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Abstract. Gallium Nitride based High Electron Mobility Transistors (GaN HEMTs) technology 

has made significant advancements, revolutionizing the field of power electronics. With their 

unique properties such as high breakdown voltage, high frequency, and high electron mobility 

and high-power capabilities, GaN HEMTs offer significant advantages over traditional silicon-

based devices, such as improved power density, higher operating temperature, and enhanced 

reliability. GaN HEMTs have shown great potential in sensing applications, such as gas and 

biosensors.  This thesis explores the advancements and trends in GaN HEMT technology, 

including crystal growth technology, sensing applications, packaging technology, and 

performance optimization. Despite significant progress, challenges such as heat dissipation, 

production costs, and yield and reliability issues need to be addressed. Future research directions 

may focus on improving integration with other technologies, exploring potential applications in 

emerging fields such as 5G communication, and addressing these challenges. Overall, GaN 

HEMT technology has made significant advancements and is set to play a pivotal role in various 

industries. 
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1.  Introduction 

GaN HEMTs technology has revolutionized the field of power electronics in recent years. With its 

exceptional electrical and physical properties, GaN HEMT devices offer significant advantages over 

traditional silicon-based devices, including improved power density, higher operating temperature, and 

enhanced reliability [1]. GaN HEMT technology offers several advantages, including high breakdown 

voltage and high electron mobility, making it ideal for various applications such as power amplifiers, 

power converters, and Radio Frequency (RF) devices. As a result, GaN HEMT has been used in 

detecting gases, biomarkers for diseases, metal ions for water quality monitoring, and ionizing radiation 

[2], it is also used to make converters, which have superior temperature capabilities, can provide systems 

with a significantly better power density than those made with Si-based power switches [3]. The 

importance of GaN HEMT technology in various applications cannot be overstated. From low noise 

amplifiers [4], electric vehicles, and telecommunications to military and aerospace, GaN HEMTs have 

become an essential component in power electronics.  

In this thesis, we will explore the advancements and trends in GaN HEMT technology, including 

Metal-organic Chemical Vapor Deposition (MOVCD), material growth, and optimization. We will also 

examine the performance advancements of GaN HEMT technology, including its high electron mobility 

and high power density. Furthermore, we will discuss emerging trends in GaN HEMT technology, 
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including non-alloyed ohmic contacts and dry/wet combined etching process, advancements in material 

technology, and its potential applications in emerging fields such as detection technology. Finally, we 

will outline the remaining challenges in GaN HEMTs technology and the future directions for its 

development, as well as its potential impact on various industries. This thesis provides a comprehensive 

overview of the advancements and trends of GaN HEMTs technology, as well as its potential impact and 

outlook. 

2.  Advancements of GaN HEMT 

2.1.  Crystal growth using MOCVD 

MOVCD is a new type of vapor phase epitaxial growth technology (VPE). The advantage of using 

MOCVD to grow GaN HEMTs is that high-quality, uniform epitaxial layers can be achieved and batch 

growth can be realized on larger wafers. GaN epitaxial layers are grown on various substrates using 

MOCVD, including sapphire, silicon carbide (SiC) [5], and silicon (Si). Commercial applications of 

nitrides include high-power Heterojunction field-effect transistors (HFETs), Using carbon as a dopant, 

it is possible to grow GaN with high resistance [6]. Etching the SiC substrate at a high temperature 

improves Aluminum nitride (AlN) nucleation quality and facilitates AlN film's rapid formation. This 

process reduces the thickness of AlN nucleation layer by 80% to 11.6 nm, while maintaining an effective 

shield against Silicon diffusion. Using the 3ω method to measure, the thermal resistance of the AlN 

interface is reduced by 48% to 5.53×10-9k/w [7]. AlGaN/GaN HEMT epitaxial growth on Si substrates 

shows remarkable performance, reliability, and stability. In addition, the use of Si substrates enables 

integration with Complementary Metal-Oxide-Semiconductor (CMOS) technology, resulting in highly 

integrated circuits. 

2.2.  Sensor applications 

GaN HEMTs have great potential for gas sensors, which enable gas detection primarily by measuring 

the effect of gases on the charge state of the material surface. The adsorption of gas molecules results in 

an alteration in the GaN HEMT's threshold voltage., resulting in a current or voltage signal, the GaN 

HEMT has the ability to detect Formaldehyde (HCHO) [8], nitric oxide (NO), carbon monoxide (CO), 

and hydrogen sulfide (H2S). In Figure 1 Researchers used MOCVD to deposit an 8 nm U-GaN buffer 

layer, a 1 m P-GaN layer, a 100 nm N-GaN channel layer, and a 25 nm AlGaN barrier layer on a four-

inch sapphire substrate (MOCVD), The innovative AlGaN/n-GaN/p-GaN heterostructure-based wafer-

scale high sensitive Ultraviolet (UV) photodetectors have demonstrated excellent performance, Under 

365 nm UV irradiation, when effective area width W= 176.95 μm and Vds = -5 V, the device's external 

quantum efficiency (EQE) is as high as 3100 %, specific detectivity (D*) reaches 1.95 × 1013 Jones, R 

reaches 9.12 A/W, rise time(τrise) is 1.53 ms, and decay time(τdecay) is 2.21 ms [9]. GaN HEMTs are 

also widely used in biosensor applications, mainly for cell and protein detection.  A biosensor is a device 

with an integrated receptor and transducer that can convert a biological response into an electrical signal 

[10]. Researchers have achieved highly sensitive biosensors by forming nano-gaps on GaN HEMTs and 

immobilizing specific biomolecules in the gaps, which have excellent biocompatibility and selectivity 

and can be used for antibody detection [11]. GaN HEMTs sensors can be applied to many applications 

in the biomedical field, such as biosensing, bio-diagnostics, and genetic analysis. The GaN MOS-

HEMTs-based biosensors exhibit excellent electrical performance and have high sensitivity for detecting 

a variety of viruses [12].  
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Figure 1. Fabrication processing steps of the GaN HEMTs device [9]. 

2.3.  Heat dissipation 

For now, heat dissipation has been a very important issue affecting the progress of GaN power devices. 

Because of the limited heat dissipation capability of the substrate and epitaxial materials, better 

packaging technology needs to be found to solve this problem. When the device is miniaturized, the 

current density is increasing and the self-heating effect of the device becomes more and more obvious, 

resulting in a rapid increase in the peak temperature of the device and an exponential decrease in 

reliability. Compared with conventional SiC substrate GaN-based power devices, diamond substrate 

GaN devices have higher heat dissipation capability and are expected to achieve miniaturization and 

high power of GaN-based power devices, thus promoting a wide range of applications in RF power 

devices and microwave power device-related fields. Another solution to heat dissipation is to use an 

embedded Manifold microchannel (MMC) heat sink. MMC is a type of microfluidic system consisting 

of an intricate network of miniature channels, typically in the range of tens to hundreds of micrometers 

in size. These systems are designed to manipulate and control small volumes of fluids, usually in the 

range of picoliters to microliters. The aspect ratio of the microchannels has an effect on the subcooled 

flow boiling in the embedded MMC heat sink of GaN HEMTs, with the lowest temperature found at 

microchannel aspect ratio Ʌ= 9 showed in Figure 2 [13]. 
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Figure 2. Maximum temperature and pressure drop as a function of micro channel aspect ratio [13]. 

 

Figure 3. Pictures of alloyed (a) and nonalloyed (b) ohmic contacts for HEMT devices [14].  

2.4.  Performance improvements 

There are some other ways to improve the performance of GaN HEMTs, such as using nonalloyed ohmic 

contacts. Nonalloyed ohmic contacts are typically formed by depositing a thin metal layer on the 

semiconductor surface, followed by a heat treatment process to improve the contact properties. The goal 

is to establish a low-resistance electrical path between the metal and semiconductor, which is essential 

for efficient device operation. Figure 3 shows alloyed and non-alloyed ohmic contacts for HEMT 

devices, compared to alloyed ohmic contacts, nonalloyed ohmic contacts demonstrated a decrease in 

contact resistance (Rc) from 0.5 ± 0.05 Ω mm to 0.34 ± 0.06 Ω mm while exhibiting improved surface 

morphology, furthermore, during the annealing processes with reduced device size, adverse effects on 

ohmic contact resistance and device performance, like purple plague effect, metal scattering, and metal 

leakage, were not observed in non-alloyed ohmic contact structures, particularly in HEMT devices 

operating in the Ka-band [14]. Another way is using the dry/wet combined etching process, which is a 

semiconductor manufacturing technique that combines the benefits of both dry and wet etching 

processes. To overcome the challenges in the integration process caused by the requirement for removal 

of the SiN interlayer and diamond with minimal damage, a dry and wet combined etching process can 

be employed to partially remove the diamond and SiN interlayer.This method ensures that the off-state 

current of the device with a diamond heat spreader is not degraded. Figure 4 depicts the relationship 
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between the temperature increase and the dissipated power density (PD) for both samples, through the 

analysis of the device's thermal properties using electro-thermal simulation, it has been demonstrated 

that this process can reduce the temperature by 25 ℃ at a power density of 20W/mm [15]. Additionally, 

the use of an AlGaN back barrier layer and an intrinsic GaN cap layer helps avoid the problems of p-

type doping and Back-to-back diode gate structure, simplifies the device fabrication process, and 

improves the channel constraint of two dimensional electron gas (2DEG), significantly suppressing the 

short-channel effect [16]. 

 

Figure 4. Relationship of the temperature and dissipated power. 

3.  Trend of GaN HEMT 

3.1.  Advancements in GaN HEMT technology 

In recent years, GaN HEMT technology has continued to advance in various areas, such as crystal 

growth technology, sensing applications, packaging technology, and performance optimization. 

MOCVD technology remains one of the most commonly used crystal growth techniques, allowing for 

the growth of high-quality GaN epitaxial layers on various substrates. GaN HEMTs have shown great 

potential in gas sensors and biosensor applications due to their ability to detect various gases and 

biomolecules with high sensitivity and selectivity. 

3.2.  Trend of heat dissipation  

One of the major challenges facing GaN HEMT technology is heat dissipation, which limits the 

miniaturization and reliability of devices. To address this issue, researchers have explored the use of 

diamond substrates and embedded MMC heat sinks, which have shown promising results in improving 

heat dissipation capabilities. Other approaches to improve device performance include the use of non-

alloyed ohmic contacts, dry/wet combined etching processes, and the incorporation of an AlGaN back 

barrier layer and an intrinsic GaN cap layer. 

3.3.  Challenges and future research directions 

Despite the significant advancements in GaN HEMT technology, there are still challenges that need to 

be addressed, such as reducing production costs and improving the yield and reliability of devices. 

Future research directions may focus on improving the integration of GaN HEMTs with other 

technologies, such as CMOS, and exploring their potential applications in emerging fields, like 5G 
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communication. 5G will bring about changes in materials of semiconductor, as communication bands 

shift to higher frequencies, base stations, and communication equipment are needed to support the high-

frequency performance of RF devices, GaN's advantages will gradually come to the fore, making GaN 

a key technology for future 5G. InGaN/GaN coupling channel HEMTs have higher drain current density, 

breakdown voltage, and gate voltage swing than conventional HEMTs [17], and are more suitable for 

5G. 

4.  Conclusion 

GaN HEMT technology has made significant advancements in recent years, revolutionizing the field of 

power electronics. Its unique properties have made it a preferred choice for various applications, 

including power amplifiers, power converters, and RF devices. Advancements in crystal growth 

technology, sensing applications, packaging technology, and performance optimization have enabled 

GaN HEMTs to be used in many emerging fields such as biosensing, bio-diagnostics, and genetic 

analysis. Heat dissipation remains a significant challenge in the miniaturization and reliability of devices, 

but researchers have explored several solutions, such as diamond substrates, embedded MMC heat sinks, 

non-alloyed ohmic contacts, and dry/wet combined etching processes. Future research directions may 

focus on improving the integration of GaN HEMTs with other technologies, exploring their potential 

applications in emerging fields, and addressing cost and yield issues. 
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