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Abstract 

Over the last few decades, electronics and sensing systems have transformed 

our way of life and have become very reliable and efficient. However, there is a dire 

need for such electronics to operate dependably for extended periods within extreme 

harsh environments (e.g. combustion engines, oil exploration, re-entry vehicles, and 

space missions to Venus). These environments can include combinations of high 

temperatures up to 3000°C, thermal cycling, fatal doses of ionizing radiation, severe 

chemical attack, and extreme shock. 

State-of-the-art electronic systems leverage silicon-on-insulator (SOI) 

platforms and are limited to operation temperatures below 250°C. This is well below 

the desired temperature range for harsh applications. Using complex packaging, short 

usage durations, and active cooling systems, the temperature range can be extended, 

but this leads to increased cost and complexity in microfabrication processes. 

Consequently, wide bandgap semiconductor platforms such as gallium nitride (GaN) 

and silicon carbide (SiC) have emerged for operation within harsh environments. 

Compelling device demonstrations have been realized at temperatures up to 1000°C, 

within high-dose ionizing radiation environments, and upon chemical attack.  

This dissertation presents the comparative results of accelerated lifetime testing 

performed on commercial-off-the-shelf (COTS) available GaN, SiC, and SOI 

electronic devices up to 600°C. The COTS GaN and SiC devices failed earlier than 

predicted lifetimes, extracted with an Arrhenius model, even at temperatures as low as 

250°C. This outcome informed the selection of specialized high temperature metal 

contacts for devices developed in this work.  
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The next part of this dissertation discusses the heterostructured aluminum 

gallium nitride and gallium nitride (AlGaN/GaN) metal-insulator-semiconductor  

high electron mobility transistors (MIS-HEMTs) with an atomic layer deposited (ALD) 

aluminum oxide (Al2O3) dielectric (insulator) that were fabricated. The direct-current 

response of MIS-HEMTs and HEMTs up to 600°C in air, the highest ever reported 

operation temperature of an AlGaN/GaN MIS-HEMT in an oxidizing environment, is 

discussed. The HEMTs experienced failure above 350°C, an approximately 400 times 

increase in leakage current, due to the interfacial reaction and inter-diffusion of the 

gate metal, nickel/gold (Ni/Au), and AlGaN/GaN. The presence of 50 nm of  

ALD Al2O3 suppresses the interfacial reaction and functions as a diffusion barrier 

between Ni/Au and AlGaN/GaN. It was determined that 10 nm of ALD Al2O3 is not 

sufficient to prevent the degradation due to interfacial reaction and inter-diffusion of 

the Ni/Au with the AlGaN/GaN. Therefore, there is a critical thickness between  

10 nm and 50 nm of ALD Al2O3 to enable long-term operation of AlGaN/GaN 

electronics in extreme harsh environments. 

In the final part of this dissertation, radiation hardness of ALD Al2O3,  

ALD hafnium oxide (HfO2), and ALD silicon dioxide (SiO2) dielectric layers is 

reported. The ALD layers were evaluated up to an approximately 550 kradSi dose of 

gamma irradiation. The examination of the capacitance-voltage characteristics 

revealed that ALD Al2O3 and HfO2 layers had a less than five percent shift in the 

flatband voltage (VFB) and negligible shift in the hysteresis voltage (VH). Therefore, 

ALD Al2O3 and HfO2 are promising dielectrics for use in space electronics. 

Degradation was observed in ALD SiO2 given a 19% shift in VFB and a 35% shift in 

VH. Thus, ALD SiO2 is a candidate for development of gamma radiation sensors for 

space applications on a radiation-hard AlGaN/GaN platform. 
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Chapter 1 

1.   Introduction to Extreme Harsh Environment Electronics 

1.1   Need for Extreme Harsh Environment Electronics 

Electronics are ubiquitous in today’s world and are critical to the functioning 

of many systems such as, smartphones, automobiles, aircraft, spacecraft, industrial 

processes, and appliances. Majority of electronics that we interface with perform a 

logic task based on the state of the device, i.e. on or off, that leads to a desired output. 

Examples of their specialized roles include amplification, filtering, communication, 

and sensing. The building block of modern electronic devices is the transistor, which 

enables the operation of a device as an electrical switch as described above. The first 

transistor was fabricated by William Shockley, John Bardeen, and Walter Brattain in 

1947, for which they received the Nobel Prize in Physics in 1956 [1]. Since then, there 

have been numerous advances in the development of transistors, and ultimately 

modern-day electronics [2]–[4]. Following the trend predicted by Moore’s law, the 

number of transistors per square inch has doubled every 18 months [3]–[6]. In addition 
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to being smaller, in order to address the growing need for faster computing power, it is 

critical for the developed transistors to be reliable over the intended lifetime of the 

application. For an iPhone, the intended lifetime is three to five years, but for a 

spacecraft it is as long as 50 years. This is because without reliable transistors, 

electronics would demonstrate large variations in their characteristics, such as power 

consumption, on-off threshold point, and logic functions. Thus, a large body of work 

has been dedicated to studying and improving the reliability of electronics at the 

material and device levels [7]–[10]. For example, silicide contacts have been critical to 

improving the reliability of Ohmic, Schottky, and interconnect contacts to transistors 

[11], [12]. 

Depending on their use and application, state-of-the-art electronics are 

qualified using available standards developed by organization such as the Institute of 

Electronics and Engineers or by the International Standard Organization [13]–[19]. 

These are just two organizations out of many organizations dedicated to developing 

standards to test and qualify electronics for use in their respective applications. Most 

modern electronics are built on a silicon (Si) based platform, and the ability to 

manufacture these electronics in large scale processes that produce a high yield, has 

enabled the realization of the computer age. 
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Figure 1.1: Overview of Si, SOI, GaN, and SiC electronics operation regimes and selected 

applications. Si-based devices fail above 150°C and SOI around 350°C, thus enabling a large 

range of applications for GaN-based and SiC-based electronics. 

While electronics have been qualified for use in a range of applications and 

environments, there is a need to operate electronics in extreme harsh environments 

[20]–[24]. An extreme harsh environment is defined as one with extremes of 

temperature, pressure, ionizing radiation, chemical attack, shock, or a combination of 

any of the above listed factors. Figure 1.1 provides an overview of Si, SOI, GaN, and 

SiC electronics operation regimes and selected applications. Temperatures in extreme 

harsh environments can reach up to 3000°C [25], ionizing radiation levels up to 100 

Gy per year that are well above levels of 10 to 50 Gy fatal for humans [26]–[28], 

corrosive chemical attack [29]–[31], and shocks up to several thousand times that of 

acceleration of gravity [32]–[35].  

Conventional Si-based electronics are not well-suited for such applications due 

to the limitations in the electrical and material properties of Si [36], further discussed 

in depth in Chapter 2. Henceforth, harsh environment electronics is a rapidly 

expanding market that can enable advancement of automobiles, turbine engines, 
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spacecraft, satellites, industrial processes, geothermal activity monitoring, and 

downhole oil-well operation. In 2002, this high-temperature market was estimated to 

be $400 million by 2003 and $900 million by 2009 [23]. Today harsh environment 

electronics can be classified as a subset of the industrial internet of things, a market 

predicted to have up to $60 trillion in investment over the next 15 years predicted by 

General Electric [37], [38].  
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1.2   GaN-Based Electronics 

Gallium nitride (GaN) is a wide bandgap semiconductor material (3.4 eV) that 

has gained a lot of interest since its discovery due to its electrical and material 

properties [39]–[42]. GaN, a man-made material, is grown from compounds such as 

gallium oxide (Ga2O3) and hydrochloric acid (HCl) reacting with ammonia (NH3). 

Lorenz and Binkowski reviewed the various growth methods of polycrystalline GaN 

in 1962 and proposed a new method using Ga2O3 and NH3 [43]. Maruska and Tietjen 

were the first to grow in single crystal form using vapor phase deposition in 1969 [44]. 

GaN was initially used for the development of blue light emitting diodes 

(LEDs) [41]. LEDs are optoelectronic devices which emit light at a given frequency 

depending upon their bandgap [36]. The bandgap of GaN can be tuned by substituting 

the gallium (Ga) with aluminum (Al) or indium (In) and varying the doping 

concentration, thus forming various doped forms of aluminum gallium nitride 

(AlGaN) and indium aluminum nitride (InAlN). Using these GaN-based materials, 

LEDs with wavelengths over the entire visible spectrum and ultra-violet (UV) can be 

built [45]. The review paper by S. Nakamura and M. Krames provides a 

comprehensive review of the history and emergence of GaN-based LEDs for 

illumination [46]. 

Since GaN’s widespread adoption in LEDs, GaN has been introduced into a 

wide range of applications given its high atomic bond energy (8.92 eV/atom), high 

electron mobility (up to 2000 cm2V-1s-1), large breakdown voltage (5x106 V·cm-1), 

high melting point (2400ºC), and biocompatible surface in addition to its wide 

bandgap [47]–[60]. This was enabled by H. L. Störmer et al. in 1969 through the 
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discovery of a two-dimensional electron gas (2DEG) that forms at the interface of 

semiconductor-semiconductor interface, aluminum gallium arsenide (AlGaAs) and 

GaAs heterostructure [61], [62]. Similar to AlGaAs/GaAs, a 2DEG forms at the 

interface of an AlGaN and GaN heterostructure. An AlGaN/GaN 2DEG was first 

hypothesized by M. A. Khan et al. in 1991 [63], then subsequently confirmed by  

M. A. Khan in 1992 [64]. Since then, the AlGaN/GaN heterostructure has found 

applications in microwave applications, power electronics, biosensors, and more 

recently as a material platform for high-temperature electronics.  
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1.3   High-Temperature Electronics 

Electronics used in high-temperature electronics are built on Si and 

silicon-on-insulator (SOI) based platforms, which suffer failure above 150°C and 

250°C, respectively [36], [65]. The reasons for their failure are discussed in Chapter 2. 

State-of-the-art Si and SOI based electronics are currently used in the applications 

mentioned above. Therefore to enable high-temperature operation, electronics are 

placed in remote areas away from the heat source or equipped with very complex 

active cooling systems [66]. This requires extensive wiring and installation of 

additional equipment; in turn, this ultimately increases the chance of failure, along 

with the added cost [66]. Failure itself can lead to downtime, which further reduces the 

efficiency of the processes. Often in critical applications, such as aerospace, it is not 

possible to replace the failed component and redundancy is built in to reduce the 

impact due to the failure of a critical component [67], [68]. This leads to greater 

overhead cost and weight being added to the system while not significantly mitigating 

the risk. P. Neudeck et al. discusses that this risk is ultimately hindering the broader 

use of electronics to improve applications with high-temperature environments [23]. 

The failure of critical components can lead to significant financial loss and in some 

scenarios, human life [23].  

Therefore, two materials are of much interest in the high-temperature 

electronics industry: GaN and silicon carbide (SiC) [20], [23], [69]. GaN-based 

devices are vital to enable the reliable operation of electronics in high-temperature 

environments. Due to their material and electrical properties, both GaN and SiC are 

used in the high-power electronics industry. Table 1.1 lists key properties of Si, 
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4H-SiC, and GaN [54], [70]–[75]. 4H-SiC is a polytype of SiC that is the most popular 

polytype over others such as 3C-SiC and 2H-SiC in the power-electronics and 

high-temperature industries. F. Bechstedt et al. reviews the variation material 

properties by application for the SiC polytypes of 3C, 4H, 6H, and 2H, discussing the 

variation [76]. As 4H-SiC has a hexagonal crystal structure and band gap of 3.2 eV, it 

makes it suitable for the power-electronics and high-temperature applications. 

Table 1.1: Key properties of Si, 4H-SiC, and GaN [54], [70]–[75]. 

Material Properties Si 4H-SiC GaN 

EG at 300 K (eV) 1.1 3.2 3.4 

Atomic Bond Energy (eV/atom) 2.34 3.29 8.92 

Melting Point (°C) 1690 2700* 2400† 

Electrical Failure (°C)  150 900 1000 

Average Displacement Energy (eV) 21 
Si: 22§ Ga: 45 

C: 18§ N: 109 

Radiation Hardness (Gy) ~50 N/A ~20000 

Chemical Resistance Poor Great Great 
*Sublimation, †Decomposition, §Minimum 

 

Comparing the key properties, the energy bandgap (EG) of 4H-SiC and GaN is 

approximately three times that of Si, at room temperature (300 K). Furthermore, the 

atomic bond energy of GaN is approximately 3.8 times of Si and 2.7 times of 4H-SiC. 

Altogether along with their bonding structure, this leads to the electrical failure point 

of 4H-SiC and GaN to be six to seven times larger than of Si [23]. Therefore, as 

discussed above, GaN-based electronics have gained interest for use in 

high-temperature environments due to their wide bandgap (3.4 eV) and high atomic 

bond energy (8.92 eV/atom). Experimentally, GaN-based heterostructures have been 
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electrically demonstrated up to 425°C in air, 500°C in an inert (nitrogen) environment, 

and 1000°C in vacuum depending on the heterostructure used [54], [77]–[79]. 
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1.4   Survey of State-of-the-Art Electronics and Devices  

Table 1.2: State-of-the-art high-temperature devices. 

Material Type Temp (°C) Envt. Gate Time Ref. 

AlGaN MIS-HEMT 600 Air Ni/Au ~27 min [85] 

AlGaN MIS-HEMT 500 N2 Pt N/A [54] 

AlGaN HFET 800 
Fail >600 Vacuum Pt/Au N/A [50] 

AlGaN HFET 425 Air Ni/Au N/A [78] 

AlGaN HEMT 550 Air Pt/Au N/A [52] 

InAlN HEMT 600 to 1000 Vacuum Mo 25 h [77], [86] 

InAlN HEMT on SOI 600 Vacuum Cu/Pt 100 h [87] 

InAlN HEMT 
(IC/Inv./Amp.) 500 N/A Pd/Ni N/A [88] 

6H-SiC JFET -125 to 600 Air Ti/TaSi2/Pt 3000 h 500°C [80]–[82] 

SiC Pressure Sensor 
500 
600 
800 

Air 
Air 
N/A 

Multi-stack 
Multi-stack 
Piezoresist. 

450 h 10 mV 
700 h 15 mV 

N/A 

[89] 
[84] 
[83] 

SOI Pressure Sensor 300 Air Piezoresist. N/A [90] 

SOI CMOS 350 to 450 Air N/A N/A [65], [91] 

SOI MOSFET 300 Air Poly-Si N/A [92] 

SOI Thermo-diode -200 to 700 Air N/A 100 h 520°C [93] 

Terms used: Integrated circuit (IC), Inverter (Inv.), Amplifier (Amp.), Piezoresistive (Peizoresist.), Platinum (Pt), 
Molybdenum (Mo), Copper (Cu), Palladium (Pd), Tantalum (Ta). 

 

A comprehensive survey of state-of-the-art electronic devices operating at high 

temperatures is tabulated in Table 1.2. This survey included devices based on material 

platforms beyond Si. It includes the novel materials, GaN and SiC, based on wide 

bandgap technology that have demonstrated the ability to operate in the extreme harsh 

environments discussed above. In addition to operation temperature, the test 
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environment and time to failure is also critical information. SOI electronics operation 

temperature is limited to 450°C in air for a complementary metal-oxide-semiconductor 

(CMOS) device and 300°C for a MOS-field-effect-transistor (MOSFET), primarily 

due to the thermal carrier generation in the Si [23], [36], [65]. But as no reliability 

information was provided, it is assumed that the devices did not last for an extended 

period.  

Comparatively the SiC junction-FET (JFET), a similar device, was operated up 

to 600°C in air and qualified for use up to 3000 hours at 500°C in air [80]–[82]. 

Additionally, while a SiC-based pressure sensor was operated up to 800°C, the 

environment was not specified and reliability information not provided [83]. A similar 

pressure sensor with a different gate metal stack was operated up to 600°C in air for 

700 hours [84]. This paves the way for use of SiC electronics in an oxidizing 

environment such as air.  

Several GaN-based electronics, such as high electron mobility transistors 

(HEMTs), heterojunction FETs (HFETs), and metal-insulator-semiconductor HEMTs 

(MIS-HEMTs), are tabulated with operation temperatures as high as 1000°C in 

vacuum for 25 hours and 500°C in an inert environment, i.e. nitrogen (N2), and 600°C 

in air for 27 minutes [54], [85], [87]. The maximum operation temperature depends on 

the heterostructure of GaN used, AlGaN or InAlN. Failure of these HEMT, HFET, 

MIS-HEMT components was either due to semiconductor material degradation or 

metal contact degradation. 
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Figure 1.2: Summary of selected high-temperature state-of-the-art devices from Table 1.2 based 

on their operation environment and maximum operating temperature. 

A subset of the data in Table 1.2 is plotted in Figure 1.2 with operating 

environment against maximum temperature of operation for the SOI, SiC, and GaN 

components. Similar to the key conclusions from the table, GaN-based devices under 

vacuum have been operated up to 1000°C and in an oxidizing environment, such as 

air, up to 600°C [77], [85], [86]. SiC-based devices in an inert environment have been 

operated up to 800°C and in an oxidizing environment, such as air, up to 600°C [83], 

[84]. Therefore, there is a demonstrated need for operation of electronics in 

high-temperature oxidizing environments, as it is not always feasible to hermetically 

seal devices, for example in chemical sensing applications. 
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1.5   Radiation-Hardened Electronics 

Si-based electronics can survive up to 50 Gy of ionizing radiation dose, above 

which significant bulk crystal damage resulting in defect formation results in the 

degradation of electrical properties, mobility or carrier lifetime, ultimately leading to 

failure [54]. In lower-Earth orbit, depending on the inclination angle and altitude, this 

level of radiation could be achieved between five and fifty years [94], [95]. Risk 

mitigation is achieved through extensive shielding and introducing three levels of 

redundancy in space application. This leads to an increased payload on-board 

spacecraft and satellite, which costs approximately $10,000 per additional pound of 

payload [96].  

SiC-based devices have generated interest for space electronics due to SiC 

wide bandgap, high-breakdown voltage, low on-state resistance, and high-thermal 

conductivity. NASA is actively exploring the use of SiC power devices for use on 

space power systems, spacecraft, and explorers [97]. While SiC power devices have 

been demonstrated as radiation-hard to total ionizing dose (TID), single event effects 

(SEE) can still lead to catastrophic failure of the devices [97]–[99]. Currently, 

SEE-hard commercial SiC power devices are extremely rare. When compared to Si 

Schottky diodes, degradation of SiC diodes is reduced. Overall, SiC power devices 

have potential for use in space environments, but for now they will need to be 

SEE-hardened to allow their use on-board spacecraft and explorers [97]–[100]. 

GaN-based electronics have garnered considerable interest for development of 

electronics with resistance to ionizing radiation. Its radiation hardness, defined as the 

ionizing radiation dose it can to withstand, along with its wide bandgap (3.4 eV), 
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thermal stability (up to 1000°C under vacuum), and large displacement energy (45 eV 

for Ga and 109 eV for N) makes it an excellent contender for operation in 

high-radiation environments [101]–[113]. Applications include electronics on-board 

spacecraft, satellites, and in nuclear power plants. GaN-based devices have 

demonstrated radiation hardness up to 20,000 Gy, 4000 times that of Si [101], [107], 

[109]. Therefore, GaN-based devices can operate for longer periods in space 

environments, reducing the need of extensive heavy shielding and redundancy used 

on-board space electronics today as they are built on a Si platform. By using 

GaN-based electronics, the payload of satellites and future space mission can be 

reduced, bringing down the cost, as it costs approximately $10,000 for every pound of 

payload sent into space [96]. In addition to reducing the payload, the use of 

GaN-based devices will enable more reliable operation of spacecraft, probes, and 

satellites thus improving the chance of success for these multi-billion dollar projects. 
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1.6   Summary of Chapters 

Chapter 2 provides a strategic background on interpreting the results of 

electrical and material characterization techniques used in this work, testing 

methodology and setups used, an overview of electronics, different types of 

semiconductor materials, and the degradation mechanisms encountered during 

extreme harsh environment operation of electronics in oxidizing environments, such as 

air. 

Chapter 3 describes the outcome of an accelerated lifetime study conducted on 

commercial-off-the-shelf (COTS) state-of-the-art SOI, SiC, and GaN devices. 

Electrical characterization and materials analysis results reveal that the state-of-the-art 

COTS devices experienced failure well below their theoretical limit due to degradation 

of the metal contacts and passivation layers due interfacial reaction, interdiffusion, and 

oxidation. This ultimately informed the selection of specialized metal stacks and 

passivation layers suitable for harsh environment applications for the AlGaN/GaN 

devices fabricated. 

Chapter 4 covers the microfabrication process used to manufacture 

AlGaN/GaN MIS-HEMTs and HEMTs. The MIS-HEMT has an atomic layer 

deposited (ALD) aluminum oxide (Al2O3) layer used as a dielectric layer, which 

additionally has the dual role of passivating the HEMT. This chapter then covers the 

direct current response of the MIS-HEMTs and HEMTs up to 600°C in air, the highest 

ever reported temperature in air for an AlGaN/GaN MIS-HEMT. Mechanisms for the 

permanent degradation and failure of the MIS-HEMTs and HEMTs are discussed.  
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Chapter 5 describes the response of various ALD dielectric layers: Al2O3, 

hafnium oxide (HfO2), and silicon dioxide (SiO2) when exposed up to 533 kradSi of 

gamma irradiation to evaluate their radiation-hardness. Ultimately, this assessment 

provides insight into their suitability for operation in ionizing radiation environments, 

such as space. 

Chapter 6 includes a summary of the scientific contributions, conclusions of 

the work, and recommendations for future work to enable the development of more 

reliable harsh environment electronics. 
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Chapter 2 

2.   Strategic Background 

Chapter 2 provides a strategic background to support the key topics discussed 

and investigations completed in this work. The first section provides an overview of 

semiconductors, traditional and wide bandgap, and an in-depth discussion on the GaN 

device platform. Next, metal-oxide-semiconductor (MOS) capacitor devices and their 

use for total ionizing radiation detection is covered. In the final section, interpretation 

of material characterization techniques used in this work is discussed. 

2.1   Traditional and Wide Bandgap Semiconductor Materials 

In the 21st century, electronics are ubiquitous and vital to the functioning of 

society as we know it. This stands true for everything from computers to cell phones, 

refrigerators to televisions, piston engines to combustion turbine engines, automobiles 

to spacecraft, radios to satellites, and countless other objects and places. The building 

block of all electronics is semiconductor materials. 
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Materials can be classified based on their ability to transmit electrons. 

Conductors, such as metals, allow the unrestricted flow of electrons while insulators, 

such as polymers, prevent the flow of electrons. This difference is due to them having 

different EG, defined as the difference in energy between the conduction energy (EC) 

band and valence energy (EV) band. The typical band structure for metals, insulators, 

semiconductors, and wide bandgap semiconductors is shown in Figure 2.1.  

 

Figure 2.1: Classification of materials by their EG. 

For an electron to conduct, it must overcome EG to go from the valence band 

where it is at rest to the conduction band [36]. Thus, as the EG increases, it requires a 

higher amount of energy for electrons to go from the valence to the conduction band, 

thus differentiating semiconductors, wide bandgap semiconductors, and insulators. 

Insulators have a large gap, i.e. EG > 5 eV, while metals usually have overlapping 

valence and conduction bands. Semiconductors have EG varying from 0.5 eV to 2 eV, 

while wide bandgap semiconductors vary from 2 eV to 5 eV. These numbers are 

provided as a reference and their range is defined differently depending on the 

application.  
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2.1.1   Traditional Semiconductor Material: Si 

Si is one of the most commonly used semiconductor material. It was first used 

in a working transistor in 1954 at Bell Labs by Morris Tanenbaum and the first 

commercial Si transistor was produced by Gordon Teal at Texas Instruments [114]. 

The development and subsequent applications of a transistor are enabled by Si’s 

material and electrical properties. It has an indirect band gap of 1.12 eV and atomic 

bond energy of 2.34 eV. In addition, its thermal conductivity is approximately 

143 W·m-1·K-1. Additional properties of Si were discussed in Chapter 1 and listed in 

Table 1.1 [54], [70]–[72]. 

While Si has found widespread use in the applications mentioned above, it has 

limited operation capability in extreme harsh environments. An extreme harsh 

environment has extremes of temperature, pressure, ionizing radiation, chemical 

attack, shock, or a combination of these. In this work, two key areas were of interest: 

high-temperature and ionizing radiation. Si’s electrical failure point is at 

approximately 150ºC, due to high-thermal carrier generation in the substrate. This 

leads to the intrinsic concentration of Si to be on the same order as the carriers 

generated by the dopants in Si. The intrinsic carrier concentration (ni) is exponentially 

dependent upon temperature, and can be calculated with Equation 2.1 [23], [36],  

         𝑛" = 𝑁%𝑁&𝑒()*/,-./,                     (2.1) 

where T is the temperature (in K), kB is the Boltzmann constant (8.62 x 10-5 eV·K-1), 

EG is the energy bandgap of the semiconductor material in eV, and NC and NV are the 

effective electron and hole density of states for the semiconductor (cm-3), respectively. 

For Si at room temperature, 25ºC, this value is 1.45 x 1010 cm-3, but at 150ºC this 
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value is of the order 1014 cm-3 and at 300ºC it is approximately 1016 cm-3. Typical 

doping in Si is on the order of 1014 cm-3 to 1017 cm-3, thus above 150ºC the 

contribution by the thermal carriers is higher than by the dopant carrier [36]. In 

addition, this can result in high gate leakage current (Ig,leak) values on the order of the 

saturation current (Idss). Therefore, transistor-like characteristics are degraded at 

high-temperature for a Si MOSFET This makes them unsuitable for operation in 

extreme harsh environments. The recent review by P. Neudeck et al. discusses the 

degradation of Si and SOI electronics at high temperatures in-depth [23]. 

Figure 2.2 displays the ni with temperature for three materials: Si, 2H-GaN, 

and 6H-SiC [23]. The ni for both GaN and SiC is significantly lower at all 

temperatures over this range compared to Si. For example, at approximately 600ºC, 

GaN and SiC have approximately 107 and 106 times lower ni versus that of Si. These 

low values of ni allow GaN and SiC to function in high-temperature environments. 

 

Figure 2.2: ni of traditional semiconductor, Si, and wide bandgap semiconductors, 6H-SiC and 

2H-GaN, from 200 K to 1000 K. Used with permission from [23]. © 2002 IEEE. 
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2.1.2   Wide Bandgap Semiconductor Material: GaN 

GaN has emerged as a promising material platform as discussed above. It has 

tetrahedral bonds between the Ga and nitrogen (N) atoms which exhibit mixed 

ionic-covalent bonding [115], [116]. GaN is a piezoelectric, piezoresistive, 

thermoelectric, and pyroelectric material. It has two primary crystalline forms: 

wurtzite and zincblende. Both crystalline forms have a polar axis due to lack of 

inversion symmetry [60]. GaN wurtzite crystal grown normal to the <0001> direction 

is the most common configuration. It consists of hexagonal arranged bilayers of  

Ga and N atoms, with the terminating layer greatly impacting the bulk and surface 

properties [71]. Due to GaN axisymmetric and piezoelectric nature, GaN exhibits both 

spontaneous and piezoelectric polarization.  

 GaN has a band gap of 3.4 eV, classified as a wide bandgap, and an atomic 

bond energy of 8.92 eV/atom [54]. These properties play a major role in enabling GaN 

to function as an extreme environment material. GaN gained prominence and was 

widely adopted in the optoelectronics industry for use in LEDs, as its emission 

spectrum could be tuned from red to ultraviolet by replacing the Ga with In or Al and 

varying doping concentrations, which varies the wavelength [46]. GaN wurtzite 

crystal with 3.4 eV emits blue light (approximately 440 nm) and its discovery led to 

the Nobel Prize in physics awarded to I. Akasi, H. Amano, and S. Nakamura in 2014 

[117]. There are two primary methods for growth of GaN and its alloys, metal oxide 

chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE). They are 

both widely used and adopted for research and commercial use. 
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2.2   Operation Principles of MOSFETs, GaN HEMTs, and 
GaN MIS-HEMTs 

 

Figure 2.3: (a) Schematic of n-channel MOSFET. The MOSFET has been biased with Vgs > VTh, 

thus a n-channel is present between the source and drain implants. (b) and (c) Cross-sectional 

schematic of an AlGaN/GaN HEMT and MIS-HEMT, respectively. The HEMT has the Ni/Au 

gate metal in contact with the AlGaN/GaN layers, while the MIS-HEMT has an ALD Al2O3 

dielectric layer between the Ni/Au gate and AlGaN/GaN layers. 

A transistor is an active three-terminal device that operate as a switch whose 

output can be modulated. There are several types of transistor technologies, such as 

bipolar-junction, field-electric, junction field-electric, high electron mobility, organic 

field-effect, and oxide semiconductor thin-film [118]–[124]. Each of the transistor 

technologies has its advantages and its use depends on the specific application. In this 

work, Si and SiC MOSFETs, GaN MIS-HEMTs, and GaN HEMTs are used. 
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2.2.1   MOSFETs 

Figure 2.3 (a) shows the cross-section of a n-channel Si MOSFET. Upon 

application of a voltage across the drain-source (Vds) contacts of the MOSFET that is 

greater than the threshold voltage (VTh), the channel is turned on. The density of the 

channel is further influenced by the voltage applied between the gate-source (Vgs) 

contact. If the Vgs is lower than the VTh, then the electrons in the channel are unable to 

reach from the source to the drain. Thus, the device is in its off-state. As the Vgs is 

increased to the VTh and above, more and more electrons in the channel can flow from 

the source to the drain. Thus, the device is in its on-state. Once a saturation current is 

reached, the flow of electrons is limited by their velocity in the channel and further 

increasing the Vgs does not result in an increase in drain-source current (Ids). This is 

referred to as the Idss.  

2.2.2   AlGaN/GaN 2DEG 

GaN HEMTs are formed by growing an epitaxial structure of an alloy of GaN, 

such as AlxGa1-xN or InxAl1-xN, on a wurtzite GaN layer. Due to the difference in 

bandgap and lattice constant, along with the piezoelectric and polar nature of 

GaN-based molecules, it results in the formation of a 2DEG at the interface of the 

alloy and GaN. This 2DEG layer has very high mobility (2000 cm2·V-1·s-1) and charge 

density (1019 cm-3), therefore making it ideal for radio frequency and sensing 

applications [23], [46], [60]. This section discusses the AlGaN/GaN heterostructure 

and the 2DEG layer formed at the interface of AlGaN/GaN.  

GaN is a III-V material, as it consists of a group III element, Ga, and a group V 

element, N. Alloys of GaN can be formed by alloying it with other III-V materials. 
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The Ga can be alloyed with Al and In from group III to form AlxGa1-xN or InxAl1-xN. 

Aluminum nitride (AlN) is another III-V material often used. Furthermore, N can be 

substituted with phosphorus (P) from group V to form aluminum gallium phosphide 

(AlGaP). Therefore, there is a broad choice of III-V materials that can be developed. 

Each of the alloys mentioned above have a different bandgap and lattice constant than 

GaN, and thus different material properties. These alloys of GaN can be epitaxially 

grown on GaN to form a heterostructure, such as AlGaN/GaN, InGaN/GaN, and 

InAlN/GaN. This mismatch in lattice constant, axisymmetry, polar properties, and the 

piezoelectric nature of GaN and its alloys results in the formation of the 2DEG 

mentioned above and leads to the use of the heterostructure as a HEMT [60], [63], 

[64]. Each of the heterostructures have their merits which drive their applications and 

in this work AlGaN/GaN is used as the heterostructure. 

 

Figure 2.4: Cross-section schematic of AlGaN/GaN heterostructures grown on (a) Si, (b) sapphire, 

and (c) SiC. Properties of the AlGaN/GaN structure can vary depending on the substrate used 

due to the difference in lattice mismatch between them. 
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Figures 2.4 (a) to (c) shows a cross-section schematic of an AlGaN/GaN 

heterostructure grown on a Si, sapphire, and SiC substrates, respectively. The 

electrical and thermal properties of the AlGaN/GaN structure varies depending on the 

substrate material, in addition to the growth method mentioned above [47], [60], 

[118], [125]–[128]. There are advantages to microfabrication processing depending on 

the substrate material used. Growth on Si is of much interest to allow development of 

released devices [32], [72], [129]–[131]. Si is also of great interest since it allows GaN 

device process to be complementary MOS (CMOS) compatible [132]–[136]. 

 

Figure 2.5: (a) Bandgap and bowing parameters of hexagonal (α-phase) and cubic (β-phase) InN, 

GaN, AlN, and their alloys versus lattice constant (a0). (b) Experimental results of bandgaps of 

hexagonal Group III-nitrides versus a0 at room temperature. Used with permission from [128]. 

As discussed above, when AlxGa1-xN is grown on top of a GaN layer, 

depending on the concentration of Al in the alloy and thickness of the AlxGa1-xN layer, 

it can form a 2DEG at the interface of the AlGaN/GaN layer. This occurs due to the 
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spontaneous and piezoelectric polarizations of AlGaN and GaN.  

Figures 2.5 (a) and (b) have the bandgap of GaN, AlN, AlGaN, and other III-V 

materials plotted against the lattice constant, a0. It is observed that AlN has a smaller 

lattice constant (16%) than GaN, with the lattice constant of AlGaN a weighted 

average dependent on the concentration of Al in the alloy. 

As discussed, GaN and AlGaN are polar molecules due to their axisymmetric 

nature and have spontaneous polarization components, PSP_GaN and PSP_AlGaN, 

respectively. Growth of AlGaN/GaN heterostructures in a MOCVD reactor is done at 

temperatures as high at 850ºC [137]. Therefore, when AlGaN is grown on top of GaN 

due to their difference in lattice constants, AlGaN expands as it cools down to room 

temperature post-deposition to take the lattice constant of GaN as shown in  

Figure 2.6 (a). This results in AlGaN being under tensile stress which results in a 

piezoelectric polarization, PPE_AlGaN. setup within the AlGaN, as shown schematically 

in Figure 2.6 (b). 

 

Figure 2.6: (a) Schematic of AlGaN and GaN growth. AlGaN has a smaller lattice constant than 

GaN and is under tensile stress when epitaxially grown on GaN. (b) Combined polarization of 

AlGaN and GaN heterostructure. Due to the difference in polarizations and band gap of the 

AlGaN and GaN, a 2DEG forms that is highly conductive, i.e. very high charge density (1019 cm-3) 

and electron mobility (2000 cm2·V-1·s-1). 
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Therefore, charge is accumulated at the interface due to the difference in the 

net polarization at the interface and the charge density, s, can be calculated as shown 

in Equation 2.2, 

          𝜎 = 𝑃23_56789 + 𝑃3)_56789 −	  𝑃23_789.             (2.2) 

 The PSP_AlGaN results in an internal electric field within the AlGaN, resulting in 

the downward bending of the AlGaN and due to the difference in EG at the 

AlGaN/GaN interface, the bands of GaN bend downward. This results in the 

conduction band energy level of GaN, EC_GaN, to dip below the EF of the structure, 

resulting in the formation of a quantum well. The charges developed at the interface 

due to the difference in polarizations are then trapped within this thin (approximately 

2 nm) quantum well forming a 2DEG [128], [138], [139].  

As discussed earlier, Ga in the GaN can be substituted by In to form an 

InAlN/GaN heterostructure. InAlN is better lattice matched to GaN, as shown in 

Figure 2.5, which leads to lower interface stress in the heterostructure [77], [79], [88]. 

Due to the lattice mismatch in AlGaN/GaN and difference in the thermal expansion 

coefficients between the epilayers, it leads to interface stress leading to trap 

generations, reliability problems, and physical and mobility degradation [77], [79], 

[88]. In addition, due to the lattice matched behavior much higher Al concentration 

can be used in InAlN leading to a higher s. Therefore, s and electron mobility are 

enhanced for InAlN/GaN heterostructures [140]. In addition, since the mechanical 

stress in the InAlN is lower. The operation of InAlN/AlN has been demonstrated at 

temperatures as high as 1000ºC for extended periods [77], [79], [86]–[88]. 
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2.2.2.1  GaN HEMT 

Figure 2.3 (b) is the cross section of an AlGaN/GaN HEMT on a Si (111) 

substrate with a nickel/gold (Ni/Au) gate metal and ALD Al2O3 passivation.  

GaN HEMT’s operate on a similar fundamental principle to that of MOSFETs 

discussed above. But unlike a MOSFET, where regions are doped the p-type and 

n-type to generate a source for the electrical carriers, the 2DEG at the interface of the 

heterostructure in HEMTs is the source for the electrical carriers. In the configuration 

developed as part of this work, the HEMT device is a normally-on device. Therefore, 

even at Vds of 0 V, the channel is active between the source and drain. In Si devices, a 

source-drain voltage needs to be applied to establish a channel. The gate of the HEMT 

modulates the channel similar to the MOSFET, with increasing Vgs leading to 

increased s, through the saturation point. The current-voltage (I-V) characteristics 

follow similar trends for a HEMT and MOSFET, for which typical I-V characteristics 

are discussed at the end of this section. 
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2.2.2.2  GaN MIS-HEMT 

Figure 2.3 (c) is the cross section of an ALD Al2O3/AlGaN/GaN MIS-HEMT 

on a Si (111) substrate. GaN MIS-HEMTs are formed through the insertion of an 

insulator layer, such as Al2O3, silicon nitride (Si3N4), or SiO2, between the 

semiconductor and gate metal. The addition of an insulator layer can reduce Ig,leak by 

several orders of magnitude, reduce current collapse phenomenon, and improve 

breakdown characteristics [85], [141], [142]. Additionally, the insulator layer can 

function as a diffusion barrier which extends the operation range of the AlGaN/GaN 

platform for use in extreme harsh environments [143]. For example, titanium nitride 

(TiN) and Al2O3 are known to be diffusion barriers to several metal layers [143]. 

Therefore, the insertion of such layers can suppress interfacial reaction and 

interdiffusion between the gate metal and GaN layers, especially at high temperatures 

when reaction and diffusion rates are higher [144]–[149]. GaN MIS-HEMT’s operate 

similarly to HEMT’s with a unique set of electrical characteristics due to the presence 

of the dielectric layer, as discussed above. 
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2.2.3   Transistor I-V Characteristics 

I-V characteristics are used to record the electrical output of electronic devices. 

I is measured in ampere (A) and V in volt (V). As part of this work, SOI MOSFETs, 

SiC MOSFETs, and GaN-based MIS-HEMTs and HEMTs were characterized using a 

direct current I-V response. The key components of the typical MOSFET transistor 

were shown in Figure 2.3 (a). The source and drain contacts are used to apply a 

voltage across the device which produces a current, while the gate contact is used to 

apply voltage to modulate the output current as discussed earlier.  

 

Figure 2.7: Sample I-V characteristics plots. (a) Ids-Vds plot for increasing Vgs. (b) Ids-Vgs plot used 

to extract VTh, and (c) Igs-Vgs plot to characterize the Igs characteristics. 

I-V characteristics allow us to build electrical systems by determining 

characteristics such as the on-state and off-state parameters and power consumption. 

I-V characteristics can be plotted as a function of Ids for Vds variation for multiple Vgs. 

The three regimes of operation and Idss can be extracted from this curve. Ids or 

gate-source current (Igs) plotted as a function of Vgs can be used to determine critical 

parameters, such as Ig,leak and VTh. Figure 2.7 (a) shows a sample Ids-Vds plot,  

Figure 2.7 (b) shows a sample Ids-Vgs, and Figure 2.7 (c) shows a sample Igs-Vgs. 
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2.3   MOS Capacitor Devices 

2.3.1   Operation Principles 

 

Figure 2.8: Cross-section schematics of (a) a Schottky diode and (b) a MIS diode. 

Diodes are active two-terminal devices that allow current to flow in one 

direction. Diodes are widely used as protective elements in circuits and in lighting 

applications where a high brightness light source is required, such as in displays and 

traffic lights [36]. There exist several types such as Zener diodes, avalanche diodes, 

tunnel diodes, laser diodes, and LEDs [36], [41], [46], [150]–[152]. 

Cross-section schematics of two types of diodes, Schottky and MIS, are shown 

in Figures 2.8 (a) and (b), respectively. The key difference between the two is the 

insulator layer between the semiconductor and gate metal for the MIS diode. This 

layer reduces the flow of electrons from the metal to the semiconductor. Upon 

application of a gate voltage (Vg) and grounding the Ohmic contact, a current might be 

generated. If Vg is less than the VTh, then Ig,leak, which is several orders of magnitude 

smaller than on-state current, will be measured. Ig,leak can range from micro-amps to 

pico-amps, depending upon the design of the diode. For a Vg > VTh, a current response 

is observed. The actual gate current-gate voltage (Ig-Vg) behavior depends on the 

semiconductor material used, insulator layer, and gate metal.  
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Unlike diodes which are active devices, capacitors are passive two-terminal 

devices that store electric charge (Q) and consist of at least two conducting or 

semi-conducting materials separated by a dielectric medium. They are used for 

temperature sensing, radiation sensing, energy storage, memory, power conditioning, 

noise reduction, and construction of low-pass and high-pass filters, to mention a few 

examples of their applications. There are several types of capacitors, such as MOS, 

ceramic, film, electrolytic, and polymers [36].  

 

Figure 2.9: Cross-section schematic of a MOS capacitor device. 

The MIS diode structure mentioned above is analogous to an active version of 

a capacitor. In this work, MOS capacitor devices were investigated to determine the 

response of various dielectric layers to gamma irradiation. A MOS capacitor device is 

a MIS diode with an oxide layer as the insulating dielectric layer. A typical MOS 

capacitor device is shown in Figure 2.9. It consists of a top electrode (gate metal), an 

insulating dielectric layer (oxide), and semiconductor material. Upon application of a 

voltage across the MOS capacitor device, Q builds up. The maximum Q that can build 

up in the structure depends on the properties of the dielectric such as permittivity, 

thickness, and quality of the layer. Further information on the operation of MOS 

capacitors and their use to perform capacitance-voltage (C-V) measurements can be 

found in the next section. 
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2.3.2   C-V Characteristics of MOS Capacitor Devices 

C-V characteristics are used to record the capacitance output of electronic 

devices. Capacitance is defined as the ability of a body to store Q and is measured in 

Faraday (F) [36]. As part of this work, MOS capacitor devices were characterized 

using a C-V response. C-V characteristics are measured by recording the change in 

capacitance of the structure between the gate and ground contacts while sweeping the 

voltage from V1 to V2 and vice-versa. This measurement is done while a small 

alternating current of approximately 10 mV is applied on the gate contact. C-V curves 

provide information on the capacitance, bulk trapped states, and hysteresis behavior 

due to interface trapped states of the layers in the epitaxial structure [36].  

 

Figure 2.10: Modes of operation of a p-type MOS capacitor device: (a) accumulation,  

(b) depletion, and (c) inversion. 

Before discussion on a typical C-V curve, it is worthwhile to discuss three 

regimes of operation of a MOS capacitor device: accumulation, depletion, and 

inversion. Figures 2.10 (a) to (c) show the respective regime. In the accumulation 
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regime, Figure 2.10 (a), the Vg applied is less than the flatband voltage (VFB), the 

negative charge on the gate attracts holes from the substrate towards the 

oxide-semiconductor interface leading to a positive charge accumulation at that 

interface. In the depletion regime, Figure 2.10 (b), as the Vg increases and surpasses 

the VFB, a negative charge starts building up on the semiconductor near the 

oxide-semiconductor interface due to the depletion of the semiconductor. In the 

inversion regime, Figure 2.10 (c), when Vg exceeds VTh, another type of negative 

charge due to the minority carrier builds up at the oxide-semiconductor interface and 

is called the inversion layer.  

 

Figure 2.11: (a) Cross-sectional schematic of a MOS device with an Ohmic contact on the back 

and (b) a typical MOS capacitor device C-V characteristics for an atomic layer deposited HfO2 

dielectric. 

Figure 2.11 (a) is the cross-section of a p-type MOS capacitor device and 

Figure 2.11 (b) the C-V characteristics of 22 nm ALD HfO2 on p-type Si MOS 

capacitor device. The C-V curves provided information on the capacitance (Cox) and 

the VFB. of the as-deposited ALD HfO2 oxide layer. VFB is an indicator of the total 

number of trapped bulk charges in the oxide layer and mobile interface charges at the 
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oxide-semiconductor interface. When the Vg is swept the opposite direction, there is a 

shift in the C-V characteristics. This difference is the hysteresis voltage (VH) and is an 

indicator of the number of mobile interface charges that are present. Using C-V 

characteristics, the key characteristics of interest of an oxide layer can be determined 

in an MOS capacitor device. 
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2.4   Material Characterization to Investigate Device Degradation 

Material characterization techniques are used extensively to evaluate the 

behavior of the electronics at the microstructural level. This behavior can further 

provide deeper insight into the electrical characterizations discussed above. There are 

several methods to perform materials characterization, each presenting their merits and 

demerits depending on their application. In this section, the primary techniques used 

for GaN and SiC material analysis post-degradation in harsh environments is derived. 

The three primary methods used in this work are X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), and Auger electron spectroscope (AES). These 

methods are useful for high-temperature characterization because they provide 

information on the crystallographic structure, atomic binding energies, and atomic 

concentrations over the surface or through the depth. These are the material 

characteristics that degrade and shift during high-temperature operation due to effects 

such interdiffusion, interfacial reaction, and stress development due to thermal 

mismatch between layers. 
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2.4.1   XRD 

In the XRD technique, the atomic and molecular structure of an atom is 

determined through measuring the diffraction of an incident X-ray beam through a 

material [153], [154]. The diffraction of the incident beam of X-ray at a known angle, 

qinc, is dependent upon the crystallographic arrangement of the sample (e.g. spacing 

between planes, atomic arrangement of unit cell). This results in either constructive or 

destructive interference. These interference patterns are recorded as the sample is 

rotated along a given axis. Using these results, a plot of counts versus the angle of the 

sample can be generated. As a final step, through comparison with an extensive 

database of diffraction patterns, the chemical composition of a potentially unknown 

crystalline or poly-crystalline sample can be determined. 

Exposure to extreme harsh environments can often change the composition, 

crystallinity, and quality of the materials thus yielding XRD as critical for this work. A 

sample XRD plot for an AlGaN/GaN heterostructure is shown in Figure 2.12 [155]. 

GaN (0002) and GaN (0004) peaks are annotated which are indicative of a wurtzite 

GaN crystal. The intensity of the peak is indicative of the relative concentration of the 

material for that scan, therefore the Si (111) peak is higher than the GaN (0002) and 

GaN (0004) peaks. Furthermore, the width of the peaks is indicative of the crystalline 

quality. Since the substrate is Si (111), its crystalline quality is higher and it has a 

sharper peak compared to the GaN (0002) and GaN (0004) peaks. At high-temperature 

operation or exposure to high-ionizing radiation dose, the crystalline quality of the 

material can degrade broadening the respective peaks. 
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Figure 2.12: XRD 2θ-ω scan of intensity for an AlGaN/GaN heterostructure grown on a Si 

substrate. Used with permission from [155]. 

Overall, XRD results can support and explain the observed phenomenon in the 

electrical characteristics. Since XRD is dependent upon diffraction through crystalline 

planes, it cannot provide information on amorphous epilayers. In addition, XRD does 

not provide the depth profile of the sample which is needed to build a comprehensive 

understanding of the response of the device. For these two types of characterizations, 

other material characterization techniques such as XPS and AES are used. At the 

Stanford Nano Shared Facilities (SNSF), a PANalytical X'Pert PRO diffraction system 

equipped with Al(Ka) radiation source is used. 
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2.4.2   XPS 

XPS provides quantitative chemical composition information of the sample 

down to several parts per thousand, empirical formula, and the chemical state of the 

analysis sample. This is achieved by measuring the kinetic energy and count of 

photoelectrons generated from a sample due to incident beam of X-rays of a given 

wavelength and energy. Using the Rutherford relationship, the binding energy of the 

electron can be determined. This binding energy can be compared to an existing 

database to determine the chemical compositions and chemical state. In the aggregate, 

the energies and counts of all the elements is used to determine the empirical formula.  

Initially, a survey scan over a wide range of energies (e.g. 10 eV to 1400 eV) is 

conducted to determine the overall composition of the sample and identify and 

impurities present. Next, a high-resolution scan over a very small binding energy 

range, such as 529 eV to 531 eV for an oxygen (O1s) peak, is performed to determine 

the chemical state and bonding information. An XPS plot has counts plotted against 

binding energy.  

A XPS survey scan for the AlGaN surface, with oxygen (O2) plasma and 

nitrous oxide (N2O) plasma, is shown in Figure 2.13 (a) with the results of the 

elemental analysis annotated [156]. In this scam, most of the fundamental electronic 

states of Al, Ga, and N have been observed. Through this analysis, any unexpected 

electronic states arising from unexpected bonding states and contamination can be 

determined. In Figure 2.13 (a), the difference in bonding with the two plasma 

treatments is shown. Furthermore, post exposure to extreme harsh environments, a 
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shift in the electronics states is expected which can explain the change in 

characteristics observed with degradation. 

 

Figure 2.13: Sample XPS (a) O1s high-resolution spectra and (b) N1s XPS high-resolution spectra 

of an AlGaN/GaN heterostructure. The XPS spectra provide bonding information on the imapct 

of using an O2 or N2O plasma treatment. Used with permission from [156]. © 2012 IEEE. 

The high-resolution scan in Figure 2.13 (b) displays the nitrogen (N1s) peak of 

a AlGaN surface that has been treated with O2 plasma N2O plasma [156]. Formation 

of a N–O bond is observed due to N2O plasma treatment compared to the O2 plasma 

treatment. This information provides insight into the different in electrical 

characteristics H.-C. C. et al. observed between devices treated with the different 

plasmas [156]. 

Since the depth resolution and interaction volume of XPS is five to ten 

nanometers, XPS tools are often equipped with a sputtering beam, such as argon (Ar) 

or cobalt (Co), that can be used to determine the depth profile of a sample. At the 

SNSF, a PHI Versaprobe equipped with Al(Ka) radiation source is used and it has a 

minimum spot size of approximately 100 µm. Therefore, XPS is an extremely useful 

(a) (b)
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material characterization tool that can be used to understand the degradation behavior 

observed post operation in extreme hash environments. In this work, the use of XPS is 

used to analyze bulk samples with thin epitaxial layers and atomic concertation of 

critical metal contacts before and after exposure to high-temperature environments. 

2.4.3   AES 

AES is a surface sensitive spectroscopic analysis technique that provides 

quantitative information on the chemical composition, empirical formula, and 

chemical state. AES uses an incident electron beam, unlike XRD and XPS which use 

an incident X-ray beam, to measure the count and energies of the emitted Auger 

electrons from the sample.  

Similar to XPS, a survey scan over the entire energy range is first performed to 

determine the overall elemental composition of the sample, followed by 

high-resolution scans on selected elements. As an electron beam is used for analysis, 

the spot size for analysis can be on the order of sub-microns. Combined with an ion 

gun for sputtering, depth profiles can be generated. Thus, this technique has been 

extensively used in this work to investigate the phenomena observed due to the 

operation and degradation of micro devices and nano devices.  

A sample plot of atomic concentration of an Ohmic contact, 

titanium/aluminum/platinum/gold (Ti/Al/Pt/Au), on GaN versus sputtering depth is 

shown in Figure 2.14 [157]. The thermal storage test was performed for 10 hours at 

600ºC in air. The AES depth profile indicates that during the annealing process to 

make Ti/Al/Pt/Au form an Ohmic contact with GaN post evaporation, Ti, Al, and Au 

interdiffused and the Ti reacted with the GaN. This verified the observed Ohmic 
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electrical characteristics. Post 10 hours of thermal storage, the interdiffusion of Pt is 

observed and oxidation of Al near the metal/semiconductor region. This further 

validates the minimal change in the electrical characteristics observed [157].  

 

Figure 2.14: AES depth profile of atomic concentration versus depth for an Ohmic contact 

(Ti/Al/Pt/Au) to GaN before and after testing for up to 10 hours at 600ºC in air. Used with 

permission from [157]. 

At the SNSF, a PHI 700 equipped with an Ar ion gun for sputtering. The Ar 

sputtering enables the development of a depth profile for mapping the change in 

elemental composition through the depth of a sample, which can be used to calculate 
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atomic concentration. In this work, AES is used to analyze the degradation of metal 

contacts of COTS devices and in-house fabricated AlGaN/GaN MIS-HEMTs and 

HEMTs. Survey scans, depth profiles, and elemental maps were acquired to provide 

insight into the observed electrical characteristics post high-temperature testing of the 

devices 
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2.5   Accelerated Lifetime Testing 

Devices degrade doing operation which can lead to failure, if it falls outside 

the criterion established. These criteria vary widely depending on the application. It is 

critical to understand these common failure modes that lead to electrical degradation 

and eventual failure. In extreme harsh environments, additional failure modes are 

introduced for example due to the extremes of temperature that the device would 

observe on a cyclical basis. Common device failure modes during high-temperature 

operation occur due to the semiconductor and oxide degradation. Examples of these 

include stress development between epilayers, crystallization of oxide layers, trap 

generation, and current collapse. Metal contact degradation is another common reason 

for failure. Examples of these include oxidation, interfacial reaction of contact with 

underlying layers, interdiffusion of the contact, and alloy formation. Therefore, it is 

critical to understand the failure criteria and characteristics to enable design of more 

robust and reliable systems. 

Accelerated lifetime testing is a technique used to predict the lifetime of 

devices given the specified failure criterion. In this work, accelerated lifetime testing 

was done to determine the lifetime of devices operating at temperatures up to 300ºC 

by testing them at temperatures as high at 600ºC. An Arrhenius relationship is used to 

predict the lifetime (t) at the operation point and is given in Equation 2.3,  

               𝜏 = 𝐴𝑒
?@A
B.C,                (2.3) 

 where A is the pre-exponent constant, Ea is the activation energy in eV, kB is the 

Boltzmann constant (8.62 x 10-5 eV·K-1), and T is the temperature in K. Using the 



 45 

Arrhenius relationship and determining time to failure at various temperatures higher 

than the operation temperature, Ea can be calculated. Using Ea, the lifetime can be 

predicted for temperatures at or around the operation point. Since this relationship is 

an exponential one, the time to failure is significantly longer at lower temperatures. 

Therefore, by determining the Ea using an accelerated method at higher temperatures, 

where failure is faster, to predict lifetime enables quicker determination of reliability 

of the device under test. In this work, accelerated lifetime testing was performed on 

four types of COTS devices up to temperatures of 600ºC. 
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Chapter 3 

3.   Experimental Assessment of Commercial-off-the-Shelf 
Devices 

It is imperative and important to evaluate the state-of-the-art to inform the 

work and efforts being undertaken. Ever too often the “wheel is reinvented,” which 

leads to inefficiencies [158]–[160]. A comprehensive understanding, even if only a 

quick or extensive literature survey, informs the design, progress, challenges, and 

efforts underway in the work [161]–[163]. As part of the goal and objective to build 

the most reliable and robust harsh environment electronics over the next decade, a 

literature survey was conducted to evaluate state-of-the-art of wide bandgap 

electronics. It was determined that there is widespread effort underway to evaluate and 

further the operation of electronics in extreme harsh environments. However, in 

today’s age there is a continued effort to repurpose and utilize existing devices for use 

in applications and environments. Development is conservative in industry and many 

devices overdesigned with large safety factors well beyond those stated as guaranteed 
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in datasheets. Therefore, there is potential in pushing the specifications they are 

designed for and understanding the ultimate limits of these devices. 

Startups are attempting to repurpose COTS components and developing new 

use cases. For example, John Gedmark, CEO and co-founder of Astranis, is evaluating 

the use of off-the-shelf components for use in geostationary Earth orbit (GEO) that are 

not developed specifically for such applications, but given their material sets and 

design should function in space environments. This could potentially bring down the 

cost of building communication satellites deployed in GEO from $100 million to  

$1 million or even lower. Thus, there is a demonstrated advantage in understanding 

the limits of existing technologies and repurposing them for new purposes, rather than 

starting from scratch. In addition to repurposing the goal is to understand the operation 

limits of state-of-art and to investigate the behavior well beyond those specified in the 

datasheets. 

In this work, the objective was to evaluate the operation of commercial wide 

bandgap electronics, that theoretically, should operate for extended periods in 

high-temperature environments. This evaluation would inform the design of the 

devices, selection of material sets for Ohmic and gate metals, passivation layers for 

protection, and packaging techniques for high-temperature operation. In addition, this 

would uncover the potential operating regimes of COTS devices. 
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3.1   Reliability of COTS Active Devices 

An evaluation of commercially available active devices, e.g. transistors and 

diodes, was initiated by conducting a survey of COTS devices designed on the wide 

bandgap material platform, GaN and SiC. These devices were being evaluated for 

operation in high-temperature environments for extended periods of time and 

compared to SOI devices in similar conditions. Using COTS components could lead to 

cost savings and quicken implementation in commercial systems. These COTS 

devices were characterized using electrical, optical, and material analysis techniques 

utilizing an accelerated lifetime testing method. The results and recommendations are 

presented that informed the subsequent design and microfabrication of AlGaN/GaN 

MIS-HEMTs and HEMTs. 

3.1.1   Selection of COTS Devices 

The objective was to evaluate a broad range of wide bandgap active COTS 

devices for operation in high-temperature environments. State-of-the-art wide bandgap 

devices available commercially are based on GaN and SiC platforms and were 

selected as test specimens that could be used to build circuits for high-temperature 

applications. These COTS devices were selected as they could be utilized to build 

circuits for extreme harsh environments such as downhole oil and gas exploration. 
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Figure 3.1: Array of COTS devices on high-temperature probe station. 

More specifically, SiC MOSFET, SiC Schottky diode, and GaN power HEMT 

(P-HEMT) devices were selected as the COTS specimens, shown in Figure 3.1. The 

SiC devices were built for operation in high-power applications while the  

GaN P-HEMT in power electronics and radio frequency (RF) communication [164], 

[165]. To ensure a comprehensive state-of-the-art evaluation, a comparable  

SOI MOSFET used in the power-electronics industry, rated to 150ºC, was selected.  

Table 3.1 summarizes the specifications of the devices acquired for the COTS 

evaluation study. It provides the vendor, device type, model number, and detail on the 

critical operating parameters for each of the device types from their respective 

datasheets. In addition, it lists the gate, source, drain, and passivation materials when 

provided in the datasheets. Further information on the COTS devices can be found in 

their respective datasheets included in Appendix E through Appendix H. It should be 

noted that the primary objective was to evaluate the material platform in COTS 
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devices. These devices are usually packaged and sold by the vendors. Therefore, 

die-level (unpackaged bare die) were selected and purchased from the vendors 

outlined in Table 3.1. The risk of damage to the device during removal from its 

packaging which can include solder, epoxy, and several other components is 

mitigated, through this approach. In addition, the packages for these devices are 

limited for operation up to 150ºC and may cause premature failure of the COTS 

devices [21], [23].  

Table 3.1: Detailed information from the datasheets of the four COTS device types used in the 

accelerated lifetime testing study. 

Device 
Type SiC MOSFET SiC Diode SOI MOSFET GaN  

P-HEMT 

Vendor Cree Cree Fairchild TriQuint 

Model 
Number CPM2-1200-0160B CPW4-1200-S010B PCF76129W TGF2023-2-01 

Key 
Features 1200 V. 160 mΩ Turn-on 1200 V. 1 A 

4th Generation 30 V. 16 mΩ Turn-on 6 W. 
0 to 18 Ghz 

Ids Max. 
[A] 

17.7 @ Vg = 20 V 25ºC 
11.0 @ Vg = 20 V 100ºC 10 @ V = 1200 V 20 @ Vg = 10 V 25ºC 

20 @ Vg = 4.5 V 100ºC 1.25 

Vg Range -10 V to 25 V N/A -20 V to 20 V -50 V to 0 V 

Toperation 
Range -55ºC to 150ºC -55ºC to 175ºC -55ºC to 150ºC -65ºC to 150ºC 

Max. 
Tprocessing 
& Time 

325ºC for 10 min 325ºC for 10 min 300ºC for 10 s 320ºC for 30 s 

VTh 1.8 V to 2.2 V @ 25ºC 
1.5 V to 1.9 V @ 150ºC 

1.5 V to 1.8 V @ 25ºC 
2.2 V to 3.0 V @ 175ºC 1.0 V to 3.0 V @ 25ºC -3.0 V @ 25ºC 

Dimension 
(L x W x H) 2.39 x 2.63 x 0.18 mm 2.26 x 2.26 x 0.377 mm N/A 0.82 x 0.66 x 

0.10 mm 

Top Source Al (4 µm) 
Al (4 µm) 

with polyimide 
passivation 

N/A N/A 

Top Gate Al (4 µm) N/A N/A N/A 

Bottom 
Drain Ni/Ag (0.8/0.6 µm) Ni/Ag 

(1.4 µm) N/A N/A 
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The operating parameters specified are very high as these COTS devices are 

designed and optimized for use in power electronics. These COTS devices need not be 

operated at such voltages in all applications. The objective is to determine their 

performance for extended periods at high temperatures. For example, the  

SiC MOSFET device is designed to operate up to 1200 V and can output 17.7 A of 

current, which are orders of magnitude higher that required for most applications. This 

information helps inform the output parameters in the in the regime of interest and 

insight into the expected trends with varying different parameters. In addition, it 

specifies the operation range for packaged COTS devices.  

3.1.2   Electrical Characterization Parameters for COTS Devices 

Table 3.2: Vds and Vgs sweep parameters for characterization of COTS devices. 

Device 
Type Vds Sweep Vgs Sweep for 

VTh Extraction 
Vgs Sweep #2 for 

Igs-Vgs Characteristics 

SiC 
MOSFET 

-4 V to 4 V (ΔV = 100 mV) 
@ Vgs = -2, 0, 2, 4 V 

0 V to 5 V (ΔV = 50 mV) 
@ Vds = 10, 50, 90 mV 

-2 V to 2 V (ΔV = 50 mV) 
@ Vds = 0 V 

SiC Diode 0 V to 3 V (ΔV = 50 mV) N/A N/A 

SOI 
MOSFET 

-4 V to 4 V (ΔV = 50 mV) 
@ Vgs = -2, 0, 2 V 

0 V to 5 V (ΔV = 50 mV) 
@ Vds = 10, 50, 90 mV 

-1 V to 1 V (ΔV = 50 mV) 
@ Vds = 0 V 

GaN 
P-HEMT 

-4 V to 4 V (ΔV = 50 mV) 
@ Vgs = -3, -1, 1, 3 V 

-1 V to 3 V (ΔV = 20 mV) 
@ Vds = 10, 50, 90 mV 

-1 V to 1 V (ΔV = 20 mV) 
@ Vds = 0 V 

 

The COTS devices being tested are being operated out of specification using a 

high-temperature probe station, details for which can be found in Appendix A. Before 

the high-temperature test, the first step was to develop an initial characterization for 

these COTS devices. Table 3.2 specifies the operating regime for this initial 

characterization that includes sweeping Vds for various Vgs, which generates Ids-Vds 

characteristics used to determine the operating regimes of the device.  



 52 

When sweeping Vgs for various Vds, both Ids-Vgs and gate-source current-voltage  

(Igs-Vgs) characteristics are generated. VTh, key operation parameter, was extracted 

using the extrapolated linear regime method at a Vds = 50 mV [166].  

3.1.3   Definition of Failure for COTS Devices 

Failure can be defined in many ways, depending on the methodology and 

specific application. For example, significant drift of the device characteristics utilized 

in rudimentary systems, such as toys for toddlers, can be tolerated. On the other 

extreme, even a small shift of the device characteristics used in the design of a probe 

for a Venus or Europa mission could impact the ability to analyze and communicate 

high-value scientific data. Therefore, the tolerance for failure is highly application 

dependent.  

 

Figure 3.2: Representative Ids-Vgs plot showing more than 10% shift in VTh for a GaN P-HEMT 

device. 
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As an initial point, a 10% shift in the critical parameter, VTh, was selected as 

the failure point, which a relatively good measure for circuit level stability. Ultimately, 

it is up to the application to define a “parametric” failure point [167]–[172]. Figure 3.2 

shows an Ids-Vgs plot used to extract VTh for a GaN P-HEMT device. After four hours 

of testing at 400ºC the GaN P-HEMT failed since the VTh shifted by more than 10%.  

Ultimately, the mechanisms responsible for failure are of interest. Variation of 

10% is picked initially and it can be adjusted easily to 5% or 20% to understand the 

variation in failure modes with percentage shifts of key device parameters which has 

impact at the circuit-level. In this high-temperature study, failure modes expected 

could be due to shift in VTh, significant increases in gate and drain-source leakage 

current, large increase in contact resistance, decrease in Schottky barrier height (SBH), 

permanent degradation in ambient condition electrical properties post exposure, 

physical degradation of the semiconductor material, and physical degradation of the 

oxide and nitride based dielectric and passivation layers, to mention a few examples 

[47], [52], [66], [79], [173]–[176]. 
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3.1.4   Accelerated Lifetime Testing Protocol 

Accelerated lifetime testing as a widely used, adopted, and validated method 

for evaluating the useful life of a component on an accelerated time scale [169]–[171], 

[175]. There are many types of accelerated lifetime testing protocols written by 

organizations such as IEEE [177], [178], [178]–[180]. They develop extensive 

methodology to evaluate electronics for use in high temperatures, environments with 

thermal cycling, lifetime evaluation in term of number of cycles, failure at 

high-voltage, high-humidity environments, and vacuum environments to mention a 

few types of protocols. The industry uses these standard protocols to quality lifetime 

and operation of their electronic, given the failure criteria defined in them. Ultimately, 

accelerated aging testing, to be discussed in Section 3.2, allows us to predict the 

longevity of a part, device, or components over the life of the application  

(e.g. 50 years for space probes and 30 years for oil and gas wells). 

In this work, the mean time between failure (MTBF) with respect to 

temperature is the critical parameter. Failure criterion, as mentioned above, is defined 

as a greater than 10% shift in the VTh. An accelerated lifetime testing protocol can 

predict lifetime at the operation temperature through the lifetime at temperatures 

higher than the operation temperature, for a shorter period. The devices should follow 

an exponential relationship of MTBF with temperature, which can be modelled using 

an Arrhenius model. The Arrhenius model provides an exponential relationship 

between the time to failure and temperature to operation, and is associated with the 

activation energy (Ea). The Arrhenius model is shown in Equation 3.1, 
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                  𝜏 = 𝐴𝑒
?@A
B.C ,               (3.1) 

where t is the lifetime, A is the pre-exponent constant, Ea is the activation energy in 

eV, kB is the Boltzmann constant (8.62 x 10-5 eV·K-1), and T is the temperature in K. 

  The accelerated lifetime testing protocol, six steps, utilized for conducting the 

reliability testing of COTS devices in air is: 

1.   Decide on temperature points (Ti) and estimated times for failure 

a.   Estimate the time for failure values using Ea found in literature and 

Equation 3.1 to predict the time to failure  

b.   If possible, pick Ti with test times less than one week for ease of 

experimentation 

2.   Test four COTS devices at each Ti 

a.   Four COTS devices are chosen to allow identification of anomalies, if 

any are present 

3.   Determine the MTBF of the four COTS devices  

a.   Determine the initial electrical characteristics of each of the four COTS 

devices at room temperature 

b.   Place COTS devices at Ti for the specified time interval 

c.   Measure new characteristics at room temperature and determine if 

failure criterion is achieved 

d.   Repeat the above two steps, until all the COTS devices have failed 
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4.   Using the MTBF and Ti determined, extract Ea for each type of COTS device 

5.   Use Ea to predict the lifetime of the COTS device closer to the operation 

temperature (Top) of SOI devices, 250ºC to 350ºC 

6.   To validate the Ea, setup a long-term test for up to 60 days with an additional 

four COTS devices to verify predicted lifetimes at the temperature near Top 

3.1.5   Ea 

Ea is a measure of the energy required for the device to fail. In this work, the 

Ea determined is an all-inclusive Ea for all the failure modes responsible. Failure time, 

rather than the individual failure modes responsible, is of interest. For example, failure 

at 500ºC of the GaN P-HEMT could be due to increase in Ohmic contact resistance, 

change in Schottky barrier height of gate contact, crystallization of dielectric layer, 

interdiffusion of gate contact into the active region, and permanent strain relaxation of 

the GaN layers to mention a few examples. Determining the individual activation 

energies would require experiments tailored to induce each of the above mention 

failure modes individually. An all-inclusive Ea was extracted that accounted for all the 

failure modes responsible for degradation in high-temperature environments. Ea values 

found in literature were determined to compare with extracted Ea values in this work 

[66], [173], [176], [181]–[185]. 
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 To extract Ea, once the MTBF and test temperatures for each of the 

components is determined, they are fitted into the Arrhenius relationship shown earlier 

in Equation 3.1. The Arrhenius relationship can be rearranged into the form shown in 

Equation 3.2, for ease of extraction of Ea. This procedure is summarized below. 

1.   Plot the MTBF vs Ti for each type of device tested 

2.   Perform a linear fit to the Arrhenius model in the form shown in Equation 3.2, 

ln 𝜏 = ()A
-.

F
/
+ ln 𝐴 ,               (3.2) 

where t is the lifetime in seconds, A is the pre-exponent constant, Ea is the 

activation energy in eV, kB is the Boltzmann constant (8.62 x 10-5 eV·K-1), and 

T is the temperature in K. 

3.   Extract Ea by determining the slope of the 1/T term in Equation 3.2 

4.   Example of this for a SiC diode is shown in Figure 3.3  

 

Figure 3.3: Semi-log lifetime versus 1/T plot for Ea extraction. 
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3.2   COTS Device Characterizations from 25ºC to 600ºC 

3.2.1   SiC MOSFET 

3.2.1.1  Initial Electrical Characterization 

Figure 3.4 (a) displays an Ids-Vds characterization for a representative  

SiC MOSFET device. VTh is 2.6 V which is within 18% of the typical value specified 

by Cree Inc. as shown in Table 3.1. As discussed, the VTh values are not directly 

comparable as the datasheet characterization is at extremely high voltages. 

 

Figure 3.4: SiC MOSFET (a) Ids-Vds characteristics at room temperature for a virgin device and 

(b) Ids-Vgs characteristics after testing at 450ºC for up to seven hours. The dotted lines in (b) are 

used to extract the VTh, and since there is less than 10% shift in VTh, there is no failure. 

3.2.1.2  Electrical Characterization from 400ºC to 600ºC 

The MTBF increased as Ti decreased over the entire test range. as predicted by 

the Arrhenius model (Equation 3.1). As there is a large difference in MBTF between 

400ºC and 450ºC, the failure mode is most likely the same at both of these 

temperatures. Figure 3.4 (b) displays the Ids-Vgs characteristics for a device tested at 
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450ºC over a seven-hour test period. As there was less than a 10% shift in VTh, there 

was no failure in that SiC MOSFET. 

 

Figure 3.5: Optical micrographs of SiC MOSFETs at (a) 25ºC, (b) 400ºC, (c) 450ºC, and (d) 

500ºC. Degradation of the device is visible through the color change  

3.2.1.3  Optical Characterization at 25ºC, 400ºC, 450ºC, and 600ºC 

Figure 3.5 (a) shows a virgin SiC MOSFET device, Figure 3.5 (b) after failure 

within four hours of testing at 400ºC, Figure 3.5 (c) after failure within four hours of 

testing at 450ºC, and Figure 3.5 (d) after failure within one hour of testing at 500ºC. It 

is noted that there is a significant color change between 400ºC, 450ºC, and 500ºC.  
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The edge of the die turns purple after heating to 450ºC, where most likely there is a 

passivation layer. This layer turns green after heating to 500ºC. In addition, the area 

around the gate and source-drain metal changes color to a reddish-brown. Therefore, 

most of the visible degradation is occurring in the edge and passivation region which 

can impact the characteristics of the device. 

3.2.1.4  Long-Term Characterization at 250ºC 

Ea was extracted using the failure data from 400ºC to 600ºC. To validate the Ea 

values, a long-term test was designed to test the SiC MOSFET to failure at 250ºC. 

Figure 3.6 displays the percentage change in VTh, from its initial value, for the four 

devices testing at 250ºC with time. The devices were tested up to the 42 days. Within 

18 days, two of the four SiC MOSFET devices failed while the other devices lasted for 

the entire 42 days.  

 

Figure 3.6: Evolution of VTh for four SiC MOSFETs after testing for up to 42 days at 250ºC. Two 

of four devices failed within 42 days. 
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3.2.1.5  XPS Analysis 

Given the results above, it was determined that further material information to 

investigate the failure was required. To provide a comprehensive overview,  

SiC MOSFET tested at 450ºC, 500ºC, and 600ºC were analyzed. High-resolution XPS 

scans were performed at two locations on the top surface, the source and gate contacts. 

Carbon (C1s), oxygen (O1s), and aluminum (Al2p) peaks were analyzed and 

compared to a virgin sample. The change in concentration is shown in Figure 3.7. The 

source contact had 40% additional oxygen and there was as high as 110% extra 

concentration of aluminum. This is indicative of oxidation of the Al gate contact 

which partially explains the degradation seen in SiC MOSFET electrical 

characteristics. As discussed earlier, there are multiple failure modes at high 

temperatures, with gate contact being one of them. Furthermore, a decrease in carbon 

was observed which further confirms other elements present in higher concentrations. 

 

Figure 3.7: SiC MOSFET XPS analysis at the (a) source and (b) gate contact. Concentration 

changes from initial concentration of C1s, O1s, and Al2p are shown. 
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3.2.1.6  AES Elemental Maps 

AES was used to validate the results from XPS and to conduct experiments on 

samples where the gate size was significantly smaller. AES elemental maps were 

generated from AES data. These maps provide spatial information on the sample over 

a larger region of the elemental concentrations for a given cross section, at the 

specified depth. Surface elemental maps for virgin devices and post one minute of 

sputtering were collected. Sputtering of the sample is done using a 2 keV Ar beam.  

 

Figure 3.8: SiC MOSFET AES elemental maps for Al2p, O1s, and Si2p after accelerated lifetime 

testing at (a) 600ºC post-sputtering the surface, (b) 500ºC as-is surface, and (c) 500ºC 

post-sputtering the surface. The scale is from white (maximum) to black (none). 
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Elemental maps of Al2p, O1s, and silicon (Si2p) for the SiC MOSFET dies 

after accelerated testing at 500ºC and 600ºC are shown in Figures 3.8 (a) to (c). In 

both cases, the Al gate and source metals have oxidized. In addition, there is out-

diffusion of Si at 500ºC, but not at 600ºC, in the region between the gate contacts. SiC 

or a Si-based passivation, e.g. SiO2 or Si3N4, is degrading at 500ºC. This degradation 

mode is suppressed or masked due to excess oxidation at 600ºC. 

3.2.2   SiC Diode 

3.2.2.1  Electrical Characterization: Initial and from 400ºC to 600ºC 

Figure 3.9 displays the Id-Vg characterization for a representative SiC diode 

device before testing (virgin) and after testing at 500ºC for two hours. The turn-on 

voltage (Von) for the virgin SiC diode was 0.7. Von is defined as the point at which the 

output current is greater than 3.5 mA. After testing at 500ºC, Von is 1.25 V. Therefore, 

since there is a greater than 10% shift in Von, it is defined as failure. 

 

Figure 3.9: SiC diode Id -Vd characteristics at room temperature for a virgin device after testing at 

500ºC for up to two hours. Since the Von shifted by more than 10%, the SiC diode failed. 
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The MTBF increased as Ti decreased, as predicted by the Arrhenius model 

(Equation 3.1). While this relationship is followed from 450ºC to 600ºC, MTBF is 

lower at 400ºC than 450ºC, which is inconsistent with the described relationship. This 

is most probably due of a failure mode active at 400ºC, but suppressed at 450ºC. 

3.2.2.2  Optical Characterization at 25ºC, 400ºC, 450ºC, and 600ºC 

 

Figure 3.10: Optical micrographs of SiC diode at (a) 25ºC, (b) 400ºC, (c) 450ºC, and (d) 500ºC. 

Figure 3.10 (a) shows a virgin SiC MOSFET device, Figure 3.10 (b) after 

failure within two hours of testing at 400ºC, Figure 3.10 (c) after failure within two 

hours of testing at 450ºC, and Figure 3.10 (d) after failure within two hours of testing 
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at 500ºC. Similar to the SiC MOSFET, there is a significant color change between 

400ºC, 450ºC, and 500ºC. The edge of the die turns purple after testing at 450ºC, 

where most likely there is a passivation layer. This region turns green after heating to 

500ºC. Most of the visible degradation is occurring in the edge and passivation region, 

which can impact the characteristics of the device. 

3.2.2.3  Long-Term Characterization at 250ºC 

Ea was extracted using the failure data from 400ºC to 600ºC. To validate the Ea 

values, a long-term test was designed to test the SiC diode to failure at 250ºC.  

Figure 3.11 displays the change in Von, from its initial value, for the four devices 

testing at 250ºC with time. The devices were tested up to the 42 days. Within 18 days, 

one of the four SiC MOSFET devices failed, while another device failed within  

42 days. 

 

Figure 3.11: Evolution of VOn for four SiC diodes after testing for up to 42 days at 250ºC. Two of 

four devices failed within 42 days. 
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3.2.2.4  XPS Analysis 

High-resolution XPS scans were performed at two locations on the top surface: 

the source contact and the “border” region where primarily passivation is expected. 

The change in concentration is shown in Figures 3.12 (a) and (b). C1s, O1s, and Al2p 

peaks were analyzed from samples accelerated testing at 450ºC, 500ºC, and 600ºC, 

then compared to a virgin sample.  

In the source region, as shown in Figure 3.12 (a), the contact had 40% 

additional oxygen at 450ºC and up to 60% more at 600ºC. The Al followed a similar 

trend going from a 20% increase at 450ºC to a 40% increase at 600ºC. This is 

indicative of oxidation of the Al gate contact which explains increasing Von. With the 

formation of an oxide, the contact resistance would increase leading to an increase in 

turn-on voltage. Furthermore, a decrease in carbon was observed which further 

confirms other elements present in high concentrations. 

 

Figure 3.12: SiC diode XPS analysis at the (a) source contact and (b) “border” region. 

Concentration changes from initial concentration of C1s, O1s, and Al2p are shown. 
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In the “border” region, as shown in Figure 3.12 (b), a decrease in oxygen was 

observed at 500ºC and below but increase at 600ºC. Si concentration increased 

between 100% at 450ºC, 225% at 500ºC, and 30% at 600ºC. An increase in Si 

concentration would indicate out-diffusion of Si from the SiC or silicide formation in 

the passivation layer. 

3.2.2.5  AES Elemental Maps 

Elemental maps of Al2p, O1s, and Si2p for the SiC diode dies after accelerated 

testing at 500ºC are shown in Figures 3.13 (a) and (b), along with virgin dies. The 

color scale of the elemental maps, black to white, is indicative of the counts observed 

of the respective elements from minimum to maximum, respectively. Analysis are 

performed both on the surface and after one minute of sputtering. As seen in  

Figures 3.13 (a) and (b), all the recorded elements have diffused to the surface. In 

addition, Al and Si have both oxidized. Fig 3.13 (b) is a scan of the same devices after 

a one minute sputter. There is no change in the concentration of Al. Si has diffused 

into the “border” region and henceforth oxidized, along with the Al. Therefore, the 

results from XPS that Al concentration is increasing and that Al is oxidized, are 

validated. This oxidation of the metal contacts is one of the primary reasons for 

degradation of the Von characteristics observed. 
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Figure 3.13: SiC diode elemental maps for Al2p, O1s, and Si2p (a) at the surface and (b) post one 

minute of sputtering for virgin and after accelerated lifetime testing at 500ºC. The scale is from 

white (maximum) to black (none). 
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3.2.3   SOI MOSFET 

3.2.3.1  Initial Electrical Characterization 

Figure 3.14 (a) displays the Ids-Vds characterization for a representative  

SOI MOSFET device. VTh is 1.95 V which is midway between the range specified by 

Fairchild as shown in Table 3.2. As discussed, the VTh values are not directly 

comparable as the datasheet characterization is at extremely high voltages.  

3.2.3.2  Electrical Characterization from 400ºC to 600ºC 

The MTBF increased as Ti decreased, as predicted by the Arrhenius model 

(Equation 3.1). The rate of increase in MTBF with decreasing Ti for the SOI devices is 

higher than the other devices. This is indicative of a higher Ea for SOI devices. 

Figure 3.14 (b) displays the Ids-Vgs characteristics for a device tested at 450ºC over the 

five-hour test period.  

 

Figure 3.14: SOI MOSFET (a) Ids-Vds characteristics at room temperature for a virgin device and 

(b) Ids-Vgs characteristics after testing at 450ºC for up to five hours. The dotted lines in (b) are 

used to extract the VTh, and since there is less than 10% shift in VTh, there is no failure. 

1 1.5 2 2.5 3

0

1

2

3

4

5

6

7

I d
s
 [

m
A

]

V
gs

 [V]

 

 

2 3 4 5

0

1

2

3

4

5

6

7

I d
s
 [

m
A

]

V
gs

 [V]

 

 

Initial

1h

3h

5h

−4 −2 0 2 4

−0.1

−0.05

0

0.05

0.1

V
ds

 [V]

I d
s
 [

A
]

 

 
−2

 0

 2

(a) (b)

−4 −2 0 2 4

−0.1

−0.05

0

0.05

0.1

V
ds

 [V]

I d
s
 [

A
]

 

 

−2 V

 0 V

 2 V



 70 

At a reduced temperature of 400ºC, no failure, even up to 30 hours, is observed 

in the SOI devices. Therefore, a critical failure mode is activated above 400ºC. The 

highest reported operating temperature of a SOI MOSFET is 450ºC [65]. Therefore, 

this additional failure mode is not unexpected. As these devices are rated for 175ºC, 

operation at 400ºC is already well beyond expectations for an SOI platform. 

 

Figure 3.15: Optical micrographs of SOI MOSFETs at (a) 25ºC, (b) 400ºC, (c) 450ºC, and  

(d) 500ºC. Up to 450ºC, no degradation or color change is visible. At 500ºC, darkening of the 

“border” region is observed, most likely due to oxidation in that region. 
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3.2.3.3  Optical Characterization at 25ºC, 400ºC, 450ºC, and 600ºC 

Figure 3.15 (a) shows a virgin SOI MOSFET device, Figure 3.15 (b) after 

failure within 20 hours of testing at 400ºC, Figure 3.15 (c) after failure within five 

hours of testing at 450ºC, and Figure 3.15 (d) after failure within two hours of testing 

at 500ºC. The “border” region turns black from yellow at 400ºC and 500ºC, indicative 

of oxidation most likely in the “border” region. 

3.2.3.4  Long-Term Characterization at 250ºC 

Ea was extracted using the failure data from 400ºC to 600ºC. To validate the Ea 

values, a long-term test was designed to test the SOI MOSFET to failure at 250ºC. 

Figure 3.16 (a) displays the change in VTh, from its initial value, for the four devices 

testing at 250ºC with time. The devices were tested up to the 42 days and none of 

them failed as it can be observed in the zoomed-in plot shown in Figure 3.16 (b). 

 

Figure 3.16: (a) Evolution of VTh for four SOI MOSFETs after testing for up to 42 days at 250ºC 

and (b) zoomed-in plot of (a). None of four devices failed. 
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3.2.3.5  XPS Analysis 

High-resolution XPS scans were performed at two locations on the top surface, 

the source and gate contact. The change in concentration is shown in  

Figures 3.17 (a) and (b). For the source contact, C1s, O1s, and Al2p peaks were 

analyzed from the samples accelerated tested at 450ºC and 600ºC, then compared to a 

virgin sample. For the gate region, the peaks at 600ºC are compared to a virgin 

sample. The source contact, as shown in Figure 3.17 (a), had 15% additional oxygen 

and there was as high as 50% extra concentration of Al. This is indicative of oxidation 

of the Al source contact, which can lead to degradation as discussed earlier. In the gate 

region as shown in Figure 3.17 (b), similarly, there was a greater increase in Al 

concentration than oxygen concentration. Furthermore, a decrease in carbon was 

observed which further confirms other elements present in high concentrations. 

 

Figure 3.17: SOI MOSFET XPS analysis at the (a) source and (b) gate contact. Concentration 

changes from initial concentration of C1s, O1s, and Al2p are shown. 
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3.2.4   GaN P-HEMT 

3.2.4.1  Initial Electrical Characterization 

Figure 3.18 (a) displays the Ids-Vds characterization for a representative  

GaN P-HEMT device. The VTh is 1.3 V which is within approximately 150% of that 

specified by TriQuint Inc. as shown in Table 3.2. As discussed, the VTh values are not 

directly comparable as the datasheet characterization is at extremely high voltages.  

3.2.4.2  Electrical Characterization from 400ºC to 600ºC 

The MTBF increased as Ti decreased, as predicted by the Arrhenius model 

(Equation 3.1). The large difference in MTBF between 400ºC and 450ºC is indicative 

of a common failure mode. Figure 3.18 (b) displays the Ids-Vgs characteristics for a 

device tested at 400ºC over the four-hour test period. As there was more than a 10% 

shift in VTh, it was determined that the GaN P-HEMT failed. 

 

Figure 3.18: GaN P-HEMT (a) Ids-Vds characteristics at room temperature for a virgin device and 

(b) Ids-Vgs characteristics after testing at 400ºC for up to four hours. The dotted lines in (b) are 

used to extract the VTh, and at four hours there is a greater than 10% shift in VTh, therefore the 

device failed. 
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3.2.4.3  Optical Characterization at 25ºC, 400ºC, 450ºC, and 600ºC 

Figure 3.19 (a) shows a virgin GaN P-HEMT device, Figure 3.19 (b) after 

failure within two hours of testing at 400ºC, Figure 3.19 (c) after failure within four 

hours of testing at 450ºC, and Figure 3.19 (d) after failure within one hour of testing at 

500ºC. It is noted that there is a significant color change between the virgin and 

500ºC. In addition, lateral diffusion of the source metal is visible, post accelerated 

lifetime testing, due to the increased footprint of the source. The degradations 

observed visually would lead to degradation of the device and failure, as the metal 

contacts are most likely alloying and the active area of the metal contacts is changing. 

 

Figure 3.19: Optical micrographs of GaN P-HEMTs at (a) 25ºC, (b) 400ºC, (c) 450ºC, and  

(d) 500ºC. Up to 450ºC, no degradation or color change is visible. At 500ºC, darkening of the 

“border” region is observed, most likely due to oxidation in that region. 
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3.2.4.4  Long-Term Characterization at 250ºC 

Ea was extracted using the failure data from 400ºC to 600ºC. To validate the Ea 

values, a long-term test was designed to test the SiC MOSFET to failure at 250ºC. 

Figure 3.20 displays the percentage change in VTh, from its initial value, for the four 

devices testing at 250ºC with time. The devices were tested up to the 42 days. Within 

18 days, one of the four GaN P-HEMT devices failed while the other devices lasted 

for the entire 42 days.  

 

Figure 3.20: Evolution of VTh for four GaN P-HEMTs after testing for up to 42 days at 250ºC. 

One of four devices failed. 
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3.3   Insights from Characterization of COTS Devices  

Several insights can be derived from the characterization of accelerated lifetime 

testing results. Table 3.3 lists and Figure 3.21 displays the MTBF for all four of the 

COTS devices at the four temperature points the devices were tested. 

Table 3.3: MTBF for the four COTS device types from 400ºC to 600ºC 

Device Type 600°C 500°C 450°C 400°C 

SiC MOSFET 15 min 2.5 h 4.3 h 11.3 h 

SiC Diode 15 min 1.8 h 4.7 h 4.0 h 

SOI MOSFET 15 min 2.0 h 6.0 h No failure 
(30 h) 

GaN P-HEMT 15 min 1.0 h 1.0 h 3.3 h 

 

 

Figure 3.21: MTBF for the four COTS device types from 400ºC to 600ºC. 
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3.3.1   Characterization and Failure at 600ºC 

At 600ºC, all the COTS devices fail within the same time, 15 minutes, 

regardless of device type. This is most probably indicative of a common failure mode, 

independent of the material platform, that might be due to the gate metal, source 

metal, drain metal, or passivation layers used in all these COTS devices, as listed in 

Table 3.1. The SiC MOSFETs and SiC diodes have Al in their contact materials.  

Al has a melting point of 660ºC [184]. In addition, it is known that Al quickly oxidizes 

to form a protective oxide, which has found many uses ranging from aerospace to 

rust-free materials. But, an oxide layer would reduce the contact resistance. In 

addition, as Al gets closer to its melting point it starts reflowing. This impacts the 

properties of the contact. Other known metals included in this stacks at Ni and Ag, 

which are known to highly mobile species at high temperatures [184]. Altogether, the 

failure is most likely due to oxidation, interdiffusion, interfacial reaction, and alloying 

of the metal contacts. That would be the most plausible explanation of why all the 

COTS devices failed within 15 minutes of operation, but for lower temperatures there 

was a variation in the failure time among COTS devices dependent on the material 

platform. 

3.3.2   Comparing SiC MOSFETs with SiC Diodes 

While the SiC MOSFETs lasted approximately 38% longer compared to the 

SiC diodes at 500ºC, the SiC MOSFETs failed 9% sooner at 450ºC. At 400ºC, the  

SiC MOSFETs lasted 183% longer. Reviewing their metal contact stacks, both  

SiC MOSFETs and SiC diodes have a Ni/Ag drain and an Al source. The  

SiC MOSFETs have an Al gate as well and the SiC diodes a polyimide passivation on 
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the top surface, as listed in Table 3.1. Therefore, the difference in failure times 

observed between the COTS devices might be due to degradation of the passivation 

layer on the SiC diodes. No information is provided on the SiC MOSFETs passivation 

layers.  

3.3.3   Comparing SiC MOSFETs with GaN P-HEMTs 

Interestingly, the SiC MOSFETs outperformed than GaN P-HEMTs, 

supporting the use of SiC MOSFETs for high temperatures in its current 

configuration. The materials used for the metal contacts stacks can provide further 

insight. The SiC MOSFETs have Al as gate, Al source, and Ni/Ag drain, but no 

information is provided in the data sheet for the GaN P-HEMTs. Furthermore, no 

information on the passivation layers is provided by the vendors. Given these are 

different material platforms and have different metal stacks, there are most likely 

many different failure modes at all these temperature for the COTS devices.  

3.3.4   SOI MOSFETs: an outlier 

The failure time for the SOI MOSFETs shows an overall similar trend 

compared to the other COTS devices from 450ºC to 600ºC. The SOI MOSFETs lasts 

longer than the other components at 450ºC, which is surprising given the theoretical 

failure point of Si and SOI components at 150ºC and 250ºC, respectively. At 400ºC, 

the SOI MOSFETs do not fail even after 30 hours of testing, while the other 

components failed between 3.3 hours and 11.3 hours, a difference of approximatively 

between three and nine times. 
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This is unusual, as thus far it has been motivated in this work and documented 

in literature based on empirical and theoretical data, wide bandgap material platforms 

should be able to operate at higher temperatures. But, the SOI platform is surviving at 

temperatures up to 400ºC [23], [65]. SOI are predicted to fail at 250ºC, while GaN and 

SiC components should survive up to 600ºC. But, none of these trends are observed 

for these set of COTS devices. SOI out performs wide bandgap devices at 

temperatures between 400ºC and 450ºC, and even at 500ºC SOI outperforms the  

SiC diodes and GaN P-HEMTs. This is most likely due to the difference in metal 

contact technology between the SOI and wide bandgap COTS devices.  

State-of-the-art SOI devices have tungsten (W) as the gate metal, which would 

enable higher temperature operation, compared to the wide bandgap COTS devices 

with Al as the gate metal [65]. In addition, as SOI devices are often undoped, in 

enables them to function at higher temperatures as the intrinsic carrier concentration 

does not reach doping levels. One additional reason could be related to the geometry 

of the SOI structure. SOI devices, as they have been under development for many 

decades, are more likely to be optimized for strain compensation due to thermal 

effects. GaN-based devices are known to degrade at high temperatures due to strain 

relaxation [85], [186]. 
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3.4   Lifetime Predictions and Extraction of Ea 

Data at 400ºC, 450ºC, 500ºC, and 600ºC was used to extract Ea. This data is 

plotted in Figure 3.22. Ea, is extracted as described earlier and the results are listed in 

Table 3.4. Based on the literature, Ea for the GaN and SiC should be around  

1.75 to 2.00 eV, but here they were as low as 30% of the highest reported value [187], 

[188]. SOI MOSFETs had the highest Ea. among these COTS device types as it 

survived longer than the other devices. The XPS and AES analysis supports the data 

further through validating that metal contact oxidation and interdiffusion are 

responsible for the large shifts observed. 

 

Figure 3.22: Measured lifetime of COTS devices from 400ºC to 600ºC. 
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Table 3.4: Ea of the four COTS device types extracted from accelerated lifetime testing. 

Device Type Ea 

SiC MOSFET 0.95 

SiC Diode 0.75 

SOI MOSFET 1.16 

GaN P-HEMT 0.61 

 

Since its rise in popularity as an alternative to traditional Si technology in 

1980s and introduction to commercial products in late 1990s, SOI technology has had 

decades of research and development to both fundamentally understand the device 

operation and conduct extensive reliability studies, as expected with any mature 

technology [189]–[192]. On the other hand, extensive research and development of the 

SiC and GaN platforms for use in electronics was started in 1990s [23], [49], [193].  

In addition, SiC and GaN technologies did not mature enough for commercialization 

until the early to mid-2000s [194]–[196]. Therefore, since Si-based technology and 

devices have had significantly longer to mature they can survive much longer than 

GaN and SiC electronics, which are relatively young and emerging technologies.  
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3.5   Long-Term Testing for Validation of Predicted Ea 

Table 3.5 lists the predicted lifetime using the extracted Ea of the COTS 

devices at 250ºC, 300ºC, and 350ºC. Figure 3.23 displays this predicted lifetime over 

an extended range, 150ºC to 600ºC. The long-term test presented earlier in the 

respective characterization section of the COTS devices was designed to test the 

devices to failure at 250ºC.  

Table 3.5: Predicted lifetime of COTS devices at 250ºC, 300ºC, and 350ºC. 

Device Type Lifetime at 
250ºC (days) 

Lifetime at 
300ºC (hours) 

Lifetime at 
350ºC (hours) 

SiC MOSFET 65 245 52 

SiC Diode 10 58 18 

SOI MOSFET 332 843 128 

GaN P-HEMT 2.4 18 7 

 

 

Figure 3.23: Predicted lifetime of COTS devices from 150ºC to 600ºC using measured Ea values. 
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Table 3.6 lists and Figure 3.24 displays the outcome of the 250ºC long-term 

test, respectively. Overall, it is further validated that the phenomena and trends 

observed at the higher temperature accelerated testing. The SOI MOSFETs last the 

longest, while the SiC diodes and GaN P-HEMTs fail the earliest.  

Table 3.6: Actual lifetime of COTS devices at 250ºC. 

Device Type Predicted 
(days) 

Actual 
(days) 

SiC MOSFET 65 30 

SiC Diode 10 ≤18 

SOI MOSFET 332 No failure 

GaN P-HEMT 2.4 ≤18 

 

 

Figure 3.24: Bar graph of predicted and actual lifetime of the COTS devices at 250ºC. 
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3.6   Conclusions 

The accelerated lifetime testing experiment provided several key insights 

which are discussed in their respective sections. The approach used tested COTS 

devices at specified intervals rather than real-time, therefore a new metric, MTBF, was 

defined. In future experiments, in-situ characterization methods are being developed 

so mean time to failure (MTTF) can be evaluated for COTS devices and in-house 

fabricated AlGaN/GaN MIS-HEMTs and HEMTs.  

To summarize, the wide bandgap devices failed, determined using the 

developed “parametric” failure criterion, at temperatures of 450ºC and below before 

the SOI devices. Furthermore, at 250ºC SOI MOSFETs have been demonstrated to 

operate for long periods of time. But, above 250ºC no solution exists and 

precautionary methods such as active cooling systems need to be used.  

This failure of COTS devices was attributed to failure of metal contacts due to 

interdiffusion and oxidation along with failure of the passivation layers. The COTS 

devices on which reliability testing was performed are not designed for 

high-temperature operation. But, as they are built on a wide bandgap platform, the 

material itself should in theory function to those temperatures. This does not include 

the entire device architecture which further includes source, drain, and gate contacts, 

dielectric and passivation layers, and interconnect metals. Therefore, as these COTS 

devices are operated out of specification both electrically and thermally, it does 

provide insight into the common failure modes.  
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Therefore, while wide bandgap components are now available in industry, their 

metal contacts and passivation have not been optimized for high-temperature 

operation. In addition, reliability issues plague the wide bandgap device space and 

extensive research and development is being conducted to address these issues. Once 

resolved, it will pave the way to a new generation of electronics! The work discussed 

in Chapter 4 addresses the issues with operation at high temperatures with specialized 

contacts, passivation, and dielectric layers to enable high-temperature operation in 

oxidizing environments.  
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Chapter 4 

4.   Temperature Response of AlGaN/GaN MIS-HEMTs 

AlGaN/GaN MIS-HEMTs and HEMTs were designed, fabricated, and 

developed as part of this work. Figure 4.1 is the three-dimensional (3-D) schematic 

and top view optical micrograph of an AlGaN/GaN MIS-HEMT. Post development, 

electrical characterization of the MIS-HEMTs and HEMTs was performed up to 

600ºC in an oxidizing environment, air. Degradation due to high-temperature testing 

was investigated using material analysis techniques, AES and XRD. The objective was 

to develop and evaluate the high-temperature response in oxidizing environments of 

AlGaN/GaN MIS-HEMTs and HEMTs. The devices were designed in-house on 

L-Edit mask design software. Microfabrication was performed at the Stanford 

Nanofabrication Facility (SNF) and SNSF.  

 

 

 

 



 87 

 

 

 

 

 

 

Figure 4.1: A 3-D schematic of the AlGaN/GaN MIS-HEMT and top view optical micrograph 

annotated with the key components of the device. 
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4.1   Development of AlGaN/GaN MIS-HEMTs and HEMTs 

4.1.1   Microfabrication Process 

MIS-HEMTs and HEMTs were fabricated using GaN/AlGaN/GaN 

heterostructures grown on a 4-inch Si (111) wafer (DOWA Inc.). The thicknesses of 

the AlGaN/GaN template are given in Figure 4.2. The Al fraction in AlGaN was 0.25 

as specified by the vendor. 

 

Figure 4.2: Two-dimensional cross-sectional schematic of GaN/AlGaN/GaN heterostructure on  

Si (111) substrate obtained from DOWA Inc., with an Al fraction of 0.25 specified by the vendor. 

The detailed microfabrication process flow is shown in Figures 4.3 (a) to (g). 

First a piranha clean is performed at a wet bench to prepare the initial structure, as 

shown in Figure 4.3 (a). Piranha is a mixture of concentrated sulfuric acid (H2SO4) 

and hydrogen peroxide (H2O2) mixed in a ratio of 3:1, in that order. The wafer was 

dipped into a freshly prepared piranha bath for five minutes, rinsed with deionized 

(DI) water, and dried using N2. Next, a mesa etch is completed and the outcome is 

shown in Figure 4.3 (b). 

Si (111) – 500 μm

Buffer (GaN and AlGaN) – 1.5 μm

GaN – 1.5 μm

Al0.25Ga0.75N – 35 nm
GaN cap – 1 nm

2DEG
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Figure 4.3: Microfabrication process flow for MIS-HEMTs and HEMTs. Steps (a) to (c) are 

identical for the MIS-HEMTs and HEMTs. (a) Initial substrate after cleaning in piranha bath. (b) 

Mesa etch. (c) Ohmic metal (Ti/Al/Pt/Au) deposition and annealing. Post Ohmic metal annealing, 

MIS-HEMTs and HEMTs start to differentiate. MIS-HEMTs are shown as (x.1) and HEMTs as 

(x.2). (d) Gate metal (Ni/Au) deposition for HEMT. (e) ALD Al2O3 deposition as a dielectric for 

the MIS-HEMT and passivation layer for the HEMT. (f) Gate metal (Ni/Au) deposition for the 

MIS-HEMT. (g) Interconnect bonding pad metal (Ti/Au) deposition. 

Photolithography is a key step used throughout this microfabrication process. 

In photolithography, the wafer is first covered with a 1 µm thick layer of Shipley 3612 

resist, baked at 90ºC for one minute, exposed after alignment on a contact aligner 

(Karlsuss MA-6) with a dose of 15 mJ·cm-2, post-exposure baked at 110ºC for one 
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minute, developed in MF-26A for one minute, rinsed with DI water, dried with N2, 

and hard-baked for two minutes at 110ºC. Finally, a descum is performed in a plasma 

etcher (Drytek 100) to remove any residual photoresist from the patterned areas. 

Descum is done at 150 mTorr with an O2 plasma with 500 W RF power.  

To perform the mesa etch, patterns were defined using photolithography. The 

mesa area was etched using an inductive coupled plasma technique with boron 

chloride/chlorine (BCl3/Cl2) gases in a plasma-etch system (Oxford Instruments 

PlasmaPro 100 Cobra). The device cross-section schematic is shown in Figure 4.3 (b). 

Source and drain pad regions were then patterned using a modified 

photolithography step that includes spinning of a lift-off-layer (LOL) before spinning 

on of Shipley 3612. The LOL layer undercuts during the development, which assists 

with lift-off of the evaporated metals. Ti/Al/Pt/Au was electron beam (e-beam) 

evaporated using an evaporator (Innotec ES26C). As-deposited, this multi-layer stack 

is not Ohmic. The contacts to the 2DEG were made Ohmic by rapid thermal annealing 

at 850°C for 35 seconds under a N2 environment. The device cross-section schematic 

is shown in Figure 4.3 (c).  

Up until this point, the MIS-HEMTs and HEMTs, fabricated on the same 

substrate, are identical as no insulating dielectric layer has been deposited, which 

generates the MIS structure. Next, gate metal (Ni/Au) was e-beam evaporated and 

patterned via lift-off to complete microfabrication of the HEMTs. In this step, 

photoresist covered the gate region of the MIS-HEMT therefore it remains the same. 

The device cross-section schematic for the MIS-HEMT and HEMT at this point is 

shown in Figures 4.3 (d.1) and (d.2), respectively. 
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Next, for both MIS-HEMTs and HEMTs, 50 nm of Al2O3 was deposited using 

plasma-enhanced ALD at 250°C. The ALD Al2O3 serves as an insulating gate 

dielectric for the MIS-HEMTs and a passivation layer for the HEMTs. The thickness 

of the ALD layer was measured using a spectroscopic ellipsometer (J.A. Woolam 

M2000). The device cross-section schematic at this point is shown in Figure 4.3 (e.1) 

for the MIS HEMT and Figure 4.3 (e.2) for the HEMT.  

A second set of gate metal (Ni/Au) was finally deposited to complete 

microfabrication of the MIS-HEMTs, using the lift-off technique described above. 

During this step, the HEMT gate region was covered with photoresist. The device 

cross-section schematic at this point is shown in in Figure 4.3 (f.1) for the MIS-HEMT 

and Figure 4.3 (f.2) for the HEMT. Ni/Au was picked as the gate metal for these set of 

MIS-HEMTs and HEMTs as it the most widely-used gate metal for the AlGaN/GaN 

platform. The objective of this work was to evaluate the high-temperature 

characteristics of a well understood gate metal platform. This enables focus on the 

AlGaN/GaN platform while using a broadly used gate metal. In addition, Ni forms a 

Schottky contact GaN/AlGaN and has the highest SBH compared to alternatives such 

as W, TiN, and platinum (Pt) [197]–[199]. 

Using standard photolithography, contact pads were opened up by etching the 

ALD Al2O3 in regions where an interconnect bonding pad metal will be deposited 

using a 20:1 buffered oxide etch (BOE) solution for two minutes. Further information 

on etching of the ALD dielectric layer and characterization of its etch rate in given in 

Section 4.1.2. Next, interconnect bonding pad metals (Ti/Au) were e-beam evaporated 

and lifted off.  
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The final device cross-section schematic is shown in  

Figures 4.3 (g.1) and (g.2), for the MIS-HEMT and HEMT, respectively. Lastly, the 

wafer was diced into1 cm x 1 cm dies to enable ease of testing and packaging of 

individual dies. Figure 4.4 (a) is an optical micrograph of a portion of the fabricated 

wafer with MIS-HEMTs and HEMTs. The devices have gate lengths ranging from  

50 µm to 100 µm and gate widths from 100 µm to 200 µm. The gate-to-drain and  

gate-to-source length was 31 µm, for the 50 µm devices tested. Annotated optical 

micrographs are shown in Figures 4.4 (b) and (c) for the MIS-HEMT and HEMT, 

respectively. In addition, in a parallel process flow MIS-HEMTs were fabricated with 

10 nm of ALD Al2O3. Therefore, there are three types of devices, MIS-HEMTs with 

50 nm ALD Al2O3 (50-MIS), MIS-HEMTs with 10 nm ALD Al2O3 (10-MIS), and 

HEMTs. 

 

Figure 4.4: (a) An optical micrograph of a portion of the fabricated wafer with 50-MIS and 

HEMTs. (b) and (c) are optical micrographs of the 50-MIS and HEMT devices with the key 

components annotated, respectively. 
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4.1.2   ALD Etching 

 

Figure 4.5: (a) Top View, (b) depth profile, and (c) 3-D profile measured using AFM of the  

50 nm ALD Al2O3 layer post etching with 20:1 BOE for 30 seconds. 

ALD Al2O3 was chosen as the dielectric and passivation material for this 

microfabrication run for two primary reasons. Firstly, it has a high dielectric 

permittivity (high-K) thus enabling thinner layers to be used as device size shrinks. 

Traditional dielectric such as SiO2 does not work well as a dielectric as it allows 

electron tunneling with decreasing device sizes and thinning dielectric thickness.  

(a) (b)
Top View Depth Profile
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In addition, compared to ALD HfO2, the ALD Al2O3 can be wet etched. As the 

thickness of HfO2 increases, it crystallizes thus requiring a dry etch with a Cl2-based 

chemistry [200]–[202]. Dry etching can damage the surface of the GaN and AlGaN, 

which will impact the properties of the 2DEG such as mobility and s. Therefore,  

ALD Al2O3 was chosen as the dielectric. 

Figures 4.5 (a) to (c) show the atomic force microscopy (AFM) profile after a 

wet etch of the 50 nm ALD Al2O3 layer in 20:1 BOE. During the 30 second etch,  

34 nm of the ALD Al2O3 was etched. While the wet etch results in an isotropic etch, as 

expected, the design rules have tolerances as large as 6 µm, thus a 2 µm sidewall is 

acceptable and the isotropic profile is not expected to impact the microfabrication 

process. Figure 4.5 (a) is the top view over an opening and Figure 4.5 (b) is a depth 

profile of that region. Figure 4.5 (c) is a 3-D profile of the same region. 
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4.2   High-Temperature (600ºC) Response of AlGaN/GaN 
MIS-HEMTs and HEMTs in an Oxidizing Environment (Air) 

The electrical characteristics of the above fabricated 50-MIS, 10-MIS, and 

HEMTs were investigated up to 600ºC in an oxidizing environment, air. This section 

presents the results of this high-temperature testing. The 50-MIS and HEMT devices 

presented here have gate length (LG) of 50 µm and width of 100 µm, while the 10-MIS 

devices have a LG of 10 µm. Although state-of-the-art gate lengths are in the 

micrometer regime the large gate size (up to 50 µm x 100 µm) used here enables 

HEMT-based sensor development (e.g., chemical, biological and radiation) and 

provides an increased area for observing the gate topography upon thermal exposure. 

Temperature measurements from 20°C up to 600°C (in air) were performed using a 

high-temperature probe station (Signatone Inc. S-1060), at intervals of 50°C starting at 

50°C and above. The sample was held for approximately 30 minutes at each 

temperature interval. A semiconductor parameter analyzer (Agilent Inc. B1500A) was 

used to measure the I-V response of the 50-MIS, 10-MIS, and HEMTs. 

4.2.1   I-V and gm Characteristics from 25ºC to 600ºC 

Prior to performing the I-V characteristics, critical parameters for the structure 

were measured and extracted. The sheet resistance (Rsh) at room temperature was 

347 Ω·□-1 and the carrier mobility of the heterostructure was 1879 cm2·V-1·s-1.  

Table 4.1 lists the key parameters determined and extracted from this set of I-V 

characterization [85]. The 50-MIS, 10-MIS, and HEMTs were tested from Vds of 0 V 

up to 20 V for Vgs of – 20 V up to 4 V for the Vds sweep. The MIS-HEMT and HEMT 

were also tested from Vgs of – 10 V to 4 V for Vds of  0 V up to 20 V for the Vgs sweep.  
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Table 4.1: 50-MIS, 10-MIS, and HEMT key device parameters. Used and adapted with 

permission from [85]. 

50-MIS Parameter T (°C) Value Change from Initial Value 

Idss @ Vg = 0 V 20°C 127 mA·mm-1 – 
 600°C 11 mA·mm-1 Decreased ~91% 

 20°Ca 77 mA·mm-1 Decreased ~39% 

gm @ Vds = 15 V 20°C 16 mS·mm-1 – 
 600°C 3.2 mS·mm-1 Decreased ~81% 

 20°Ca 7.8 mS·mm-1 Decreased ~51% 

Ig,leak @ Vg = -2 V, 20°C <10-10 Aa – 
Vds = 0 V 600°C ~1×10-9 A Increased at least 10x 

 20°Ca <10-10 Ab – 
VTh @ Vds = 1 V 20°C -8.2 V – 

 250°C -10.8 V Changed ~31% 
 400°C -5.6 V Changed ~31% 
 600°C -5.1 V Changed ~37% 
 20°Ca -9.6 V Changed ~17% 

aParameters after return of HEMTs and MIS-HEMTs to 20°C after testing up to 
600°C for up to 27 minutes. 
bBelow measurement resolution. 

10-MIS Parameter T (°C) Value Change from Initial Value 

Idss @ Vg = 0 V 20°C 276 mA·mm-1 – 
 300°C 111 mA·mm-1 Decreased ~60% 

 20°Ca 355 mA·mm-1 Increased ~29% 

gm @ Vds = 15 V 20°C 55 mS·mm-1 – 
 300°C 21 mS·mm-1 Decreased ~62% 

 20°Ca 47 mS·mm-1 Decreased ~15% 

Ig,leak @ Vg = -2 V, 20°C <10-10 Ab – 
Vds = 0 V 300°C ~8.9×10-8 A Increased ~900x 

 400°C ~5.1×10-9 A Increased ~51x 
VTh @ Vds = 1 V 20°C -4.0 V – 

 300°C -5.7 V Changed ~43% 
 20°Ca -6.9 V Changed ~73% 

aParameters after return of HEMTs and MIS-HEMTs to 20°C after testing up to 
600°C for up to 27 minutes. 
bBelow measurement resolution. 

HEMT Parameter T (°C) Value Change from Initial Value 

Idss @ Vg = 0 V 20°C 106 mA·mm-1 – 
 300°C 21 mA·mm-1 Decreased ~80% 

 20°Ca 55 mA·mm-1 Decreased ~48% 

gm @ Vds = 15 V 20°C 20 mS·mm-1 – 
 300°C 6.3 mS·mm-1 Decreased ~69% 

 20°Ca 6.8 mS·mm-1 Decreased ~66% 

Ig,leak @ Vg = -2 V, 20°C ~4×10-7 A – 
Vds = 0 V 300°C ~1×10-6 A Increased ~3x 

 400°C ~4×10-4 A Increased ~1000x 
VTh @ Vds = 1 V 20°C -4.5 V – 

 300°C -4.6 V Changed ~3% 
 20°Ca -4.2 V Changed ~7% 

aParameters after return of HEMTs and MIS-HEMTs to 20°C after testing up to 
600°C for up to 27 minutes. 
bBelow measurement resolution. 
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Figure 4.6: (a) Ids-Vds for the 50-MIS up to 600°C, (b) 10-MIS up to 300°C, and (c) HEMT Ids-Vds 

up to 300°C. The 10-MIS and HEMT failed above 300°C observed as a sudden change in Ig,leak. 

Used and adapted with permission from [85]. 

Figures 4.6 (a) to (c) show the Ids-Vds characteristics of the 50-MIS, 10-MIS 

and HEMTs, respectively, that were examined at different temperatures up to 600°C 

[85]. The decrease in Idss, for the 50-MIS, 10-MIS, and HEMT, is attributed to the 
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enhanced electron-optical phonon scattering [53], [203], [204]. This is further 

confirmed by extracting the Rsh using the circular transmission line method.  
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which agrees with trends in literature [78], [205]. The Ids-Vds trends shown in  

Figures 4.6 (a) to (c) for the 50-MIS, 10-MIS, and HEMT, respectively, confirm that 

the devices are behaving as transistors, for a short period, even at elevated 

temperatures up to 600°C in an oxidizing environment. 

The trends of transconductance (gm) are shown in Figure 4.7 for the 50-MIS, 

10-MIS, and HEMT. Since our gate length is larger than 2 µm, there is a reduction in 

channel electron mobility due to the electron-optical phonon scattering effect that 

dominates the trend of gm with temperature [53], [206]. This is verified as our fit 

parameter is approximately -1.5 which is within the range of optical phonon scattering 

effect dominating the response [53]. In addition to the optical phonon scattering effect, 

the large Rs, due to the large gate-source distance, also influences the temperature 

dependence of gm. The larger gate size enables the development of MIS-HEMTs and 

HEMTs for sensing applications (e.g., chemical, biological and radiation) [54], [207]. 

 

Figure 4.7: gm versus temperature for the 50-MIS up to 600°C, 10-MIS up to 350°C, and HEMT 

up to 350°C. The 10-MIS has LG of 10 µm as a result of which the optical phonon scattering will 

be reduced. This leads to the higher gm observed for the 10-MIS compared to the 50-MIS and 

HEMT. Used and adapted with permission from [85]. 
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4.2.2   VTh Characteristics 

 

Figure 4.8: VTh versus temperature characteristics for the 50-MIS up to 600°C and HEMT up to 

350°C. Used and adapted with permission from [85]. 
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    Δ𝑉/I = 𝑉/IJK2(L)J/ − 𝑉/IL)J/ =
MNO
*AP(MQ
%RSTUV

+ 𝜙X − 𝜙XY 	  ,                  (4.1) 

where CAl2O3 is the unit area capacitance of the ALD Al2O3 oxide layer,  

ϕB = ϕNi/Au - χAl2O3 and ϕB' = ϕNi/Au - χGaN are the barrier heights at the Ni/Al2O3 

interface and the Ni/GaN cap interface. The electron affinities of GaN and ALD Al2O3 

are represented by χGaN and χAl2O3, respectively. The temperature dependence of χ is 

negligible compared to the variation of ϕNi/Au with temperature, thus the ϕB - ϕB' term 

in Equation 4.1 is not the cause of the temperature dependence of ΔVTh [204], [209]. 

The spontaneous polarization charge 𝑄23789  can be assumed to be temperature 

independent, however 𝑄3)56789	  is approximately constant until approximately 250°C, 

above which it drops significantly due to strain relaxation of the AlGaN layer with 

temperature as observed in Figure 4.9 [186], [210].  

 

Figure 4.9: The conduction band diagram the 50-MIS device at 20°C, 20-250°C, and 300-600°C 

and for the HEMT device at 20°C and when Vg = VTh. The diagram illustrates the difference in 

VTh between the MIS-HEMT and the HEMT as being due to the fixed charge Qf and the 

polarization charge at the Al2O3-GaN interface. Used and adapted with permission from [85]. 

50#MIS HEMT
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D. J. Chen et al. demonstrated that passivated HEMT devices with thin AlGaN 

barrier layers exhibit significant strain relaxation above approximately 250°C.  

For 50 nm of AlGaN (with Al fraction of 22%), their work shows approximately 16% 

decrease in the 2DEG concentration from 250°C to 600°C. For the 50-MIS devices 

considered in this work, the thinner AlGaN barrier layer and higher Al fraction could 

lead to even larger decrease in the 2DEG density, leading to significant decrease in VTh 

as observed from the trend in Figure 4.8. Following this argument, the decrease in VTh 

of the 50-MIS until approximately 250°C indicates an increase of Qf with temperature, 

whereas the increase in VTh of the MIS-HEMT from 250°C to 600°C might primarily 

attributed to the effect of strain relaxation, as can be seen from the voltage drops in the 

ALD Al2O3 and AlGaN layers in Figure 4.9 at higher temperatures.  
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4.3   Electrical Degradation of AlGaN/GaN MIS-HEMTs and 
HEMTs 

Figure 4.10 is a summary of the common device failure modes observed in 

GaN-based devices [183]. Charge trapping is a common issue which is impacted by 

the choice of the capping layer, passivation layer used, and any surface treatments 

performed during the microfabrication process. Piezoelectric-induced strain and 

relaxation can impact the electrical characteristics due to the sensitivity of the 2DEG 

layer on the piezoelectric polarization component. The Ohmic contact can degrade at 

high temperatures due to interdiffusion, interfacial reaction, and delamination leading 

to increased contact resistance which results in degraded device characteristics. The 

Schottky or gate contact can also degrade at high-temperatures, similar to the Ohmic 

contact, due to interfacial reaction and interdiffusion. In addition, alloy formation, gate 

metal sinking, and oxidation can further lead to degraded device characteristics.  

 

Figure 4.10: Common failure modes of AlGaN/GaN devices. Used and adapted with permission 

from [183]. © 2008 IEEE. 
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During high-temperature testing, up to 600°C where the devices were held for 

approximately 27 minutes, permanent degradation was observed for the 50-MIS, 

10-MIS, and HEMT. The HEMT degraded above 350°C visible as physical bubbling 

of the gate metal and a sudden increase in Ig,leak. Figures 4.11 (a) to (d) show optical 

micrographs of the 50-MIS and HEMT before and after operation at 600°C, 

respectively. These bubbles severely reduce the gate control as the effective gate area 

is decreased [211]. In contrast, minimal bubbling is observed in the active gate region 

of the 50-MIS, even at 600°C (inset of Figure 4.11 (b)). After returning to 20°C,  

a permanent degradation of the 50-MIS, 10-MIS, and HEMTs is observed. This 

behavior has been observed in the past due to both temperature and stress effects but 

the mechanisms were not explained in detail [212], [213]. In the following sections, 

the electrical degradation and material degradation is discussed. 

 

Figure 4.11: (a) and (b) show optical micrographs of 50-MIS before and after exposure to 600°C, 

respectively. (c) and (d) show optical micrographs of HEMT before and after exposure to 600°C, 

respectively. Used and adapted with permission from [85]. 
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4.3.1   Permanent Change in Idss 

 

Figure 4.12: (a) Ids-Vds for the 50-MIS up to 600°C with return characteristics, (b) Ids-Vds for the 

10-MIS up to 300°C with return characteristics, and (c) Ids-Vds for the HEMT up to 300°C with 

return characteristics. Used and adapted with permission from [85]. 

After returning to 20°C from being at 600°C for approximately 27 minutes, the 

Ohmic contact resistance (rc) permanently increased on the wafer with the 50-MIS 

and HEMT devices by approximately 30% as determined from CTLM measurements. 

This increase in rc is the primary contributor to the decrease in Idss as observed in 

Figures 4.12 (a) and (c) for the 50-MIS and HEMT, respectively. The 10-MIS, as 

shown in Figure 4.12 (b), had an increase in Idss which is the opposite trend to that 

observed for the 50-MIS and HEMT. This is most likely due to a decrease in rc after 

exposure to high temperatures for extended periods of time, which annealed the 

0 10 20
0

100

200

300

400

I d
s
 [

m
A

/m
m

]

V
ds

 [V]

20ºC*Vgs = 0 V
10-MIS

20ºC

100ºC
200ºC

300ºC

0 10 20
0

50

100

150

I d
s
 [

m
A

/m
m

]

V
ds

 [V]

 

 

20ºC*

Vgs = 0 V
50-MIS

20ºC

200ºC

300ºC

600ºC

* Return Characteristics

(a) (b)

0 10 20
0

50

100

150

I d
s
 [

m
A

/m
m

]

V
ds

 [V]

 

 

20ºC*

Vgs = 0 V
HEMT

20ºC

100ºC

200ºC

300ºC

(c)



 105 

Ohmic contacts. Therefore, it is possible that the 10-MIS wafer was annealed 

incompletely during fabrication, and after exposure to high temperatures in an 

oxidizing environment, the Ohmic contact was formed leading to decreased rc. 

In addition, reduction in effective gate area due to formation of bubble-like 

features in the active gate area might also contribute to the degraded characteristics 

observed [211]. Since the Rsh remained approximately constant (approximately five 

percent change) even after returning to 20°C for the 50-MIS and HEMT, it indicates 

that the 2DEG channel has not degraded. Work done by M. Hou and D. Senesky 

showed that Ti/Al/Pt/Au contacts can survive for up to ten hours in an oxidizing 

environment and that by N. Goyal et al. that same stack up to 100 hours [157], [214]. 

Therefore, while there is a permanent decrease it could be a burn-in effect which can 

be accounted for while development of future devices and testing. 

4.3.2   Permanent Decrease in gm 

 

Figure 4.13: 50-MIS, 10-MIS, and HEMT gm return characteristics. Used and adapted with 

permission from [85]. 
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Post returning to 20°C, a permanent degradation in gm is also observed, as 

shown in Figure 4.13. While there is degradation of the gate metal, that would not lead 

to the decrease in gm as it is independent of the gate area. Since the 2DEG density has 

not changed, discussed above, and there is no connection to the Ohmic contact 

resistance here, this effect is different. Both the 50-MIS and HEMT have converged to 

a similar value as shown in Figure 4.13, approximately 7.5 mS·mm-1, indicating a 

common degradation method, while the 10-MIS is at approximately 47 mS·mm-1. 

There is not much information in literature explaining this form of degradation.  

But, this degradation could be due to creation of additional traps in the AlGaN, GaN, 

or buffer layers which would reduce the amount of gate control. Further investigation 

using a technique such as deep-level transient spectroscopy (DLTS) would provide 

more information on the energy levels of the traps post high-temperature testing at 

600°C in air. 

4.3.3   Permanent Decrease in VTh 

For the 50-MIS, VTh
 shifted negatively by ~17% after return to 20°C. The VTh 

for the 10-MIS shifted negatively by ~73% after return to 20°C. The permanent 

negative shift of VTh
 is suggested to be due to change in trap density of the Al2O3/GaN 

interface [215]–[217]. Further in-depth studies, such as C-V measurements, are needed 

to confirm the presence of additional donor-like traps. For the HEMT, there was a  

7% positive shift of VTh after return to 20°C, which is similar to the change in RSh. 

Therefore, the change is attributed to the increase in charge density indicated by the 

increase in RSh. This could happen due to a permanent change in the strain profile of 
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the AlGaN/GaN, similar to the temporary change in strain profile in the 50-MIS, 

10-MIS, and HEMTs leading to shift in VTh
 at high temperatures discussed above. 

4.3.4   Igs-Vgs Trends 

 

Figure 4.14: Temperature-dependent Igs-Vgs characteristics for the (a) 50-MIS, (b) 10-MIS, and 

(c) HEMT. Validation of failure for the 10-MIS and HEMT is displayed by the approximately  

50 times and 5.3x106 times increase in Igs at -2 V, between 25°C and 400°C, respectively. The 

50-MIS continues to operate with low Igs at -2 V up to 600°C. Used and adapted from [143].  

© 2017 APL. 
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The 50-MIS operated normally up to 600°C where it was held for 

approximately 27 minutes. But within a few minutes of operation at temperatures 

above 350°C, the 10-MIS and HEMT exhibited a sudden increase Ig,leak across the 

entire range of Vgs. The 50-MIS, 10-MIS, and HEMT Igs-Vgs trends are shown in 

Figures 4.14 (a), (b), and (c), respectively, for 25°C, 400°C, and 600°C. Both the 

10-MIS and HEMT failed, evidenced by approximately 50 times and 5.3x106 times 

increase in Ig,leak at Vgs = -2 V, respectively, between 25°C and 400°C. These Ig,leak 

values are high enough such that Id is not equal to Is. Therefore, the 50-MIS was the 

only device that survived high temperature testing, indicating that an ALD Al2O3 

thickness between 10 nm and 50 nm is required for suppression of the interfacial 

reaction and inter-diffusion of the gate metal with the semiconductor. Furthermore, 

after returning to 25°C, the 10-MIS and HEMT exhibited an approximately 180 times 

and 420 times increase in Ig,leak at Vgs = -2 V, respectively. 

4.3.5   Trends of Ig,leak at Vgs = -2 V 

An examination of the Ig,leak at Vgs = -2 V characteristics indicates prominent 

differences in the behavior of the 50-MIS, 10-MIS, and HEMT as presented in  

Figure 4.15. The addition of the ALD Al2O3 gate dielectric reduced the Ig,leak for the 

50-MIS and 10-MIS compared to the HEMT over the entire temperature range except 

at 250°C for the 10-MIS. The trend of Ig,leak with temperature observed for the 50-MIS 

and 10-MIS up to 600°C, and the HEMT up to 300°C were exponentially fitted with 

temperature [204], [218]. Unlike the 10-MIS and HEMT, the 50-MIS did not exhibit 

any sudden changes in Ig,leak and continued to function as expected. 
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Figure 4.15: Ig,leak of 50-MIS, 10-MIS, and HEMT versus temperature up to 600°C.The HEMT 

exhibits failure evident by a sudden increase in Ig,leak between 350°C and 400°C. Used with 

permission from [85]. 

The HEMT exhibited approximately 400 times increase in Ig,leak between 

350°C and 400°C as presented in Figure 4.15. This sudden increase is considered as 

failure of the HEMT. In addition, the HEMT exhibited 5.3x106 times increase in Ig,leak 
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4.3.6   Difference in Degradation between 50-MIS, 10-MIS, and 
HEMTs 

The difference in behavior between the 50-MIS, 10-MIS, and HEMTs was of 

interest and therefore investigated further. The reason for the difference in thermal 

stability is due to gate metal interdiffusion, interfacial reaction of the gate metal with 

the GaN/AlGaN layers, alloying of the gate metal, and gate sinking [219]. This was 

investigated with AES depth profile analysis, as mentioned above, presented in detail 

in the next section, performed normal to the gate contact through to the bulk GaN 

region of the AlGaN/GaN HEMT device after exposure to temperatures of 600°C. The 

depth profile analysis indicated that the Ni/Au gate metal stack became alloyed, and 

both Ni and Au diffused into the GaN cap and AlGaN layers. This decreases the 

distance between metal-semiconductor interface and the 2DEG channel resulting in 

decreased drain current, increase in VTh and Ig,leak [212]. Because concentrations of Ni 

and Au were not observed in the passivation layer covering the HEMT’s gate contact, 

it is concluded that the ALD Al2O3 layer acts as a diffusion barrier to Ni and Au.  

ALD Al2O3 and other ALD films have been shown to act as protective coatings by 

serving as diffusion barriers [200], [220]–[223]. Hence, it is considered that the 

50-MIS continued to operate as expected at temperatures above 300°C due to the  

ALD Al2O3 serving as a diffusion barrier layer to the gate metal. It is noted that these 

long gate length devices (LG of 30 µm to 50 µm) have a higher probability that 

extrinsic defects are present which can lead to the failure observed in the 10-MIS and 

HEMTs. 
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4.4   Material Failure Mechanisms of AlGaN/GaN MIS-HEMTs and 
HEMTs 

In the last section, electrical characteristics associated with the permanent 

degradation of the 50-MIS, 10-MIS and HEMT were discussed. The material 

characterization provides further insight into the degradation behavior observed. First, 

purple plague formation in the interconnect bond pad metal and bubbling of the Ni/Au 

gate metal is discussed. Next, the difference in degradation between the passivated 

HEMT and unpassivated 50-MIS is discussed. An AES system (PHI 700) with a  

10 keV primary electron beam was used to perform the chemical analysis to provide 

insight into this difference. Sputtering for depth profiling was done with an Ar ion 

beam at 1 keV. Finally, a passivated 50-MIS with a “sandwich” structure is discussed 

as a potential solution to the degradation observed. 

4.4.1   Alloying of Ti/Au Interconnect Bonding Pad Metal with Al 

Metal deposition was done using an e-beam evaporation methods, either in an 

“Innotec E26C” or “KJ Lesker” e-beam evaporator. Since these tools are in shared 

facilities used by over five hundred users, there is always the risk of 

cross-contamination during processes. This risk is higher in the “Innotec E26C” where 

six metal pockets are used between 20 different metals. This was observed as a change 

in the color of the interconnect bonding pad metal, Ti/Au, from gold to a royal purple 

above 550°C as shown in Figure 4.16.  
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Figure 4.16: Alloyed Al-Au intermetallic, known as “purple plague”, after exposure of Ti/Au 

interconnect bonding pad metal to a temperature of 550°C. While no Al is present in Ti/Au, 

contamination during e-beam evaporation of Ti/Au is most likely the source of Al. 

The royal purple color is well known as “purple plague” in the metal contact 

community which forms due to an intermetallic of Al and Au. The source of this Al is 

either from the underlying AlGaN, the Al in the Ti/Al/Pt/Au in the Ohmic contacts, or 

the ALD Al2O3. As the Ti/Au metal stack alloy forms this royal purple color 

regardless whether it is over the Ohmic or gate contacts, the source of Al is most likely 

contamination introduced during e-beam evaporation. Since the contamination is 

confined to the interconnect bonding pad metal, the impact to the device 

characteristics is minimal. In a new batch of devices fabricated as part of the 

“APOLLO” run, the Ti/Au interconnect bonding pad metal contacts do not form an 

Al-Au intermetallic. Such is the nature of working in a shared academic 

microfabrication facility. 
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4.4.2   Ni/Au Gate Metal Bubbling 

 

Figure 4.17: SEM image after testing at 600°C in air of (a) the MIS-HEMT gate metal, (b) the 

MIS-HEMT gate metal zoomed-in on a bubble, and (c) the HEMT gate metal. 

Figure 4.17 (a) is a scanning electron microscope (SEM) image of a 50-MIS 

gate and Figure 4.17 (b) is a zoomed in image of the gate of a different 50-MIS.  

Figure 4.17 (c) displays a SEM image of a HEMT gate. The Ni/Au gate metal used 

started showing signs of degradation starting around 300°C. At that temperature, a few 

bubbles started appearing for the HEMT gate metal. There was no electrical 

characteristic observed at this point. As discussed earlier, above 350°C a sudden 

increase in Ig,leak was observed. This increase was accompanied by formation of 

bubbles on the gate surfaces of the MIS-HEMT and HEMT. Above 400°C, there was 

no change in the bubble distribution through 600°C. This is believed to be due 

primarily due to interdiffusion behavior at high temperatures. Due to the difference in 

their bubble formation behavior, the surface of the gates is different. This is discussed 

in detail in the upcoming sections. 

(a) 50-MIS Gate (c) HEMT Gate

(b) 50-MIS Gate
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4.4.3   Passivated HEMT Degradation 

 

Figure 4.18: (a) Optical micrograph of gate contact of the passivated HEMT after testing at 

600°C in air. (b) and (c) show cross-section schematics of the HEMT at the start and end of the 

test, respectively. 

An optical micrograph of HEMT device is shown in Figure 4.18 (a).  

Figures 4.18 (b) and (c) show cross-section schematics of the HEMT at the start and 

after exposure to high-temperature degradation in air, respectively. The interfacial 

reaction of the Ni and Au with the GaN, interdiffusion of Au to the GaN surface, and 

interdiffusion of the Ni and GaN leads to the degradation of the HEMT. This leads to 

gate sinking annotated on Figure 4.18 (c). 

In addition, bubbles are formed, since the reaction of the Ni with the Ga results 

in the production of N2, which diffuses through the sample and occupies the voids 

created due to Ni/Au interdiffusion at their interface. Au, due to its greatly different 

diffusion rate to Ni, leaves behind voids which accumulate at the interface of the 

Ni/Au. This void based diffusion mechanism is well known as the Kirkendall effect. 

The N2 gas occupies these voids of sizes up to 100 nm, as predicted by literature, 

resulting in the formation of bubbles as large as 10 µm. 
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Figure 4.19: (a) AES depth profile of the virgin passivated HEMT and (b) zoomed-in portion of 

the gate and AlGaN/GaN interface. (c) AES depth profile of the HEMT, at the point shown in the 

inset, after exposure to 600°C in air and (d) zoomed-in portion of the gate and AlGaN/GaN 

interface. (e) AES depth profile of the HEMT, at the point shown in the inset, after exposure to 

600°C in air and (d) zoomed-in portion of the gate and AlGaN/GaN interface. Used and adapted 

from [143]. © 2017 APL. 
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Figure 4.19 (a) shows the AES depth profile for the as-deposited HEMT at 

room temperature. A sharp interface between the Au, Ni, and GaN/AlGaN/GaN layers 

is present as shown in the zoomed-in Figure 4.19 (b). After being exposed to 600°C, 

the Au and Ni metals are completely alloyed, as shown in Figure 4.19 (c) to (f).  

Since this effect is diffusion based, a variation in concentration was expected across 

the sample, therefore multiple locations were analyzed. As shown in Figure 4.19 (c), at 

the spot annotated in the inset, up to 30% by concentration of Au is present as deep as 

50% of the AlGaN thickness. For Ni, up to 60% by concentration is present as deep as 

80% of the AlGaN thickness. Figure 4.19 (d) is a zoomed-in plot of this region.  

As shown in Figure 4.19 (e), at the spot annotated in the inset, it is observed 

that no Au is present in the AlGaN/GaN region. There is a linearly varying 60% of Ni 

at the interface with up to 10% Ni through up to 30% of the AlGaN layer, 

approximately. A zoomed-in plot of this region is shown in Figure 4.19 (f).  

The increase in the Ig,leak observed, as discussed earlier, is likely due to the diffusion of 

Ni and Au into the active layer (i.e. AlGaN), contributing to a large increase in the 

direct tunneling and trap-assisted tunneling (TAT) current from the gate to the 2DEG 

for the HEMT devices [211], [218].  



 117 

 

Figure 4.20: (a) AES depth profile of the passivated HEMT, at the edge of the gate as shown in 

the inset, after exposure to 600°C in air. (b) and (c) are the AES elemental maps of Ni and Au in 

the gate region, respectively. The scale is from white (maximum) to black (none). (d) and (e) are 

the AES elemental concentration maps of Ni and Au in the gate region, respectively. (b) through 

(e) confirm that the “finger” like structure observed is due to the difference in diffusion of Ni and 

Au in the gate region. 

Figure 4.20 (a) shows the AES depth profile at the location annotated in the 

inset. Observing the optical micrograph, it was noticed there was a “finger” pattern at 

the center of the gate. The depth profile at the edge showed that only Au is present in 

this region. This is further verified with the AES elemental maps shown in  

Figures 4.20 (b) and (c). Figure 4.20 (b) shows that there is no Ni present outside the 

“finger” region and Figure 4.20 (c) confirms that Au is present in the edge.  

The concentration of Ni and Au is shown in elemental concentration maps in  

Figures 4.20 (d) and (e), respectively. In the region outside the “finger”, the 

concertation of Au is 100%. Therefore, through comparing the analysis in the various 

regions it is concluded that the elemental concertation and distribution is highly 

variable dependent of the location. This is not unexpected given the nature of diffusion 

at high temperatures. 

Ni Au(b) (c)

(d) (e)

HEMT%600ºC
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Figure 4.21: XRD 2θ-ω scan of an ALD Al2O3/Ni/Au deposited on GaN-on-sapphire sample 

exposed to 600°C in air to validate the degradation phenomenon observed in the HEMT device. 

Used and adapted from [143]. © 2017 APL. 

The results of an XRD 2θ-ω scan is shown in Figure 4.21. Based on the 

literature, the interfacial reaction of Ni and GaN in the presence of Au should produce 

N2 gas. This N2 gas would then react with the Ni/Au gate metal stack resulting in the 

formation of nickel nitrides (Ni-N) and nickel gallides (Ni-Ga). Therefore, XRD was 

performed to further verify the phenomenon observed. The XRD scan was performed 

on an ALD Al2O3/Ni/Au deposited on GaN-on-sapphire to replicate the structure of 

the HEMT. A XRD system (PANalytical XPert PRO) was used to make 2q-w 

measurements with Cu Ka radiation from 25° to 75°.  
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The XRD scan confirmed the presence of Ni-N and Ni-Ga, as previously 

reported in-depth in the literature [224]–[228]. This verifies that the Ni and Au 

interfacial layers react with the GaN layers, forming Ni-Ga, Ni-N, and gold-gallide 

(Au-Ga) intermetallics or solid solutions. Au does not form any stable nitrides, and 

Au-Ga intermetallics melt below 500°C, evident from a binary Au-Ga phase diagram 

[227]. Thus, no Au peaks were observed on the XRD scan.  
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4.4.4   Unpassivated 50-MIS Degradation  

 

Figure 4.22: (a) Optical micrograph of gate contact of the unpassivated 50-MIS after testing at 

600°C in air. (b) and (c) show cross-section schematics of the 50-MIS at the start and end of the 

test, respectively. 

An optical micrograph of an unpassivated 50-MIS device is shown in  

Figure 4.22 (a) after testing at 600°C in air. Figures 4.22 (b) and (c) show 

cross-section schematics of the MIS-HEMT at the start and after exposure to 

high-temperature degradation in air, respectively. The interdiffusion of the Ni and Au, 

diffusion of Ni to the surface, reaction of Ni with O2 in air to form nickel oxide (NiO), 

and filling of the Kirkendall voids from air leads to the physical degradation of the 

unpassivated 50-MIS gate metal. Unlike the passivated HEMT discussed in the 

previous section, no gate sinking is observed since the ALD Al2O3 acts as a diffusion 

barrier to both Ni and Au. 

Figure 4.23 (a) shows the AES profile for the as-deposited 50-MIS at room 

temperature. Similar to the HEMT, a sharp interface between the Au and Ni is present. 

One difference is that there is oxygen present in the AlGaN region of the 50-MIS.  

In the second step of our plasma-enhanced ALD Al2O3 deposition process, the AlGaN 

surface is exposed to O2 plasma. The presence of oxygen has been discussed in 
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literature and the exposure of the AlGaN layer to an O2 plasma leads to oxidation of 

the AlGaN to form Al2O3 and Ga2O3 [156]. Figure 4.23 (b) shows the AES profile of 

the 50-MIS upon exposure to high-temperature, 600°C. Interdiffusion of Au and Ni is 

observed. Ni diffuses through the Au to the surface, causing the Ni to interface with 

the oxidizing environment [229]. This leads to the formation of NiO. The oxidation of 

Ni to NiO at high temperatures is known to occur in oxidizing environments [229]–

[233]. Additionally, migration of Au via diffusion has been documented in literature 

through the gate to reach the surface of the device [183], [227], [229], [231], [234]. 

The phenomenon observed here is similar to that seen in stainless steel, wherein the Cr 

diffuses to the surface forming a protective chromium oxide that protects the steel 

from corrosion [235]. 

 

Figure 4.23: (a) AES depth profile of the virgin unpassivated 50-MIS and (b) AES depth profile of 

the 50-MIS after exposure to 600°C in air. Unlike the HEMT, after exposure to 600°C, the Ni/Au 

gate metal does not sink into the active region, AlGaN/GaN, of the device. Used and adapted from 

[143]. © 2017 APL. 
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As Au and Ni has very similar SBH, no sudden change in the Ig,leak 

characteristics are observed for the 50-MIS [230], [231]. While there is interdiffusion 

of Au and Ni, the 50 nm ALD Al2O3 dielectric layer acts as a barrier, even up to 

600°C in air, preventing interdiffusion of Au, Ni, and its alloys into the active region. 

This chemical barrier property enabled the 50-MIS to continue to operate above 

350°C, the temperature at which both the HEMT failed. While the 50-MIS exhibited 

physical degradation due to metal agglomeration, island formation, and bubble 

formation it continued to exhibit transistor like characteristics. The 50 nm ALD Al2O3 

layer acts as a diffusion barrier to Ni and Au up to 600°C, evident by the sudden 

increase in Ig,leak above 350°C. It was determined that the 10-MIS failed after exposure 

to high temperature, therefore there is a critical thickness between 10 nm and 50 nm to 

suppress the interdiffusion and interfacial reaction of the gate metal with the 

underlying structure. 
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4.4.5   Passivated 50-MIS Degradation 

An optical micrograph of a passivated 50-MIS device is shown in  

Figure 4.24 (a) after testing at 600°C in air. From the results of the passivated HEMT, 

it was concluded that the interfacial reaction leading to degradation in the HEMT was 

suppressed by the ALD Al2O3 diffusion barrier insertion in the unpassivated 50-MIS. 

In addition, it is known that ALD Al2O3 is a diffusion barrier to air. It was air which 

led to the physical degradation of the unpassivated MIS-HEMT. Therefore, a 50-MIS 

was passivated by deposited a 50 nm ALD Al2O3 layer, as shown in Figure 4.24 (b), to 

create a “sandwich” structure and explore its impact. 

 

Figure 4.24: (a) Optical micrograph of gate contact of the passivated 50-MIS after testing at 

600°C in air. (b) and (c) show cross section schematics of the 50-MIS at the start and end of the 

test, respectively. 

No bubbles are observed in the primary region of the gate post exposure, and 

one small bubble is observed at the edge of the gate where the probability for defect 

presence is higher. Figures 4.24 (b) and (c) show cross-section schematics of the 

passivated 50-MIS at the start and after exposure to high-temperature degradation in 

air, respectively. Since AlGaN/GaN is a piezoelectric material, the deposition of an 

additional 50 nm ALD Al2O3 layer can lead to change in the electrical characteristics, 
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which might degrade differently at high temperatures. Electrical and material 

characterization is recommended as the next steps to understand the effects of the 

additional passivation layer on the characteristics, performance, and long-term 

reliability of the passivated 50-MIS device. 
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4.5   Conclusions 

The results of the work presented in this chapter demonstrate the design, 

microfabrication, use, and degradation of AlGaN/GaN MIS-HEMTs and HEMTs up 

to 600°C in an oxidizing environment, air. The 50-MIS continues to function as a 

transistor and operate up to 600°C. But, both the 10-MIS and HEMT failed, evidenced 

by approximately 50 times and 5.3x106 times increase in Ig,leak at Vgs = -2 V, 

respectively, between 25°C and 400°C. These Ig,leak values are high enough such that 

Id is not equal to Is. In addition, after returning to room temperature permanent 

degradation was observed in 50-MIS, 10-MIS, and HEMTs. This degradation was 

attributed to the increase in rc of the Ohmic contacts, potential generation of 

additional traps in the AlGaN/GaN and buffer layers at high temperatures, and 

degradation of the gate metal which would reduce the amount of gate control.  

AES and XRD analysis on the samples showed that the failure of the HEMTs 

was due to the interfacial reactions, interdiffusion, and alloying of the Ni/Au gate 

metal with the underlying AlGaN/GaN layers. The addition of a 50 nm ALD Al2O3 

layer, which functions both as a dielectric and diffusion barrier, extended the lifetime 

by suppressing the degradation mechanisms leading to the failure of the HEMTs. 

Therefore, the 50-MIS was the only device that survived, indicating that a critical  

ALD Al2O3 thickness between 10 nm and 50 nm is required for suppression of the 

interfacial reaction and inter-diffusion of the gate metal with the semiconductor. 

Furthermore, an additional 50 nm ALD Al2O3 layer to create a “sandwich” structure 

added to the 50-MIS suppressed the physical degradation of the Ni/Au gate metal 

present due to interaction with an oxidizing environment at high temperatures. 
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Chapter 5 

5.   Radiation Response of ALD MOS Capacitor Devices 

As mentioned in Chapter 1, robust and reliable radiation-hardened electronics 

are needed in a variety of harsh environment applications (e.g. space exploration, 

satellite, nuclear power and radiation medicine). However, dielectrics layers used as 

passivation and gate insulators in such electronics should be selected to prevent charge 

generation, minimize current leakage, and support miniaturization. In addition, as the 

size of transistors continues to scale down, the use of traditional SiO2 as a gate 

insulator is approaching its physical and electrical limits. Traditionally grown thermal 

SiO2 is problematic due to high leakage current and power dissipation that can be 

attributed its ultra-thin nature, required with the shrinking size of electronics [236]–

[240]. Thus, there is a need to have physically robust dielectric layers with similar 

capacitance values in comparison to ultra-thin SiO2, which address the issues above.  

Dielectric materials such as Al2O3, HfO2, and lanthanum oxide (La2O3), lend 

themselves well to this task due to their high-K values [236], [241]. In addition, these 

high-K dielectric layers can also be used as passivation layers for protection of 
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electronics from the environment and radiation. Thus, there is a need to understand the 

response and limits of high-K dielectric layers under irradiation to allow for 

development of robust and reliable electronics for such harsh environments. In this 

work, Si MOS capacitor devices were fabricated with Al2O3, HfO2, and SiO2 

dielectrics, and tested under high dose of gamma irradiation. The objective is to 

investigate the radiation hardness of these ALD dielectrics under high doses of gamma 

irradiation, up to 533 kradSi.  
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5.1   Microfabrication of ALD MOS Capacitor Devices 

 

Figure 5.1: Cross-sectional schematic of Si-based MOS capacitor device with an ALD dielectric 

on n-type Si. 

Figure 5.1 is a cross-sectional schematic of the MOS capacitor device 

fabricated for evaluating the gamma irradiation response of Al2O3, HfO2, and SiO2 

dielectrics. It consists of an ALD dielectric layer on a n-type Si wafer with Al contacts 

for performing C-V measurements. The specific process flow and microfabrication 

details are described in the following sections. 
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5.1.1   ALD Al2O3, HfO2, and SiO2 Dielectric Layers 

Table 5.1: Properties of the ALD layers deposited [209], [242]–[245]. 

Key Properties Al2O3 HfO2 SiO2 

Energy Bandgaps (eV) 6.5 5.5 9 

K 9.1 23 4 

Breakdown Field (MV·cm-1) 10 6-7 7-14 

 

Table 5.1 lists the energy bandgap, K, and breakdown field of the Al2O3, HfO2, 

and SiO2 dielectric layers were used in the MOS structure for this study. The 

microfabrication process is described in the next section. layers. All of the layers 

selected are ALD compatible and have extensively developed robust deposition 

processes for deposition.  

HfO2 and Al2O3 have a larger K than SiO2, thus allowing lower leakage current 

with ultra-thin dielectric layers. The K for HfO2 is approximately 2.5 times that of 

Al2O3 and 5.75 times that of SiO2. Since the bandgap of SiO2 is approximately  

1.6 times that of HfO2 and 1.4 times that of Al2O3, the Ig,leak will be lowest for SiO2. In 

addition, since the breakdown field of SiO2 and Al2O3 is higher than that of HfO2, 

these three layers were chosen to investigate their radiation hardness. 
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5.1.2   Microfabrication Process Flow 

 

Figure 5.2: Microfabrication process flow to develop a MOS structure. (a) Initial cross-sectional 

structure of Si (100) wafer used. (b) Plasma ALD deposition of oxide layer. (c) Top side Al gate 

deposition to complete MOS structure. (d) Backside Al deposition for an Ohmic contact. Used 

and adapted from [246]. © 2015 SPIE. 

MOS capacitor devices were fabricated at the SNF using standard 

photolithography techniques using the process shown in Figures 5.2 (a) to (d).  

First, 4-inch n-type Si (100) wafers with a resistivity (r) of 5 Ω-cm and doping 

concentration of approximately 1x1015 cm-3 were cleaned using piranha solution  

(3:1 H2SO4:H2O2). After cleaning, the surface was ready for deposition using plasma-

enhanced ALD (Ultratech/Cambridge Nanotech Fiji System) at a chamber temperature 

of 250°C, as shown in Figure 5.2 (a). The cross-section post-deposition of the  

ALD dielectrics is shown in Figure 5.2 (b). Trimethylalumnium, 

tetrakis(dimethylamido)hafnium, and tris(dimethylamino)silane were the precursors 

used (first of the two binary steps) to deposit Al2O3, HfO2 and SiO2, respectively.  

In addition, O2 was used as the precursor in the second of the two binary steps of the 
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plasma-enhanced ALD process. Once the ALD deposition is complete, the thickness 

of the layer is determined using a spectroscopic ellipsometer (J.A. Woollam M2000).  

 

Figure 5.3: (a) SEM image of Al metal contact pads on plasma ALD deposited dielectric surface 

and (b) zoomed-in SEM image of a single Al contact pad of area 1600 µm2. Used and adapted 

from [246]. © 2015 SPIE. 

Standard photolithography is used to define the gate region. 200 nm of Al is 

evaporated, and then lifted off to complete the patterning of the gate electrode as 

shown in Figure 5.2 (c). In this work, both square and circular devices were utilized. 

Figure 5.3 (a) shows a SEM image of the array of MOS capacitor device (square). 

Figure 5.3 (b) is a zoomed-in SEM of one of the contacts with an area of 1600 µm2 

after lift-off. The last step is to evaporate a blanket layer of Al on the backside of the 

MOS capacitor device structure to make an electrical contact allowing for 

characterization of the MOS capacitor device shown in Figure 5.2 (d). 

  

Al#metal

ALD#dielectric

(a)

25#μm

10#μm

Al#metal

ALD#dielectric#
(entire#surface)

(b)



 132 

5.2   Gamma Irradiation Response of ALD MOS Capacitor Devices 

The initial C-V characterizations of ALD MOS capacitor devices, response 

mechanisms of ALD MOS capacitor devices to gamma irradiation, and the measured 

C-V response curves of the three types of plasma-enhanced ALD oxide layers up to a 

TID level of 533 kradSi are shown in the upcoming sections. The characteristics of the 

C-V response curves before and after irradiation at different points are used to observe 

the differences in the as-deposited bulk oxide quality and oxide-semiconductor 

interface quality of the ALD Al2O3, HfO2, and SiO2 dielectric layers. Details of the 

gamma irradiation experimental setup and characterization tools can be found in 

Appendix C 

5.2.1   Initial C-V Characterizations of ALD MOS Capacitor Devices 

 

Figure 5.4: C-V response of the ALD MOS capacitor devices at high frequency (1 MHz). 
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The measured C-V response (Agilent 4284A) is used to characterize the 

plasma-enhanced ALD grown dielectric layers before and after irradiation. Figure 5.4 

shows the C-V response of the microfabricated ALD MOS capacitor devices at an  

1 MHz frequency. These were used to obtain the capacitance value in the 

accumulation regime for the oxides and was used to calculate the dielectric constant 

for the thin films, using Equation 5.1,  

             𝐶\] =
^^_5
`

               (5.1) 

where Cox is the measured capacitance of the as-deposited ALD dielectric layer 

measured at a particular frequency, K is the dielectric permittivity, Ko is the 

permittivity of free space, A the area of the gate, and t the thickness of the dielectric 

layer [247]. 

Using the Cox determined from Figure 5.4, the area of the gate tested, the 

measured thickness of the ALD dielectric layers, and Equation 5.1, K was extracted. 

These results are tabulated in Table 5.2. 

Table 5.2: Measured and calculated properties of the ALD dielectric layers. Used and adapted 

from [246]. © 2015 SPIE. 

ALD Dielectric Layer t [nm] Cox [pF] K 

Al2O3 22.4 151 7.76 

HfO2 22.2 308 15.87 

SiO2 23.8 98 5.36 
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5.2.2   ALD MOS Capacitor Device Response to Gamma Irradiation  

Figures 5.5 (a) to (c) demonstrate the response of a MOS capacitor device to 

gamma irradiation. Figure 5.5 (a) is a cross section of the MOS capacitor device under 

a positive Vg. Electron hole pairs are generated in the dielectric layer upon exposure to 

gamma irradiation as shown in Figure 5.5 (b). As the device is under positive Vg,  

the electrons are either swept away through the gate contact or recombine with the 

holes. The holes which do not undergo recombination can travel between defect sites 

in the dielectric layer and become trapped in the bulk. Since there are defects present 

at the interface of the dielectric layer and semiconductor, the holes can be trapped 

there as well as interface trapped charges. This is summarized in Figure 5.5 (c).  

The trapped charges, bulk and trapped, shift and degrade the characteristics of the 

MOS capacitor device. 

 

Figure 5.5: MOS capacitor device response to ionizing radiation. (a) Cross-sectional schematic of 

MOS capacitor device. (b) Electron-hole pairs generated due to ionizing radiation exposure. 

(c) Holes that do not recombine with the electrons can be trapped in bulk dielectric or at the 

interface of the dielectric with the semiconductor. 
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Figure 5.6: Typical C-V response of an MOS capacitor device due to gamma irradiation. 

Figure 5.6 shows the characteristics of a C-V response (VFB and VH shifts) 

before and after irradiation. The C-V response can be used to observe the generation of 

both trapped and mobile charges in the dielectric. The impact of ionizing radiation on 

dielectric layers and performance of electronics has been the subject of several studies 

[236]–[240], [247]–[250]. Lateral shifts in the VFB has been attributed to trapping of 

charges within the bulk of oxide layers. This lateral shift is defined as a change in VFB, 

which is defined as the voltage for the C/Cox value of 0.8 [239]. Mobile traps, found at 

the oxide-semiconductor interface, are exhibited as hysteresis in a C-V curve.  
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5.2.3   ALD Al2O3 MOS Capacitor Devices 

The C-V characteristics with increasing TID for the ALD Al2O3 is shown in 

Figure 5.7 (a). It demonstrated lateral shifts due to trapped holes in the oxide and at 

the interface measured as a change in VFB. Up until 137 kradSi, the VFB shift was in the 

positive direction indicative of trapped donor-like (electron) charges. At 533 kradSi,  

a negative shift of VFB is indicative of trapped acceptor-like (hole) charges in the 

dielectric layer. The shift between the initial C-V characterization and after 533 kradSi 

of TID exposure is shown in Figure 5.7 (b). The direction of hysteresis behavior 

exhibited by ALD Al2O3 is a clockwise trend. This indicates that the mobile interface 

charges responsible for this hysteresis are acceptor-like for Al2O3 [251]. 

 

Figure 5.7: (a) C-V response of the ALD Al2O3 with increasing TID of gamma irradiation and (b) 

shift between initial and 533 krad dose of gamma irradiation with hysteresis direction annotated. 
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5.2.4   ALD HfO2 MOS Capacitor Devices 

The C-V characteristics with increasing TID for the ALD HfO2 is shown in  

Figure 5.8 (a). Unlike the ALD Al2O3, the HfO2 demonstrated negligible response to 

gamma irradiation as shown by the lack of observed lateral shift of VFB or change in 

hysteresis voltage (ΔVH) value after irradiation. The shift between the initial  

C-V characterization and after 533 kradSi of TID exposure is shown in Figure 5.8 (b). 

The direction of hysteresis behavior exhibited by ALD HfO2 is a clockwise trend. This 

indicates that the mobile interface charges responsible for this hysteresis are 

acceptor-like for HfO2 [251]. Figure 5.8 (c), inset of Figure 5.8 (b), is a zoomed-in 

portion of the C-V behavior, demonstrating the change is negligible up to 533 kradSi. 

 

Figure 5.8: (a) C-V response of the ALD HfO2 with increasing TID of gamma irradiation and (b) 

shift between initial and 533 kradSi dose of gamma irradiation with hysteresis direction 

annotated, and (c) inset shows a zoomed-in view of the negligible shift in characteristics after 

irradiation. 
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5.2.5   ALD SiO2 MOS Capacitor Devices 

The C-V characteristics with increasing TID for the ALD SiO2 is shown in  

Figure 5.9 (a). It demonstrated lateral shifts due to trapped holes in the oxide and at 

the interface. It is determined that after a TID dose level of 15 kradSi, the ALD SiO2 

layer becomes saturated with oxide traps. This is indicated by the minimal lateral shift 

at increasing dose level. There is a difference between the minimum C/Cox value for 

the ALD SiO2 before and after irradiation. This difference is believed to be due to 

geometry effects in capacitance measurements made on different gate shapes, square 

and circle. The shift between the initial C-V characterization and after 533 kradSi of 

TID exposure is shown in Figure 5.9 (b). The direction of hysteresis behavior 

exhibited by ALD SiO2 is a counter-clockwise trend. This indicates that the mobile 

interface charges responsible for this hysteresis are donor-like for SiO2 [251]. 

 

Figure 5.9: (a) C-V response of the ALD SiO2 with increasing TID of gamma irradiation and  

(b) shift between initial and 533 kradSi dose of gamma irradiation with hysteresis direction 

annotated. Used and adapted from [246]. © 2015 SPIE. 
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5.2.6   Comparison of MOS Capacitor Devices Response to 533 kradSi 
Irradiation 

Figure 5.10 (a) shows the ΔVFB characteristics for the ALD dielectric layers. 

The polarity of ΔVFB indicates the nature (electrons or holes) of fixed charges in the 

oxide and those present at the interface. The ALD grown HfO2 film, shows a minimal 

ΔVFB shift indicating that there are no measureable additional trapped charges formed 

due to gamma irradiation. As discussed earlier, the ALD grown SiO2 is saturated with 

oxide hole traps after a dose of approximately 45 kradSi, and there is minimal change 

even with a TID level of 533 kradSi. Lastly, the positive value of ΔVFB of the  

ALD Al2O3 indicates that electrons are the types of trapped charges in the oxide layer 

up to a dose of 45 kradSi. At higher TID dose levels there is a change in polarity of the 

ΔVFB value, as more holes generated due to irradiation are trapped in the bulk and at 

the oxide-semiconductor interface.  

 

Figure 5.10: (a) Change in ΔVFB for plasma-enhanced ALD Al2O3, HfO2 and SiO2 dielectric layers 

to gamma irradiation up to a total ionizing dose of 533 kradSi is shown. (b) The change in the ΔVH 

of the dielectric layers is shown for the same set of ALD dielectric layers. Used and adapted from 

[246]. © 2015 SPIE. 
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Figure 5.10 (b) provides information on the variation of ΔVH with respect to 

TID dose, which is an indication of the mobile charges present initially and generated 

because of irradiation near the oxide-semiconductor interface. The ALD grown Al2O3 

and HfO2 films showed minimal shift in ΔVH, indicating no significant increase the 

total mobile charges present. However, the ALD grown SiO2 film showed an increase 

in the mobile charges at approximately 45 kradSi, after which ΔVH changes minimally 

indicating no additional generation of mobile charges within the oxide layer 
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5.3   Conclusions 

The results obtained in this work suggest that ALD SiO2 is suitable for 

radiation dosimetry applications due to the generation of both trapped and mobile 

charges. In addition, the results suggest that ALD Al2O3 and HfO2 dielectric layers 

may be suitable dielectrics for use within radiation-hardened electronics due to 

negligible generation of fixed and mobile charges. When comparing the three 

materials used in this study, ALD Al2O3 had the smallest ΔVH and ΔVFB (minimal 

trapping of fixed charges in the bulk and at the interface) observed post-irradiation.  

On the contrary, ALD SiO2 had the highest ΔVH and the largest ΔVFB. ALD HfO2 had 

the highest radiation-hardness of the three layers studied in this work, observed by the 

negligible VFB shift due to irradiation. 
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Chapter 6 

6.   Conclusions 

6.1   Statement of Contributions 

This dissertation work made key contributions towards the development and 

realization of next generation harsh environment electronics. This was accomplished 

through accelerated lifetime testing of commercial devices to determine common 

failure modes at high temperatures, operation of in-house fabricated AlGaN/GaN 

devices up to 600ºC in air for up to 27 minutes, investigation of the failure modes 

responsible for the Ni/Au gate contact failure, determination that a critical thickness of 

ALD Al2O3 is required to enable harsh environment operation, and characterization 

of the gamma irradiation response of ALD dielectrics, Al2O3, HfO2, and SiO2, up to 

approximately 530 kradSi. The results determined in this work will inform the future 

design, microfabrication, and commercialization of devices in the field and beyond. 

Failure modes of commercial traditional and wide bandgap devices were 

determined using accelerated lifetime testing. Metal contact and passivation failure 

was determined to be the primary reason for failure of the wide bandgap devices. 
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Surprisingly, SOI devices lasted longer than GaN and SiC devices even at 

temperatures as low at 250ºC, though GaN and SiC devices are theoretically qualified 

for temperatures of 600ºC and even higher at times. SOI and Si based devices have 

been in development for over half a century and as reliability has been a primary focus 

to enable large-scale commercial use, in some ways it is not surprising that  

SOI devices tend to last longer. While GaN and SiC devices have high potential to 

operate at significantly higher temperatures, much work needs to be done to address 

the failure mechanisms leading to the shortened operation range. Key players and 

constituents in industry and academia need to work closely to strategically perform the 

copious amounts of reliability testing needed to pinpoint the precise failure modes. 

Then, only through collaboration among them can this knowledge can be used to 

develop highly reliable wide bandgap electronics. This work has revealed that 

improvements and innovation is needed on the metal contacts and passivation 

technologies, in addition to optimizing the platform itself. 

Results from the accelerated lifetime testing informed the design and 

microfabrication methods of in-house fabricated ALD Al2O3/AlGaN/GaN 

MIS-HEMTs and AlGaN/GaN up to 600°C in air. Ohmic metal and gate metal 

contacts were selected being suitable for high-temperature and oxidizing 

environments. Prior to this work, the maximum reported operation point in literature 

of AlGaN/GaN MIS-HEMTs was limited to 425°C in air and 500°C in N2 [54], [78]. 

Leveraging the novel properties of 50 nm ALD Al2O3 layer as a diffusion barrier to 

both metals and O2, the operation range of the AlGaN/GaN devices was extended up 

to 600°C in an oxidizing environment such as air. The evaluation and validation of 
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this was done utilizing extensive electrical and material characterizations. These 

results extend the operation range of devices that cannot be hermetically sealed and 

placed away from the high-temperature zone within a system. In addition, through 

using this ALD Al2O3 layer the Ig,leak, a major concern in devices today, was reduced 

to less than 100 pA (10-10 A) at room temperature and less than 1 nA (10-9 A) at 

600°C. Ultimately, a reduction in Ig,leak reduces the on-board power requirements of an 

AlGaN/GaN based platform, due to the reduction in power consumptions when the 

device is in its off-state. 

The AlGaN/GaN MIS-HEMTs devices operated at 600°C in air for 

approximately 27 minutes. After being at 600°C for that time and returning to 25°C 

(room temperature), the devices exhibited permanent degradation. This was observed 

both physically and electrically, then verified using material characterization. 

Physically, degradation of the Ni/Au gate metal for the HEMT was observed as 

bubbles underneath the ALD Al2O3 passivation layer. The Ni/Au gate metal for the 

MIS-HEMT which is unpassivated displayed metal island conglomeration, bubble 

formation, and delamination. Electrically, several phenomena were observed. For both 

MIS-HEMTs and HEMTS, there was a permanent shift in Idss, gm, and VTh. For 

GaN-based devices to be commercialized, a permanent shift in these parameters is 

undesirable. 

While the 50-MIS with 50 nm ALD Al2O3 did not fail, the 10-MIS with 10 nm 

ALD Al2O3 and the HEMTs did fail. The HEMT exhibited 5.3x106 times increase in 

Ig,leak at Vgs = -2 V between 25°C and 400°C. Furthermore, after returning to 25°C, 

HEMT exhibited an approximately 420 times increase in Ig,leak at Vgs = -2 V.  
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The 10-MIS, after returning to 25°C, exhibited an approximately 180 times increase in 

Ig,leak at Vgs = -2 V. For both the 10-MIS and HEMTs, these Ig,leak values are high 

enough such that Id is not equal to Is. This is undesirable, as the 10-MIS and HEMT 

cannot continue to operate as a transistor if its current levels are doubled due to 

contribution.  

Material characterization techniques, AES depth profiling and XRD, explained 

the phenomena exhibited. The gate metal morphological changes observed in the 

HEMT were due to the interfacial reaction of the Ni with the Ga in the AlGaN and 

GaN layers to form Ni-Ga intermetallics. In addition, Ni and Au diffused into the 

AlGaN region creating additional leakage current pathways, which was observed as 

the approximately 5.3x106 times increase in Ig,leak at Vgs of -2 V at 400°C. 

Furthermore, after returning to 25°C, the HEMT exhibited an approximately 420 times 

increase in Ig,leak at Vgs = -2 V. Since N2 gas is a by-product of the interfacial reaction 

of Ni and Ga, N2 reacts with the Ni to form nickel nitrides at high temperatures, such 

as NiN3 [228], [252]. In addition, due to the highly different diffusion rates of Ni and 

Au in the Ni/Au gate metal, voids are left behind in the Au as explained by the 

Kirkendall effect. The outgassing N2 fills up the voids which results in the formation 

of the bubbles.  

For the 50-MIS, no interfacial reaction of the Ni/Au occurred with the AlGaN 

and GaN layers due to the presence of the thick 50 nm ALD Al2O3 dielectric layer 

functioning as a diffusion barrier to Ni and Au. Although, it was determined based on 

the electrical characteristics that the 10 nm ALD Al2O3 dielectric layer did not 

function sufficiently as a diffusion barrier leading to the failure of the 10-MIS. For the 
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50-MIS, as the device was not passivated the gate metal reacted with the oxidizing 

environment, air. As the Au diffused down to the surface of the Al2O3 at higher 

temperatures, the Ni was exposed to O2 in air. At above 350ºC, Ni forms NiO in 

oxidizing environments [229]–[233]. This led to the formation of metal islands and 

delamination of the Ni/Au metal layer, but the impact on the electrical characteristics 

was minimal. The AES depth profile revealed that no Ni or Au were present in the 

active region of the 50-MIS. In addition, this confirmed that the ALD Al2O3 was 

functioning as a diffusion barrier to O2 in the air, as the HEMT did not exhibit any 

formation of NiO or metal degradation like the 50-MIS. Lastly, as the 50-MIS did not 

show any evidence of gate sinking the ALD Al2O3 was confirmed to be a diffusion 

barrier to both Ni and Au. Ultimately, a “sandwich layer” was integrated into the 

device, a passivated MIS-HEMT, that was tested up to 600ºC in air. The results 

indicate that the gate sinking, interfacial reaction, and bubbling were all suppressed.  

There is much interest in ALD layers for growth of dielectrics given the 

high-quality, uniformity, and precise thickness control of the ALD process beyond its 

demonstrated use as a diffusion barrier for extending operation point at high 

temperatures [253]–[255]. Radiation hardness properties of ALD dielectrics is of 

interest given their wide spread adoption in the electronics industry. For example,  

Intel is using ALD high-K dielectric HfO2 in their 32 nm and 45 nm platforms [256]–

[258]. A GaN-based radiation hardened platform integrated with ALD dielectrics has 

potential for use in space environments. Therefore, three ALD dielectrics, Al2O3, 

HfO2, and SiO2, were tested under gamma irradiation and electrically evaluated using 

C-V measurements. Si MOS capacitor devices were exposed to a dose of 
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approximately 530 kradSi, which is equivalent to ten to fifty years in LEO depending 

on orientation. It was determined ALD Al2O3 and HfO2 layers are radiation hardened 

given the negligible shift in VFB and VH using the C-V characteristics of these Si-based 

MOS capacitor devices. Thus, both ALD Al2O3 and HfO2 layers are suitable for use as 

the dielectric and passivation layers for future space mission where gamma irradiation 

is of primary concern. ALD SiO2 was found to be a great radiation detection material 

given its large shift in VFB and VH. Therefore, ALD SiO2 can be used to develop a 

platform on GaN, a radiation-hardened material, for a gamma radiation detector. 
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6.2   Recommendations for the Future  

Through the research and development efforts undertaken as part of this 

dissertation, several key insights were developed that will inform the design, 

microfabrication, operation, and reliability of GaN-based electronics. These include 

the selection of specialized high-temperature interface materials such as gate metals 

and passivation layers, investigating the combined effect of multiple ionizing types of 

ionizing radiation, and a test plan for the approximately one thousand next-generation 

in-house fabricated devices with a new improved design of MIS-HEMTs and HEMTs 

on AlGaN/GaN structures. 

6.2.1   High-Temperature Gate Metal Contacts 

The gate metal is an extremely critical component of a transistor, as discussed 

in this work extensively. Thus, it is imperative to select the right gate metal, especially 

as temperature and operation limits are extended. Ni/Au gate metal is suitable for a 

short period of time, but for long-term operation in extreme harsh environments, such 

as space and downhole oil and gas, alternative gate metals need to be explored.  

There are two types of gate metal types that have emerged and been demonstrated for 

use in such environments.  

First, are alternative transition metals such as W and Mo. W has been explored 

on AlGaN/GaN heterostructures in an inert (N2) environment and showed no changed 

in its properties after 30 seconds of annealing under N2 at 870ºC [259]. However,  

W is known to oxidize at temperatures above 500ºC in oxidizing environment such as 

air, thus further investigation is needed to study it response [260]. Its lifetime could 

potentially be extended as well by incorporating it with ALD dielectric and 



 149 

passivation layers that could function as diffusion barriers to both O2 and W, like  

ALD Al2O3 has for Ni/Au as demonstrated in this work. Mo has been demonstrated to 

operate up to 1000ºC in vacuum on an InAlN/GaN platform [77], [79]. Further 

investigation of its response in inert, such as N2 or Ar, environments and oxidizing 

environments is needed to enable operation at high temperatures. Mo begins to oxidize 

at temperatures of 500ºC in air, and therefore like with W, use of ALD layers as 

diffusion barriers could serve to prevent the oxidation of Mo and extend the operation 

range of electronics [261]. 

Another alternative gate metal platform is metal nitrides and metal oxides, 

such as TiN and RuOx [197], [199], [262]. TiN has been integrated on AlGaN/GaN 

MIS-HEMT devices and shown operation up to 850ºC in an N2 environment for up to 

ten minutes [197]. TiN is known to oxidize at temperatures above 450ºC which would 

impact the transistor characteristics [263]. Therefore, integration with a 50 nm  

ALD Al2O3 dielectric that functions as a diffusion barrier to O2 could enable extended 

operation of TiN gate contact in oxidizing environments. RuOx has been investigated 

as a gate contact on InAlN/GaN devices with annealing in vacuum and N2 

environments up to temperatures of 700ºC, and tested in an Ar/O2 oxidizing 

environment [199]. These preliminary results demonstrate potential for use; however, 

further investigation to determine short-term and long-term degradation in oxidizing 

environments via extensive aging tests are needed.  
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6.2.2   ALD Dielectric and Passivation Layers 

It was demonstrated in this work that by addition of a ALD Al2O3, layer the 

Ig,leak was reduced by up to four orders of magnitude layer and oxidation of the Ni/Au 

gate metal to NiO in the AlGaN/GaN HEMT device was suppressed. Therefore, there 

is potential for use of ALD layers as dielectric and passivation layers.  

Properties of ALD HfO2 both as a dielectric and passivation layer should be 

investigated. ALD HfO2 is a widely used dielectric layer in industry and has been 

adopted by Intel for their 32 nm node technology [258], [257], [256]. In addition, 

ALD HfO2 has been demonstrated as a radiation hard material making it suitable for 

use in space environments as well [236], [238], [246], [264]. Its use as a passivation 

layer needs to be further investigated especially its properties to function as a diffusion 

barrier. 

Multi-stack ALD Al2O3 and HfO2 dielectric layers have gained interest as well 

to leverage the combined effect of both layers. It has been demonstrated they can 

reduce Ig,leak, off-state drain current, increase the Idss, and enhance stability up to 500ºC 

[265], [266]. An alternative structure used is a combination of La2O3 and Al2O3 [267]. 

However, the process of determining the optimal structure could be very expensive 

due to the large number of possible variations possible and microfabrication of 

GaN-based structures is very costly. Therefore, multi-physics simulations that 

combine electrical, thermal, and diffusion effects could save considerable time and 

cost. In addition, use of methods such as design of experiments to investigate the 

parameter space can further reduce time and cost.  
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While ALD is a popular and widely adopted method for growth of high quality 

dielectric and passivation layers, these dielectric and passivation layers can be 

deposited in-situ during the growth process of the GaN templates. This method could 

provide further benefits as the dielectric and passivation layers will be grown without 

breaking vacuum and exposing the ultra-sensitive AlGaN and GaN layers to the 

environment. Interface quality of the layers with the GaN layers could be improved 

since vacuum is not broken and contamination is minimized. The precursors used in 

an MOCVD for GaN alloy growth , such as AlGaN, can also be used for growing 

in-situ Al2O3 passivation layer on top of the GaN cap layer. Properties of these films 

will need to be compared to those of ALD layers, but initial results by research groups 

using in-situ Al2O3, AlN, HfO2, and zirconium dioxide (ZrO2) have promising results 

[268]–[270]. 
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6.2.3   Impact and Degradation of Multiple Types of Ionizing 
Radiation 

In this work, the effect of dielectric layers to gamma irradiation was 

investigated and the results encourage the use of ALD Al2O3 and HfO2 as dielectric 

and passivation for space electronics. But in space environments, there are multiple 

types of radiation a device is exposed to. GaN has demonstrated radiation hardness to 

protons, neutrons, electrons, and X-rays [101], [109]. But, the response of GaN to 

combined effect when exposed to multiple types of irradiation is limited or non-

existent. Thus, through experimentation with multiple types of irradiation concurrently 

would provide insight into the behavior of GaN-based electronics in more closely 

simulated space environment conditions. Similarly, the impact of ALD Al2O3, HfO2, 

and SiO2 to combined ionizing radiation types would provide further insight into their 

potential use in space environments such as on-board satellites and planetary probes to 

Venus and Jupiter. As with any new investigation, extensive simulation and modeling 

using theoretical solutions and numerical methods should be undertaken before 

fabricating, testing, and characterizing their response to multiple types of irradiation at 

the same time. 
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6.2.4   New Devices Fabricated in “APOLLO” Run 

In the EXtreme Environment Microsystems Laboratory (XLab), a new batch of 

devices have been fabricated that have a Ti/Pt gate metal for the  

ALD Al2O3/AlGaN/GaN MIS-HEMT and a Pt gate metal for the AlGaN/GaN HEMT. 

In addition to investigating widely used gate metal such as Pt and Ti/Pt for the 

AlGaN/GaN platform, several design improvements were made to enhance the 

response of the MIS-HEMT and HEMT devices.  

Pt and Ti/Pt have been demonstrated as use in high-temperature environments. 

In addition, Pt is not known to have interfacial reaction with GaN like Ni [271], [272]. 

Thus, testing at high temperatures could extend the operation time for these devices 

beyond the 27 minutes the Ni/Au gate metal ALD Al2O3/AlGaN/GaN MIS-HEMT 

tested as part of this work. In addition, the impact of annealing the gate metal in 

vacuum, inert, and hydrogen (H2) environments will be investigated to improve the 

quality of the interface between the metal layer with the underlying structure. In 

addition, traps could also be reduced. Traps are located at the interface of metal with 

the dielectric or the semiconductor due to presence of defects and vacancies.  

Thermal treatment can reduce the number of traps by effects such as decomposition of 

compounds leading to traps and healing of vacancies [273]–[276]. 

In this work, 50 µm gates were used to investigate the use of the AlGaN/GaN 

platform as a chemical sensing and radiation sensing platform, in addition to providing 

ease investigation of any potential gate metal degradation. While the new generation 

of devices have 50 µm gate length devices, they also have gate sizes as small as 5 µm 

that have been fabricated to improve transistor characteristics of these devices 
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Additionally, the source-gate and gate-drain distance has been varied from  

4 µm to 10 µm to characterize the impact of these on effects such as hot-electron 

trapping and current collapse for the in-house fabricated devices. Ultimately, the goal 

is to design the optimal transistor to fit the objectives and goals of the harsh 

environment community: a monolithic GaN-based sensing platform with on-board 

circuitry to perform signal processing and wireless transmission within extreme harsh 

environments such as surface of Venus, within heat shields of spacecraft, inside 

combustion engines and gas turbines, and downhole on Earth and extra-terrestrial 

locations, such as Europa or Enceladus. 
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Appendices 

Appendix A: High-Temperature Testing Setup 

 

Figure A.1: Experimental test setup for high-temperature testing. (a) High-temperature 

probe-station (Signatone S-1060) Heli. (b) SPA (Agilent B-1500A) used for electrical 

measurements. (c) Signatone temperature controller. 
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High-temperature testing was conducted in-house in the XLab at Stanford 

University located in Stanford, CA. Figure A.1 shows the experimental setup for 

high-temperature testing. It consists of a high-temperature probe station  

(Signatone S-1060) Heli shown in Figure A.1 (a), connected to a semiconductor 

parameter analyzer (SPA), built by Agilent B1500-A, shown in Figure A.1 (b). 

Temperature is controlled by programming the temperature controller show in  

Figure A.1 (c). Together Heli and the SPA enable in-situ high-temperature electrical 

characterization of devices in the XLab. 

 

Figure A.2: Key components of Heli that enable high-temperature measurements. 

Figure A.2 shows the key components of Heli. It has a titanium chuck that can 

be heated up to 600ºC, with an accuracy of +/- 2ºC, with use of the temperature 

controller attached to the system. High-temperature Ti probes are used to connect 

electrically to the sample placed on the chuck, which can be observed using the 
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High Temperature 
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microscope. The entire structure is suspended on a vibration isolation table to reduce 

the impact of vibrations and similar noise during experimentation.  

Heli has the capability to conduct experiments in the dark by making use of the 

enclosure on top of it as seen in Figure A.1 (a). Semiconductors can be light sensitive 

and can produce photocurrent upon exposure to visible or UV light [36]. GaN-based 

devices have been shown to be especially susceptible to persistent photocurrent, a 

phenomenon due to exposure of UV light [277]. This can affect the baseline 

characteristics of GaN-based devices for up to several days, which is highly 

undesirable in sensing applications [277]. 

 Figure A.1 (b) shows the SPA used to apply and collect electrical parameters. 

It is equipped with a high-power source measurement unit (SMU), two medium-power 

SMUs, a capacitance measurement unit (CMU), and ground unit as shown in  

Figure A.3. The high-power SMU has a current capacity of 1 A and voltage capacity  

of 200 V. 

 

Figure A.3: Measurement units installed on the SPA. 
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Appendix B: Accelerated Lifetime Testing Procedure and 
High-Temperature Furnace 

 

Figure B.1: Testing procedure for accelerated lifetime testing. 

High-temperature accelerated lifetime testing was conducted in a 

high-temperature furnace (Thermoscientific Lindberg Blue M). The furnace has a gas 

inlet that can be used to perform testing in inert environments, which was conducted in 

this set of experiments. Figure B.1 shows the testing procedure using to determine 

failure time which is used to extract Ea. Devices were placed at a pre-determined 

temperature for multiple periods of one hour, except at 600ºC it was for 15 minute 

periods. Electrical characteristics were determined at the start and end of each one 

hour period using Heli in a dark environment. Failure was defined as a greater than 

10% shift from the initial value of the VTh. Once the MTBF was determined for 

multiple temperature points from 400ºC to 600ºC, Ea was extracted. Using Ea, the 

lifetime was predicted for all devices under test (DUTs) at 250ºC. The DUTs were 

then placed at 250ºC for up to 42 days and their parameter shift determined from its 

initial value.  
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Figure B.2: Image of the (a) high-temperature furnace with the (b) test samples loaded.  

(c) Schematic of the setup and (d) the temperature profile of the oven for a 450ºC experiment. 

A schematic of the test setup where the devices are exposed to the temperature 

Ti in the high-temperature furnace shown in Figures B.2 (a) to (c). The furnace’s 

average heating rate is up to 90ºC·min-1 and since it does not have an active cooling 

system, the average cooling rate is 9ºC·min-1. The ramp down time was approximately 

60 minutes from 450ºC to room temperature. This temperature profile for Ti at 450ºC 

is shown in Figure B.2 (c). It was assumed during this time, degradation of the devices 

is negligible, as the temperature is less than Ti and an exponential Arrhenius model 

applies. 
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Appendix C: Ionizing Radiation Testing (Gamma and 
Proton) 

Both gamma irradiation and proton ionizing irradiation testing were conducted 

as part of the radiation characterization for the GaN-based devices. 

 

Figure C.1: Gamma irradiation setup. (a) Radiation test chamber. (b) Mounted samples inside 

chamber. 

Gamma irradiation testing was conducted in a radiation chamber  

(JL Shepherd and Associates, Model 484) in collaboration with J.L. Sheppard located 

at their facilities in Pasadena, CA. Si-based ALD MOS capacitor devices and 

GaN-based ALD samples were prepared and exposed to gamma irradiation using a 

Co-60 gamma irradiation source. Figure C.1 (a) shows the chamber at the test facility 

and Figure C.1 (b) is an image of the mounted devices within the chamber.  
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GaN-based and Si-based devices were exposed with a dose rate of 100 radSi 

per second and were exposed to a TID dose as high as 533 kradSi. During the 

irradiation, the samples had a floating Vg. Both electrical and materials 

characterization were conducted ex-situ to study the effects of long-term irradiation on 

electronics, and annealing to room-temperature was monitored. C-V measurements are 

obtained using a precision LCR meter (Agilent 4284A) on the ALD MOS capacitor 

device structure. The C-V measurements were swept in a bipolar manner from 

accumulation to inversion and back with a step size of 100 mV with 

medium-integration time. Before performing any measurements open-circuit and 

short-circuit correction was performed using the LCR meter. 
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Figure C.2: Irradiation chamber at CINT in Los Alamos National Lab. (a) Proton beam 

acceleration line and (b) irradiation chamber with cold trap. 

Proton irradiation was conducted at Los Alamos National Lab located in Los 

Alamos, NM in collaboration with the Center for Integrated Nanotechnology (CINT). 

Samples were prepared and exposed to a 2 MeV proton beam using a Tandem 

accelerator. Figure C.2 (a) shows the Tandem accelerator beam acceleration line and 

Figure C.2 (b) the radiation chamber with a cold trap. The cold trap was used to 

accelerate the pump down of the chamber during experiments. GaN-based and Si-

based devices were exposed to a fluence of approximately 3.9 x 1013 protons·cm-2.  

  

Radiation 
Chamber

Cold Trap

(a) (b)



 163 

Appendix D: L-Edit Mask Design for Microfabrication of 
50-MIS and HEMTs 

The designs for the microfabricated MIS-HEMTs and HEMTs were developed 

in L-Edit. Figure D.1 (a) to (f) show the mask designs used for photolithography to 

develop the 50-MIS and HEMTs. Mask #1 shown in Figure D.1 (a) defines the etch 

area for the mesa structure of the 50-MIS and HEMTs. Figure D.1 (b) shows Mask #2 

which is used to pattern the Ohmic contacts which are patterned using a lift-off 

technique. 

 

Figure D.1: Mask design used to fabrication 50 µm x 100 µm devices on the AlGaN/GaN on Si 

(111). (a) Mesa etch mask. (b) Ohmic contact deposition mask. (c) Schottky metal deposition for 

HEMT only. (d) Gate metal deposition mask for 50-MIS only. (e) Passivation etch mask to enable 

access to Ohmic and Schottky gate contacts. (f) Interconnect bonding metal deposition mask to 

enable ease of probing and wire bonding of 50-MIS and HEMTs. 
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Next, Figure D.1 (c) shows Mask #3 used to pattern the HEMTs for deposition 

of the Schottky gate metal. In the following microfabrication step, ALD Al2O3 is 

deposited over the entire wafer. Next Mask #4, as shown in Figure D.1 (d), is used to 

pattern the 50-MIS for deposition of the gate metal. The patterns on Mask #5, as 

shown in Figure D.1 (e) are used to etch the ALD Al2O3 passivation to enable access 

to the underlying Schottky gate metal and Ohmic metal contacts. Finally, Mask #6 is 

used to pattern the 50-MIS and HEMTs for deposition of interconnect bonding pad 

metal to allow for ease of contacting the metal contacts. Figure D.2 is an image of 

portion of the final mask design. 

 

Figure D.2: Image from L-Edit, mask design software, of a portion of the 1 cm x 1 cm die 

microfabrication to develop 50-MIS and HEMTs. 

(a)
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Appendix E: Cree SiC MOSFET Datasheet 

 
1 CPM2-1200-0160B Rev. -

CPM2-1200-0160B
Silicon Carbide Power MOSFET 
Z-FET

TM 
MOSFET

N-Channel Enhancement Mode         
Features

•	 High Speed Switching with Low Capacitances
•	 High Blocking Voltage with Low RDS(on)
•	 Easy to Parallel and Simple to Drive
•	 Resistant to Latch-Up

Benefits

•	 Higher	System	Efficiency
•	 Reduced Cooling Requirements
•	 Increased System Switching Frequency

Applications

•	 Auxiliary Power Supplies
•	 Solar Inverters  
•	 High Voltage DC/DC Converters
•	 PFC Boost Circuits   

Package

               

Part Number Package

CPM2-1200-0160B Die

   VDS       1200 V

 ID @ 25˚C  17.7 A

  RDS(on)      160 mΩ  

Maximum Ratings (TC	=	25	˚C	unless	otherwise	specified)

Symbol Parameter Value Unit Test Conditions Note

IDS (DC) Continuous Drain Current
17.7

A
VGS@20 V,  TC =	25˚C

Note 1
11 VGS@20 V,  TC =	100˚C

IDS (pulse) Pulsed Drain Current 45 A
Pulse width tP		=	50	μs

duty limited by Tjmax, TC =	25˚C

VGS Gate Source Voltage -10/+25 V

TJ , Tstg
Operating Junction and Storage Temperature -55 to 

+150 ˚C

TL
Solder Temperature 260 ˚C

TPROC
Maximum Processing Temperature 325 ˚C 10min Maximum

Note 1: Assumes a RθJC < 0.90 K/W

f
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Electrical Characteristics  (TC	=	25˚C	unless	otherwise	specified)

Symbol Parameter Min. Typ. Max. Unit Test Conditions Note

V(BR)DSS Drain-Source Breakdown Voltage 1200 V VGS = 0 V, ID	=	50	μA

VGS(th)
Gate Threshold Voltage 1.8 2.2

V
VDS = 10V, ID = 0.5 mA

Fig. 11
1.5 1.9 VDS = 10V, ID = 0.5 mA TJ = 150 ºC

IDSS Zero Gate Voltage Drain Current
1 100

μA
VDS = 1200 V, VGS = 0 V

10 250 VDS = 1200 V, VGS = 0 V 
TJ = 150ºC

IGSS Gate-Source Leakage Current 0.25 μA VGS = 20 V, VDS = 0 V

RDS(on) Drain-Source On-State Resistance
160 196

mΩ
VGS = 20 V, ID = 10 A Fig. 

4,5,6290 400 VGS = 20 V, ID = 10A, TJ = 150ºC

gfs Transconductance
4.3

S
VDS= 20 V, IDS= 10 A

Fig. 7
4.1 VDS= 20 V, IDS= 10 A, TJ = 150ºC

Ciss Input Capacitance 527

pF
VGS = 0 V

VDS = 800 V

f = 1 MHz

VAC = 25 mV 

Fig. 
17,18

Coss Output Capacitance 47

Crss Reverse Transfer Capacitance 4

Eoss Coss Stored Energy 15 μJ Fig. 16

RG (Int) Internal Gate Resistance 6.5 Ω f = 1 MHz, VAC
 
= 25 mV

Built-in SiC Body Diode Characteristics

Symbol Parameter Typ. Max. Unit Test Conditions Note

VSD Diode Forward Voltage
3.1

V
VGS = -5 V, IF=5 A, TJ = 25 ºC Fig. 

8,9,102.9 VGS = -2 V, IF=5 A, TJ = 150 ºC

Gate Charge Characteristics

Symbol Parameter Typ. Max. Unit Test Conditions Note

Qgs Gate to Source Charge 6.9

nC
VDS = 800 V, VGS = -5/20 V
ID  =10 A
Per JEDEC24 pg 27

Fig. 12Qgd Gate to Drain Charge 13.6

Qg Gate Charge Total 32.6

* NOTE 1: For inductive and resistive switching data and waveforms please refer to data-
sheet for packaged device.  Part number C2M0160120D.
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Typical Performance

Figure 5. On-Resistance vs. Drain Current
For Various Temperatures

    Figure 1. Typical Output Characteristics TJ = -55 ºC

Figure 4. Normalized On-Resistance vs. Temperature
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Typical Performance

Figure 8. Typical Body Diode Characteristic 
at TJ = -55 ºC

Figure 9. Typical Body Diode Characteristic 
at TJ = 25 ºC
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Figure 15. Typical 3rd Quadrant Characteristic 
at TJ = 150 ºC Figure 16. Typical Transfer Characteristic

Figure 17. Typical Capacitances vs Drain Voltage 
(0-1000 V)
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Cree, Inc.
4600 Silicon Drive

Durham, NC 27703
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Fax: +1.919.313.5451
www.cree.com/power

Parameter Typical Value Unit

Die Dimensions (L x W) 2.39 × 2.63 mm

Exposed Source Pad Metal Dimensions (LxW) Each 0.757 × 1.45 mm

Gate Pad Dimensions (L x W) 0.80 × 0.505 mm

Die Thickness 180 ± 40 µm

Top Side Source metallization (Al) 4 µm

Top Side Gate metallization (Al) 4 µm

Bottom Drain metallization (Ni/Ag) 0.8 / 0.6 µm

Chip Dimensions

Mechanical Parameters

2.39 mm

0.585mm 0.80mm
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Appendix F: Cree SiC Diode Datasheet 
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Mechanical Parameters

Parameter Typ. Unit

Die Size 2.26 x 2.26 mm

Anode	Pad	Size 1.98 x 1.98 mm

Anode	Pad	Opening 1.70 x 1.70 mm

Thickness 377 ± 10% μm

Wafer	Size 100 mm

Anode	Metalization	(Al) 4 μm

Cathode	Metalization	(Ni/Ag) 1.4 μm

Frontside	Passivation Polyimide

Electrical Characteristics

Symbol Parameter Typ. Max. Unit Test Conditions Note

VF Forward	Voltage 1.5
2.2

1.8
3 V IF = 10 A  TJ=25°C

IF = 10 A  TJ=175°C Fig.	1

IR Reverse	Current 30
55

250
350 μA VR = 1200 V  TJ=25°C

VR = 1200 V  TJ=175°C Fig.	2

QC Total	Capacitive	Charge 52 nC
VR	=	800	V,	IF = 10A
di/dt	=	200	A/μs
TJ = 25°C

Fig.	3

C Total	Capacitance
754
45
38

pF
VR	=	0	V,	TJ	=	25°C,	f	=	1	MHz
VR	=	400	V,	TJ	=	25˚C,	f	=	1	MHz
VR	=	800	V,	TJ	=	25˚C,	f	=	1	MHz

Fig.	4
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Typical Characteristics
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•	 RoHS	Compliance 
The levels of RoHS restricted materials in this product are below the maximum concentration values (also referred to as the 
threshold limits) permitted for such substances, or are used in an exempted application, in accordance with EU Directive 
2011/65/EC (RoHS2), as implemented January 2, 2013. RoHS Declarations for this product can be obtained from your Cree repre-
sentative or from the Product Documentation sections of www.cree.com.

•	 REACh	Compliance 
REACh substances of high concern (SVHCs) information is available for this product. Since the European Chemical Agency 
(ECHA) has published notice of their intent to frequently revise the SVHC listing for the foreseeable future,please contact a Cree 
representative to insure you get the most up-to-date REACh SVHC Declaration. REACh banned substance information (REACh 
Article 67) is also available upon request.

•	 This product has not been designed or tested for use in, and is not intended for use in, applications implanted into the human 
body nor in applications in which failure of the product could lead to death, personal injury or property damage, including but not 
limited	to	equipment	used	in	the	operation	of	nuclear	facilities,	life-support	machines,	cardiac	defi rillators	or	similar	emergency	
medical	equipment,	aircraft	navigation	or	communication	or	control	systems,	or	air	traffic	control	systems.

Notes

•	 Cree SiC Schottky diode portfolio: http://www.cree.com/diodes 
•	 CPW4 Spice models: http://response.cree.com/Request_Diode_model
•	 SiC MOSFET and diode reference designs: http://response.cree.com/SiC_RefDesigns

Related	Links

CPW4-1200-S010 Rev. B, 04-2015

Chip Dimensions

symbol dimension

mm inch

A 2.26 0.089

B 2.26 0.089

C 1.70 0.067

D 1.70 0.067

B

C

D
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HUF76129D3, HUF76129D3S

20A, 30V, 0.016 Ohm, N-Channel, Logic 
Level UltraFET Power MOSFETs

These N-Channel power MOSFETs 
are manufactured using the 
innovative UltraFET™ process. 
This advanced process technology 

achieves the lowest possible on-resistance per silicon area, 
resulting in outstanding performance. This device is capable 
of withstanding high energy in the avalanche mode and the 
diode exhibits very low reverse recovery time and stored 
charge. It was designed for use in applications where power 
efficiency is important, such as switching regulators, 
switching converters, motor drivers, relay drivers, low-
voltage bus switches, and power management in portable 
and battery-operated products. 

Formerly developmental type TA76129.

Features
• Logic Level Gate Drive

• 20A, 30V

• Ultra Low On-Resistance, rDS(ON) = 0.016Ω

• Temperature Compensating PSPICE® Model

• Temperature Compensating SABER© Mode

• Thermal Impedance SPICE Model

• Thermal Impedance SABER Model

• Peak Current vs Pulse Width Curve

• UIS Rating Curve

• Related Literature
- TB334, “Guidelines for Soldering Surface Mount 

Components to PC Boards”

Symbol

Packaging

Ordering Information
PART NUMBER PACKAGE BRAND

HUF76129D3 TO-251AA 76129D
HUF76129D3S TO-252AA 76129D

NOTE: When ordering, use the entire part number. Add the suffix T to 
obtain the TO-252AA variant in tape and reel, e.g., HUF76129D3ST.

D

G

S

JEDEC TO-251AA JEDEC TO-252AA

DRAIN
 (FLANGE)

DRAIN
SOURCE

GATE DRAIN
 (FLANGE)GATE

SOURCE

Data Sheet January 2003
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SWITCHING SPECIFICATIONS (VGS = 10V)

Turn-On Time tON VDD = 15V, ID ≅  20A, RL = 0.75Ω, 
VGS = 10V, RGS = 10Ω
(Figures 16, 21, 22)

- - 80 ns

Turn-On Delay Time td(ON) - 7 - ns

Rise Time tr - 47 - ns

Turn-Off Delay Time td(OFF) - 60 - ns

Fall Time tf - 54 - ns

Turn-Off Time tOFF - - 110 ns

GATE CHARGE SPECIFICATIONS

Total Gate Charge Qg(TOT) VGS = 0V to 10V VDD = 15V, ID ≅  20A,
RL = 0.75Ω
Ig(REF) = 1.0mA
(Figures 14, 19, 20)

- 38 46 nC

Gate Charge at 5V Qg(5) VGS = 0V to 5V - 22 26 nC

Threshold Gate Charge Qg(TH) VGS = 0V to 1V - 1.4 1.7 nC

Gate to Source Gate Charge Qgs - 3.70 - nC

Gate to Drain “Miller” Chatge Qgd - 11.20 - nC

CAPACITANCE SPECIFICATIONS

Input Capacitance CISS VDS = 25V, VGS = 0V, f = 1MHz
(Figure 13)

- 1425 - pF

Output Capacitance COSS - 720 - pF

Reverse Transfer Capacitance CRSS - 170 - pF

Electrical Specifications TA = 25oC, Unless Otherwise Specified  (Continued)

PARAMETER SYMBOL TEST CONDITIONS MIN TYP MAX UNITS

Source to Drain Diode Specifications

PARAMETER SYMBOL TEST CONDITIONS MIN TYP MAX UNITS

Source to Drain Diode Voltage VSD ISD = 20A - - 1.25 V

Reverse Recovery Time trr ISD = 20A, dISD/dt = 100A/µs - - 72 ns

Reverse Recovered Charge QRR ISD = 20A, dISD/dt = 100A/µs - - 107 nC

Typical Performance Curves 

FIGURE 1. NORMALIZED POWER DISSIPATION vs CASE 
TEMPERATURE

FIGURE 2. MAXIMUM CONTINUOUS DRAIN CURRENT vs 
CASE TEMPERATURE
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FIGURE 3. NORMALIZED MAXIMUM TRANSIENT THERMAL IMPEDANCE

FIGURE 4. PEAK CURRENT CAPABILITY

FIGURE 5. FORWARD BIAS SAFE OPERATING AREA
NOTE: Refer to Fairchild Application Notes AN9321 and AN9322.

FIGURE 6. UNCLAMPED INDUCTIVE SWITCHING 
CAPABILITY

Typical Performance Curves  (Continued)
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FIGURE 7. TRANSFER CHARACTERISTICS FIGURE 8. SATURATION CHARACTERISTICS

FIGURE 9. DRAIN TO SOURCE ON RESISTANCE vs GATE 
VOLTAGE AND DRAIN CURRENT

FIGURE 10. NORMALIZED DRAIN TO SOURCE ON 
RESISTANCE vs JUNCTION TEMPERATURE

FIGURE 11. NORMALIZED GATE THRESHOLD VOLTAGE vs 
JUNCTION TEMPERATURE

FIGURE 12. NORMALIZED DRAIN TO SOURCE BREAKDOWN 
VOLTAGE vs JUNCTION TEMPERATURE

Typical Performance Curves  (Continued)
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FIGURE 13. CAPACITANCE vs DRAIN TO SOURCE VOLTAGE

NOTE: Refer to Fairchild Application Notes 7254 and 7260.
FIGURE 14. GATE CHARGE WAVEFORMS FOR CONSTANT 

GATE CURRENT

FIGURE 15. SWITCHING TIME vs GATE RESISTANCE FIGURE 16. SWITCHING TIME vs GATE RESISTANCE

Test Circuits and Waveforms 

FIGURE 17. UNCLAMPED ENERGY TEST CIRCUIT FIGURE 18. UNCLAMPED ENERGY WAVEFORMS

Typical Performance Curves  (Continued)

2000

1200

0
0 10 15 20

C,
 C

AP
AC

IT
AN

CE
 (p

F)
1600

VDS, DRAIN TO SOURCE VOLTAGE (V)

800

CISS

COSS

CRSS

30

400

5 25

VGS = 0V, f = 1MHz
CISS = CGS + CGD
CRSS = CGD
COSS ≈  CDS + CGD

10

8

6

4

0

V G
S

, G
AT

E 
TO

 S
O

UR
CE

 V
O

LT
AG

E 
(V

) VDD = 15V

2

300
Qg, GATE CHARGE (nC)

10

ID = 20A
ID = 10A
ID = 2A

WAVEFORMS IN
DESCENDING ORDER:

20 40

200

20 30 40 500

500

400

300

0
10

SW
IT

CH
IN

G
 T

IM
E 

(n
s)

RGS, GATE TO SOURCE RESISTANCE (Ω)

100

td(OFF)

td(ON)

tr

tf

VGS = 4.5V, VDD = 15V,  ID = 20A,  RL= 0.75Ω

100

20 30 40 500

300

200

150

0
10

SW
IT

CH
IN

G
 T

IM
E 

(n
s)

RGS, GATE TO SOURCE RESISTANCE (Ω)

td(OFF)

td(ON)

tr

tf

VGS = 10V, VDD = 15V,  ID = 20A,  RL= 0.75Ω

50

250

tP

VGS

0.01Ω

L

IAS

+

-

VDS

VDD
RG

DUT

VARY tP TO OBTAIN
REQUIRED PEAK IAS

0V

VDD

VDS

BVDSS

tP

IAS

tAV

0

HUF76129D3, HUF76129D3S



 180 

 

©2003 Fairchild Semiconductor Corporation HUF76129D3, HUF76129D3S Rev. B1

FIGURE 19. GATE CHARGE TEST CIRCUIT FIGURE 20. GATE CHARGE WAVEFORMS

FIGURE 21. SWITCHING TIME TEST CIRCUIT FIGURE 22. SWITCHING TIME WAVEFORM

Test Circuits and Waveforms  (Continued)
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PSPICE Electrical Model 
SUBCKT HUF76129D 2 1 3 ; REV April 1998
CA  12  8 1.95e-9
CB  15  14 1.85e-9
CIN  6  8 1.31e-9

DBODY 7 5 DBODYMOD
DBREAK 5 11  DBREAKMOD
DPLCAP 10 5 DPLCAPMOD

EBREAK 11 7 17  18 32
EDS  14  8  5  8 1
EGS  13  8  6  8 1
ESG 6 10 6 8 1
EVTHRES 6 21 19 8  1
EVTEMP 20 6 18 22 1

IT  8  17  1

LDRAIN 2 5 1e-9
LGATE 1  9 2.20e-9
LSOURCE  3  7 3.03e-9

MMED 16 6 8 8 MMEDMOD
MSTRO 16 6 8 8 MSTROMOD
MWEAK 16 21 8 8 MWEAKMOD

RBREAK  17  18  RBREAKMOD  1
RDRAIN 50 16 RDRAINMOD 1.9e-3
RGATE  9  20 3.5
RLDRAIN 2 5 10
RLGATE 1 9 22
RLSOURCE 3 7 30.3
RSLC1 5 51 RSLCMOD 1e-6
RSLC2 5 50 1e3
RSOURCE  8  7  RSOURCEMOD 10e-3
RVTHRES 22 8 RVTHRESMOD  1
RVTEMP 18 19 RVTEMPMOD 1

S1A  6  12  13  8  S1AMOD
S1B  13  12  13  8  S1BMOD
S2A  6  15  14  13  S2AMOD
S2B  13  15  14  13  S2BMOD

VBAT 22 19  DC  1

ESLC 51 50 VALUE={(V(5,51)/ABS(V(5,51)))*(PWR(V(5,51)/(1e-6*1000),3.5))}

.MODEL DBODYMOD D (IS = 1.2e-12 IKF = 8 TIKF = 1e-2 RS = 7.7e-3 TRS1 = 3e-4 TRS2 = 1e-6 CJO = 2.23e-9 TT = 35e-9 M = 4e-1 XTI =4.75 )

.MODEL DBREAKMOD D (RS = 9.5e-2 TRS1 = 4e-3 TRS2 = 3e-5 IKF = 1e-1)

.MODEL DPLCAPMOD D (CJO = 1.12e-10 IS = 1e-30 N = 10 M = 6.5e-1 VJ = 1.45)

.MODEL MMEDMOD NMOS (VTO = 1.87 KP = 5.75 IS = 1e-30 N = 10 TOX = 1 L = 1u W = 1u RG = 1)

.MODEL MSTROMOD NMOS (VTO = 2.15 KP = 90 IS = 1e-30 N = 10 TOX = 1 L = 1u W = 1u)

.MODEL MWEAKMOD NMOS (VTO = 1.49 KP =2e-2 IS = 1e-30 N = 10 TOX = 1 L = 1u W = 1u RG = 10)

.MODEL RBREAKMOD RES (TC1 = 9.8e-4 TC2 = -1e-10)

.MODEL RDRAINMOD RES (TC1 = 1e-2 TC2 = 1e-5)

.MODEL RSLCMOD RES (TC1 = 1e-6 TC2 = 1.05e-6)

.MODEL RSOURCEMOD RES (TC1 = 2.5e-3 TC2 = 2e-6)

.MODEL RVTHRESMOD RES (TC1 = -1.8e-3 TC2 = -1.1e-5)

.MODEL RVTEMPMOD RES (TC1 = -1.65e-3 TC2 = 1.45e-6)

.MODEL S1AMOD VSWITCH (RON = 1e-5 ROFF = 0.1 VON = -10.0 VOFF= -0.50)

.MODEL S1BMOD VSWITCH (RON = 1e-5 ROFF = 0.1 VON = -0.50 VOFF= -10.0)

.MODEL S2AMOD VSWITCH (RON = 1e-5 ROFF = 0.1 VON = 0.00 VOFF= 0.50)

.MODEL S2BMOD VSWITCH (RON = 1e-5 ROFF = 0.1 VON = 0.50 VOFF= 0.00)

.ENDS

NOTE: For further discussion of the PSPICE model, consult A New PSPICE Sub-Circuit for the Power MOSFET Featuring Global 
Temperature Options; IEEE Power Electronics Specialist Conference Records, 1991, written by William J. Hepp and C. Frank Wheatley.
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SABER Electrical Model 
nom temp=25 deg c    30v LL Ultrafet
REV April 1998  
template huf76129D n2,n1,n3
electrical n2,n1,n3
{
var i iscl
d..model dbodymod =  (is=1.2e-12, xti=4.75, cjo=2.23e-9,tt=35e-8, m=4e-1)
d..model dbreakmod = (is=1e-14)
d..model dplcapmod =  (cjo=1.12e-9,is=1e-30,n=10,m=6.5e-1, vj=1.45, fc=5e-1)
m..model mmedmod = (type=_n,vto=1.87,kp=5.75,is=1e-30, tox=1)
m..model mstrongmod = (type=_n,vto=2.15,kp=90,is=1e-30, tox=1)
m..model mweakmod = (type=_n,vto=1.49,kp=2e-2,is=1e-30, tox=1)
sw_vcsp..model s1amod =  (ron=1e-5,roff=0.1,von=-10.0,voff=-0.5)
sw_vcsp..model s1bmod =  (ron=1e-5,roff=0.1,von=-0.5,voff=10.0)
sw_vcsp..model s2amod =  (ron=1e-5,roff=0.1,von=0,voff=0.5)
sw_vcsp..model s2bmod =  (ron=1e-5,roff=0.1,von=0.5,voff=0)

c.ca n12 n8 = 1.95e-9
c.cb n15 n14 = 1.85e-9
c.cin n6 n8 = 1.31e-9

d.dbody n7 n71 = model=dbodymod
d.dbreak n72 n11 = model=dbreakmod
d.dplcap n10 n5 = model=dplcapmod

i.it n8 n17 = 1

l.ldrain n2 n5 = 1e-9
l.lgate n1 n9 = 2.2e-9
l.lsource n3 n7 = 3.03e-9

m.mmed n16 n6 n8 n8 = model=mmedmod, l=1u, w=1u
m.mstrong n16 n6 n8 n8 = model=mstrongmod, l=1u, w=1u
m.mweak n16 n21 n8 n8 = model=mweakmod, l=1u, w=1u

res.rbreak n17 n18  = 1, tc1=9.8e-4,tc2=-1e-10
res.rdbody n71 n5 =7.7e-3, tc1=2.5e-3, tc2=1e-6
res.rdbreak n72 n5 =9.5e-2, tc1=4e-3, tc2=3e-5
res.rdrain n50 n16  = 1.9e-3, tc1=1e-2,tc2=1e-5
res.rgate n9 n20 = 3.6e-1
res.rldrain n2 n5 = 10
res.rlgate n1 n9 = 22
res.rlsource n3 n7 = 30.3
res.rslc1 n5 n51  = 1e-6, tc1=1e-6,tc2=-1.05e-6
res.rslc2 n5 n50 = 1e3
res.rsource n8 n7  = 10e-3, tc1=2.5e-3,tc2=2e-6
res.rvtemp n18 n19  = 1, tc1=-1.8e-3,tc2=1.1e-5
res.rvthres n22 n8  = 1, tc1=-1.65e-3,tc2=-1.45e-6

spe.ebreak n11 n7 n17 n18 = 37
spe.eds n14 n8 n5 n8 = 1
spe.egs n13 n8 n6 n8 = 1
spe.esg n6 n10 n6 n8 = 1
spe.evtemp n20 n6 n18 n22 = 1
spe.evthres n6 n21 n19 n8 = 1

sw_vcsp.s1a n6 n12 n13 n8 = model=s1amod
sw_vcsp.s1b n13 n12 n13 n8 = model=s1bmod
sw_vcsp.s2a n6 n15 n14 n13 = model=s2amod
sw_vcsp.s2b n13 n15 n14 n13 = model=s2bmod

v.vbat n22 n19 = dc=1

equations {
i (n51->n50) +=iscl
iscl: v(n51,n50) = ((v(n5,n51)/(1e-9+abs(v(n5,n51))))*((abs(v(n5,n51)*1e6/1000))** 3.5 ))
}
}
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SPICE Thermal Model

REV April 1998

HUF76129D

CTHERM1 th 6 1.10e-5
CTHERM2 6 5 2.70e-2
CTHERM3 5 4 3.90e-2
CTHERM4 4 3 1.00e-2
CTHERM5 3 2 2.30e-2
CTHERM6 2 tl 1.80

RTHERM1 th 6 1.00e-4
RTHERM2 6 5 5.00e-4
RTHERM3 5 4 2.90e-2
RTHERM4 4 3 4.80e-1
RTHERM5 3 2 2.80e-1
RTHERM6 2 tl 1.00e-1

SABER Thermal Model
Saber thermal model HUF76129D

template thermal_model th tl
thermal_c th, tl
{
ctherm.ctherm1 th c2 = 1.10e-5
ctherm.ctherm2 c2 c3 = 2.70e-2
ctherm.ctherm3 c3 c4 = 3.90e-2
ctherm.ctherm4 c4 c5 = 1.00e-2
ctherm.ctherm5 c5 c6 = 2.30e-2
ctherm.ctherm6 c6 tl = 1.80

rtherm.rtherm1 th c2 = 1.00e-4
rtherm.rtherm2 c2 c3 = 5.00e-4
rtherm.rtherm3 c3 c4 = 2.90e-2
rtherm.rtherm4 c4 c5 = 4.80e-1
rtherm.rtherm5 c5 c6 = 2.80e-1
rtherm.rtherm6 c6 tl = 1.00e-1
}

RTHERM4

RTHERM6

RTHERM5

RTHERM3

RTHERM2

RTHERM1

CTHERM4

CTHERM6

CTHERM5

CTHERM3

CTHERM2

CTHERM1

tl

2

3

4

5

6

th JUNCTION

CASE
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Rev. I2

TRADEMARKS

The following are registered and unregistered trademarks Fairchild Semiconductor owns or is authorized to use and is not
intended to be an exhaustive list of all such trademarks.

DISCLAIMER
FAIRCHILD SEMICONDUCTOR RESERVES THE RIGHT TO MAKE CHANGES WITHOUT FURTHER NOTICE TO ANY
PRODUCTS HEREIN TO IMPROVE RELIABILITY, FUNCTION OR DESIGN. FAIRCHILD DOES NOT ASSUME ANY
LIABILITY ARISING OUT OF THE APPLICATION OR USE OF ANY PRODUCT OR CIRCUIT DESCRIBED HEREIN;
NEITHER DOES IT CONVEY ANY LICENSE UNDER ITS PATENT RIGHTS, NOR THE RIGHTS OF OTHERS.

LIFE SUPPORT POLICY
FAIRCHILD’S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF FAIRCHILD SEMICONDUCTOR
CORPORATION.

As used herein:
1. Life support devices or systems are devices or systems
which, (a) are intended for surgical implant into the body,
or (b) support or sustain life, or (c) whose failure to perform
when properly used in accordance with instructions for use
provided in the labeling, can be reasonably expected to
result in significant injury to the user.

2. A critical component is any component of a life support
device or system whose failure to perform can be
reasonably expected to cause the failure of the life support
device or system, or to affect its safety or effectiveness.

PRODUCT STATUS DEFINITIONS
Definition of Terms

ACEx™
ActiveArray™
Bottomless™
CoolFET™
CROSSVOLT™
DOME™
EcoSPARK™
E2CMOS™
EnSigna™

FACT™
FACT Quiet Series™
FAST®

FASTr™
FRFET™
GlobalOptoisolator™
GTO™
HiSeC™
I2C™

ImpliedDisconnect™
ISOPLANAR™
LittleFET™
MicroFET™
MicroPak™
MICROWIRE™
MSX™
MSXPro™
OCX™
OCXPro™
OPTOLOGIC®

OPTOPLANAR™

PACMAN™
POP™
Power247™
PowerTrench®

QFET™
QS™
QT Optoelectronics™
Quiet Series™
RapidConfigure™
RapidConnect™
SILENT SWITCHER®

SMART START™

SPM™
Stealth™
SuperSOT™-3
SuperSOT™-6
SuperSOT™-8
SyncFET™
TinyLogic®

TruTranslation™
UHC™
UltraFET®

VCX™
Across the board. Around the world.™
The Power Franchise™
Programmable Active Droop™

Datasheet Identification Product Status Definition
Advance Information Formative or In 

Design
This datasheet contains the design specifications for
product development. Specifications may change in
any manner without notice.

Preliminary First Production This datasheet contains preliminary data, and
supplementary data will be published at a later date.
Fairchild Semiconductor reserves the right to make
changes at any time without notice in order to improve
design.

No Identification Needed Full Production This datasheet contains final specifications. Fairchild
Semiconductor reserves the right to make changes at
any time without notice in order to improve design.

Obsolete Not In Production This datasheet contains specifications on a product
that has been discontinued by Fairchild semiconductor.
The datasheet is printed for reference information only.
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Absolute Maximum Ratings TC = 25oC, Unless Otherwise Specified
UNITS

Drain to Source Voltage (Note 1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VDSS 30 V
Drain to Gate Voltage (RGS = 20kΩ) (Note 1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .VDGR 30 V
Gate to Source Voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VGS ±20 V
Drain Current

Continuous (TC = 25oC, VGS = 10V) (Figure 2)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ID
Continuous (TC = 100oC, VGS = 5V) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ID
Continuous (TC = 100oC, VGS = 4.5V) (Figure 2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ID
Pulsed Drain Current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IDM

20
20
20

Figure 4

A
A
A

Pulsed Avalanche Rating. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . EAS  Figures 6, 17, 18
Power Dissipation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PD

Derate Above 25oC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
105
.83

W
W/oC

Operating and Storage Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TJ, TSTG -55 to 150 oC
Maximum Temperature for Soldering

Leads at 0.063in (1.6mm) from Case for 10s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TL
Package Body for 10s, See Techbrief 334. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Tpkg

300
260

oC
oC

CAUTION: Stresses above those listed in “Absolute Maximum Ratings” may cause permanent damage to the device. This is a stress only rating and operation of the
device at these or any other conditions above those indicated in the operational sections of this specification is not implied.

NOTE:
1. TJ = 25oC to 150oC.

Electrical Specifications TA = 25oC, Unless Otherwise Specified 

PARAMETER SYMBOL TEST CONDITIONS MIN TYP MAX UNITS

OFF STATE SPECIFICATIONS

Drain to Source Breakdown Voltage BVDSS ID = 250µA, VGS = 0V (Figure 12) 30 - - V

Zero Gate Voltage Drain Current IDSS VDS = 25V, VGS = 0V - - 1 µA

VDS = 25V, VGS = 0V, TC = 150oC - - 250 µA

Gate to Source Leakage Current IGSS VGS = ±20V - - ±100 nA

ON STATE SPECIFICATIONS

Gate to Source Threshold Voltage VGS(TH) VGS = VDS, ID = 250µA (Figure 11) 1 - 3 V

Drain to Source On Resistance rDS(ON) ID = 20A, VGS = 10V (Figure 9, 10) - 0.014 0.016 Ω

ID = 20A, VGS = 5V (Figure 9) - 0.0175 0.021 Ω

ID = 20A, VGS = 4.5V (Figure 9) - 0.0195 0.023 Ω

THERMAL SPECIFICATIONS

Thermal Resistance Junction to Case RθJC (Figure 3) - - 1.20 oC/W

Thermal Resistance Junction to Ambient RθJA TO-251, TO-252 - - 100 oC/W

SWITCHING SPECIFICATIONS (VGS = 4.5V)

Turn-On Time tON VDD = 15V, ID ≅  20A, RL = 0.75Ω, 
VGS = 4.5V, RGS = 10Ω
(Figures 15, 21, 22)

- - 275 ns

Turn-On Delay Time td(ON) - 20 - ns

Rise Time tr - 165 - ns

Turn-Off Delay Time td(OFF) - 30 - ns

Fall Time tf - 54 - ns

Turn-Off Time tOFF - - 125 ns

HUF76129D3, HUF76129D3S
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Applications 
 

• Defense & Aerospace 

• Broadband Wireless 

Product Features 
 

• Frequency Range: DC - 18 GHz 

• 38 dBm Nominal PSAT at 3 GHz 

• 71.6% Maximum PAE 

• 18 dB Nominal Power Gain at 3 GHz 

• Bias: VD = 12 - 32 V, IDQ = 25 - 125 mA 

• Technology: TQGaN25 on SiC 

• Chip Dimensions: 0.82 x 0.66 x 0.10 mm 

Ordering Information 
 
Part ECCN Description 
TGF2023-2-01 EAR99 6 Watt GaN HEMT 
 

General Description 
 
The TriQuint TGF2023-2-01 is a discrete 1.25 mm GaN 
on SiC HEMT which operates from DC-18 GHz.  The 
TGF2023-2-01 is designed using TriQuint’s proven 
TQGaN25 production process. This process features 
advanced field plate techniques to optimize microwave 
power and efficiency at high drain bias operating 
conditions. 
 
The TGF2023-2-01 typically provides 37.7 dBm of 
saturated output power with power gain of 20.7 dB at 
3 GHz.  The maximum power added efficiency is
71.6 % which makes the TGF2023-2-01 appropriate for 
high efficiency applications. 
 
Lead-free and RoHS compliant 

Functional Block Diagram 
 

 

Pad Configuration 
 
Pad No. Symbol 
1 VG / RF IN 

2 VD / RF OUT 

Backside Source / Ground 
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Absolute Maximum Ratings 

 
Parameter Value 
Breakdown Voltage (BVDG) 100 V 

Drain Voltage (VD) 40 V 

Gate Voltage Range (VG) −50 to 0 V 

Drain Current  (ID) 1.25 A 

Gate Current (IG) −1.25 to 3.5 mA 

Power Dissipation (PD) See graph on pg.3. 

CW Input Power (PIN) +31 dBm 

Channel Temperature (TCH) 275 °C 

Mounting Temperature (30 Sec.) 320 °C 

Storage Temperature −65 to 150 °C 

Operation of this device outside the parameter ranges 
given above may cause permanent damage. These are 
stress ratings only, and functional operation of the device at 
these conditions is not implied. 

Recommended Operating Conditions 

 
Parameter Value 
Drain Voltage Range  (VD) 12 – 32 V 

Drain Quiescent Current (IDQ) 62.5 mA 

Drain Current Under RF Drive ( ID) 400 mA (Typ.) 

Gate Voltage (VG) −3.0 V (Typ.) 

Channel Temperature (TCH) 225 °C (Max.) 

Electrical specifications are measured at specified test 
conditions. Specifications are not guaranteed over all 
recommended operating conditions. 

RF Characterization – Optimum Power Tune 

 
Test conditions unless otherwise noted: VD = 28 V, IDQ = 125 mA, measured on a 1.25 mm GaN/SiC unit cell.  Bond wires not included. 

Parameter Typical Value Units 
Frequency (F) 3 6 8.45 10 14 GHz 

Saturated Output Power (PSAT) 38.0 37.1 37.3 36.6 36.1 dBm 

Power Added Efficiency (PAE) 58.8 58.4 54.4 53.6 44.4 % 

Power Gain (Gain) 18.0 15.1 11.2 10.6 7.2 dB 

Parallel Resistance (1) (RP) 59.5 72.1 57.7 59.8 57.9 Ω∙mm 

Parallel Capacitance (1) (CP) 0.42 0.29 0.33 0.33 0.33 pF/mm 

Load Reflection Coefficient (2) (ΓL) 0.23∠109° 0.35∠99.5° 0.47∠122° 0.54∠125° 0.66∠133° -- 

Notes: 
1. Large signal equivalent output network (normalized). 
2. Characteristic Impedance (Zo) = 50 Ω. 

RF Characterization – Optimum Efficiency Tune 

 
Test conditions unless otherwise noted: VD = 28 V, IDQ = 125 mA, measured on a 1.25 mm GaN/SiC unit cell.  Bond wires not included. 

Parameter Typical Value Units 
Frequency (F) 3 6 8.45 10 14 GHz 

Saturated Output Power (PSAT) 36.6 36.4 36.4 36.3 35.8 dBm 

Power Added Efficiency (PAE) 69 65.5 59.2 57.1 45.7 % 

Power Gain (Gain) 16.7 14.4 10.4 10.3 6.9 dB 

Parallel Resistance (1) (RP) 148 120 98.3 91.2 67.5 Ω∙mm 

Parallel Capacitance (1) (CP) 0.11 0.35 0.39 0.39 0.37 pF/mm 

Load Reflection Coefficient (2) (ΓL) 0.41∠18° 0.55∠88° 0.65∠113° 0.68∠120° 0.73∠134° -- 

Notes: 
1. Large signal equivalent output network (normalized). 
2. Characteristic Impedance (Zo) = 50 Ω. 
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RF Characterization – Optimum Efficiency Tune 

 
Test conditions unless otherwise noted: Bond wires included. Measured data provided by Modelithics. 

Parameter Typical Value Units 
Frequency (F) 3 3 3 10 18 GHz 

Drain Voltage (VD) 12 28 28 28 28 V 

Bias Current (IDQ) 62.5 25 62.5 62.5 62.5 mA 

Input Power (Pin) 15 17 17 27 31  

Output P3dB (P3dB) 32.4 36.2 36.9 36.7 36.7 dBm 

PAE @ P3dB (PAE3dB) 71.6 66.8 65.2 65.6 42.4 % 

Gain @ P3dB (G3dB) 17.4 19.2 19.9 9.7 5.7 dB 

Parallel Resistance(2) (Rp) 64.0 129 105 34.1 39.4 Ω∙mm 

Parallel Capacitance(2) (Cp) 0.80 0.53 0.46 1.43 −2.10 pF/mm 

Load Reflection Coefficient(3) (ΓL) 0.43∠114° 0.50∠73° 0.40∠72° 0.57∠147° 0.71∠−147° -- 

Notes: 
1. Large signal equivalent output network (normalized) (see figure, pg. 6). 
2. Characteristic Impedance (Zo) = 50 Ω. 

RF Characterization – Optimum Power Tune 

 
Test conditions unless otherwise noted: Bond wires included. Measured data provided by Modelithics. 

Parameter Typical Value Units 
Frequency (F) 3 3 3 10 18 GHz 

Drain Voltage (VD) 12 28 28 28 28 V 

Bias Current (IDQ) 62.5 25 62.5 62.5 62.5 mA 

Input Power (Pin) 15 17 17 27 31 dBm 

Output Power (Pout) 34.1 37.7 37.7 37.2 36.7 dBm 

Power Added Efficiency (PAE) 60.8 61.4 61.1 59.8 42.4 % 

Power Gain (Gain) 19.1 20.7 20.7 10.2 5.7 dB 

Parallel Resistance (1) (Rp) 35.0 65.4 64.6 27.5 39.4 Ω∙mm 

Parallel Capacitance (1) (Cp) 1.21 0.34 0.32 0.71 −2.10 pF/mm 

Load Reflection Coefficient (2) (ΓL) 0.52∠146° 0.20∠95° 0.19∠96° 0.45∠161° 0.71∠−147° -- 

Notes: 
1. Large signal equivalent output network (normalized) (see figure, pg. 6). 
2. Characteristic Impedance (Zo) = 50 Ω. 
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Thermal and Reliability Information (1)
 

 
Parameter Test Conditions Value Units 
Thermal Resistance, θJC

 (No RF Drive) 
VD = 28 V, ID = 125 mA, 
PD = 3.5 W, Tbaseplate = 70°C 

16.63 ºC/W 

Channel Temperature, TCH (No RF Drive) 128 °C 

Median Lifetime, TM (No RF Drive) 2.27 x 10^10 Hrs 

Thermal Resistance, θJC (Under RF Drive) 
 

VD = 28 V, ID = 379 mA,  
POUT = 38.1 dBm, PD = 4.2 W, 
Tbaseplate = 70°C 

16.95 °C/W 

Channel Temperature, TCH (Under RF Drive) 141 °C 

Median Lifetime, TM (Under RF Drive) 4.84 x 10^9  Hrs 

Notes: 
1. Assumes eutectic attach using 1mil thick 80/20 AuSn mounted to a 10 mil CuMo Carrier Plate. 

Median Lifetime 
 

 

Thermal Resistance 
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Model 
 
A model is available for download from Modelithics (at http://www.modelithics.com/mvp/Triquint&tab=3) by approved 
TriQuint customers.  The model is compatible with the industry’s most popular design software including Agilent ADS 
and National Instruments/AWR applications.  Once on the Modelithics web page, the user will need to register for a 
free license before being granted the download. 

Mechanical Drawing 
 

 
Notes: 

1. Units: millimeters 

2. Thickness: 0.100 mm 

3. Die x,y size tolerance: ± 0.050 mm 

Bond Pads 
 

Pad No. Description Dimensions 
1 Gate 0.154 x 0.115 
2 Drain 0.154 x 0.230 

Die Backside Source / Ground 0.662 x 0.824 
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Assembly Notes 
 
Component placement and adhesive attachment assembly notes: 

• Vacuum pencils and/or vacuum collets are the preferred method of pick up. 

• Air bridges must be avoided during placement. 

• The force impact is critical during auto placement. 

• Organic attachment (i.e. epoxy) not recommended. 
 

Reflow process assembly notes: 

• Use AuSn (80/20) solder and limit exposure to temperatures above 300°C to 3-4 minutes, maximum. 

• An alloy station or conveyor furnace with reducing atmosphere should be used. 

• Do not use any kind of flux. 

• Coefficient of thermal expansion matching is critical for long-term reliability. 

• Devices must be stored in a dry nitrogen atmosphere. 
 

Interconnect process assembly notes: 

• Ball bonding is the preferred interconnect technique, except where noted on the assembly diagram. 

• Force, time, and ultrasonics are critical bonding parameters. 

• Aluminum wire should not be used. 

• Devices with small pad sizes should be bonded with 0.0007-inch wire. 

Disclaimer 
 
GaN/SiC devices are susceptible to damage from Electrostatic Discharge. Proper precautions should be observed 
during handling, assembly and test. 

Bias-up Procedure 
 
1. VG set to −5 V. 
2. VD set to 28 V. 
3. Adjust VG more positive until quiescent ID is 125 mA. 

4. Apply RF signal. 

Bias-down Procedure 
 
1. Turn off RF signal. 

2. Turn off VD and wait 1 second to allow drain capacitor 
dissipation. 

3. Turn off VG. 
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Product Compliance Information 
 
ESD Sensitivity Ratings 
 

 

                    Caution! ESD-Sensitive Device 
 
 
 

ESD Rating: TBD 
Value:  TBD 
Test:  TBD 
Standard:  TBD 

Solderability 
Compatible with gold/tin (320°C maximum reflow 
temperature) soldering processes.  
 

RoHs Compliance 
This part is compliant with EU 2002/95/EC RoHS 
directive (Restrictions on the Use of Certain Hazardous 
Substances in Electrical and Electronic Equipment). 
 
This product also has the following attributes:  

• Lead Free  
• Halogen Free (Chlorine, Bromine) 
• Antimony Free 
• TBBP-A (C15H12Br402) Free 
• PFOS Free 
• SVHC Free 

 

Contact Information 
 
For the latest specifications, additional product information, worldwide sales and distribution locations, and 
information about TriQuint:  
 
 Web:  www.triquint.com  Tel:  +1.972.994.8465 
 Email:  info-sales@triquint.com Fax:  +1.972.994.8504 
 
For technical questions and application information:    Email:  info-products@triquint.com  

Important Notice 
 
The information contained herein is believed to be reliable.  TriQuint makes no warranties regarding the information 
contained herein.  TriQuint assumes no responsibility or liability whatsoever for any of the information contained 
herein.  TriQuint assumes no responsibility or liability whatsoever for the use of the information contained herein.  The 
information contained herein is provided "AS IS, WHERE IS" and with all faults, and the entire risk associated with 
such information is entirely with the user.  All information contained herein is subject to change without notice.  
Customers should obtain and verify the latest relevant information before placing orders for TriQuint products.  The 
information contained herein or any use of such information does not grant, explicitly or implicitly, to any party any 
patent rights, licenses, or any other intellectual property rights, whether with regard to such information itself or 
anything described by such information.  
 
TriQuint products are not warranted or authorized for use as critical components in medical, life-saving, or life-
sustaining applications, or other applications where a failure would reasonably be expected to cause severe personal 
injury or death. 
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