
to this issue involves combined optimization of various aspects such as material growth, interface
engineering and device structure to ensure a balance between high performance and high reliability
of the device.

4.1.2. Short circuit protection

Short-circuit faults can significantly affect the reliability of GaN HEMTs in high-power applications.
Compared with more conventional Si and silicon carbide (SiC) devices, E-mode GaN HEMTs are
not as resilient to short-circuits, usually surviving only a few hundred nanoseconds, and much
shorter at high voltages. The requirements on the response time of the protection circuit are also
very high [12].

During a short circuit, the device is subjected to extreme high voltage and current conditions
leading to an abrupt rise in instantaneous power consumption. It may lead to rapid rise in junction
temperature and thermal failure. GaN devices have high carrier density in the channel and high
conductivity which may produce large peak currents in the first stage of a short circuit, thus making
the device more vulnerable to failure. Thus, short-circuit current detection and suppression within an
extremely short time is essential to guarantee the safety of equipment.

Even though several methods of short-circuit protection have been suggested including current
detection, voltage detection, and desaturation protection, they still have certain limitations when
applied to GaN devices. Since the response time of conventional protection circuits is typically in
the microsecond range, it is not able to satisfy the nanosecond-level protection demands of GaN
devices. Moreover, the high-dv/dt switching environment can be susceptible to noise interference
causing spurious triggering or protection failure.

In order to resolve these problems, several ultra-fast protection methods have been suggested
over the past few years. For example, by observing the instantaneous changes in the phase node
voltage, short-circuit fault detection is possible in tens of nanoseconds. This combination of gate
voltage clamping and soft turn-off is effective in reducing the short-circuit current and the
possibility of damage to the device. But they usually require complicated circuit design and exact
parameter matching, which increases system implementation complexity. The future studies should
aim at improving other areas like fast detection, anti-interference properties, and integration into a
system to enable highly reliable protection schemes for GaN devices.



Proceedings	of	the	4th	International	Conference	on	Mathematical	Physics	and	Computational	Simulation
DOI:	10.54254/2753-8818/2026.33563

129

4.2. Outlook

With the ongoing enhancement of E-mode GaN HEMT performance, the research direction is
gradually shifting toward system-level applications rather than optimizing individual devices. The
GaN devices, which have a low Ron and are capable of extremely high-speed switching, can
minimize switching losses and also reduce the size of passive devices, making it possible to create
power modules with high power density in the high-frequency and high-efficiency power conversion
systems. For example, half-bridge power modules based on high-voltage GaN have demonstrated
switching speeds of nanoseconds and low-loss operation at 650 V and thus have potential
applications in electric vehicle, motor drive, and new energy inverter applications [13].

GaN devices are also highly advantageous when it comes to high temperature application.
Monolithic integrated circuits that use GaN devices can operate at temperatures up to 200 °C, which
is very useful in harsh conditions like space or drilling in deep wells [14]. Through approaches like
interface charge modulation, the Vth of the device may be raised, thus improving its immunity to
false triggering and ensuring safety and stability of the system.

A major future direction of GaN technology lies in GaN integrated circuits (GaN ICs) and high-
power modularization [15]. When power devices are combined with drive and protection circuits on
a single chip, parasitic parameters can be minimized and system response time can be increased. The
potential of GaN devices in high-frequency and high-power applications can be further realized
through advanced packaging technologies to realize multi-chip parallel interconnection and low-
inductance designs. In actual applications, it is necessary to optimize electromagnetic interference
induced by high-speed switching, thermal management, and system reliability in a comprehensive
way.

To sum up, the further evolution of GaN devices would not be limited to enhancing the
performance of the devices alone but also the practical applications situations, including system-
level optimization. As material technologies, device structures, and packaging technologies keep
developing, the importance of GaN in high-frequency and high-power-density power electronic
systems is expected to continue to grow.

5. Conclusion

With the development of wide-bandgap semiconductor technology, E-mode GaN HEMTs have
shown significant application potential in the field of high-frequency, high-efficiency power
electronics. This paper reviews the implementation techniques and performance optimization
methods of E-mode GaN HEMTs. The study focuses on three typical implementation routes:
fluorine ion implantation, MIS structure, and p-GaN gate. The mechanism for improving device
performance was also explored from two aspects: interface state control and field plate structure
optimization. Furthermore, this paper analyzes the main challenges currently faced by devices in
practical applications, including issues such as current collapse and short-circuit protection. Overall,
the future development of GaN devices will increasingly rely on synergistic optimization at the
material, structure, and system levels to achieve a balance between high performance and high
reliability.
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