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GaN has been widely used to develop devices for high-power and high-frequency applications owing to its higher

breakdown voltage and high electron saturation velocity. The GaN HEMT radio frequency (RF) power amplifier is the first

commercialized product that is fabricated using the conventional Au-based III–V device manufacturing process. In recent

years, owing to the increased applications in power electronics, and expanded applications in RF and millimeter-wave

(mmW) power amplifiers for 5G mobile communications, the development of high-volume production techniques derived

from CMOS technology for GaN electronic devices has become highly demanded. 
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1. Introduction

Gallium nitride (GaN) is a high-potential semiconductor material. It has been used to fabricate high-electron mobility

transistors (HEMTs) for applications in power devices and radio frequency (RF) power amplifiers because of its superior

material characteristics compared with silicon (Si)-based materials, including a wide bandgap, high breakdown electric

field, and high electron saturation velocity, as shown in Figure 1 .

Figure 1. Differences in material properties between GaN and Si . (Data from ).

In 1979, Takashi Mimura invented the gallium arsenide high-electron mobility transistor (GaAs HEMT) . An HEMT uses a

heterojunction to enhance electron mobility, thereby increasing the speed of electron transport. A heterojunction with a

wider-bandgap Schottky barrier and a lower-bandgap channel can be used to form a modulation-doping structure to

spatially separate conducting electrons from their doped impurity atoms. Therefore, a transistor with a high-electron

mobility channel can be created (i.e., HEMT). The GaAs HEMT has been widely used in mobile phones, satellite TV

receivers, and radar equipment . The aluminum gallium nitride (AlGaN)/gallium nitride (GaN) heterojunction was first

reported in 1991 , and the first AlGaN/GaN HEMT was subsequently developed in 1993 , where superior channel

electron mobility was demonstrated. In 2006, the GaN HEMT RF transistor was first produced by Eudyna of Japan .

Since then, other companies have also announced various GaN HEMT products for RF applications. The GaN HEMT can

be operated at 50 V with an output power over 200 W for mobile communication applications using silicon carbide (SiC)

as the substrate . In 2001, a research team from the University of California at Santa Barbara reported a GaN

HEMT for power switch application fabricated on SiC, which possessed a breakdown voltage higher than 1000 V .

Since then, GaN HEMTs have been studied intensively on Si substrates for their low cost, high volume, and high-
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performance power switch applications. After years of development, the state-of-the-art GaN HEMT power devices on Si

can be operated at a breakdown voltage higher than 1200 V .

Unlike the GaAs HEMT counterpart which needs to have a doping layer in the wide-bandgap AlGaAs barrier, GaN HEMTs

do not need a doping layer in the wide-bandgap AlGaN barrier layer. Due to the polarization effects of the hexagonal

wurtzite structure of AlGaN and GaN materials, the heterostructure of AlGaN/GaN has a high-density two-dimensional

electron gas (2D electron gas; 2DEG) formed at the interface between AlGaN and GaN . These polarization effects

include two mechanisms, one is spontaneous polarization (P ) and the other is piezoelectric polarization (P ).

Spontaneous polarization (P ) is induced because gallium atoms in the non-centrosymmetric wurtzite structure do not

locate at the center of the mass with respect to nitrogen atoms. On the other hand, the piezoelectric polarization effect

(P ) is induced because of the stack of two lattice-mismatched wurtzite III-nitride materials. Polarization charges are

formed due to the mismatch strain at the heterogeneous junction, as shown in Figure 2 .

Figure 2. Gallium nitride wurtzite structure . (Data from ).

The most commonly used GaN HEMT is an AlGaN/GaN heterostructure. The typical thickness of AlGaN is around 20–25

nm, and the thickness of the GaN channel and buffer layer is around 1–5 µm depending on the requirement of the

breakdown voltage . According to the energy band structure of the GaN HEMT, there is a potential energy well at the

junction of AlGaN and GaN, and there will be a transportable energy state formed by the accumulation of electrons in this

energy well, as shown in Figure 3 . Figure 3a shows the charge accumulated in the potential well as V  = 0, and

Figure 3b indicates that the accumulated charges are depleted with V  < V  < 0.

Figure 3. (a) The charge accumulation at the potential well as V  = 0, and (b) the accumulated charges depleted as V  <

V  < 0 . Figure reproduced with permission from Chin. Phys. B.

In addition to the AlGaN/GaN HEMT, the InAlN/GaN heterostructure also attracts a lot of attention . For AlGaN grown

on GaN, the lattice mismatch restricts the AlGaN content and thickness. Figure 4 demonstrates the bandgaps versus

lattice parameters of AlN-GaN-InN compounds . InAlN, with around 18% In, is lattice-matched with GaN, and its wide

bandgap makes it an ideal barrier. In the meantime, the heterostructure of InAlN/GaN possesses high accumulation
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charges at the interface owing to the larger difference in spontaneous polarization between the two layers. In Section 2.1,

we will further discuss the current development of the GaN epitaxial structure.

Figure 4. Lattice parameters and band gap for GaN-AlN-InN alloys . (Data from ).

1.1. Radio Frequency HEMT Device Applications

In the past two decades, mobile communication technology has developed rapidly from 2G in 1990 to the introduction of

3G in 2000, and then the deployment of 4G service in 2011 until today . Under the trend of continuous

innovation and service demand, 5G was launched recently in 2019–2020. Global research institutions have also begun to

invest in research and development for 5G +/ 6G technologies. Currently, 5G is still operated below 6 GHz which is

relatively similar to 4G. High-band 5G operating at mmW (28–40 GHz) is still in development and is expected to be

deployed in the near future . The GaN HEMT that can be applied in high-frequency power amplifiers has been

regarded as an important device technology by various manufacturers. Figure 5 shows the breakdown voltage versus

current gain cut-off frequency (f ) of different types of devices . The GaN HEMT shows the best capabilities,

combining a high voltage, high power, and high speed. Moreover, the GaN-on-Si technology that can greatly reduce

production costs and is more suitable for high-volume production has attracted a lot of attention . In the past, the GaN

HEMT was mainly fabricated on SiC substrates for high-frequency applications owing to the better quality of epitaxy and

the better heat dissipation. With improved techniques in epitaxial growth and layout optimization for GaN-on-Si devices,

several manufactures have announced the launch of the mass production of GaN-on-Si technology for high-frequency

applications .

Figure 5. Comparison of breakdown voltage and cut-off frequency among various high-speed device technologies .

Figure reproduced with permission from IEEE Trans. Electron Devices.
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In view of the applications in 4G to 5G base stations, outdoor WiFi, millimeter-wave (mmW) small cells, and other high-

data rate wireless communication applications, increasing the transmit power and efficiency is an important issue. At

present, RF and mmW power amplifiers in the market mainly use SiGe- or GaAs-based transistors. However, due to the

constraint in the breakdown voltage, individual power amplifiers made of these materials cannot provide an efficient output

power in the mmW band . Technologies such as phased array antennas are needed to achieve the overall required

transmission power . However, too many phase array antennas will cause problems such as narrow beams and

manufacturing complexity. Therefore, further improvement in the output power and efficiency of the devices for power

amplifiers has become an important issue.

In recent years, a GaN HEMT with a maximum oscillating frequency (f )/current gain cut-off frequency (f ) of up to 300

GHz has been demonstrated . An MMIC fabricated using GaN technology with an operating frequency up to the G

band was also presented. The output power and gain can reach around 16 dBm and 12 dB at 181 GHz with 5.5% of

power-added efficiency (PAE) . For 5G operation, an output power density of 10 W/mm at sub-6 GHz and an output

power density of 6 W/mm at 40 GHz were achieved . Moreover, Intel has demonstrated a GaN MOSHEMT with f /f

reaching 200/350 GHz and a high mmW (28 GHz) output power of 19.5 dBm fabricated on Si. Three-dimensional

integration with CMOS has also been reported .

1.2. Power HEMT Device Applications

For power device applications, GaN HEMTs have shown low on-resistance to greatly reduce the conduction loss of the

switch with a high breakdown voltage. Moreover, GaN power devices have lower parasitic capacitance, which can provide

faster switching than silicon power transistors, meaning they have a much lower energy loss. The relation between the

switching speed and energy loss of power switches is depicted in Figure 6a. The switching speed of GaN is faster; hence,

the switching loss of the GaN HEMT is much less than that of Si, as indicated by Figure 6b . Therefore, the GaN

HEMT has great potential in high-speed, high-power switch applications.

Figure 6. (a) Relation between switching speed and energy loss for a power switch, and (b) the lower power loss of GaN

compared with Si . Figure reproduced with permission from IEEE 2016 10th International Conference on Compatibility,

Power Electronics and Power Engineering.

Overall speaking, the GaN-on-Si HEMT is still inferior to SiC devices in terms of high-voltage and high-power

performances owing to the higher defects in epitaxy and the worse thermal dissipation capability of Si substrates.

However, GaN is expected to replace Si-based diodes, MOSFETs, and other power components in the low- and medium-

power fields in the future. It is predicted that SiC has an advantage over GaN above 900 V; however, GaN is very

competitive for operating voltages below 1000 V due to the benefits of a low switching loss and lower cost .

Currently, the fastest-growing GaN power device application is GaN fast chargers, and various products have been

brought to the market. At present, fast chargers with power ranging from 65~125 W have gradually become mainstream

products because the fast charger made by a GaN power IC is small in size, easy to carry, capable of high-power

operation, has a higher energy efficiency, and is cost-effective.

1.3. Process Development (From Au-Based to Au-Free μS-Coμpatible)

Traditionally, the manufacturing of GaN HEMT devices is based on Au-based metallization schemes, including ohmic

contact metals and Schottky metal gates. In the past decade, due to the rapid development of GaN epitaxy on silicon

substrates, the development of complementary metal–oxide–semiconductor (CMOS)-compatible fabrication processes for

GaN-on-Si devices has increased sharply and gradually matured. There are several major changes in fabrication

techniques as compared to the CMOS-compatible processes with conventional III–V processes.

For instance, CMOS-compatible processes usually need to have a planarized structure. Therefore, ion implantation of

nitrogen or other inert elements to amorphized non-active regions to achieve device isolation instead of etching the active
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layers (i.e., “mesa etching”) can be a preferred method. On the other hand, most traditional III–V devices use Au-based

metallization schemes that are incompatible with the CMOS fabrication process. To be compatible with the CMOS

fabrication process, the commonly used Ti/Al/Ni/Au ohmic contact metal stack can be changed to Ti/Al/Ni/TiN .

Moreover, a TiN diffusion barrier/Schottky metal and a Cu or Al conductor layer can be used for the metal gate instead of

a Ni Schottky metal and Au conductor layer .

2. Conventional GaN HEMT Technology
2.1. Epitaxy

In recent years, the epitaxial quality of GaN and its doping technology have become matured and resulted in the fast

development of high-power and high-frequency electronic devices. Due to the lack of high-quality and large-size GaN

substrates on the market, GaN heterostructures are mainly grown on silicon (Si), sapphire (Sapphire), or silicon carbide

(SiC) substrates.

During the epitaxy process, the mismatch in the lattice and thermal expansion coefficient between GaN and the

substrates is the key factor to be concerned about. Listed in Table 1 are the physical parameters of the commonly used

substrates . The lattice constant and thermal expansion coefficient mismatch between the SiC substrate and the GaN

is the smallest; therefore, the quality of the GaN epitaxy grown on SiC is the best. Moreover, the SiC substrate has very

good thermal conductivity, meaning it can effectively remove the heat generated by GaN components during high-

frequency and high-power operations to enhance reliability. High-quality GaN-based materials coupled with a substrate

with good thermal conductivity could improve the overall characteristics of the device. However, the SiC substrate is an

expensive substrate that is difficult to produce; therefore, the cost-effective GaN-on-Si technology becomes an attractive

choice for many manufacturers. However, due to the larger mismatch in the lattice constant and thermal expansion

between Si substrates and GaN, it is more difficult to grow high-quality GaN on Si substrates. Usually, it is necessary to

use a thicker or complex buffer layer structure .

Table 1. The lattice and thermal mismatch of Si, SiC, Sapphire, AlN, and GaN .

Mismatch Si SiC Sapphire AlN GaN

Crystal Structure FCC HCP HCP HCP HCP

Lattice Constant (Å) 5.43 3.08 4.758 3.112 3.189

Lattice Mismatch (%) −16.9 3.5 16.08 2.4 -

Thermal Expansion (10  K) 3.59 4.3 7.3 4.15 5.59

Thermal Mismatch (%) 55 30 −23 34 -

The design and growth of buffer layers are very critical. The characteristics of the GaN HEMT, especially the breakdown

voltage, are affected by the quality and resistivity of the underlying buffer layer. The GaN buffer layer under the channel

needs higher resistivity to prevent the DC leakage current and AC coupling. Since undoped GaN is typically n-type,

adding a p-type dopant is required to obtain a highly resistive buffer. A commonly used p-type dopant is Mg; however, the

memory effect of Mg is very strong , and it will affect the properties of the subsequent AlGaN/GaN epitaxy. Thus far, Fe

and carbon are used as p-type dopants for the buffer layer. However, Fe dopants still have the issue of a memory effect

on the MOCVD growth, and it is not easy to obtain an abrupt interface . Carbon is a more attractive p-type dopant

for the buffer layer. It does not have a strong memory effect, and its concentration and the breakdown voltage of the buffer

layer can be adjusted by changing the epitaxial conditions, as shown in Figure 7 . On the other hand, a buffer layer

has to be designed to release stress and make the surface flat. Typical structures include a graded AlGaN buffer , a

GaN/AlGaN superlattice buffer , low-T GaN, or low-T GaN with an AlN insertion . For the growth of GaN on Si

substrates, AlN nucleation and a buffer layer have to be grown to avoid interaction between Ga and Si at high growth

temperatures.
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Figure 7. The relationship between breakdown voltage and Carbon doping concentrations in the GaN buffer layer .

Figure reproduced with permission from J. Cryst. Growth.

The typical top barrier layer for GaN HEMTs is AlGaN or InAlN, as described in Section 1. While the AlGaN barrier layer is

very mature, the thickness and Al content have restrictions due to the lattice mismatch with GaN. As the thickness

becomes too thin, the charge in the channel would decline due to insufficient piezoelectric polarization. On the contrary,

defects would appear as the thickness exceeds the critical thickness. The lattice-matched InAlN (18% In) barrier has

stronger spontaneous polarization to induce a much higher channel charge than AlGaN . Nevertheless, phase

separation of InN and AlN could occur during MOCVD growth and result in a high gate leakage current, as the TEM image

shows in Figure 8 . Careful optimization of the growth condition has to be carried out to avoid phase separation.

Figure 8. Cross-sectional TEM images of InAlN layer showing phase separation . Figure reproduced with permission

from Appl. Phys. Lett.

2.2. Ohmic Contact

An ohmic contact is a type of metal/semiconductor contact formed at the source/drain region. The interface has to be

heavily doped to form a very thin energy barrier to allow for the tunneling of carriers through the interface to obtain low

contact resistance. In the traditional III–V-based process, the most commonly used ohmic contact metals for GaN are

diffusion-type multi-layer ohmic contact metals based on titanium (Ti)/aluminum (Al). Then, nickel (Ni)/gold (Au) is stacked

on Ti/Al to form a thick conductive metal layer . For a CMOS-compatible process, Ni/Au is not used, but TiN, Al, or Cu is

used for the thick conductive metal layer. Generally, there is a diffusion barrier layer (i.e., Ni) between the thick conductive

metal layer and the Ti/Al ohmic contact metal, meaning the top conductive layer does not affect the characteristics of the

GaN ohmic contact interface.

The role of Ti/Al diffusion-type ohmic contact metals in the process of reducing the interface energy barrier is explained by

several studies in the literature . When rapid thermal annealing (RTA) is used, and the maximum temperature

is raised to above 800 °C, Ti/Al can diffuse into the GaN layer and form a uniform TiAlN alloy. The process can cause

nitrogen vacancies to be generated in the crystal lattice. Nitrogen vacancies in GaN act as the n-type dopants to enhance

the n-type characteristics of GaN to further reduce the resistance. Figure 9a shows the TEM images formed by annealing

a Ti/Au/Al/Ni/Au ohmic contact metal at 850 °C . Figure 9b exhibits the effect of N vacancy formation on the interfacial

band structure of GaN .
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Figure 9. (a) TEM images of Ti/Au/Al/Ni/Au structure after alloying , and (b) band diagram before/after alloying .

Figure reproduced with permission from IEEE Electron Device Lett. & AIP Publishing.

As shown in Figure 10, the contact resistivity of GaN can reach 5 × 10  Ω cm  after annealing a Ti/Al-based (Ti/Al =

0.43) ohmic contact metal at 800 °C . The effect of the ratio of Ti and Al thicknesses is also discussed in the literature

. By summarizing the studies from many research works, it can be shown that Ti/Al ohmic contact metals are, thus far,

the most stable ohmic contacts for n-type GaN, and the major factors that affect the contact resistances are the Ti/Al ratio

and the annealing conditions. As long as the top conductive Au metal is well separated from the Ti/Al layer by a diffusion

barrier, the contact resistivity is not affected by the Au conductive layer .

Figure 10. Ti/Al-based ohmic contacts on AlGaN/GaN HEMT as a function of annealing temperature . (Data from ).

2.3. Schottky Metal Gate

The choice of gate metal also has significant impacts on the performance and reliability of GaN HEMTs. In the structure of

a typical GaN HEMT, there is a wide-bandgap AlGaN barrier layer between the gate metal and the GaN channel. The gate

metal forms a Schottky contact on the AlGaN barrier layer which can control the polarization charge density at the

AlGaN/GaN interface. The charge density of the heterostructure and the drain current is controlled by modulating the

Schottky contact with the applied gate voltage. An excessive gate leakage current is not allowed for HEMT devices

because it could result in undesired power consumption at the gate or incomplete channel closure. As most GaN HEMTs

are “normally on” devices owing to the intrinsic characteristic of the AlGaN/GaN heterostructure, the drain current of GaN

HEMTs has to be turned off by setting the Schottky gate diode at a reversed bias. As shown in Figure 11, Pd, Ni, and Pt

are reported to be suitable gate metals since the leakage currents of these metals are the smallest when the GaN

Schottky gate diodes are negatively biased .
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Figure 11. IV characteristic diagram of different metals under reverse bias . (Data from ).

On the other hand, the channel temperature can be high during the on-state operation of a power device. Therefore, high

thermal stability is required for the selected gate metal. Ni has shown excellent stability ; thus, Ni/Au is currently one

of the most commonly used gate metals. WN is another gate metal showing good stability and low leakage. Researchers

found that a WN gate can be formed by annealing a W gate in a N  atmosphere . In addition, metal–insulator–

semiconductor (MIS) gates are adopted to more effectively reduce gate leakage. 
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