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 Transistors are the backbone of any electronic system. The Si complementary metal-oxide-

semiconductor (CMOS) technology with extremely scaled process has governed the electronic 

world in the last few decades, but many other materials with novel design architectures are 

emerging to alternate it in some applications. Gallium nitride (GaN) is one of them and coming 

into view recently for high power and high frequency applications due to the surge of electric 

power usage and data transmission rate.  
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This dissertation provides a comprehensive study of two types of GaN transistors, lateral 

and vertical, for power electronics and wireless communications. The first half of the dissertation 

investigates vertical GaN transistors for high power switches. The epitaxial layers grown by a 

novel selective area growth (SAG) method on a Si substrate were utilized to pursue demonstration 

of cheap and high-performance GaN devices, and commercialized GaN wafers were used to 

identify and resolve existing problems, and to improve the key device metrics. An evolution of the 

vertical GaN transistor by optimizing the device design and the fabrication process is shown and 

discussed in detail with experiments and TCAD simulations.  

In the second half of this dissertation, we propose a novel approach to address the intrinsic 

linearity of GaN transistors for radio frequency (RF) amplifiers. A new device design methodology 

was presented by simple lithographic modifications that can create a flat transconductance (gm) 

profile for AlGaN/GaN Fin field-effect transistors (FinFETs). Then, it is discussed how this flat 

gm impacts on the intermodulation distortion characteristics at microwave as well as millimeter 

wave frequencies with a record linearity figure-of-merit at 5 GHz. Finally, with a measured noise 

performance of the realized device, we present a record dynamic range figure-of-merit at 30 GHz 

for GaN transistors and much higher linearity performance than any existing semiconductor 

technologies, exhibiting a great potential for mm-wave low noise amplifiers (LNAs).   
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CHAPTER 1: Gallium Nitride Technology: Status and Challenges 

1.1 Backgrounds 

It was inevitable to consider gallium nitride (GaN) as the next-generation semiconductor 

owing to its superb material characteristics as well as to the market already being commenced, 

because of the advent of highly bright GaN blue light emitting diodes (LEDs) in 1990s. The 

uniqueness of GaN fundamentally grounds on the energy bandgap and polarizations. First, GaN 

has the energy bandgap (𝐸𝑔) of about 3.4 eV which is relatively larger than other traditional 

semiconductor materials.1 The large energy bandgap makes GaN have a high breakdown electric 

field (𝐸𝑏𝑟 ) and a small room-temperature intrinsic carrier concentration (𝑛𝑖 ) and be a great 

potential for high voltage and high temperature operations, even though its thermal conductivity 

(Θ) is not as great as SiC or Diamond. Second, the asymmetric atomic structure of wurtzite GaN 

and AlGaN with a reasonable dielectric constant (𝜀𝑟) creates the strong polarization. In particular, 

the combination of the spontaneous and the piezoelectric polarization charges at the interface of 

AlGaN (or AlN, or InAlN, etc.) and GaN induces very high 2-dimensional electron gases (2DEGs) 

of above 1013 𝑐𝑚−2 without any intentional doping.2 Although bulk GaN also has good electron 

charge transport properties, the electron mobility (𝜇𝑛) and the electron saturation velocity (𝑣𝑠𝑎𝑡), 

the electron mobility in 2DEGs becomes even higher than bulk due to the reduced ionized impurity 

scattering.3 The achievability of high electron concentration and high electron mobility 

simultaneously in 2DEGs culminates in the suitability for the new generation of power switching 

transistors as well as radio frequency (RF) amplifiers that require high voltage, high power, and 

high frequency operations. Table 1.1 shows the major material parameters of Si, GaAs, SiC, GaN, 

and Diamond with the Johnson’s figure of merit (JM) quantifying the power-frequency limits of 

various materials.4  
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Table 1.1 Material properties related to the power performance at high frequencies for various 

materials.3 

 

 

1.2 Lateral and Vertical GaN Transistors 

Owing to the superior characteristics of 2DEGs with GaN-based heterostructures, the most 

conventional transistor architecture for GaN devices has been high-electron mobility transistors 

(HEMTs), which was originally invented with AlGaAs/GaAs systems5 and became a delegate of 

III-V lateral conduction transistors, especially for RF amplifiers. The advantage of HEMT 

structures can be even intensified in the GaN system thank to its polarizations that could not be 

found in preceding heterostructures. Conventional GaN HEMTs consist of an AlxGa1-xN barrier 

layer, a GaN channel layer, and a GaN buffer layer grown on a foreign or native substrate, such as 

SiC, Sapphire, GaN, and Si, as shown in Figure 1.1. In this structure, a combination of the 

spontaneous polarization and the piezoelectric polarization leads to a fixed positive polarization 

charge density at the AlGaN/GaN interface resulting in formation of a 2DEG.2,6,7 By utilizing the 

2DEGs, AlGaN/GaN HEMTs have advanced semiconductor device performances from traditional 

Si or GaAs or InP-based devices in terms of  low on-resistance (Ron), high breakdown voltage, 

high output power density, etc. Furthermore, GaN HEMTs have more advantages that traditional 
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lateral devices have, such as easiness for integration with other components including capacitors 

and inductors, low parasitic capacitance, availability of using a cheap Si substrate, and simple 

process. The device design determines a breakdown voltage (BV), an on-state resistance (RON), 

capacitances, etc. For example, an appropriate gate to drain distance is required to hold a high 

drain bias, but such a distance increases RON and the device area. Moreover, when a drain bias is 

applied, due to the exposed surface of the gate to drain gap, charge trapping occurs which 

phenomenon is known as the current collapse. The current collapse has been one of the main 

problems in GaN devices,8 even though the silicon nitride (SiNx) passivation is known to reduce 

it effectively.1 Also, the 2DEG in HEMTs makes the transistor normally-on operation which 

requires additional or unconventional circuitry when implemented in systems. Nevertheless GaN 

HEMTs have several issues, its advantages were enough to make it to be a strong contender for 

high power microwave amplifiers, and eventually it became an essential component in many 

places where high RF output power is required, such as base stations for wireless communications, 

military radars, and so on. 

Even though the 2DEGs have made lateral current conduction devices, particularly HEMTs, 

be the mainstream of GaN transistors, in 2010s, vertical GaN devices have attracted great interests 

because of its superb potential for very high-power electronics. Vertical GaN devices can have 

higher BVs and current levels while keeping the same chip size, avalanche capability, a better 

reliability, and an easier thermal management than GaN HEMTs.9 These advantages basically 

ground on its lightly doped drift layer which vertically holds the electric field when a high voltage 

is applied at the drain. Therefore, unlike HEMTs, the chip size of vertical devices can be kept 

exactly same when the drift layer thickness increases for a higher breakdown voltage. Also, the 

drift layer is buried from the surface and epitaxially grown making the device almost free from the 
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current collapse. Among several proposed device structures, trench gate metal-insulator-

semiconductor field-effect transistors (MISFETs) are advantageous in terms of a possible high 

packing density for a low on-resistance, a simplest fabrication process without any additional 

epitaxial regrowth or selective doping, normally-off operation, feasibility of a body-connected 

free-wheeling diode by a simple etching, etc. Figure 1.1 depicts schematics of the two types of 

transistors with pros and cons.  

 

Figure 1.1 Material properties related to the power performance at high frequencies for various 

materials.  
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1.3 GaN Switches for High Power Electronics 

Switches are the key component that determines a range of power handling, efficiency and 

size of the power conversion systems. Figure 1.2 (a) shows a circuit diagram of asynchronous 

boost converter as an example of power converters consisting of an inductor, a capacitor, a diode, 

and a switch. When the switch is turned-off, the switch must hold the output voltage that is boosted 

from the input voltage by the inductor. Therefore, the BV of the switch should be much larger than 

the output voltage of the boost converter with a small leakage current. On the other hand, when 

the switch is turned-on, the inductor current flows through the switch and generates a conduction 

loss at the switch. Note that the power switch operates in the triode regime of transistors, not in 

the saturation regime. To increase the efficiency of converters, the on-state resistance (RON) needs 

to be as low as possible. As a result, in power converters, a low RON and a high BV are required 

for switches at the same time.  

 

Figure 1.2 (a) A circuit schematic of asynchronous boost converter and (b) the operation region 

of the switches in the converter illustrating the on-state resistance and the breakdown voltage.  

 

 It is obvious that both lateral and vertical GaN devices are promising for the power 

conversion systems, because GaN has a large bandgap offering a large BV and an excellent 

conductivity providing a small RON. The 2DEGs have made GaN HEMTs very attractive for power 
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switches less than 50 kW with a BV of 1.2 kV and also for possible integration with control blocks 

implemented by various logic circuits, such as the direct-coupled FET logic (DCFL) with E-mode 

and D-mode HEMT (E/D-HEMT),10–12 or GaN complementary metal-oxide-semiconductor 

(CMOS),13,14 or even heterogenous integration with Si CMOS.15,16 These direct integration 

technologies can significantly reduce parasitic inductances for interconnections and enable higher 

frequency operation which minimizes the total chip area, and can open a feasibility for power 

management integrated circuits (PMICs) that is the ultimate goal of GaN power electronics. 

Nonetheless GaN HEMTs have the remarkable advantages, they become unappealing above 50 

kW in cost as well as manufacturability, mainly due to large chip areas for the required breakdown 

voltage and the current level of over 50 A,17 whereas vertical devices can provide higher BVs 

without compromising the chip area and easier than HEMTs for increasing the cell packing density.  

 

1.4 GaN HEMTs for High Frequency Amplifiers 

GaN devices are also very attractive for high frequency amplifiers. However, the operation 

of transistors as amplifiers are somewhat different from that as switches in power electronics. Even 

though there are switching mode or pulse-width modulation (PWM) amplifiers with a very high 

efficiency, traditional class A, AB, B, and C amplifiers with their modifications are advantageous 

in terms of high gain, high linearity, etc. Figure 1.3 (a) illustrates amplifiers classes with their 

nominal output waveforms and the efficiency as a function of the conduction angle.18 As shown 

in Figure 1.3 (b), transistors in these non-PWM amplifiers are biased in the saturation region noted 

as the quiescent point (Q-point) meaning that the device is always turned-on, and the output AC 

signal swings over the output characteristics. When the output signal touches the knee voltage 

(Vknee), it cannot be amplified more and starts to get distorted. Therefore, the lower Vknee, the better 
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linearity and the higher output power of the power amplifier (PA). A higher BV is also important 

for PAs to obtain a higher output power because a higher drain quiescent point (VDS,Q) provides 

more room for output voltage swing and higher output power. It is obvious that the 

transconductance (gm) is another key metric of transistors since it is the source of the gain and 

linearity for amplifiers.  

 

Figure 1.3 (a) Amplifier classes showing their nominal waveforms and the efficiency as a function 

of the conduction angle.18 (b) The operation region of the class A amplifier illustrating the Q-point 

and the output signal swing on a transfer and output characteristic curves.  

 

Among two types of transistors, lateral and vertical, the former has been considered more 

suitable for microwave amplifiers. This is because they have lower parasitic capacitances than 
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vertical devices due to the exposed surface, although it gives rise the current collapse, and the 

easiness of integration with other components as discussed in the previous paragraph. At above 

the microwave frequency (>300 MHz), particularly at the millimeter-wave regime (>30 GHz), the 

wavelength of electro-magnetic waves become less than a meter (or even a millimeter-scale), so 

monolithic integrations of all the circuit components on the same die are feasible, which is known 

as monolithic microwave integrated circuits (MMICs) with a photograph shown in Figure 1.4.19 

GaN HEMTs and their MMICs have shown excellent performances for PAs as well as low noise 

amplifiers (LNAs) due to its material properties and matured process technologies. Compared with 

the conventional GaAs and InP technologies, GaN HEMTs are more robust and capable to handle 

higher power.20 Therefore, even though there are a few attempts to utilize vertical GaN transistors 

for RF applications, for example, the current aperture vertical electron transistor (CAVET) was 

originally designed for dispersion-free RF power amplifiers,17 GaN HEMTs are still more 

advantageous in this application.  

 

Figure 1.4 A photograph of a Ka-band GaN MMIC on a SiC substrate. The MMIC size is 3.4 mm 

× 2.5 mm.19 
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1.5 Thesis Outline 

This dissertation covers novel GaN transistor designs, fabrications, characterizations, and 

analyses for power switches and RF amplifiers. Conventional vertical and lateral GaN transistors 

are fabricated and characterized, and more advanced device architectures with lithographic/process 

optimizations are proposed, designed, fabricated, and characterized to extend the limit of current 

GaN transistor platforms, but in a very simple and straightforward manner.  

In Chapter 2, we discuss vertical GaN transistors for high power switches. First, 

preliminary vertical GaN MISFETs by the selective area growth (SAG) on Si technique are 

presented. To improve the on-state characteristics, an Ohmic first process and its optimizations 

with similar SAG GaN-on-Si materials are studied. After elaborating challenges of SAG GaN-on-

Si devices, SAG GaN-on-GaN devices with the Ohmic first process are discussed. Finally, a self-

aligned gate trench GaN MISFET by commercialized planarly grown GaN wafers is presented. 

Chapter 3 and 4 are studies on AlGaN/GaN HEMTs for microwave amplifiers. With a 

commercial AlGaN/GaN-on-Si wafer, nanometer-scaled Fin transistors are fabricated and 

characterized. In Chapter 3, we discuss the effect of Fin structure on the DC characteristics and 

how we can utilize the effects to synthesize a flat transconductance. Chapter 4 elaborates how the 

synthesized transfer characteristic translates to intermodulation distortion at a microwave 

frequency (5 GHz) with manual tuners as well as at a mm-wave frequency (30 GHz) with a vector 

receiver load-pull system. In addition, the noise performance of the fabricated transistor is 

presented with a record dynamic range figure of merit for mm-wave LNAs. Lastly, we summarize 

the significance of the study with future works.  
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CHAPTER 2: Advanced Vertical GaN Transistors for High Power Applications 

 

2.1 Introduction 

There is a surge in the need of efficient power conversion devices for both existing and 

emerging electronic technologies. Si-based high-power devices are reliable and continue to serve 

in a wide range of power conversion applications. Despite their low cost, Si-based power devices 

are inefficient and account for ~60 % power loss due to transistor switching in high power 

converters.  It is also known that the larger bandgap GaN has higher breakdown field, higher 

electron mobility and saturation velocity thereby allowing GaN to have a higher Baliga power 

figure of merit than Si permitting the development of efficient power switches. Even though lateral 

GaN HEMT devices have shown excellent performance and started to penetrate the power device 

market, a volume conduction in vertical GaN devices is more appropriate to increase the power 

density per unit area that reduces the cost to become comparable to Si power devices. There have 

been recently many reports on the realization of vertical MISFETs on GaN and Si substrates. A 

thick (over 10 μm) drift layer are strongly required to maintain BVs over 1.2 kV to take advantages 

of vertical transistors rather than HEMTs. The development for the growth of bulk GaN substrates 

is one approach to realize vertical GaN power devices and is faced with its own set of challenges 

in quality control and scaling.  Another higher challenging approach is the use of Si substrates for 

vertical GaN devices – seemingly impossible due to cracking of thick GaN layers on Si – but if 

successful, it merits the potential for integration with Si CMOS control circuits, low cost Si 

substrates, and the feasibility for integration through a standard silicon Fab facility. Prior popular 

beliefs and experimental findings are that the growth of over 10 μm thick GaN layers on Si 

substrate suffers from severe tensile stress and eventual cracking in GaN films/dots at cool down 
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from growth temperatures due to the large thermal mismatches of ~50 % between GaN and Si. 

This coefficient of thermal expansion (CTE) mismatch has fundamentally limited the thickness of 

total GaN layers on Si less than 6 μm and a BV of less than 820 V for Schottky or PN diodes which 

is much lower than what can be normally achieved with GaN substrates.21–24 Moreover, to the best 

of our knowledge, at the time that our study begins, there was no report on any type of vertical 

GaN transistors on Si. Our work overcomes this barrier. We utilized SAG technique to overcome 

the CTE mismatch barrier between GaN and Si and demonstrated GaN layers of 19 μm on Si with 

dislocation densities as low as 1.1×107 cm-2 at the surface, the lowest ever achieved areal 

dislocation density in GaN-on-Si.25 

 

2.2 First-generation Vertical GaN MISFETs on Si by Selective Area Growth 

 We successfully developed a novel growth technique by selective area growth (SAG) that 

is able to grow up to 19 μm thick GaN films on Si substrates without any cracking in the grown 

GaN layers in 350 μm wide dots and in a 2.5 hour growth time during the metal organic chemical 

vapor deposition (MOCVD).25 We then fabricated vertical trench gate MISFETs employing such 

a thick GaN layers on a Si substrate. Figure 2.1 illustrates the specific process flow which began 

with the SAG mask deposition on a n+GaN epitaxial layer on a n-type Si (111) substrate and 

followed with epitaxial growth of n+GaN/p+GaN/n-GaN (0.4/0.2/11 μm) for the first-generation 

device. The much detailed study of SAG was performed by A. Tanaka and it can be found in his 

thesis.26 After the epitaxial layer growth, the process starts with a gate recess and a mesa isolation 

etching. An optimized BCl3/Cl2 chemistry by reactive ion etching (RIE) was used with a plasma 

enhanced chemical vapor deposition (PECVD) SiO2 hard mask. The etched depth of the gate 

trench was about 1 μm. The PECVD-SiO2 hard mask was patterned and dry etched to obtain a 
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vertical profile of the gate trench. Prior to a gate insulator deposition process, acid surface 

treatments with HCl for 3 mins at 80 °C and diluted HF (1:10) for 10 secs at the room temperature 

was performed. It should be noted that a very short HF treatment was used, in order to remain the 

PECVD-SiO2 hard mask as a passivation layer. The sample was immediately loaded into the 

PECVD chamber and a 30 nm or a 50 nm thick SiN was deposited at 350 °C as a gate dielectric. 

After a window opening for a source and a drain, a Ti/Al layer was evaporated and lifted-off. 

Finally, a Ni/Au layer was sputtered to cover the gate trench, but also lifted-off by an intentionally 

made huge undercut resist patterning to simplify the process for the prototype device.  

 
Figure 2.1 Process flow of a trench gate vertical MISFET with SAG GaN-on-Si. 

 

Figure 2.2 shows the cross-sectional schematic view and focused ion beam scanning 

electron microscopy (FIB-SEM) images of the fabricated trench gate GaN MISFET in this work. 

The sidewall metal coverage for gate recessed region was adequate with an angle of ~83°, and the 

0.2 μm p+GaN layer of the device was identified (Figure 2.2(b) and (c)).  
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Figure 2.2 Cross-sectional (a) FIB-SEM image, and (b) cleaved SEM image of a trench gate 

vertical GaN MISFET with epitaxial layer of n+GaN/p+GaN/n-GaN (0.4/0.2/11 μm) and 50 nm 

thick PECVD SiNx gate insulator. 

 

The transfer characteristics (ID-VG) for these prototype devices with different gate width 

(WG), and the threshold voltages (Vth) were 9 V and 15 V for the gate insulator (PECVD-SiNx) 

thickness of 30 nm and 50 nm, respectively (see Figure 2.3).  
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Figure 2.3 ID-VG characteristics with (a) different gate width (WG) and (b) different gate insulator 

thickness. (c) ID-VD characteristics of the fabricated 11 μm-thick device with WG of 50 μm and tSiN 

of 50 nm. 

 

The output conductance in Figure 2.3 (c) is attributed to drain induced barrier lowering 

(DIBL) effect in the short channel (200nm p+ vertical GaN region) deduced from two-terminal 

leakage current between drain and source (see Figure 2.4 (a) and (b)). It is well-known that the 

hole activation ratio in Mg-doped p-type GaN layers is normally about a few percent only,27 which 

implies the identified p+GaN layer of 200 nm could be even effectively narrower than 200 nm due 

to the top n+GaN layer and the n-GaN drift layer. Furthermore, if the electron density in the drift 

layer is not low enough, it might be possible that the p+GaN is mostly depleted by the sandwiched 

structure between the two highly doped n-type GaN layers, resulting in the severe DIBL effect. At 
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the time of this device fabrication, the electron concentration of the drift layer was unknown, but 

these results motivated us to optimize the growth control and thickness of p+GaN layer and the 

low doping density in the drift layer. In summary, we successfully demonstrated an 11 μm thick 

trench gate vertical GaN MISFETs on a Si substrate showing a great potential in high performance 

low cost vertical GaN devices. 

 
Figure 2.4 (a) Log scaled ID-VG with different drain bias (Vd) and (b) drain-to-source leakage 

current characteristics of the fabricated 11 μm-thick device. 

 

2.3 Vertical Trench Gate MISFETs with 19 μm Thick Selectively Grown GaN on Si 

We then fabricated vertical trench gate MISFETs employing 19 μm thick GaN layers on a 

Si substrate by the SAG technique. The layer growth process also began with the SAG mask 

deposition on a n+GaN epitaxial layer on a n-type Si (111) substrate and followed with epitaxial 

growth of n+GaN/p+GaN/n-GaN (0.2/0.45/19 μm). The remarkable change in the epitaxial layer 

structure design is the increased drift layer thickness to take the full advantage of the capability of 

the very thick GaN layer growth and the current blocking p+GaN layer to reduce the DIBL effect 

we observed in the first generation. The top n+GaN layer thickness was slightly reduced because 

it does not significantly affect the overall device performance. In addition to the modified epitaxial 

layer structure, the device fabrication process was also revised to enhance the device performance. 
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Figure 2.5 illustrates the revised specific process flow which is mostly similar with the prototype 

device presented in the previous section, but there are three notable changes. First, the surface 

treatment on the etched gate trench was changed to a 5 % diluted tetramethylammonium hydroxide 

(TMAH) for 10 minutes at 80 °C and a subsequent NH4OH sonication at the room temperature. 

The TMAH solution has been found as an anisotropic etchant of GaN with a very slow etch rate 

and effective in removing plasma damages on dry-etched GaN sidewalls.23,28–30 Also, it is reported 

that a NH4OH treatment prior to an Al2O3 atomic layer deposition (ALD) process is more effective 

at removing surface contaminants than a HCl+HF treatment resulting in a low interface trap 

density (Dit) of 3.2×1012 cm-2eV-1 on a GaN surface.31 Second, a 50 nm thick ALD-Al2O3 was used 

as the gate insulator instead of PECVD-SiN. Al2O3 has a larger bandgap than SiN and a larger 

conduction band offset of 2.16 eV with GaN than that of 1.3 eV for the SiN/GaN interface, which 

leads to a smaller gate leakage current.32 For these reasons, ALD-Al2O3 has been widely adapted 

to vertical GaN MISFETs.33–35 Third, the gate metal stack was changed from a Ni/Au to a Ti/Au, 

because Ni is difficult to dry etch away that makes the gate metallization process challenging and 

limits the device design due to the sputtering and lift-off process by the undercut resist patterning, 

whereas Ti is easy to be etched away by Fluorine-based plasmas. Therefore, a Ti/Au layer was 

deposited on the whole surface, then patterned and dry etched away by RIE. 
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Figure 2.5 A revised process flow of a trench gate vertical MISFET with SAG GaN-on-Si. 

 

Figure 2.6 shows the cross-sectional schematic view and SEM images of the fabricated 

trench gate GaN MISFET in this work. The 0.45 μm p+GaN layer of the device was identified with 

a good sidewall coverage for the gate trench (Figure 2.6 (b) and (c)).  
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Figure 2.6 (a) An angled-view, cross-sectional (b) FIB-SEM image, and (c) cleaved SEM image 

of a trench gate vertical GaN MISFET with epitaxial layer of n+GaN/p+GaN/n-GaN (0.2/0.45/18 

μm) and 50 nm thick ALD-Al2O3 gate insulator.  

 

The transfer characteristics (ID-VG) in a linear scale for the devices with a gate width (WG) 

of 100 μm, and the linearly extrapolated threshold voltage (Vth) was 8 V at a drain voltage of 1 V 

(Figure 2.7 (a)). Figure 2.7 (b) shows a log-scaled transfer characteristic with a gate leakage 

current, the subthreshold slope (SS-1) was estimated to 520 mV/dec. The on/off drain current ratio 

(Ion/Ioff) was as high as 107, which is comparable to that of recent GaN-on-GaN devices, even 

though we used SAG GaN on Si substrates.33,36,37 Also, it should be noted that this is the first 

demonstration of vertical GaN transistors on Si regardless of the drift layer thickness or the growth 

technique.  
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Figure 2.7 (a) Linear-scaled ID-VG and gm-VG characteristics with a drain bias of 1 V. The 

extrapolated VTH was ~8 V. (b) Log-scaled ID-VG and IG-VG characteristics showing an on/off drain 

current ratio of ~107. (c) ID-VD characteristics of the fabricated 18 μm-thick device with WG of 100 

μm and tAl2O3 of 50 nm.  

 

The output curves (ID-VD) in Figure 2.7 (c) showed good saturation characteristics and the 

estimated specific on-state resistance (RON,sp) of 31.5 mΩ·cm2 was estimated. The RON,sp was 

calculated with the estimated device active area:37  

𝐴𝑟𝑒𝑎 = (𝑊𝑡𝑟𝑒𝑛𝑐ℎ + 𝑡𝑑𝑟𝑖𝑓𝑡) × (𝑊𝑔𝑎𝑡𝑒 + 𝑡𝑑𝑟𝑖𝑓𝑡)          (2 − 1) 

Our device trench width is 4 μm and the gate width is 50 μm. The device pitch was 

estimated by a sum of the drift layer thickness 19 μm and the trench width to consider the current 

spreading in the drift layer. As a result, the device active area was 23 μm (pitch) × 69 μm (50 μm 
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gate width + 19 μm drift layer thickness). The estimated RON was not as low as other state-of-the-

art devices on GaN substrates33,36,37 as well as Si substrates.23,24 This relatively high RON,sp is 

attributed to several reasons, such as a poor Ohmic contact quality, and a long gate to source 

distance (LGS), and the Al2O3/GaN interface quality.  First, as shown in Figure 2.8 (a), the drain 

current at a low drain voltage was not perfectly linear which implies a poor Ohmic contact. In 

order to estimate the contact resistance (RC) of the device, the transmission line method (TLM) 

was used with the same Ti/Al metal stack on the n+GaN layer, but annealed at various temperatures 

from non-annealed to 700 °C for 5 minutes in N2 ambient by a rapid thermal annealing (RTA) 

system. Figure 2.8 (b) shows the extracted RC as a function of annealing temperatures, and the RC 

at 400 °C was as high as about 100 Ω∙mm suggesting a very poor Ohmic contact quality of the 

device. This is because no annealing was performed during the MISFET fabrication, but the 

passivation process by PECVD was carried out at 350 °C for ~30 minutes in total, which is 

seemingly enough to degrade the RC. Figure 2.8 (c) displays the estimated field-effect mobility 

from the measured gm with the following equation.  

𝜇𝐹𝐸 =
𝐿 ∙ 𝑔𝑚

𝑊 ∙ 𝐶𝑜𝑥 ∙ 𝑉𝐷𝑆
=

0.6 𝜇𝑚

100 𝜇𝑚 × 157 𝑛𝐹/𝑐𝑚2 × 1𝑉
× 𝑔𝑚          (2 − 2) 

Where L is the channel length (here, the p+GaN layer thickness), W is the total width of the channel, 

Cox is the oxide capacitance. The used Cox of 157 nF/cm2 was the measured oxide capacitance 

value of the equivalent ALD-Al2O3 layer on a bare n-Si substrate. The peak μFE was ~3.0 cm2/V∙s 

which is much lower than other state-of-the-art reports.23,38,39 It should be noted that the as-

measured extrinsic gm with the applied VDS was used for the estimation, which means the poor RC 

and any additional series resistances were not de-embedded. An LGS of 11.5 μm as shown in Figure 

2.8 (c) was designed in this second generation device due to not optimized device layout at the 

time of fabrication. Moreover, the distance between the ring-shaped drain electrode circumventing 
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the SAG dot and the center of the SAG dot was about 260 μm, that means the current flows through 

the 500 nm thin bottom n+GaN layer for such a distance. Therefore, additional series resistances 

could be introduced by the long LGS and the drain contact side suggesting the extracted μFE is far 

underestimated than the real channel mobility and degrading the device RON. A double-swept 

transfer curve is depicted in Figure 2.8 (e) showing a VTH hysteresis of ~3.5 V. This suggests a 

high interface trap density, perhaps caused by the plasma etching for the gate trench.  
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Figure 2.8 (a) Zoomed-in ID-VD characteristics showing a not perfectly linear drain current at a 

low drain bias regime. This implies a poor Ohmic contact at the source and drain. (b) Extracted 

RC on the n+GaN layer with various annealing temperatures and the expected RC of the device. (c) 

An estimated field-effect mobility from the measured transfer characteristic of the device. (d) The 

device layout with an LGS of 11.5 μm. (e) A measured double-swept transfer characteristic showing 

a VTH hysteresis of 3.5 V implying a high electron trap density at the Al2O3/GaN interface.  
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Another very important characteristic of power transistor is the BV. Figure 2.9 shows the 

measured off-state leakage current of the device with a gate bias of 0 V and the BV was only 44 

V. Even though edge termination techniques have been known to be the main factor of non-ideal 

BV on vertical devices, we suspected that this poor BV was expected to be dominated by the 

unintentional dopant in the drift layer. However, the source of the dopant was not clearly 

understood yet for SAG GaN layers at the time of this device fabrication and characterization 

which was experimentally revealed afterward to be the SiO2 SAG mask.40  

 

Figure 2.9 A measured off-state drain leakage characteristic with a gate bias of 0 V showing a BV 

of 44 V. 

 

These results motivated us to optimize the growth control, particularly the unintentional 

dopant, and the fabrication process, such as low damage gate recess, device layout with shorter 

LGS. In summary, for the first time, we successfully demonstrated 19 μm thick trench gate vertical 

0 10 20 30 40 50
10

-12

10
-9

10
-6

10
-3

10
0 BV=44 V

 I
D

 I
G

 I
S

 

 

I D
 [

A
]

V
D
 [V]

V
G
=V

S
=0 V



 

 24 

GaN MISFETs on a Si substrate showing a great potential in high performance low cost vertical 

GaN devices. 

 

2.4 Ohmic-first Process for SAG GaN-on-GaN Vertical Transistors  

The previous studies on vertical transistors with the 19 μm thick SAG GaN-on-Si showed 

a great potential for a cheap and high performance GaN power switch, but the key power device 

metrics, RON,sp and BV, were not as superior as the state-of-the-art vertical GaN transistors.33,34,37 

For the relatively high RON,sp, we already observed that the extracted peak μFE was only ~3.0 

cm2/V∙s, and that could be underestimated by the poor RC and parasitic series resistances 

introduced by the long LGS and the gap between the drain contact and the dot (LDD). First, the LDD 

issue can be eliminated by utilizing a bulk n+GaN substrate and a backside drain contact, so the 

current can vertically flow through the whole highly conductive substrate rather than the thin 

n+GaN laterally. Second, an RTA annealing was very effective in improving the RC at high 

temperatures, but this annealing in the previous gate-first process is concerned to cause a possible 

degradation of the pre-deposited ALD-Al2O3 gate dielectric. Third, the long LGS can be reduced 

by device layout design, but a relatively long LGS is unavoidable in the gate-first process because 

the gate metal needs to fully cover the trench sidewall and still some lithographic gaps are required 

between the source contact and the gate. In order to resolve these issues, an Ohmic-first process 

with usage of a highly conductive n+GaN substrate was optimized.  

Figure 2.10 illustrates the Ohmic-first process flow. After the epitaxial layer growth of 

n+GaN/p+GaN/n-GaN=0.3/0.55/19 μm by SAG on bulk GaN substrates, a mesa isolation and a 

n+GaN window etching for the p+GaN body contact were carried out. A Ti/Al=20/120 nm was 

deposited and annealed at 600 °C in N2 ambient for 5 minutes by RTA. A PECVD-SiO2 was then 
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deposited on the surface for the purpose of passivation and dry etching mask. A gate trench pattern 

was defined on the SiO2 layer by a photoresist, the SiO2 layer was dry etched, the resist was cleaned 

by solvents, then the GaN layers were etched by RIE. The same surface treatment, TMAH at 80 °C 

for 10 minutes and NH4OH sonication for 15 minutes, was performed, and the Al contained Ohmic 

metal was not damaged by TMAH because of the SiO2 passivation. A 50 nm thick ALD-Al2O3 

was deposited and Ohmic window was opened for source pads. A Ti/Au stack for the gate and pad 

was sputtered and dry etched. Finally, a Ti/Al/Ti was sputtered on the backside of the wafer for 

the drain contact. The LGS was reduced to 2.5 μm for this third-generation device.  

 
Figure 2.10 An Ohmic-first process flow of a trench gate vertical MISFET with SAG GaN on a 

native GaN substrate. 

 

Figure 2.11 (a) shows the measured transfer characteristics (ID-VG) in a linear scale for the 

devices with a gate width (WG) of 100 μm, and the linearly extrapolated VTH was 7.8 V with a 

drain voltage of 1 V. The maximum gm was about 3 mS/mm. A log-scaled transfer characteristic 

with a gate leakage current is shown in Figure 2.11 (b), the subthreshold slope (SS-1) was 

estimated to 515 mV/dec. The on/off drain current ratio (Ion/Ioff) was increased to 109 by using a 

GaN substrate, mainly due to the increased on-state current. The increased on-state current with 
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the GaN substrate also improved the estimated RON,sp significantly to 4.25 mΩ∙cm2 from the output 

characteristics shown in Figure 2.11 (c), and the value is more than 7 times smaller than the 

second-generation device and comparable with the other reports.33,34,37 This notable increase of 

on-state current should be attributed to 1) improved RC, 2) reduced LGS, and 3) the grown GaN 

layer quality. It was verified by the defect selective etching41,42 by HH solution (H3PO4:H2SO4) at 

270 °C and cross-sectional TEM that the threading dislocation density was in a range of 3.4×106 

~ 2.5×107 cm-2 for 20 μm thick SAG GaN-on-Si, but it was less than 1.6×105 cm-2 for the same 

SAG GaN layer on the bulk GaN substrate, even though we used the same growth technique.40 

The extracted μFE as a function of gate voltages is shown in Figure 2.11 (d), and the peak value 

was 9.9 cm2/V∙s which is 3 times larger than that of the second-generation GaN-on-Si device.  
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Figure 2.11 (a) Linear-scaled ID-VG and gm-VG characteristics with a drain bias of 1 V. The 

extrapolated VTH was 7.8 V. (b) Log-scaled ID-VG and IG-VG characteristics showing an on/off 

drain current ratio of ~109. (c) ID-VD characteristics of the fabricated SAG GaN-on-GaN device. 

(d) An extracted field-effect mobility from the measured transfer characteristic of the device. 

 

In order to understand the key parameter of the fabricated device limiting the RON, a TCAD 

simulation was carried out by Silvaco Atlas. The simulated structure is illustrated in Figure 2.12 

(a) in correspondence to the fabricated device. In the simulation, the following parameters were 

used: 1) for the top n+GaN layer, a sheet resistance of 208 Ω/□ with an electron mobility of 142 

cm2/V∙s that was measured by Hall-effect measurement for the 500 nm thick n+GaN layer on Si, 

2) for p+GaN layer, a hole concentration of 1×1018 cm-3 that was assumed and an electron mobility 

of 10 cm2/V∙s that is the extracted peak μFE in the previous paragraph, 3) for n-GaN drift layer, an 
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electron concentration of 8.4×1017 cm-3 with an electron mobility of 216 cm2/V∙s that was extracted 

by capacitance-voltage (C-V) and turn-on current-voltage (I-V) characteristics from fabricated 

Schottky barrier diodes,40 and 4) for the gate insulator, the measured dielectric constant of 9.46 for 

the ALD-Al2O3 on a bare Si piece. The constant mobility model was used for the electron transport 

instead of saturation velocity model.43 Figure 2.12 (b) and (c) are ID-VG and ID-VD characteristics 

for direct comparisons of the simulated result with the measured data showing a good agreement. 

Then, we varied the channel mobility (μCH) from 10 to 30 cm2/V∙s. As shown in Figure 2.12 (d), 

the RON was significantly affected by μCH which is not very usual in vertical transistors because of 

a thick lightly doped drift layer contributing more than 50 % to the total RON,
44 because our SAG 

drift layer is unintentionally very conductive.  
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Figure 2.12 (a) The simulated structure with the same dimension with the fabricated vertical 

device. Comparison of the measured device with the simulated device. (b) ID-VG and (c) ID-VD 

characteristics showing a good agreement. (d) The simulated ID-VD curves with varying the 

channel mobility.  

 

Although the RON,sp was improved remarkably with the Ohmic-first process, the breakdown 

voltage was expected to be around 32 V mainly due to the high electron concentration in the drift 

layer with the following equation.45  

𝐵𝑉 =
1

2
𝑊𝐷𝐸𝐶 =

𝜀𝐺𝑎𝑁𝐸𝐶
2

2𝑞𝑁𝐷
=

9 × 8.85 × 10−14 × (3.3 × 106)2

2 × 1.6 × 10−19 × 8.4 × 1017
= 32.3 𝑉          (2 − 3) 

Figure 2.13 shows the measured off-state leakage characteristic with a gate voltage of 0 V. 

The measured BV was only 34 V, but very close to the theoretically expected value.  
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Figure 2.13 A measured off-state leakage characteristic with a gate bias of 0 V showing a BV of 

only 34 V. 

 

 The above results have shown a great potential of SAG GaN technique that can provide 

very thick GaN layers with a very short growth time and an excellent crystal quality, but at the 

same time it clearly indicated that achieving a low enough doping concentration in the drift layer 

is necessary for high power switching transistors.  

 

2.5 Self-aligned Au-free Vertical Trench Gate GaN Power MISFETs on a GaN Substrate 

From the previous generation devices, we have found out that the LGS affects the RON,sp 

significantly. It not only increases the on-state current, but also reduces the total chip area for a 
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large-size power switches, because of the shortened cell pitch. However, the reported cell pitch is 

normally above 10 μm which value is much larger than Si vertical power devices.  

In the following paragraph, we propose a self-aligned vertical trench gate process by 

slightly modifying the previous Ohmic first process that can reduce the LGS even further without 

any additional lithography or fine alignment, but it is effective in minimizing the RON,sp. To pursue 

high breakdown voltage devices, a commercialized epitaxial structure for n+GaN/p+GaN/n-

GaN=0.25/0.45/10 μm on a highly conductive bulk GaN substrate was utilized. Another important 

process modification is eliminating the usage of Au. To compete with Si power electronics, the 

cost reduction with a large wafer diameter and utilizing already existing Si CMOS fab facilities 

are necessary.46 The cost of GaN wafer keeps decreasing due to the increased available wafer up 

to 6 inch recently by novel methods,47 and we also showed a great potential for thick GaN layers 

on a scalable Si substrate, even though the unintentional dopant issue was observed which can be 

addressed by other alternative ways, such as changing the SAG mask.48 However, in CMOS fabs, 

Au needs to be excluded due to the expensiveness, high diffusivity, potential cross-contamination. 

Therefore, using the CMOS standard metal, W, Ti, Al, and Cu, without metal lift-off process is 

also very important for commercialization of GaN devices. 

Prior to the device demonstration, TCAD simulation of a half cell of the device was 

performed to anticipate the device performance with varying the gate to source distance (LGS) and 

the half of the gate trench length (LGT) as shown in Figure 2.14 (a). A p+GaN via length of 0.5 μm 

and an Ohmic transfer length of 2 μm were fixed. For the simulation results, the area of the device 

with a fixed channel width (Wch) of 1 μm was calculated for RON,sp as: 

𝐴𝑟𝑒𝑎 = 𝑊𝑐ℎ ×
𝐿𝐶𝑃

2
=

𝐿𝐶𝑃

2
 𝜇𝑚2          (2 − 4) 
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For the epitaxial layer structure and the material parameter for each layer in the simulation, 

we used a commercialized epitaxial structure for n+GaN/p+GaN/n-GaN=0.25/0.45/10 μm with 

each layer dopant concentration of 5×1018/1×1019/1×1016 cm-3 on a highly conductive bulk GaN 

substrate which we employed for the following experiments to pursue high breakdown voltage 

devices. An electron mobility of 140 cm2/V∙s with a carrier density of 5×1018 cm-3 was used for 

the top n+GaN layer which we obtained from the n+GaN layer in the previous study and a 100 % 

activation ratio for Si donors was assumed. Since the commercialized GaN wafer was annealed in 

the grown MOCVD system by the manufacturer for Mg activation, we assumed a 5 % activation 

ratio resulting in a hole concentration of 5×1017 cm-3 in the p+GaN layer and the channel electron 

mobility of 20 cm2/V∙s which is a lower bound value from literatures for conventional GaN 

devices.49 For the n-GaN drift layer, we fabricated a Van der Pauw pattern on a small piece by 

removing the n+/p+GaN layers on top and performed the Hall-effect measurement. The measured 

electron concentration was 1.1×1016 cm-3 with the mobility of 1113 cm2/V∙s. To simplify the 

simulation parameters, 1×1016 cm-3 and 1000 cm2/V∙s were used for the drift layer electron 

concentration and the mobility, respectively. Figure 2.14 (b) and (c) are the simulated and 

calculated RON,sp as a function of the varied LGT and LGS, respectively. With a fixed LGT of 3 μm, 

RON,sp can be reduced by 25 % when the LGS is eliminated. While the shorter LGS was always better 

which is expected, the LGT has an optimum point with a fixed LGS. This can be explained as follows; 

the electrons from the source metal flow through the vertical inversion channel and spread out at 

the corner of the gate trench, and a current crowding can possibly occur when the gate trench 

length (LGT×2) is too small, but we kept a minimum length of 2.5 μm at the source part for the 

transfer length of the Ohmic contact plus the p+GaN via hole. It should be noted that these optimum 
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numbers for LGT can be changed by the electron mobility in the drift layer, but it might be still 

valid to conclude that the optimum vertical device design should have an LGS as small as possible.  

 
Figure 2.14 (a) The simulated structure with a similar dimension with the fabricated vertical 

device. Comparison of the measured device with the simulated device. The simulated RON,sp as a 

function of (b) LGT and (c) LGS.  

 

The proposed self-aligned process begins with a via etching for p+GaN body contact and 

an Ohmic metal deposition followed by an immediate a PECVD-SiO2 deposition to prevent an Al 
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oxidation. Then, a subsequent SiO2/Al/Ti dry etching was carried out by RIE. After removal of 

resists, a PECVD-SiNx was deposited to form a spacer covering the sidewall of the etched Al layer. 

This spacer formation is important to prevent a severe damage on the Al-based Ohmic contact 

during the surface treatment on the etched GaN sidewall in the next process, because Al is very 

easily etched away by alkalic chemicals. The PECVD-SiNx spacer was formed by anisotropic RIE 

etching on the whole surface without patterning. Prior to the GaN dry etching for gate trenches, an 

Ohmic annealing was performed at 750 °C for 15 minutes which condition was optimized on the 

same epitaxial layer by TLM. With the pre-deposited PECVD-SiO2 and the SiNx spacer, a GaN 

etching for gate trenches with a depth of 850 nm was carried out by the low damage BCl3/Cl2 RIE. 

Then, the surface treatment was performed by TMAH at 45 °C for 5 minutes and NH4OH 

sonication. The TMAH treatment temperature was reduced, because there is a recent study 

reported that a strong TMAH is not so necessary, and they could obtain a very low RON with a 

mild TMAH.50 We confirmed that the SiNx spacer was effective in the Al protection for a strong 

TMAH treatment at 80 °C for 30 minutes, but a mild TMAH can minimize a possible damage on 

Al which is very important for a good Ohmic contact quality. After the surface treatment, ALD-

Al2O3 of 25 nm was deposited at 250 °C. Then, a source via was etched by RIE and a Ti/Al/Ti 

layer was sputtered on the whole surface. With a photoresist patterning, the Ti/Al/Ti layer was 

etched by an optimized BCl3-based RIE. Lastly, another Ti/Al/Ti layer was sputtered on the 

backside of the sample for a drain contact. 
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Figure 2.15 A self-aligned gate trench Au-free process flow of a vertical GaN MISFET on a highly 

conductive bulk GaN substrate. 

 

Figure 2.16 (a) shows the angled-view SEM image of the fabricated device. It should be 

noted that the device design was somewhat changed from a line shape that can be seen in Figure 

2.6 (a) to a hexagonal shape, because the hexagonal cell topology leads to a smaller RON,sp than 

the linear cell.51,52 Figure 2.16 (b) shows the cross-section FIB-SEM image of the device. The 

PECVD-SiNx spacer of ~100 nm, the remaining PECVD-SiO2 of ~150 nm, and the Ti/Al Ohmic 

metal are colored to be clearly distinguishable, and it can be seen that the reduced LGS by the 

proposed self-aligned process is equivalent to the spacer thickness.  
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Figure 2.16 (a) An angled-view and (b) cross-sectional FIB-SEM image of the fabricated self-

aligned gate trench MISFETs.  
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Figure 2.17 (a) shows the measured transfer characteristics (ID-VGS) in a linear scale for 

the devices with a gate width (WG) of 240 μm (40 μm ×6), and the linearly extrapolated VTH was 

~7 V with a drain voltage of 1 V. The noisy current-voltage characteristics might be related to the 

imperfect backside drain contact with the chuck without vacuum in our probing system. From the 

output characteristics shown in Figure 2.17 (b), the maximum drain current density was 55 

mA/mm.  

 
Figure 2.17 (a) Linear-scaled ID-VGS and gm-VGS characteristics with a drain bias of 1 V. The 

extrapolated VTH was ~7 V. (b) ID-VDS characteristics of the fabricated self-aligned gate trench 

GaN device.  

 

As a control device, a conventional Ohmic first device was also fabricated on the same 

sample, and the measured characteristics of two devices are shown in Figure 2.18. Both devices 

showed a similar threshold voltage of ~7 V and a subthreshold slope (SS-1) of ~280 mV/dec. 

However, the on-state current for the self-aligned device was 2.2 times higher than that of the 

conventional Ohmic first device. The estimated RON,sp for the self-aligned device was 2.6 mΩ∙cm2 

from the output characteristics and the device area with Eq. (2-3). Here, we used the same source 

contact dimension of 2.5 μm with the realized LGT of 2 μm, LGS=0.1 μm, and Wch of 240 μm, 

resulting in the estimated device area of 1104 μm2 (=(2.5+2+0.1)×240 μm2). The RON,sp for the 
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control device was calculated as 6.1 mΩ∙cm2 with the same device dimensions but different LGS=2 

μm. The reduction of RON,sp was 55 % by eliminating LGS which is much more than expected by 

simulation studies above. This might be related to the conductance of the top n+GaN, because we 

assumed an electron concentration of 5×1018 cm-3 and a mobility of 140 cm2/V∙s for the 250 nm 

thick top n+GaN layer, but the actual resistance of the layer could be degraded by the Mg memory 

effect from the underlaying p+GaN layer.53 Although more careful investigations are required to 

understand the clear origin of the improvement, the demonstrated RON,sp of the self-aligned device 

is comparable with the other state-of-the-art devices.33,34,37  

 
Figure 2.18 Direct comparison between the conventional Ohmic-first device and the self-aligned 

gate device. (a) Linear-scaled and log-scaled ID-VGS characteristics with a drain bias of 1 V 

showing the same VTH of ~7 V. (b) ID-VDS characteristics showing a notable increase in RON by 

reducing the LGS.  

 

The breakdown voltage measurement was performed by Keithley 2410 high voltage 

sourcemeter. The equipment is a two-port system meaning that the gate and source were tied by a 

T-connector and biased at 0 V during the measurement, while the drain voltage was swept. Figure 

2.19 shows the measured breakdown voltage for the both devices. There was no BV degradation 

by reducing LGS, but the measured BV was only 100 V for the self-aligned device. As mentioned 

above, the gate current was not separated due to the measurement system, but it is very likely that 
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the gate to drain breakdown is occurring rather than the source to drain breakdown because of the 

abrupt current increase at 100 V.  

 
Figure 2.19 Measured breakdown voltages of two devices with a gate bias of 0 V showing a BV 

of 100 V.  

 

In order to understand the low breakdown voltage, we simulated a breakdown characteristic 

of the equivalent structure. As shown in Figure 2.20 (a) and (b), a peaked electric field of 1.3 

MV/cm was observed at the gate trench corner in the gate dielectric with a drain voltage of 100 V. 

In fact, this electric field is much lower than the critical electric field of Al2O3, but the interface 

quality might be intensifying the early breakdown. Since a similar phenomenon was observed in 

vertical FinFETs using a similar gate dielectric without any field-plate, but it was prevented by 

field-plate structure optimizations with a thick bottom oxide,33 we believe careful optimizations 

using either a thicker gate dielectric or field-plates with thicker passivation layer are necessary to 

improve the breakdown voltage of the device to kV levels.  
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Figure 2.20 TCAD simulation for the same device structure. (a) The whole structure and (b) the 

zoomed in at the gate trench corner showing the peak electric field of 1.3 MV/cm in the gate 

dielectric causing the early breakdown. 
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Benchmarked RON,sp versus breakdown voltage plots including other reported vertical GaN 

transistors on various substrates are shown in Figure 2.21. This benchmark suggests that our 

device has evolved to have a comparable RON,sp, but the BV still needs to be improved significantly.  

 
Figure 2.21 RON,sp versus breakdown voltage is plotted with other reported vertical GaN transistors. 

 

 

2.6 Conclusions 

In summary, this chapter has provided a careful study on the evolution of vertical GaN 

transistors for high-power switches in power conversion applications. In the first and the second 

generations, a novel SAG technique was utilized for the grown epitaxial layer of in total 19 μm on 

Si substrates that overcame the thermal mismatch barrier. These devices are the world-first 

demonstration of vertical GaN-on-Si transistors. The realized vertical GaN-on-Si transistors 
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showed a high ON/OFF current ratio of ~107, which is comparable with the state-of-the-art GaN 

devices on GaN substrates. The SAG technique was adapted to a native GaN substrate and an 

Ohmic-first process was proposed to improve the on-state characteristics. The fabricated SAG 

GaN-on-GaN device showed a promising on-resistance of 4.25 mΩ∙cm2 with a BV of 34 V. The 

BV was mainly limited by the unintentional dopants from SAG mask layers that can be reduced 

by growth condition optimizations.40 With the extracted material parameters, TCAD simulations 

were performed and the vertical transistor design was optimized to obtain a lower RON,sp. Lastly, a 

novel self-aligned gate trench process proposed to demonstrate the simulated structure. The 

fabricated self-aligned gate trench vertical GaN MISFET exhibited a RON,sp as low as 2.6 mΩ∙cm2 

which is 55 % improved from the conventional device on the same die and comparable with the 

state-of-the-art vertical GaN devices. The BV was ~100 V mainly due to the sharp gate trench 

corner and the absence of field-plate. This study suggests that a careful optimization of edge-

terminations is required to achieve the high BV for desired high-power switches. 

Chapter 2, in part, is a reprint of the materials as it appears in Advanced Material 2017. A. 

Tanaka, W. Choi, R. Chen, and S. A. Dayeh. The dissertation author is the second author of this 

paper.  

Chapter 2, in part, is current being prepared for submission for publication of the material. 

W. Choi and S. A. Dayeh. The dissertation author is the primary author of this material. 
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CHAPTER 3: AlGaN/GaN Fin MIS-HEMTs and Transconductance Synthesis 

 

3.1 Introduction 

A wide dynamic range is fundamental to the operation of any system, particularly for 

amplifiers in wireless communication systems. The output current of an amplifier is fundamentally 

related to the input voltage signal by a non-linear transconductance, gm, whose higher order terms 

lead to intermodulation products with frequencies close to that of the fundamental signal, thereby 

invading the bandwidth of the amplifier and draining its available power.54,55 Conventional 

transistors have a bell-shaped gm curve as a function of VGS that is attributed to several physical 

origins including (i) self-heating effects,56 (ii) increase of the dynamic source access resistance,57 

(iii) emission of optical phonons,58 and (iv) contact barriers.59 Transistors with vertically stacked 

multiple quantum well channels were hypothesized to lower gm nonlinearities60,61 but these were 

not practically utilized. Innovative material approaches62 including the use of nitrogen-polar 

surfaces on gallium nitride (GaN) and source regrowth advanced the linearity figure of merit, the 

ratio of output 3rd-order intermodulation intercept point (OIP3) to DC power (PDC), OIP3/PDC, to 

13.3 dB.63–75 The limited transistor linearity is often addressed with circuit linearization techniques 

employing derivative superposition (DS)7677,78 and cancellation which can extend transistor 

linearity at low frequencies but become difficult to implement at high frequencies and cannot 

handle signals with sufficiently large power.78 

Linear GaN FETs should be capable of resolving transconductance degradation due to an 

increase in the source resistance (Rs) at higher VG, known as an increase in the dynamic source 

access resistance.5779 At higher gate voltages where carriers transverse the channel with a 

saturation velocity, the channel current continues to increase by populating more carriers at the 
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channel surface but the ungated source region of the device cannot keep up with required carrier 

density, and with the saturated carrier velocity, the source resistance increases. This compromise 

between the channel current and the source resistance has been recently mitigated by introducing 

Fin-like channels that decrease the channel current and delay the impact of the source resistance 

on gm roll-off further extending the voltage ranges over which gm is constant.65,71,80,81 Notably, 

Joglekar et al. utilized Fins with different widths yet with the same channel width for planar and 

for each set of Fin widths in a single high electron mobility transistor (HEMT) channel for gm-

compensation. However, in that work, the residual currents for each set of previously turned on 

Fins degrade the overall device current at higher gate voltages and lead to nonlinearities in the 

current-voltage characteristics. Additionally, the width of the gm-plateau cannot be substantially 

improved for large-signal operations with Fin-only architectures (due to limited tunability range 

for threshold voltage, VT) and Schottky metal gates (which are susceptible to gate diode turn-on 

and large leakages at small positive VG).  

 

3.2 Device Fabrication of AlGaN/GaN Fin MIS-HEMTs 

The overall process flow is illustrated in Figure 3.1. A commercial Al0.23Ga0.77N/GaN-on-

Si wafer was used. After solvent and Piranha treatment for a clean surface, the initially grown 25 

nm AlGaN barrier layer was thinned down to 5 nm by BCl3/Cl2 reactive ion etching (RIE) with a 

plasma power of 50 W. Alignment markers are first patterned by a positive photoresist, AZ12XT-

5, and a 600 nm trench was etched by the same BCl3/Cl2 RIE etch chemistry. Then, an Ohmic 

contact process followed. A Ti/Al/Ni/Au(=20/120/40/50 nm) metal stack was evaporated, lifted 

off, and annealed at 875 °C for 30 sec to make Ohmic contact. A sheet electron concentration of 

9.9x1012 cm-2 and an electron mobility of 1124 cm2/V∙s were extracted from the Hall-effect 



 

 45 

measurement after AlGaN barrier thinning. The contact resistance, RC, was 0.47 Ω∙mm measured 

by the Transmission line method (TLM). A 740 nm-thick Fox16 hydrogen silsesquioxane (HSQ) 

was coated, soft-baked at 180 °C for 2 min, and patterned by e-beam lithography with an optimized 

proximity effect correction to pattern uniform Fin structures. After 5 min UV-ozone exposure to 

harden the patterned HSQ layer, Fin etching was performed with BCl3/Cl2 RIE, and the HSQ layer 

was removed by dipping into a 1:20 diluted buffered oxide etchant (BOE). A surface cleaning step 

by a 29% NH4OH solution with sonication for 15 min was carried out,31 and the sample was then 

immediately loaded to Beneq TFS200 atomic layer deposition (ALD) system. 20 cycles trimethyl 

aluminum (TMA) pre-pulse and 45 cycles of Al2O3 deposition process were performed at a chuck 

temperature of 200 °C. No post-deposition annealing for the gate insulator was performed. For 

rectangular gate devices, an MMA/PMMA double layer was used and a Ti/Au layer of 20/80 nm 

was evaporated. After opening ohmic contact windows by RIE, a Ti/Au of 50/400 nm, was 

deposited by e-beam evaporation, and followed by lift-off.  

 
Figure 3.1 Schematic illustration of the device fabrication process. 
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3.3 Characteristics of Individual Devices with Fixed Fin Widths 

Synthesis of the linear transistor was informed with the detailed characteristics of its 

individual components composed of a fixed WFin per device, in the range of 50 nm - 200 nm, 

denoted as individual Fin devices. A top-view SEM and cross-sectional high-resolution 

transmission electron microscopy (HRTEM) images in Figure 3.2 (a)-(c) of the fabricated 

individual Fin device with WFin of 100 nm show accurate alignments and good Fin formations with 

conformal dielectric (6 nm Al2O3 on 5nm AlGaN barrier) and gate metal layers.  
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Figure 3.2 Characterization of devices with a single Fin width to support the design of the 

synthesized linear transistor. (a) A top-view SEM image, (b and c) cross-sectional TEM images 

of the fabricated device with a fixed Fin width of 100 nm. 
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The fabricated devices showed very steep subthreshold slopes with an average value of 

83.6 mV/dec across 20 devices with different WFin from 50 nm to 200 nm and a planar device as 

shown in Figure 3.3 (a). The threshold voltage increased for smaller WFin, (Figure 3.3 (a) and 3 

(b)), due to the deeper penetration of the sidewall electric field into the channel of narrower Fins.82 

This side-gate effect was independent of GaN sidewall facet orientation of either a-plane (112̅0) 

or m-plane (101̅0) because of the nearly symmetric energy band structure of wurtzite GaN for Γ-

Κ and Γ-Μ valleys at the lower conduction band83 and the nearly identical etch profile (and field-

distribution) in our process for both types of facets. 

 
Figure 3.3 (a) Measured log-scaled transfer characteristics of the planar and Fin MIS-HEMTs 

with varying Fin widths showing almost identical subthreshold slopes regardless of Fin widths. (b) 

Extracted VT-WFin for different Fin widths from 200 nm to 50 nm. VT was defined by linear 

extrapolation from the maximum gm point in ID-VG characteristics with a drain voltage (VD) of 50 

mV for a negligible lateral electric field and showing negligible dependence on Fin facet 

orientations to either a-plane or m-plane.  
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The broad range of VT from -5 V for planar devices to -0.5 V for 50 nm wide Fins provides 

a tuning knob to synthesize a linear multi-channel device, composed of sets of individual channels 

each with a given VT, such that these sets of individual channels turn on sequentially. The properties 

of such a synthesized device can be expressed with the superposition of its individual components 

such that: 

𝐼𝐷,𝑡𝑜𝑡𝑎𝑙(𝑉𝐺) = 𝛼0𝐼𝐷,0(𝑉𝐺 − 𝑉𝑇,0) + 𝛼1𝐼𝐷,1(𝑉𝐺 − 𝑉𝑇,1) + ⋯ + 𝛼𝑘𝐼𝐷,𝑘(𝑉𝐺 − 𝑉𝑇,𝑘), (1) 

𝑔𝑚,𝑡𝑜𝑡𝑎𝑙(𝑉𝐺) = 𝛼0𝑔𝑚,0(𝑉𝐺 − 𝑉𝑇,0) + 𝛼1𝑔𝑚,1(𝑉𝐺 − 𝑉𝑇,1) + ⋯ + 𝛼𝑘𝑔𝑚,𝑘(𝑉𝐺 − 𝑉𝑇,𝑘), (2) 

𝑔𝑚,𝑡𝑜𝑡𝑎𝑙
′ (𝑉𝐺) = 𝛼0𝑔𝑚,0

′ (𝑉𝐺 − 𝑉𝑇,0) + 𝛼1𝑔𝑚,1
′ (𝑉𝐺 − 𝑉𝑇,1) + ⋯ + 𝛼𝑘𝑔𝑚,𝑘

′ (𝑉𝐺 − 𝑉𝑇,𝑘), (3) 

where 𝛼𝑘 is the weight of kth channels for a family of Fins with a WFin,k, and a VT,k. k=0 

represents the planar device characteristics. Therefore, we have multiple knobs WFin, through VT,k 

and gm,k, and 𝛼𝑘for engineering the linearity of the drain current of the synthesized device. We 

chose a planar device and 4 different Fin devices with WFin of 160, 100, 80, and 50 nm because of 

their uniformly separated gm' curves, as determined by experiment in Figure 3.2 (f). We then 

exploited this uniform spacing of gm' for the selected WFin and tuned 𝛼𝑘 to result in cancellation of 

non-zero gm' and gm" for the planar device for VG from -4 V to 2 V. The detailed linearization 

procedure is provided in the next section. The synthesized device resulted in a Δgm of -0.7 μS with 

respect to VG from -4 V to 2 V, which is more than 4 orders of magnitude reduction from Δgm of -

2.9 mS for the planar device. Interestingly, the designed 4-Fin synthesized gm"-VG characteristic 

of Figure 3.2 (g) displayed multiple VG points for which gm"=0, typically termed as ‘sweet spots’. 

These sweet spots are key for IMD reductions to achieve higher OIP3 as will be manifested in the 

RF linearity measurements.  
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Figure 3.4 (a) Computed gm'-VG for the 4-Fin synthesized device with planar and individual Fin 

devices for WFin of 160, 100, 80, and 50 nm which were used for the linearization by weighting 

(𝛼𝑘) each curve to minimize Δgm. (b) Computed gm"-VG for the 4-Fin synthesized device with the 

optimized weights and planar and individual Fin devices. Multiple ‘sweet spots’ (when gm" is zero) 

are introduced by this linearization approach. Note that gm', and gm" are smoothed by 7-points 

averaging for clarity. 

 

 

3.4 Linearization of Transfer Characteristics and Synthesized Device Layout Design 

Detailed linearization and device design procedure is as follows. 
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First, transfer characteristics of planar and individual Fin devices were measured and 

differentiated with respect to VG to obtain gm'-VG curves. All devices had a fixed WG=20 μm. A 

fixed spacing between the Fins, Wgap =200 nm, was used. Therefore, each Fin device was 

composed of a different number of Fins, NFin, in the 20 μm wide channel. 

Second, planar devices and Fins with different widths (WFin) have flat gm regions over a 

narrow VG that shifts to positive VG as WFin decreases. WFin were then selected to superimpose the 

flat gm regions over the widest possible VG for linearization. Here, we chose a VG range from -4 V 

to 2 V and WFin of 160, 100, 80, and 50 nm. 

 
Figure 3.5 Measured gm-VG and gm'-VG of the fabricated planar device showing a gm roll-off 

corresponding to negative gm' and Δgm. Note that gm' curve is 7-point averaged. 

 

Third, as can be seen in Figure 3.6 top panel, the peak of gm' was determined for the device 

with WFin,1=160 nm (P1=2.4 mS/V), along with the gm' value of the planar device (N1=-0.4 mS/V) 

at the same VG. We divide P1 by N1 to obtain the absolute ratio, R1. 
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Figure 3.6 Linearization of transfer characteristics by using gm'-VG and determining the weights 

of numbers of each Fin.  
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Fourth, a new gm'-VG curve with calculated R1 as 𝑔𝑚,1−𝐹𝑖𝑛−𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑧𝑒𝑑
′ = 𝑔𝑚,𝑝𝑙𝑎𝑛𝑎𝑟

′ + 𝑅1 ∙

𝑔𝑚,160
′  was then calculated and plotted. 

Fifth, steps 3) and 4) with the synthesized gm' and that of the chosen narrower Fins were 

then repeated for the 100, 80, and 50 nm Fins. 

Sixth, additional corrections to the factors R1 to R4 is needed to null the cumulative gm 

variation,  ∆𝑔𝑚 = ∫ 𝑔𝑚
′2

−4
𝑑𝑉𝐺. A Factor F is introduced (Figure 3.7 (a)). Note that 𝛼0 = 1 for the 

planar device which is chosen as the reference for gm correction. 

 
Figure 3.7 (a) A weighting factor F was used to lift up the curve to make the center of gm' ripple 

at zero. (b) Δgm-F showing the optimum value of F. (c) gm'-VG after Fin synthesizing by minimizing 

Δgm from VG of -4 V to +2 V. 
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Seventh, step 6) was repeated by varying F to find the optimal F which made gm' ripples 

centered at zero, resulting in the minimum possible Δgm. As shown in Figure 3.7, we obtained the 

optimal F=1.35 and Δgm=-0.7 μS. 

Eighth, the optimal 𝛼1 to 𝛼4 were then calculated by multiplying R1 to R4 with the optimal 

F. We then multiplied the number of Fins (NFin) that were present in the reference Fin devices with 

WG=20 μm by the optimal 𝛼1 to 𝛼4, and rounded the obtained fractional number, noted as Ak to 

obtain the final number of Fins – per Fin width – in the synthesized device. Ak=𝛼𝑘 × 𝑁𝐹𝑖𝑛,𝑘. 

Ninth, By considering the gap between each Fin (Wgap=200 nm), we calculated the total 

device width (Wtotal) including Wgap: 𝑊𝑡𝑜𝑡𝑎𝑙 = 𝑊𝑝𝑙𝑎𝑛𝑎𝑟 + ∑ (𝑊𝐹𝑖𝑛,𝑘 + 𝑊𝑔𝑎𝑝) × 𝐴𝑘
4
𝑘=1 . Here, 

Wtotal=38.69 μm. 

Tenth, however, we wanted to fix the etched GaN mesa region width to 20 μm so that the 

final devices have a minimal gate metal resistance Rg. Therefore, we normalized all device 

dimensions to 20 μm. Then resulting planar device width was 20 ×
20

38.69
= 10.3 μm, and the final 

Fin numbers were 6, 11, 8, and 8 for WFin of 160, 100, 80, and 50 nm obtained by multiplying Ak 

by the width ratio, 𝐴𝑘 ×
20

38.69
, and rounding the obtained number. 

All the calculated values are summarized in Table 3.1.  

Table 3.1 Summary of the factors used in the procedure to determine the numbers of Fins for the 

synthesized device in a WG=20 μm. 
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Figure 3.8 shows the transfer characteristics for the designed device based on the above 

described procedure together with that of the fabricated 4-Fin synthesized devices. The derivatives 

of the transfer characteristics are also shown. There is a small difference in the transfer 

characteristics between the designed and fabricated device embodied in a slight positive shift of 

the threshold voltage. This is most likely due to the fact that the calibration devices used in the 

design phase were completed in whole at the Center for Integrated Nanotechnologies (CINT) 

cleanroom in Albuquerque, whereas the synthesized device was completed at the nano3 facilities 

at UCSD including most importantly the pre-ALD TMA pre-pulsing and Al2O3 deposition (e-beam 

lithography, for the Fins only, was performed at CINT). 
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Figure 3.8 ID-VG, gm-VG, gm'-VG, and gm"-VG characteristics of designed (based on experimental 

results of planar and individual Fin devices) and fabricated 4-Fin synthesized devices, showing a 

good agreement. 
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3.5 Synthesized Device Characteristics 

We synthesized planar HEMTs with multiple narrow Fin-HEMTs and incorporated a thin 

gate insulator to achieve high linearity, purely by adjusting the device layout using only a 

commercial Al0.23Ga0.77N/GaN-on-Si wafer without any additional epitaxial layer growth. Figure 

3.9 shows top-view scanning electron microscopy (SEM) images of the synthesized device. The 

synthesized device consisted of a 10.3 μm wide planar region and 6, 11, 8, and 8 Fins for 160, 100, 

80, and 50 nm Fin widths (WFin), respectively, under one gate electrode, in order to operate all the 

regions simultaneously and to achieve a highly linear transfer characteristic. The gate-to-source 

(LGS), the gate-to-drain (LGD) distances, and the gate length (LG) are 0.5 μm, 1.4 μm, and 90 nm, 

respectively.  

 
Figure 3.9 Device structure of the synthesized GaN MIS-HEMT device consisting of planar and 

multi-Fin regions. A gate length (LG) of 90 nm, a gate width (WG) of 20 μm, a gap between each 

Fin (Wgap) of 200 nm, and a drain to source distance (LDS) of 2 μm were used for all devices. Top-

view SEM images of the fabricated device showing a planar region and a Fin region under a single 

gate electrode. 

 

As can be seen in Figure 3.10 (a) and (b), a planar reference device fabricated on the same 

die shows a non-linear drain current as VG increases and the gm roll-off.56–58 Additionally, the 

extracted unity current-gain frequency (fT) also had a peak and decreased quickly as VG increased 

as shown in Figure 3.10 (c) due to the inversely proportional dependence of fT on Rs.
84 These non-
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linearities are resolved for the synthesized device by the sequential turn-on of multiple channels 

that made the overall source resistance constant, as shown in Figure 3.10 (d) and (e) for ID-VG and 

for gm-VG characteristics, respectively. Figure 3.10 (f) shows the fT-VG characteristic which is 

nearly constant for VG>VT for the synthesized device compared to a strongly peaked shape, 

congruent with the gm-VG curve, for the planar device. The detailed RF measurement and the fT 

extraction are described in Chapter 4.  

 
Figure 3.10 Concept of the synthesized GaN MIS-HEMT device, and its electrical characteristics 

compared to a conventional planar device. (a) Measured ID-VG, (b) gm-VG, and (c) fT-VG for a planar 

device. (d) Measured ID-VG, (e) gm-VG, and (f) fT-VG for the synthesized device. 

 

Figure 3.11 (a) and (b) show the measured linear-scale and log-scale transfer 

characteristics with VD of 1 to 5 V, illustrating linear transfer characteristics over a wide VG range 

of ~6 V for VD>2 V. The linear characteristic of the device can be clearly observed in the uniformly 

distributed ID-VD curves for VG of -6 to 3 V with a step of 1 V of Figure 3.11 (c). Figure 3.11 (d) 
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shows gm and its first and second derivatives for VD of 5 V, and a total of 10 sweet spots in the gm" 

characteristics were observed at VT<VG, in agreement with the computed gm" of Figure 3.4 (b).  

 
Figure 3.11 Electrical characteristics of the fabricated synthesized device with the optimized 

design. (a) Measured linear-scale and (b) log-scale transfer characteristics with different drain 

voltages showing almost straight ID-VG curves and excellent subthreshold and drain induced barrier 

lowering (DIBL) which 50 mV/V for VD=1-4 V, and increases to 300 mV/V for VD=5 V, and 

negligible gate leakage characteristics. (c) Measured output curves of the synthesized device 

showing highly uniform distribution of each curve over a wide gate voltage range. (d) gm, gm', and 

gm" characteristics with respect to VG. Multiple ‘sweet spots’ were observed as expected. Note that 

gm', and gm" are smoothed by 7-points averaging for clarity. 

 

More specifically, as shown in Figure 3.12, the intended gm" sweet spot at VG of -2.62 V 

was clearly observed in the fabricated synthesized device, indicating that the third-order 

nonlinearity caused by gm" will be completely cancelled out, while the planar device doesn’t have 

this sweet spot.  
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Figure 3.12 gm"-VG characteristics of the fabricated 4-Fin synthesized and planar devices (inset: 

zoomed-in plot around the gm" sweet spot at -2.62 V). 

 

It is worth noting that the breakdown voltage of this device was 54 V, as shown in Figure 3.13, 

which ensures that the device can be operated at higher drain biases that are suitable for delivering 

high output powers. 

 
Figure 3.13 Breakdown characteristics for the synthesized device. 
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3.6 Conclusions 

In this chapter, we presented the new concept of transconductance engineering at the 

device-level by lithographically adjusting the device layout only. A commercialized scalable 

AlGaN/GaN-on-Si wafer was utilized to demonstrate Fin MIS-HEMT devices. The device 

fabrication process was developed and optimized by the delicate e-beam lithography patterning 

and the realized Fin MIS-HEMTs showed expected characteristics having variable VT’s with 

different Fin widths. The novel gm synthesis method with the experimental results was proposed 

to flatten the gm plateau with DC characteristics and was translated to a transistor design. The 

synthesized device exhibited a flat gm of over 6 V of gate voltages which is much wider the other 

reports. The device also showed an essentially flat fT curve as a function of gate voltages which 

implies the gm roll-off issue has been effectively resolved by balancing the source access resistance 

and the channel resistance. This provides a new transistor architecture for high linearity. 

Chapter 3, in part, is a reprint of the materials as it appears in Nano Letters 2020. W. Choi, 

R. Chen, C. Levy, A. Tanaka, R. Liu, V. Balasubramanian, P. M. Asbeck, and S. A. Dayeh. The 

dissertation author is the first author of this paper. 
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CHAPTER 4: An Intrinsically Linear Transistor for mm-Wave Low Noise Amplifiers 

 

4.1 Introduction 

In today’s radio-frequency (RF) systems, linearity of amplifiers is a key concern due to 

presence of significant numbers of in-band interferers in the crowded spectrum.  GaN high electron 

mobility transistors (HEMTs) can provide low noise front-end amplifiers, but state-of-the-art GaN 

HEMTs still possess non-linearity exhibited by a transconductance, gm, roll-off from its peak due 

to the dynamic source access resistance and other factors.71 This phenomenon, also commonly 

known as “source starvation”,79,85 has been considered as the key factor for the bell-shape gm in 

high mobility transistors. In the saturation mode of operation in HEMTs, the channel resistance 

keeps decreasing by accumulating more electrons with gate bias increase while electrons in the 

ungated source access region are carried away so efficiently with a saturated velocity. Then, the 

source access region becomes “starved” of carriers – that cannot be supplied efficiently from the 

source contact to the channel – and the source resistance increases whilst gm drops due to the 

negative feedback. For these reasons, the width of the gm-plateau was not substantially improved 

for large-signal operations, resulting in their linearity figure-of-merit OIP3/PDC, where OIP3 is the 

output 3rd-order intermodulation point and PDC is DC power, limited to around the 10 dB rule-of-

thumb for transistors linearity.63 The dynamic range figure-of-merit (DR-FOM) for low noise 

amplifiers (LNAs),77 OIP3/(F-1)PDC, where F is the noise factor, is also still limited to ~1.7 in mm-

wave GaN transistors.87  

In this chapter, we demonstrate next that the synthesized DC linearity in the previous 

chapter translates to RF linearity with the record figure of merit at 5 GHz and exceptional 

performances at 30 GHz. The synthesized device demonstrated the potential of developing 
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arbitrary gm profile, we now embark on resolving some of the key critical metrics for enhancing 

the device performance to be suitable for microwave and mm-wave amplifier applications. This 

includes increasing the device gain through the use of T-gate electrodes and air-bridges but the 

same Fin design in the previous chapter.  
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4.2 Fabrication of Synthesized AlGaN/GaN Fin MIS-HEMTs with T-gates and Air-bridges 

In order to obtain a proper gain at RF frequencies, T-gates that reduce the input impedance 

and air-bridges that connect parallel devices to reduce output impedance are necessary. Figure 4.1 

illustrates the process of T-gates by using a ZEP/PMGI/ZEP tri-layer and electron-beam 

lithography.88 After the tri-layer coating and e-beam exposure, the ZEP/PMGI/ZEP layers were 

developed from the top layer to the bottom layer by MEK:MIBK=2:3 for 60 sec, AZ300K MIF 10 

sec, and MIBK:IPA=1:1 for 60 sec.  

 
Figure 4.1 A schematic of the T-gate process using a ZEP/PMGI/ZEP tri-layer by e-beam 

lithography.  

 

Figure 4.2 depicts the process flow of the air-bridge using a MMA copolymer and a 

positive photoresist. Since the MMA layer is not developed by AZ300K MIF developer, a positive 

photoresist patterning is possible after an MMA layer coating with an appropriate thickness by 

three times of coating and soft baking. The patterned positive photoresist can be used as an etch 

mask for MMA dry etching by O2 plasma. Then, the remaining positive photoresist is completely 

removed by flood exposure and AZ300K MIF, and a reflow of MMA was carried out for a well-

rounded corner of the temporary supporting layer for the air-bridges. On top of the reflowed MMA 

layer, we performed another photolithography with a thick enough resist and a lift-off process 
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instead of electroplating which is more conventional way in the industry, mainly due to the absence 

of a gold electroplating system at UCSD.  

 
Figure 4.2 A schematic of the air-bridge process using a MMA copolymer and a positive 

photoresist, selective develop of the photoresist, dry etching by RIE, MMA reflow for a rounded 

corner, and thick metal lift-off.  

 

The overall process flow for the synthesized AlGaN/GaN Fin MIS-HEMTs with T-gates 

and Air-bridges is illustrated in Figure 4.3. The process is the same as the rectangular gate devices 

presented in Chapter 3 before the gate metallization. For T-gate electrodes, a Ti/Au of 50/400 nm 

metal stack was evaporated by the ZEP/PMGI/ZEP tri-layer electron beam lithography process. 

After a pad metallization with a Ti/Au of 50/400 nm, the air-bridge process with a 2.7 μm-thick 

MMA copolymer layer was carried out for a total 1.2 μm-thick Ti/Au layer lifted-off by an image 

reversal photoresist and a directional sputtering without rotation. Finally, after in-situ N2 plasma 

for 2 min with a RF power of 20 W by plasma-enhanced chemical vapor deposition (PECVD) at 
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200 °C, a 60 nm Si3N4 layer was deposited as a passivation layer. No pad opening was performed, 

and all the measurements were carried out by penetrating the passivation layer by probe tips. 

 
Figure 4.3 Schematic illustration of the T-gate and air-bridge device fabrication process. 

 

For the small-signal S-parameter, single-tone continuous wave (CW) power sweep, and 

two-tone measurement in the following sections, the fabricated 4-Fin synthesized device with the 

same geometry (LGS, LGD, and LG), but with T-gates that reduce the input impedance and air-

bridges that connect parallel devices to reduce output impedance as illustrated in Figure 4.4 (a). 

We refer to this device as Device A in the following discussions. The T-gate comprised a gate foot 

of 90 nm, and a stem height and gate head length of 150 nm and 250 nm, respectively, as seen in 
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Figure 4.4 (b), resulting in an extracted gate resistance of ~5 Ω. With the airbridge connected 

devices (Figure 4.4 (c)), the effective channel width was 107.2 μm (𝑊𝑒𝑓𝑓 = 𝑊𝑝𝑙𝑎𝑛𝑎𝑟 + ∑ 𝑊𝐹𝑖𝑛 =

13.4 × 8).  

 
Figure 4.4 Structure and RF performance of the synthesized device. (a, b, and c) Angled and 

cross-sectional view SEM images of the 8-finger device used for RF characterizations, (a) under 

low magnification (scale bar: 50 μm) to show the overall micrograph of the device, (b) under high 

magnification (scale bar: 100 nm) to show the T-gate structure, and (c) under low magnification 

(scale bar: 2 μm) to show the air-bridge structure. 

 

 

4.3 Measurement Details and Small-signal Characteristics of the Fabricated Device 

For the DC characteristics of the 8-finger device in Figure 4.4, an Agilent E3631A DC 

power supply was used and automatically controlled by a separate laptop and a GPIB cable, 

primarily due to the current compliance of 100 mA in our B1500A system, while the drain current 
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of the 8-finger device exceeded this limit, and the ID-VG, gm-VG, and ID-VD characteristics are 

plotted in Figure 4.5 (a), (b), and (c), respectively. 

 
Figure 4.5 DC characteristics of the 8-finger synthesized device used for linearity measurements. 

(a) ID-VG, (b) gm-VG, and (c) ID-VD characteristics measured by a DC supply. 

 

On-wafer small-signal characteristics of the device were measured by an Agilent N5242A 

vector network analyzer (VNA). For small-signal characteristics to extract fT and fmax, the VNA 

was calibrated up to the input and the output GSG probe tips by a CS-5 SOLT calibration substrate. 

S-parameters were measured from 100 MHz to 26.5 GHz with an intermediate frequency (IF) 

bandwidth of 15 kHz and 5-times averaging in the VNA setup. For the de-embedding of pad 

parasitic, open and short patterns on wafer as can be seen in Figure 4.6, were used to characterize 

the parallel and the series parasitics, respectively.  
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Figure 4.6 De-embedding patterns for (a) open, and (b) short configurations. 
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With the measured Y-parameters of the open and short patterns, the actual transistor Y-

parameters can be obtained from:89 

𝑌𝑡𝑟𝑎𝑛𝑠 = ((𝑌𝑑𝑢𝑡 − 𝑌𝑜𝑝𝑒𝑛)
−1

− (𝑌𝑠ℎ𝑜𝑟𝑡 − 𝑌𝑜𝑝𝑒𝑛)
−1

)
−1

, (4 − 1) 

where Ytrans is the de-embedded transistor Y-parameters, Ydut, Yopen, and Yshort are Y-

parameters obtained from the measured S-parameters of the device, open, and short patterns, 

respectively. Then, the Ytrans was transformed to h-parameters, and |ℎ21| was used for fT extraction 

from the 20 GHz point with a slope of -20 dB/dec (Figure 4.7). For fmax extraction, the unilateral 

power gain, U, was calculated with the following equation:90 

𝑈 =
1

2

|
𝑆21

𝑆12
− 1|

2

𝑘 |
𝑆21

𝑆12
| − 𝑅𝑒 (

𝑆21

𝑆12
)

 where 𝑘 =
1 − |𝑆11|2 − |𝑆22|2 + |𝑆11𝑆22 − 𝑆12𝑆21|2

2|𝑆12𝑆21|
, (4 − 2) 

Similar to the fT extraction, fmax was linearly extrapolated from the 20 GHz point with a 

slope of -20 dB/dec. The peak extrapolated values of fT and the maximum oscillation frequency 

(fmax) were 71.3 GHz and 123.4 GHz, respectively, at a DC bias point of VD=5 V and VG=-4 V. 
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Figure 4.7 Measured intrinsic small-signal characteristics of the fabricated device (Figure 4.4). 

h21 and U were used for fT and fmax extraction. 

 

The maximum stable gain (MSG) characteristics as a function of frequency without pad 

de-embedding is shown in Figure 4.8, which illustrates suitability for proper operation in the mm-

wave regime. 
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Figure 4.8 Extrinsic maximum stable gain (MSG), h21, and U without pad de-embedding as a 

function of frequency demonstrating proper operation in the mm-wave regime. 

 

Figure 4.9 illustrates the measurement setups for each RF linearity characterization and 

calibrations. For the single-tone continuous wave (CW) power sweep measurement, a Maury 

Microwave 1643N manual slide-screw tuner was used for input impedance matching. No tuner 

was used at the output of the device corresponding to the 50 Ω load. For the CW power sweep, 

under the DC bias condition (VD=5 V and ID=52 mA), the tuner position was set by watching S11 

in the VNA screen to make it zero as close as possible, then the tuner position was not changed 

until all the measurement was finished. After finding the optimal tuner position for input matching 

of the device, 10 dB attenuators were specified for the ports in the VNA setting to prevent RF 

power overloading. The VNA power was calibrated up to the input bias-T by connecting a power 

meter, Agilent N1911A, for an input power range of -15 dBm to +15 dBm with a step of 1 dBm at 
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a fixed frequency of 5 GHz, and S-parameters were calibrated by an electronic calibration module, 

N4691-60004. Then, the calibrated input and output bias-Ts were connected to the input tuner and 

the drain probe tip. Finally, a CW input power was swept from -15 dBm to +12.75 dBm, and S-

parameters were measured and recorded by the VNA.  

 
Figure 4.9 Block diagram of the on-wafer CW power sweep and two-tone measurement setup 

showing the calibration planes. (a) VNA power calibration, (b) VNA S-parameter calibration, (c) 

CW power sweep measurement setup. (d) Power calibration for the input and output up to bias-

Ts, (e) two-tone measurement setup. 

 

For the two-tone measurement, the same tuner, Maury Microwave 1643N, was used for 

input impedance matching, and no tuner was used at the output of the device corresponding to the 
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50 Ω load. In order to calibrate the power of the input and the output RF signal accurately, two 

directional couplers, Mini-circuits ZADC-10-63-S+, were installed at the input and the output bias-

Ts, and connected to the two-channel power meter, Agilent E4419B as illustrated in Figure 4.9. 

For two-tone signal generation, two Agilent N5182A MXG vector signal generators were used for 

5 GHz and 5.01 GHz, and two signals were combined by a power splitter, HP 11667B. For 

observing the difference of output two-tone signals, an Agilent N9020A MXA signal analyzer was 

used. The input two-tone signal power from the signal generator was increased and the power of 

5 GHz signal and 4.99 GHz at the signal analyzer, were simultaneously recorded. From these 

recorded values and assuming that the total output RF power is dominated by two fundamental 

signal powers, Pf,0 and IM3 at each Pin per tone were calculated as follows:  

𝑃𝑖𝑛 𝑝𝑒𝑟 𝑡𝑜𝑛𝑒 (𝑑𝐵𝑚) = 𝑃𝐶ℎ,𝐴 − 3 

𝑃𝑓,0 (𝑑𝐵𝑚) = 𝑃𝐶ℎ,𝐵 − 3  

𝐼𝑀3 (𝑑𝐵𝑚) = 𝑃𝑓,0 − (𝐼𝑀𝑅3) 

where Pin per tone and Pf,0 are the powers of fundamental signal per tone at the input and 

output, respectively; PCh,A and PCh,B are the measured total RF power from the power meter for the 

input and output, respectively; IM3 is the 3rd-order intermodulation power, and IMR3 is the 

difference between the signal powers of 5 GHz and 4.99 GHz from the signal analyzer. 

 

4.4 Optimization of Bias Point for the High Linearity Performance 

In order to find the optimum bias point of the synthesized device, two-tone measurements 

were performed by varying the DC bias point. During this measurement, the RF power at both 

signal generators was fixed at -2 dBm which resulted in an actual measured power per tone (Pin 

per tone) of -10.5 dBm read by the power meter, the input tuner position was also not changed, 
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and IMR3 from the signal analyzer was recorded with varying the DC bias point. The gate voltage 

was changed from -4 V to -2 V with a step of 0.1 V, and the drain voltage was swept from 2 V to 

5 V with a step of 0.5 V. Recorded IMR3 values are plotted as a 2D contour plot in Figure 4.10, 

the highest IMR3 of 85.1 dBc was achieved at VD=5 V, VG=-3 V, and ID=52 mA.  

 
Figure 4.10 Measured IMR3, the difference between the signal powers of 5 GHz and 4.99 GHz 

from the signal analyzer, contour plots on the measured output characteristics of the synthesized 

device. The maximum IMR3 of 85.1 dBc was achieved at VD=5 V and ID=52 mA. 

 

At this quiescent point, the RF input power at the signal generator was swept from -3 dBm 

to 15 dBm which resulted in Pin per tone of -11.5 dBm to 6.5 dBm for extractions of output 3rd-

order intermodulation points (OIP3) for the synthesized and planar devices. Figure 4.11 (a) and 

(b) illustrate the linear extrapolation of OIP3 with a slope of 1:1 from each Pf,0 point and 3:1 from 

each IM3 point for the synthesized and planar devices. The average of 5 points of plotted OIP3 for 

the synthesized device was 39.3 dBm with a peak value of 39.8 dBm. Figure 4.11 (c) and (d) show 
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the two-tone spectra of the two devices at Pin per tone=-8.5 dBm, and IMR3 was clearly reduced 

by 26.1 dB.  

 
Figure 4.11 Measured two-tone intermodulation linearity performance of (a) synthesized device 

and (b) planar device. Pf,0, IM3, and OIP3 are plotted as increasing Pin. 1:1 slope (black) and 3:1 

slope (red) lines are shown to illustrate the extracted OIP3 points. Measured two-tone spectra of 

(c) synthesized device and (d) planar device to show IMR3 reduction at the same RF input power. 

 

 

For reference, a planar device with the total gate width of 80 μm (20 μm × 4) was used to 

in order to match the DC power and gm and the small-signal RF gain to that of the synthesized 

device for a fair comparison. The DC output characteristics of the planar device are shown in 

Figure 4.12. 
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Figure 4.12 DC characteristics of a reference planar device used for linearity measurements. (a) 

ID-VG, (b) gm-VG, and (c) ID-VD characteristics measured by a DC supply. 

 

 

4.5 Large-signal Performance of the Synthesized Device at 5 GHz 

Figure 4.13 (a) and (b) are contour curves of the extracted fT and fmax, over the output 

characteristics of the device, illustrating broadly uniform fT and fmax contours in most of the 

saturation region.  
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Figure 4.13 (a) Extracted fT and (b) fmax contour plots on the measured output characteristics of 

the device showing very uniform characteristics over most of the saturation region. Dashed white 

lines depict (a) fT of 60 GHz and (b) fmax of 100 GHz.  

 

For all the linearity measurements at 5 GHz, the device was biased in class-A operation 

with VD=5 V and ID=52 mA. To examine the linearity performance of the device for large-signal 

power applications, a CW power sweep was performed at 5 GHz with the 50 Ω load to measure 

distortions to amplitude (AM-AM (|𝑆21|)), and to phase (AM-PM (∡𝑆21)) as shown in Figure 4.14. 

From the AM-AM distortion characteristics, the small-signal gain (|𝑆21|) was 8.44 dB for the 

synthesized device and 8.42 dB for the planar device. The relatively low gain was attributed to the 

use of a calibration plane located before the lossy input tuner. The output 1-dB gain compression 

point, P1dB, was improved from 15.6 dBm for the planar device to 17.9 dBm for the synthesized 

device due to its enhanced gm linearity.91 The AM-PM distortion was reduced from 1.38 degree to 

1.27 degree for the input power range of -15 dBm to 12.75 dBm suggesting a nearly voltage 

independent gate-to-source capacitance (Cgs) and a very small non-linear contribution of the 

feedback capacitance (Cgd) into the input impedance of the device.92 
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Figure 4.14 Measured continuous wave power sweep performance to show AM-AM (|𝑆21|) and 

AM-PM (∡𝑆21) distortions with increasing the input RF signal power. The load impedance was 

fixed at 50 Ω for all the 5 GHz linearity measurements. 

 

The reduction in intermodulation distortion of the synthesized device was validated by a 

two-tone measurement with a center frequency (f0) of 5 GHz and a tone spacing (Δf) of 10 MHz. 

The load impedance was fixed at 50 Ω. Figure 4.15 (a) shows the measured fundamental 

frequency signal power (Pf,0) at 5 GHz and the 3rd-order intermodulation signal power (IM3) at 

4.99 GHz as a function of one-tone power (Pin per tone). The IM3 of the synthesized device was 

substantially improved by -26 dB at a Pin per tone of -8.5 dBm from that of the planar device, 

because of the gm" cancelling points introduced by various VT as noted in Figure 3.4 (b) and Figure 

3.11 (d). By linear extrapolation of OIP3 with a slope of 1:1 and 3:1 from Pf,0 and IM3, respectively, 

the peak OIP3 value was 40 dBm resulting in a linearity figure of merit OIP3/PDC=15.9 dB, while 

those of planar device were 27 dBm and 2.9 dB at this bias point. To the best of our knowledge, 
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this value is the highest for any given discrete semiconductor transistor to date.63,64,72,75 

Interestingly, deep IM3 sweet spots, which give a very high linearity at specific input power levels, 

can be introduced by only adjusting the gate bias, as shown in Figure 4.15 (b). These IM3 sweet 

spots for the synthesized device are closely correlated with the gm" sweet spots we intentionally 

introduced; when the quiescent gate voltage is getting close to the gm" sweet spot at VG of -2.62 V, 

as shown in Figure 3.12, and disappear when the gate is biased far from it. The sweet spots for the 

different VG biases still follow the 3:1 slope from the low IM3 at VG=-3.0 V, which consolidates 

the extrapolated OIP3 of the synthesized device for all measured conditions. 

 
Figure 4.15 (a) Two-tone measurements for linearity performance of the devices with a center 

frequency of 5 GHz and a spacing of 10 MHz showing significant reduction of the third order 

harmonic (IM3) of the synthesized device with multiple sweet spots. (b) Two-tone measurements 

with varying gate bias to generate IM3 sweet spots at different input power levels. The load 

impedance was fixed at 50 Ω for all the 5 GHz linearity measurements. 

  

Benchmarked linearity figure-of-merit (FOM), OIP3/PDC, at different frequencies and 

variable technologies are shown in Figure 4.16. This benchmark displays that our device is far 
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above the 10 dB rule of thumb for transistor linearity.63 Table 4.1 benchmarks the key linearity 

figures of merit for discrete GaN-based transistors. 

 
Figure 4.16 Comparison of OIP3/PDC versus frequency with various technologies. 
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Table 4.1 Comparison of key linearity figures of merit for discrete GaN-based transistors. 
* We obtained these values by the same method of extraction presented in this manuscript even though the original 

manuscripts reported higher values. 

 

 

4.6 Vector Receiver Load-Pull and Noise Measurement at 30 GHz 

Large signal characterization was performed using single tone and two-tone vector receiver 

load-pull measurements at Ka band. The setup shown in Figure 4.16 was realized using Maury 

Microwave LXI 8-50 GHz compliant automated tuners, low loss couplers, broadband amplifiers, 

Keysight PNAX and bias-tees with the entire system being controlled using IVCAD software suite.  
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Figure 4.16 Block diagram of the on-wafer Vector Receiver single and two-tone load-pull 

measurement setup showing the calibration planes. (a) Concept of Vector Receiver Load Pull, (b) 

2 port vector receiver DUT plane calibration, (c) 1 port power calibration for amplitude correction 

using power sensor, (d) DUT measurement setup where port 1 can generate both single tone signal 

from the main source and two tone signals from the two internal sources combined by the internal 

combiner. 

 

Vector receiver load-pull methodology allows accurate large signal characterization of 

transistors using the narrow band VNA receiver paths instead of mean power measured using a 
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wideband power sensor. Power waves (𝑎1, 𝑏1, 𝑎2, 𝑏2 ) can be directly measured at the VNA 

receivers through the external input and output bidirectional couplers providing real time input 

Gamma, Γ𝐼𝑁 =
𝑏1

𝑎1
, and load Gamma, Γ𝐿𝑂𝐴𝐷 =

𝑎2

𝑏2
, as shown in Figure 4.16. This allows for 

accurate calculation of delivered input power, 𝑃𝑖𝑛,𝑑𝑒𝑙𝑖𝑒𝑣𝑒𝑟𝑒𝑑  =
1

2
(|𝑎1|2 − |𝑏1|2), and subsequently, 

power added efficiency, 𝑃𝐴𝐸 =
(𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛,𝑑𝑒𝑙𝑖𝑒𝑣𝑒𝑟𝑒𝑑)

𝑃𝐷𝐶
× 100.  

System calibration involves performing 2-port calibration at the DUT plane, as shown in 

Figure 4.16 (b), followed by 1-port power calibration for amplitude correction using power sensor, 

see Figure 4.16 (c). The attenuators on the coupled ports ensure that the VNA receivers don’t get 

compressed and operate in the linear region. During calibration, IVCAD provides an option to 

control the internal combiner to combine the two internal sources of the PNA-X allowing seamless 

switching between single and two-tone measurements.  

System validation was performed by measuring a thru pattern and verifying that the 

variation in operating power gain, 𝐺𝑝 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
, across various impedance states on Smith Chart was 

within ± 0.2dB. 

Figure 4.16 (d) shows the final setup used for DUT measurement. Input Amplifier was 

chosen to provide sufficient drive power to drive DUT. DC biasing was provided using AMCAD 

3200 PIV power supply. 

Noise parameters extraction and measurements were performed using technique described 

by G. Simpson et al.,93 using an over determined data set of noise power measured at pre-

characterized source gamma states. The setup shown in Figure 4.17 was realized using Maury 

Microwave 8-50 GHz LXI compliant automated tuner, Noise Source module which includes bias 

tee and switch, Noise receiver module which includes bias tee, switch and pre-amplifier, Keysight 
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PNAX with direct receiver access, 4142B power supply and 11713B switch controller with the 

entire system being controlled using Maury ATS software suite.  

 
Figure 4.17 Block diagram of the on-wafer noise parameter measurement setup showing the 

calibration planes. 

 

System S-parameters calibration involves performing 2-port S-parameters calibration at 

the DUT plane, 1-port S22 calibration at noise source plane to calculate the S-parameters from the 

noise source to the DUT and tuner characterization at pre-determined impedance states. This is 

followed by system noise receiver calibration on a thru pattern to extract system noise parameters. 

During calibration, ATS provides an option to select different gain settings of internal pre-

amplifier of PNAX noise receiver. This allows the user to select the appropriate gain setting during 

DUT measurement, thus avoiding receiver overload.  

System validation was performed on a 3 dB on-wafer attenuator where the extracted NFmin 

was found to be similar with the attenuation value. 

 



 

 86 

4.7 Device Performance at 30 GHz for mm-Wave Low Noise Amplifiers  

In order to further corroborate the key device performance for its applications in mm-wave 

LNAs, a synthesized device, Device B, with a shorter source-to-drain distance (LSD) of 690 nm 

compared to LSD of 2 μm for Device A was fabricated for the purpose of obtaining a higher gm, a 

reduced knee voltage, and lower drain bias operation, and it was characterized at 30 GHz. The 

measured DC characteristics are shown in Figure 4.18.  

 
Figure 4.18 DC characteristics of Device B with the synthesized Fin structure. (a) ID-VG and gm-

VG, and (b) ID-VD characteristics measured by a DC supply. 

 

As shown in Figure 4.19 (a), Device B has a shorter LGS and LGD distance of 250 nm and 

350 nm, respectively, but the same gate length of 90 nm. Both devices A and B were otherwise 

identical and were fabricated on the same die.  
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Figure 4.19 Device B for LNA applications. Schematic illustration of Device B structure with a 

short gate-to-source (LGS) of 250 nm and a gate-to-drain length (LGD) of 350 nm, but the same gate 

length of 90 nm. 

 

Device B was biased at VD=3 V and ID=63 mA in the following single-tone CW power 

sweep and two-tone linearity measurements. The source and load impedances were matched to 

conjugate of the input impedance of the device (Γ𝑖𝑛
∗ ) and 0.17∠140°, respectively, for the best 

linearity. As can be seen in Figure 4.20 (a), the single-tone CW power sweep measurement shows 

the maximum Pout, linear gain, P1dB, and the peak power added efficiency (PAE) of 19.6 dBm, 7.52 

dB, 17.8 dBm, and 32.3 %, respectively. Figure 4.20 (b) shows the measured distortions to 

amplitude (AM-AM (|𝑆21|)), and to phase (AM-PM (∡𝑆21)). The output 1-dB gain compression 

point (P1dB) was as high as 17.8 dBm. The AM-PM distortion was only 0.3 degree at P1dB. 
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Figure 4.20 The single-tone CW power sweep of Device B for LNA applications. (a) Output 

power, power gain, and power added efficiency as a function of the delivered power at the input 

of the device. (b) Distortions to amplitude (AM-AM) and phase (AM-PM) results.  

 

From the two-tone linearity test, the input 3rd-order intercept point (IIP3) of 23.5 dBm, 

OIP3 of 31 dBm, and OIP3/PDC of 8.2 dB were estimated as lower bounds by linear extrapolation 

with a 1:1 slope and a 3:1 slope at the lowest available Pin (not as low as in Figure 4.15) as shown 

in Figure 4.21 (a). Since the noise characteristic is another key parameter for LNAs, on-wafer 

noise figure measurement was also carried out. An automated source-pull with the 50 Ω load was 

used to find the optimum source impedance (Γ𝑆,𝑜𝑝𝑡) for the minimum noise figure (NFmin) with 

varying frequencies from 8 to 50 GHz and the drain current. Figure 4.21 (b) exhibits the measured 

NFmin and the associated gain (Ga) as a function of frequency with VD=5 V and ID=45 mA showing 

the NFmin of 2.2 dB at 30 GHz.  
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Figure 4.21 (a) the two-tone linearity measurements were performed at VD=3 V (ID=63 mA). The 

tone spacing for the two-tone measurements was 10 MHz. (b) Noise measurements with the 

optimum source impedance (Γ𝑆,𝑜𝑝𝑡) for the minimum noise figure (NFmin) and the 50 Ω load, but 

varying measurement frequency from 8 to 50 GHz. 

 

Measured minimum noise figure (NFmin), gain, and IIP3 at 30 GHz versus the drain current 

with a fixed drain bias of 5 V are shown in Figure 4.22. As can be commonly seen from other 

reports, the minimum NFmin was observed at a low drain current, it increases as the current goes 

high due to the increasing noise temperature in the channel. On the other hand, linearity, IIP3, 

increases as the drain current increases because the gate bias is approaching to the gm" sweet spots 

that we have seen in Figure 3.11.  
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Figure 4.22 The minimum noise figure, gain, and IIP3 characteristics of the scaled synthesized 

device with varying drain current. 

 

In order to compare the performance of our device with other state-of-the-art mm-wave 

LNAs, the dynamic-range figure-of-merit (DR-FOM) was calculated as follows:77 

𝐷𝑅 − 𝐹𝑂𝑀 =
𝑂𝐼𝑃3

(𝐹 − 1)𝑃𝐷𝐶
, (4 − 3) 

Where F is the noise factor, 𝐹 = 10𝑁𝐹 10⁄ , and note that OIP3 is the multiplication of IIP3 

and power gain (OIP3=IIP3∙Gain). Table 4.2 summarizes major parameters for LNAs with diverse 

available technologies above 20 GHz, such as GaN-based devices,87 commercialized GaAs 

pseudomorphic HEMTs (pHEMTs),94 RF CMOS,95,96 SiGe bipolar CMOS (BiCMOS),97 which 

clearly indicates our proposed device has a great potential for mm-wave LNAs. 
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Table 4.2 Performance comparison of the synthesized device with the state-of-the-art 

linear amplifiers above 20 GHz for mm-wave LNAs. 

 

  

4.8 Conclusions 

In summary, we showed how the improvement of DC linearity proposed in the previous 

chapter translates into the intermodulation distortion at RF frequencies. In order for the appropriate 

gain at microwave and millimeter wave frequencies, the T-gate and the air-bridge process were 

optimized. The fabricated 8-finger synthesized device with T-gates exhibited very uniform fT and 

fmax contours over the wide range of output characteristics with the maximum fT/fmax of 71.3/123.4 

GHz after the pad de-embedding. The device was characterized carefully at 5 GHz with the manual 

tuner, and the achieved linearity figure of merit, OIP3/PDC, was 15.9 dB. To the best of our 

knowledge, this obtained value is the record at the transistor-level among all semiconductor 

technologies.  

The gm synthesis technique was also adapted to the LNA device having shorter LGS and 

LGD for lower series resistances that was characterized at 30 GHz by sophisticated load-pull and 

noise measurements. The device exhibited the exceptionally high linearity compared to any other 

technologies resulted in the dynamic range figure of merit (DR-FOM), OIP/(F-1)PDC, of 10.1 
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which is the best reported value for GaN HEMTs and on par with the state-of-the-art RF CMOS 

and GaAs pHEMT.  

Chapter 4, in part, is a reprint of the materials as it appears in Nano Letters 2020. W. Choi, 

R. Chen, C. Levy, A. Tanaka, R. Liu, V. Balasubramanian, P. M. Asbeck, and S. A. Dayeh. The 

dissertation author is the first author of this paper. 

Chapter 4, in part, is a reprint of the materials as it appears in Device Research Conference 

2020. W. Choi, V. Balasubramanian, P. M. Asbeck, and S. A. Dayeh. The dissertation author is 

the first author of this paper. 
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CHAPTER 5: Summary and Future Works 

In this dissertation, we have developed the novel transistor design and fabrication method 

with GaN-based materials that advanced device performances for power conversion and amplifiers 

applications. The first part was addressed to vertical transistors for high-power switches. The SAG 

GaN-on-Si vertical transistors were realized with the exceptionally thick drift layer of 19 μm but 

comparable ON/OFF current characteristics to the reported GaN-on-GaN devices. The realized 

device was the world first demonstration for vertical GaN-on-Si transistors having a great potential 

for cheap and high-performance switches that can be even monolithically integrated with Si CMOS 

driving circuitry. The self-aligned gate trench etching process was proposed and optimized to 

realize the vertical GaN MISFETs with almost zero gate-to-source distance exhibiting a very low 

RON,sp of 2.6 mΩ∙cm2. The measured breakdown voltage was ~100 V which might be caused by 

the early gate breakdown that can be prevented by field-plate and edge-termination designs.  

In the second part of this the new concept of an intrinsically synthesizable linear transistor 

with the commercialized scalable AlGaN/GaN-on-Si wafer was implemented by changing only 

the device layout. The device exhibited the record linearity figure of merit, OIP3/PDC, for any 

semiconductor devices at 5 GHz and also exceptional performance at 30 GHz for low noise 

amplifier applications. The design can be transferred to other heterostructure material 

combinations such as InAlAs/InGaAs, In(Al)N/GaN, the graded channel, the super-lattice multi-

channel, etc. We anticipate that synthesized device design will enable a new paradigm for future 

wireless communication systems where a high linearity is essential.  
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