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Abstract 
 

The critical components and processes in high-temperature manufacturing systems, 

automobiles, oil and gas (or geothermal) wellbores and gas turbines call for real-time 

control and monitoring using sensor data to achieve energy saving, emission reduction 

and catastrophe prevention. These industrial systems require sensors to operate 

reliably at high temperatures (>300°C) for extended periods of time. The AlGaN/GaN-

on-Si material system is a promising material platform for manufacturing high-

temperature-tolerant micro sensors thanks to the superior thermal stability and 

piezoelectric properties of gallium nitride (GaN), the high-mobility high-density two-

dimensional electron gas (2DEG) at the AlGaN/GaN interface, and the micro-

machining technologies of the silicon (Si) substrate. One vision of the future is that 

AlGaN/GaN high electron mobility transistors (HEMTs) based circuitry and 

AlGaN/GaN micro-electromechanical systems (MEMS) devices can be monolithically 

integrated on one chip to make high-temperature-tolerant micro sensing systems for 

the industrial applications mentioned earlier. 

 

A micro-fabrication process for manufacturing fully-suspended AlGaN/GaN MEMS 

devices from AlGaN/GaN-on-Si wafers has been developed. The critical micro-

fabrication processing steps have been examined, including etching AlGaN/GaN 

layers with a chlorine/boron trichloride plasma, forming Ohmic contacts for 

AlGaN/GaN devices, and releasing AlGaN/GaN membranes from the underlying Si 

substrate using xenon difluoride vapor. In addition, the high-temperature electrical and 

microstructural behaviors of the Ti/Al/Pt/Au Ohmic contacts on GaN films have been 

evaluated in in-situ high-temperature tests (600°C) and 10-hour thermal storage tests 

(600°C) in air. This work was the first in the literature to examine the thermal stability 

of Ohmic contacts for GaN based devices in high-temperature oxidizing ambient. 

Ti/Al/Pt/Au Ohmic contacts with a specific contact resistivity on the order of 10-5 W-

cm2 have been fabricated. The Ti/Al/Pt/Au Ohmic contacts remained Ohmic at 600°C 
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in air and the contact resistances remained stable after the initial “burn-in” (within the 

first two hours).  

 

This thesis also studies the thermal degradation phenomena of the AlGaN/GaN 

heterostructures, both unpassivated and passivated with alumina (Al2O3), at 600°C in 

oxidizing (air) and inert (argon) ambient. Van der Pauw and Hall measurements 

showed that the largest reduction of 2DEG mobility occurred in the passivated 

AlGaN/GaN heterostructures annealed in argon. This work was the first reported in 

literature to study the degradation of 2DEG in the AlGaN/GaN heterostructures in a 

high-temperature (600°C) oxidizing ambient (air). Through X-ray diffraction (XRD), 

atomic force microscopy (AFM) and Auger electron spectroscopy (AES) 

measurements of the AlGaN/GaN heterostructures before and after the 5-hour thermal 

anneal, it has been discovered that oxygen plays a critical role in suppressing the strain 

relaxation of the AlGaN layer.  

 

Furthermore, suspended AlGaN/GaN MEMS devices with localized in-situ heating 

capability have been designed and modeled, micro-fabricated, and tested. Operation of 

suspended AlGaN/GaN MEMS devices at high temperatures (up to 600°C) in 

oxidizing ambient (air) has been demonstrated for the first time in the literature. 

Moreover, the resistance of the fully-suspended AlGaN/GaN devices remained very 

stable (<1% change) during the 100-hour continuous self-heating test (maximum 

device temperature ~270°C) and 100 thousand cycles of self-heated thermal cycling 

test (room temperature to maximum ~270°C) in air. Additionally, the in-situ heating 

capability of the suspended AlGaN/GaN devices has been applied to overcome a 

chronic problem faced by GaN based ultraviolet photodetectors – long decay times 

(hours to days) in the falling transients of the photocurrent after the UV source has 

been removed. The in-situ heating capability of the suspended AlGaN/GaN devices 

reduces the decay time significantly – more than a 6000-time reduction in the decay 

times has been demonstrated – to allow for the development of fast responsive GaN 

based UV detectors with reliable electrical readout. 
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1   Introduction 
 

1.1   Sensors for high-temperature environments 
Industrial Internet of Things (IIoT) is projected to add about 14.2 trillion U.S dollars 

of value to the global economy by the year 2030 [1]. The value added by IIoT is based 

on the large volume of data collected by the sensors embedded in machines, engines, 

turbines, airplanes, pipes, and wellbores (Figure 1.1). Predictive maintenance, as 

opposed to scheduled maintenance, can be made possible by analyzing sensor data to 

monitor the status of the machines. Alerts can be sent when maintenance is needed. In 

this way, the maintenance cost and machine downtime can be reduced. It has been 

estimated that predictive maintenance can save up to 30% cost and can result in up to 

70% fewer breakdowns [2]. In addition, using sensor data as the feedback to control 

the high-temperature industrial processes (e.g., combustion, chemical synthesis) in real 

time can save energy, reduce emission and prevent catastrophes. 

 

 
Figure 1.1: Embedded sensors enable creation of economic value in industrial applications. 
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Many industrial applications require the sensors and electronics to operate reliably in 

high-temperature environments for extended periods of time (Figure 1.2). For 

example, gas turbine engines used in aircrafts or electrical generators require sensors 

to measure temperatures, pressures and by-products in or near the hot gas flow path 

where temperatures are above 350°C [3]. Additionally, in-cylinder pressure sensors 

and exhaust gas sensors in automobiles need to operate in temperatures ranging from 

300°C to 600°C [4-5]. Moreover, chemical sensors to monitor high-temperature 

manufacturing processes and emissions in industrial plants may face temperatures 

higher than 300-600°C [4]. Furthermore, deep-well drilling for oil and gas or 

geothermal energy exploration calls for pressure sensors and acoustic sensors that can 

withstand 400-600°C supercritical fluids [6]. Therefore, it is important to develop 

technologies to enable sensing and data collection witin these high-temperature 

environments. 

 

 
Figure 1.2: Image describing high-temperature industrial sensing applications and the thermal 

limitation of silicon electronics. 
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1.2   State-of-the-art technology 
Silicon is the most commonly used semiconductor material, and the manufacturing 

technologies for Si integrated circuits (ICs) and micro-electromechanical systems 

(MEMS) have been developed in industry for decades [7-8]. However, Si based 

technologies including Si-On-Insulator (SOI) technologies are limited to temperatures 

below 300°C for long-term operation [4]. The fundamental bottleneck preventing Si 

devices from operating reliably above 300°C is the relatively small energy band gap of 

Si (1.12 eV) [9]. The intrinsic carrier (electron and hole) concentration in a 

semiconductor is related to its band gap and the temperature in an exponential fashion, 

as shown in Equation (1.1)[9].  

 𝑛" = 𝑁%𝑁&𝑒()*/,-. (1.1) 

where ni is the intrinsic carrier concentration in a semiconductor material, EG is the 

energy band gap of the semiconductor material, k is the Boltzmann constant, T is the 

absolute temperature in Kelvin, and NC and NV are the effective densities of states in 

conduction band and valence band, respectively. 

 

The intrinsic carrier concentration in Si is about 1x1010 cm-3 at room temperature but 

increases to more than 1015 cm-3 at 300°C [9]. Depending on the device design, the 

lightest doping concentration ranges from 1014 cm-3 to 1017 cm-3 [4]. Thus, it is 

possible that the intrinsic carrier density could be higher than the dopant density in a 

Si device at 300°C. This means that the intentional manipulation of carrier densities is 

overwhelmed by intrinsic carrier density and the device loses it intended functions at 

high temperatures.   

 

In addition, the leakage current (I0) of a p-n junction, which is the building block of 

semiconductor devices, is closely related to the intrinsic carrier concentration, as 

shown in Equation (1.2) [9].  

 𝐼0 = 𝑞𝐴
𝐷4
𝐿4

𝑛",

𝑁6
+
𝐷8
𝐿8

𝑛",

𝑁9
 (1.2) 
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where I0 is the leakage current in an ideal p-n junction, q is the electrical charge 

carried by an electron or hole, A is the cross-section area of the p-n junction, ni is the 

intrinsic carrier concentration, DN and DP are the diffusion coefficient of electrons and 

holes respectively, and LN and LP are the diffusion length of electrons and holes 

respectively. 

 

The leakage current of Si devices can become unacceptably large at high temperatures, 

which lead to reduced on-off ratio, high power consumption, and excessive self-

heating. Therefore, the state-of-the-art Si based technologies are not suitable for most 

high-temperature sensing applications (>300°C). A new material platform is required 

to address the needs. 

 

1.3   Gallium nitride as a high-temperature MEMS material 
In search of material platforms for high-temperature-tolerant MEMS, it is imperative 

to examine the electrical and mechanical properties of the material at elevated 

temperatures. It is well known that wide band-gap semiconductors (e.g., silicon 

carbide and gallium nitride) are very promising materials for making high-

temperature-tolerant devices [4]. This thesis is focused on gallium nitride (GaN) due 

to the ease of monolithic integration of transistors and MEMS devices on the 

AlGaN/GaN heterostructure (see Section 1.4). Table 1.1 compares the material 

properties of GaN and Si. Firstly, GaN has a large band gap of about 3.4 eV [10], 

which is about three times that of Si. As a result, the intrinsic carrier concentration in 

GaN is about 105 cm-3 at 300°C, which is about ten orders of magnitude lower than 

that of Si at the same temperature [4]. Therefore, the problems associated with the 

high intrinsic carrier density in Si at high temperatures are much suppressed in GaN. 

Indeed, GaN based transistors have been demonstrated to operate at 600°C in air [11] 

and up to 1000°C in vacuum [12], whereas Si based electronics are limited to about 

300°C [13-14]. 
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Mechanical reliability is also imperative for high-temperature-tolerant MEMS. The 

material used for MEMS devices needs to maintain structural strength at high 

temperatures. It is not trivial to compare GaN and Si when it comes to high-

temperature mechanical reliability of MEMS structures fabricated on the two materials 

respectively. The reasons are multifold. Firstly, the mechanical properties of Si and 

GaN (e.g., elastic constants) depend on the crystal orientations [15-16]. As a result, 

device orientation and design layout have a direct impact on the mechanical strength 

of the MEMS device. Thus, designs need to be examined individually and the 

maximum load of a certain application needs to be specified. Secondly, very limited 

data are available in literature on the mechanical properties of epitaxially-grown GaN 

thin films, and even less are data gathered at elevated temperatures.  

 
Table 1.1: Comparison of material properties of Si and GaN. 

Material property Si GaN 

Energy band gap 1.12 eV [9] 3.47 eV [10] 

Intrinsic carrier 

concentration at 300°C 
~1015 /cm-3 [4] ~105 /cm-3 [4] 

Young’s modulus 

~130 GPa <100> [15] 

~169 GPa <110> [15] 

~160 GPa <110> @ 600°C [17] 

266±43 GPa (grown by MBE on 

(111) Si) [18] 

~280 GPa @600°C (calculated 

Voigt-Ruess-Hill average) [19] 

Yield strength ~ 10 MPa @ 600°C [20] ~ 200 MPa @600°C (bulk) [20] 

Fracture strength ~ 7 GPa [21] ~ 10 GPa [22] 

Piezoelectric 

coefficient 
N/A 

d33=2.6 pm/V (MOCVD on Si, 

measured at room temperature) 

[10] 

Piezoelectric constant N/A e33 = 0.67C/m2 [10] 

 

 

Nevertheless, some general comments can be made on GaN as a mechanical material. 

As can be seen from Table 1.1, bulk GaN has significantly larger yield strength than 

Si, which indicates that bulk GaN can withstand much higher stress value before the 
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onset of plastic deformation. Additionally, GaN has a larger effective Young’s 

modulus than Si at elevated temperatures. A simple first-order calculation shows that 

GaN can sustain a larger strain than Si before beginning to deform plastically 

(~0.006% for Si and ~0.07% for GaN at 600°C based on data in Table 1.1). This 

suggests that GaN MEMS devices are more likely to stay in linear (elastic) regime 

without permanent mechanical degradation. Moreover, GaN has a larger fracture 

strength than Si, which means that GaN is harder to break. Furthermore, GaN is 

piezoelectric and so are the other III-nitrides and their heterostructures while Si is not 

piezoelectric. The piezoelectric property in GaN can be exploited to fabricate 

piezoelectric resonators, pressure sensors and acoustic wave devices. Therefore, GaN 

can open up new applications for high-temperature-tolerant MEMS. However, it 

should be noted that the piezoelectric coefficients of GaN have only been measured at 

room temperature so far in literature and the temperature dependency of the 

coefficients is unclear. Further research is needed to examine whether the piezoelectric 

coefficients of GaN would be significant enough for making useful MEMS devices at 

high temperatures.  

 

1.4   AlGaN/GaN-on-Si platform 
The AlGaN/GaN heterostructure is formed by growing a thin layer (typically 20-30 

nm) of AlGaN on a relatively thick GaN layer (thickness typically on the order of 

hundreds of nanometers to a few microns). A quantum well is created at the 

AlGaN/GaN interface due to the electric field induced by the polarization charges in 

the AlGaN and GaN layers (more details will be presented in Chapter 2). A sheet of 

electrons of high density (typically on the order of 1013 cm-2) and high mobility (about 

2000 cm2V-1s-1) is gathered inside the quantum well. This sheet of electrons is referred 

to as the two-dimensional electron gas (2DEG), which is the foundation of the 

electronic and MEMS devices made from the AlGaN/GaN heterostructure.  

 

By utilizing the 2DEG and piezoelectric property of the AlGaN/GaN-on-Si material 

system, monolithic micro sensing systems can be made by integration of AlGaN/GaN 



 7 

based electronics and MEMS devices on the same chip. Figure 1.3 illustrates the 

AlGaN/GaN-on-Si platform for electronics and MEMS. The AlGaN/GaN high 

electron mobility transistors (HEMTs) have been widely studied and commercialized 

for high-frequency and high-power electronics by using 2DEG as the conducting 

channel [23–28]. Additionally, by replacing the metal gate with the materials that are 

sensitive to the substances of interest, AlGaN/GaN HEMT structures have also been 

developed for chemical sensing and bio sensing applications, including detection of 

CO [29], CO2 [30], NOx [31], hydrogen [32], glucose [33], co-polymers [32], and  

biological cells [32].  

 

 
Figure 1.3: Schematic image of the envisioned monolithically integrated AlGaN/GaN-on-Si 

electronics and sensors. 

 

AlGaN/GaN heterostructures grown on Si substrates are particularly of interest for 

MEMS development due to the fact that Si can be micro-machined much more easily 

than the other types of substrates such as sapphire and silicon carbide. Thus, it is 

possible to fabricate AlGaN/GaN based MEMS devices from AlGaN/GaN-on-Si 

wafers. In literature AlGaN/GaN membrane diaphragms have been formed as pressure 

sensors by removing the substrate from the backside [34]. Additionally, monolithically 

integrated GaN resonators and AlGaN/GaN HEMTs  have been reported [35]. The 

GaN resonators are free-standing and anchored to the substrate with thin beams. 

Moreover, AlGaN/GaN MEMS resonators have been fabricated and demonstrated to 

operate with high quality factors using 2DEG as electrodes [36-37]. 
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In spite of the numerous reports on the development of AlGaN/GaN electronics and 

MEMS devices, there have been few works devoted to developing technologies for the 

realization of high-temperature-tolerant AlGaN/GaN micro sensing systems.  The 

AlGaN/GaN-on-Si material system is a relatively new material platform so many 

challenges need to be tackled before monolithic high-temperature-tolerant 

AlGaN/GaN micro-systems can be realized. Micro-fabrication technologies need to be 

further developed to fabricate the AlGaN/GaN MEMS devices from AlGaN/GaN-on-

Si wafers. Additionally, high-temperature-tolerant metal contact technologies are 

needed to support the high-temperature operation of AlGaN/GaN devices. Moreover, a 

deep understanding of the degradation phenomena and mechanisms of 2DEG in the 

AlGaN/GaN heterostructures at high temperatures is required. This Ph.D. research is 

focused on tackling some of these challenges. The next section summarizes the major 

contributions of this thesis in advancing the development of the high-temperature-

tolerant AlGaN/GaN MEMS. 

 

1.5   Major contributions 
The major contributions of this thesis are the following. 

•   A micro-fabrication process for the manufacturing of fully-suspended 

AlGaN/GaN MEMS devices from AlGaN/GaN-on-Si wafers has been selected 

and examined. 

•   The evolution of the electrical behaviors and material properties of Ti/Al/Pt/Au 

Ohmic contacts for GaN based devices has been evaluated in high-temperature 

oxidizing environment (600°C in air) for the first time in literature. The results 

support the use of Ti/Al/Pt/Au as a high-temperature-tolerant Ohmic 

metallization for GaN based devices. 

•   The degradation phenomena and mechanisms of the 2DEG in unpassivated and 

passivated AlGaN/GaN heterostructures in high-temperature oxidizing and 

inert environments have been examined. The critical role played by oxygen in 

suppressing the strain relaxation of the AlGaN layer has been discovered. 
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•   A novel MEMS-based device architecture to suppress the persistent 

photoconductivity in AlGaN/GaN ultraviolet (UV) detectors has been 

developed and more than 6000 times of reduction in the decay time of 

AlGaN/GaN based UV detectors has been achieved, paving the way of stable 

GaN-based optical sensors. 

 

1.6   Thesis outline 
Chapter 2 provides the background information of the research described in this thesis 

and lays the technical foundation for the reader to understand the technical details 

presented in the subsequent chapters. Firstly, the method to grow GaN and AlGaN 

heterostructures is reviewed, followed by the brief discussion on the origin of the 

polarization charges in the III-nitrides. Then, the formation and physics of 2DEG is 

presented. Additionally, the Ohmic metallization technologies for GaN based devices 

are described, followed by a survey of GaN based devices reported in literature. The 

problem of persistent photoconductivity in GaN based photodetectors is introduced. 

Moreover, the test methods and material characterization methods utilized in this 

thesis are introduced. 

 

Chapter 3 describes the micro-fabrication technology of the fully-suspended 

AlGaN/GaN MEMS devices developed as part of the research work of this thesis. The 

most important processes are presented in detail including plasma etching of III-

nitrides, formation of Ohmic contacts, and device suspension. The detailed fabrication 

process and run sheet are included in Appendix A. 

 

Chapter 4 describes the experiments conducted to evaluate the Ti/Al/Pt/Au as an 

Ohmic metallization technology for high-temperature GaN based devices. The results 

are presented for in-situ high-temperature tests and thermal storage tests conducted on 

the Ohmic contacts. Chapter 4 also reports the experimental details, including 

electrical tests and material characterizations, of the thermal degradation studies 
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performed on passivated and unpassivated AlGaN/GaN heterostructures in air and in 

argon. The degradation mechanisms are discussed based on the experimental results. 

 

Chapter 5 presents the design, modeling and characterization of the fully-suspended 

AlGaN/GaN MEMS device with localized in-situ heating capabilities. Both analytical 

modeling and finite element analysis (FEA) have been conducted to guide the design 

of the device. Three-dimensional finite element simulations, both steady-state and 

transient, have been conducted on the final design to examine the temperature profiles 

and the transient thermal responses of the device. The method to calibrate the heating 

characteristics of the device (the maximum temperature versus the heating voltage) is 

described in this chapter, followed by an uncertainty analysis. A novel application of 

the suspended AlGaN/GaN MEMS devices – suppression of the persistent 

photoconductivity in AlGaN/GaN UV detectors with in-situ heating – is presented at 

the end of Chapter 5.  

 

Chapter 6 will conclude the thesis and propose future research that can be conducted 

to further advance the field. 
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2   Background 
 

2.1   Gallium nitride and III-nitride heterostructures 
Gallium nitride (GaN) and other III-nitrides can be epitaxially grown on (111) Si, 

sapphire and silicon carbide substrates with a growth method called metal-organic 

chemical vapor deposition (MOCVD) [38–40]. During MOCVD growth of III-

nitrides, the vapor of organic-metal precursors are introduced into the reactor chamber 

where the substrate is heated to very high temperatures [39]. Precursors typically used 

for Ga and Al are trimethylgallium (TMGa) and trimethylaluminum (TMAl), 

respectively, and ammonia (NH3) is usually used as the precursor for nitrogen in 

MOCVD [39]. III-nitrdes are formed through chemical reactions between 

organicmetal precursor vapor and ammonia, and are deposited onto the heated 

substrate [39]. Device-quality GaN and AlGaN/GaN heterostructures are usually 

deposited on Si (111) substrates at temperatures higher than 1000°C [23, 41-42]. To 

obtain low densities of structural defects (e.g., cracks, dislocation, misfits) in GaN 

grown on Si, buffer layers (typically AlN based and/or AlGaN based multilayer 

materials) are deposited first to accommodate the difference in lattice constants of Si 

and GaN (Table 2.1) [38-39]. 

 
Table 2.1: Lattice constants of III-nitrides and common substrates. 

Material Lattice constant (A) 

GaN (0001) 3.19 [38] 

AlN (0001) 3.11 [10] 

AlGaN (0001) Between GaN and AlN 

Si (111) 3.8 [43] 

Sapphire (001) 4.76 [38] 

SiC-4H (0001) 3.07 [38] 

SiC-6H (0001) 3.08 [38] 
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Experiments have shown that the GaN film grown on silicon substrate by MOCVD is 

wurtzite Ga-face material [44]. The crystal structure of the wurtzite Ga-face GaN is 

schematically shown in Figure 2.1. The noncentrosymmetric nature of the wurtzite 

crystal structure and the ionic nature of the Ga-N bond lead to the strong spontaneous 

polarization in GaN [38]. When a thin AlGaN layer (~20 – 30 nm) is grown on GaN to 

form the AlGaN/GaN heterostructure, the AlGaN layer is in tensile stress (Figure 

2.1b) due to its smaller lattice constant than GaN in the (0001) plane (Table 2.1). 

AlGaN is a piezoelectric material and the tensile stress results in piezoelectric 

polarization in AlGaN in addition to its spontaneous polarization [44].  

 

 
Figure 2.1: Schematic crystal structure and unit cell of GaN (a) and schematic illustration of 

the tensile strain in the AlGaN layer of the AlGaN/GaN heterostructure (b).  

 

2.2   The two-dimensional electron gas (2DEG) 
The polarization dipole charges in the GaN and AlGaN layers induce an electric field 

in the AlGaN/GaN heterostructure leading to energy band bending. As a result, a 

quantum well is formed at the AlGaN/GaN interface within the GaN layer [45]. The 

schematic energy band diagram is shown in Figure 2.2. Electrons of high density 

(typically on the order of 1013 cm-2) are gathered and confined inside the quantum well 

very close to the interface. The distribution of the electrons along the depth dimension 

into the GaN bulk is limited to a few nanometers [46-47]. Thus, this sheet of electrons 
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is referred to as the two-dimensional electron gas (2DEG). The mobility of the 

electrons in 2DEG at room temperature is typically more than 1000 cm2V-1s-1 [47-48]. 

 

 
Figure 2.2: Schematic energy band diagram of the AlGaN/GaN heterostructure. 

 

The surface donor-like states and acceptor-like states distributed within the band gap 

of AlGaN can get ionized depending on their relative positions with respect to the 

Fermi level of the AlGaN/GaN heterostructure. Donor-like states can give away 

electrons when their energy levels are above the Fermi level leaving behind positive 

charges. Acceptor-like states, on the other hand, will be negatively charged after 

reception of electrons when their energy levels are below the Fermi level. The charge 

equilibrium requires that the negative charges to be balanced by the positive ones. For 

an undoped AlGaN/GaN heterostructure without a passivation layer, the charge 

balance is described by Equation (2. 1): 

 𝑁9 − 𝑁6 = 	  𝑛,9)<  (2. 1) 

where n2DEG is the electron density in 2DEG, and ND and NA are the densities of 

ionized surface donor-like states and acceptor-like states, respectively. It follows 

naturally that 2DEG density is equal to the density of the net positive charges of the 

ionized surface states. 

 

It should be noted that the polarization charges do not contribute to 2DEG density 

[49]. This is due to the fact that the polarization charges are dipoles, the negative 

polarization charges are always the same in amount as the positive polarization 
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charges. For an undoped AlGaN/GaN heterostructure with a passivation layer, the 

charge balance leads to 

 𝑁9−𝑁6 = 	  𝑛,9)< + 𝑄> − 𝑄? (2. 2) 

where ND and NA are the densities of ionized interface donor-like states and acceptor-

like states at the passivation-AlGaN interface, respectively; Qp and Qn are densities of 

positive and negative charges in the passivation layer [50-51]. It is clear that 2DEG 

density is a combined result of the net positive charges of ionized interface states and 

the net negative charges in the passivation layer. 

 

The 2DEG density is highly dependent on the amount of ionized surface or interface 

states, which are determined by the energy band bending of the AlGaN layer (thus 

strain in AlGaN) and the distribution of electronic states on AlGaN surface and/or at 

the interface of the passivation layer and AlGaN layer. To illustrate the impacts of 

strain and distribution of states on the 2DEG density, the schematic energy band 

diagrams of a fully strained AlGaN/GaN heterostructure and a partially relaxed 

AlGaN/GaN heterostructure with the same surface state distribution are shown in 

Figure 2.3 (a) and Figure 2.3 (b). Additionally, Figure 2.3 (c) displays the schematic 

energy band diagrams of a fully-strained AlGaN/GaN heterostructure with reduced 

surface states. For the sake of simplicity of illustration, let us assume that only donor-

like states are presented on the AlGaN surface. 

 

 

 
Figure 2.3: Schematic energy band diagrams of AlGaN/GaN heterostructures in different 

conditions. 
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Comparing Figure 2.3 (a) and (b), the fully strained structure has more polarization 

charges than the partially relaxed structure due to the stronger piezoelectric 

polarization. Thus, the electric field induced by the polarization charges is stronger in 

the fully strained structure, leading to a steeper band bending of the AlGaN layer. 

Since the distributions of the surface states are the same in the two structures, the 

steeper band bending leads to a larger amount of donor-like surface states getting 

above the Fermi level and getting ionized. As a result, the 2DEG density is higher in 

the fully strained heterostructure. Therefore, partial strain relaxation of the AlGaN 

layer, which can be caused by thermal cycling, leads to reduction of 2DEG density. 

Additionally, by examining Figure 2.3 (a) and (c), it can be observed that if the surface 

states are redistributed (e.g., different material growth and/or annealing processes) and 

the number of ionized donor-like states is reduced, the 2DEG density would be 

reduced. 

 

The mobility of electrons in 2DEG is affected by many scattering mechanisms, 

including acoustic phonon scattering, polar optical phonon scattering, Coulomb 

scattering, alloy disorder scattering, and interface roughness scattering [52-53]. The 

various mechanisms are illustrated in Figure 2.4. Acoustic phonons and polar optical 

phonons are different modes of phonons, which are quantum mechanical description 

of the quantized energy associated with the vibration of atoms in the lattice. In the 

AlGaN/GaN heterostructure, deformation potential acoustic phonons and piezoelectric 

acoustic phonons are the two most important acoustic phonons in the electron 

scattering process [52]. Polar optical phonons have higher energies than acoustic 

phonons, and scattering with polar optical phonons is the dominant scattering process 

of the 2DEG electrons at high temperatures (above ~200K) in the AlGaN/GaN 

heterostructures [52–54]. 
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Figure 2.4: Scattering mechanisms that affect the electron mobility in 2DEG. 

 

Coulomb scattering include scattering by residual ionized impurities in GaN and/or 

AlGaN layers, ionized dopants if the materials are doped, and charges at the 

AlGaN/GaN interface [52-53]. Scattering with charged defects at the AlGaN/GaN 

interface can lead to significant reduction of 2DEG electron mobility, as has been 

theoretically modeled and experimentally observed [54–56]. Alloy disorder scattering 

is caused by penetration of the wavefunctions of electrons in 2DEG into the AlGaN 

layer [52], which is an alloy of AlN and GaN. Alloy disorder scattering can be reduced 

by insertion of a thin AlN spacer layer between AlGaN and GaN [53]. Interface 

roughness in the AlGaN/GaN heterostructure leads to the perturbation of electron 

energy in the narrow quantum well. Thus, large fluctuations of quantized electron 

energy may be resulted from the strain relaxation of the AlGaN layer, which adds to 

the scattering of electrons at the interface [53]. 

 

At temperatures around and above room temperature, 2DEG electron mobility is 

mainly affected by polar optical phonon scattering, interface roughness scattering, and 

scattering with the charged defects near the interface [54]. Therefore, the 

microstructures and the defect densities at the interface have a large impact on the 

2DEG mobility. Additionally, 2DEG density also has an effect on 2DEG mobility as 

the electrons can screen the effects of the polar optical phonons and ionized impurities 
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[52][54][55][57]. On the other hand, with increasing 2DEG density, the alloy disorder 

scattering and interface roughness scattering will intensify [52][54][57]. 

 

2.3   Literature review: thermal degradation of 2DEG 
The electrical behavior and reliability of the AlGaN/GaN devices at high temperatures 

are heavily affected by the thermal degradation of the mobility and density of 2DEG. 

However, very few studies in literature have reported the evolution of 2DEG transport 

properties at high temperatures. Feng et al. conducted thermal aging tests of 

AlGaN/GaN heterostructure samples in nitrogen (N2) at 500°C up to 170 hours [58-

59]. Their results showed that the degradation of the 2DEG electron mobility and 

density was most severe in the unpassivated AlGaN/GaN heterostructures, and that 

adding a GaN cap on top of AlGaN layer can suppress the degradation to some extent 

[59]. Feng et al. claimed that the decrease in electron mobility and density in 2DEG 

was due to the partial strain relaxation of AlGaN layer [58-59]. They also studied the 

evolution of the 2DEG conductivity of silicon nitride (SiN) passivated AlGaN/GaN 

heterostructures, and they concluded that a dense SiN film can improve the thermal 

stability of 2DEG transport properties due to the tensile stress in SiN [58]. To the best 

of the author’s knowledge, these are the only two reports in literature that measured 

the mobility and density of electrons in 2DEG over an extended period. The literature 

survey is summarized in Figure 2.5. 

 

Additionally, a few reports exist in literature regarding the impact of the short-term (£ 

20 minutes) thermal treatments on 2DEG in AlGaN/GaN heterostructures. Chen et al. 

examined the strain relaxation of AlGaN layer in AlGaN/GaN heterostructures with 

and without SiN passivation [60]. They conducted X-ray diffraction measurements 

with in-situ heating in vacuum. The samples were held at each temperature for 15 

minutes. They extracted the lattice constants of AlGaN layers at various temperatures 

and calculated the in-plan strain as well as the degree of strain relaxation from 300 K 

to 800 K. Their results showed a strain relaxation of about 30% for passivated AlGaN 

(50 nm) layers and 10% for unpassivated counterparts in AlGaN/GaN heterostructures 
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grown on sapphire by atmospheric pressure metalorganic chemical vapor deposition 

[60].  

 

 
Figure 2.5: Literature survey of the studies on thermal degradation of 2DEG. 

 

 

In addition, Shiojima et al. reported the changes in the electrical properties of 2DEG 

after rapid thermal anneal (RTA) (30 seconds) in N2 [61]. Their Hall measurements 

showed significant loss of 2DEG density after RTA. However, they did not observe 

changes in the surface morphology measured by AFM or in the full-width half max 

(FWHM) of the XRD rocking curve in [002] direction. Based on the results, they 

proposed that the loss of 2EDG density was due to the passivation of the silicon 

dopants in the AlGaN layer by the residual oxygen in the RTA chamber. However, 

their study did not include AlGaN/GaN heterostructures that are not intentionally 

doped, which are widely used for GaN based sensors and electronics [24][32].  

 

Moreover, Daumiller et al. evaluated the 2DEG characteristics in AlGaN/GaN by 

temperature dependent Hall measurements up to 600°C in vacuum [62]. The samples 

were held at each temperature set point for 20 minutes. They found that 2DEG density 
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was nearly unaffected while the 2DEG mobility decreased due to enhanced phonon 

scattering with increasing temperature. But they observed a permanent drop of channel 

charge density in AlGaN/GaN heterostructure field effect transistors (HFETs) above 

600°C judging from the I-V curves of their AlGaN/GaN HFETs. Furthermore, Tokuda 

et al. conducted temperature-dependent Hall measurements on Al2O3 passivated 

AlGaN/GaN heterostructures up to 1020 K, and observed permanent decrease of 

electron density and mobility after cooling down to room temperature [63]. 

 

All these studies reported in literature were carried out in inert ambient or in vacuum. 

However, many applications do not permit hermetic packages, e.g., pressure sensing. 

Additionally, perfect hermetic sealing is very difficult to achieve at high temperatures 

due to the thermal mismatch of packaging materials and material degassing at high 

temperatures [4]. Therefore, it is important to investigate the degradation phenomena 

and mechanisms of the 2DEG in AlGaN/GaN heterostructures in an oxidizing 

environment. Moreover, it should be noted that Chen et al. reported more severe strain 

relaxation occurred in passivated AlGaN/GaN than unpassivated counterparts [60], 

while Feng et al. did not observe strain relaxation in their passivated AlGaN/GaN 

heterostructures [58]. Thus, further study is needed to investigate the effects of 

passivation layers. Furthermore, all the studies reported were short-term (≤ 20 

minutes) except for the studies by Feng et al. In practice, however, the AlGaN/GaN 

devices are meant to operate for long periods of time in high-temperature 

environments. Hence, a study that expands a relatively long period of time is required 

to shed light on the thermal degradation mechanisms that may not be manifested in a 

short time period. 

 

In light of the limitations of the studies reported in literature, in this thesis a 5-hour 

thermal anneal test has been carried out on both Al2O3-passivated and unpassivated 

AlGaN/GaN-on-Si heterostructures at 600°C in both inert (argon) and oxidizing (air) 

ambient. The evolution of the mobility and sheet density of electrons in 2DEG has 

been measured throughout the 5-hour test. The effect of oxygen on the thermal 
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degradation of 2DEG have been studied using various material characterization 

methods. The experimental details and the results along with discussions will be 

presented in Chapter 4.  

 

2.4   Ohmic contacts for GaN-based devices 
It is generally difficult to form Ohmic contacts to wide band-gap semiconductor such 

as GaN (about 3.4 eV), because the work functions of metals are not low enough for 

carriers to transport over the metal-semiconductor energy barrier [64]. One of the 

major obstacles to high-performance GaN based electronic devices is lack of low-

resistivity Ohmic contacts. Titanium/aluminum (Ti/Al) based metallization is the most 

widely used Ohmic metallization for n-type and unintentionally doped GaN because of 

their relatively low work functions [65] and their availability in semiconductor 

fabrication facilities.  However, as-deposited Ti/Al contacts are not Ohmic. Only after 

a rapid thermal anneal (RTA) at high temperatures the Ti/Al contacts will become 

Ohmic. The RTA process is typically carried out at temperatures ranging from 850°C 

to 900°C in nitrogen ambient for a time period of 30-40 seconds [64][66]. Chapter 3 

will discuss in details on the mechanisms of the Ohmic contact formation through the 

RTA process. The changes in the energy band diagrams will also be illustrated in 

Chapter 3. The specific contact resistivity of Ti/Al based contacts reported in literature 

is on the order of 10-8 to 10-5 ohm-cm2 [64, 66–69] (the specific contact resistivity is 

usually measured by a method called CTLM, which will be presented in Section 2.7). 

It should be noted that the contact resistivity depends heavily on the surface cleaning 

procedures performed prior to metal deposition [64]. 

 

For the purpose of extended operation in high-temperature environments, an Ohmic 

metallization that is thermally stable is required. Microstructural defects in metal 

contacts such as voids, hillocks and rough surfaces[67][70] due to diffusion of metals, 

oxidation and reactions at metal-semiconductor interface, which are accelerated at 

high temperatures, can lead to drift of current-voltage (I-V) characteristics and other 

reliability issues. Furthermore, the Ohmic contacts need to maintain ohmic (linear I-V) 



 21 

characteristics and stable resistance during operation. Therefore, the development of 

stable ohmic metal contacts is critical for long-term device operation at increased 

temperatures and within oxidizing environments.  

 

A large body of literature has been devoted to investigating ohmic contacts to GaN at 

room temperature [65][67][69][71]. However, not many studies have been reported in 

literature on the long-term thermal stability of Ohmic contacts on GaN (Figure 2.6). 

Piazza et al. stored Ti/Al/Ni/Au contacts on GaN at 340°C for 2000 hours in an 

unspecified ambient and discovered large increase of contact resistance after about 

100 hours [70]. Lee and Kao annealed Ti/Al/Pt/Au contacts at temperatures from 

750°C to 950°C in N2 for 600 minutes [72]. However, their contacts were not subject 

to RTA and the objective of their study was to identify the optimal annealing time to 

achieve the lowest contact resistivity. Motayed et al. studied the thermal stability of 

Ti/Al/Ti/Au contacts by annealing the samples at 400°C for 24 hours [68]. The 

contacts did not show significant degradation after the thermal treatment. However, 

the annealing ambient was not specified. Kumar et al. reported that Ti/Al/Mo/Au 

contacts displayed no degradation in specific contact resistivity after 360 hours of 

annealing at 500°C (unspecified ambient) [66]. 

 

The thermal stability studies reported in literature either performed annealing in inert 

environment or the annealing ambient was not reported (Figure 2.6). However, it is 

not practical to obtain a hermetic sealing at elevated temperatures due to thermal 

mismatch and outgassing of packaging materials [4]. Additionally, a number of 

sensing applications may require non-hermetic packages, such as pressure sensing. 

Therefore, the electrical characteristics of Ohmic contacts in a hot oxidizing ambient 

instead of an inert ambient or vacuum can provide new insights.  
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Figure 2.6: Thermal studies reported in literature on the thermal stability of the Ohmic 

contacts for GaN based devices.  

 

Chapter 4 will present the study on the evolution of the electrical properties, 

microstructures and chemical compositions of Ti/Al/Pt/Au Ohmic contacts on GaN at 

600°C in air. It was found that the annealed Ti/Al/Pt/Au contacts maintained stable 

contact resistances after a burn-in period (within 2 hours) and that the contacts 

remained Ohmic after the 10-hour thermal storage at 600°C in air. Following this 

work, Goyal et al. conducted a similar thermal storage tests on their Ti/Al/multilayer 

Pt-Al Ohmic contacts [73]. Their experiments concluded that the contact resistance of 

their Ohmic contacts remained stable after being annealed for 100 hours at 600°C in 

air [73]. 

 

2.5   GaN-based devices 
Numerous types of electronic devices have been fabricated from GaN and 

AlGaN/GaN heterostructures. Due to its direct band gap of about 3.4 eV, GaN has 

been widely researched as the material for blue and white light emitting diodes (LED) 

[74–76]. GaN LEDs have been commercialized, and the shipments of GaN LEDs 

exceeded 100 billion units and the revenue from GaN LEDs passed 10 billion USD in 
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2010 [77]. Additionally, GaN has also been used to manufacture ultraviolet detectors 

[78–80] because of its wide direct band gap. Furthermore, thanks to its piezoelectric 

properties, GaN has been used to fabricate resonators [81-82] and surface acoustic 

wave (SAW) devices [83–85]. And as has been discussed in Chapter 1, the 

AlGaN/GaN-on-Si material system has been used to fabricate AlGaN/GaN high 

electron mobility transistors (HEMTs), AlGaN/GaN HEMT based chemical sensors 

and bio-sensors (Figure 2.7), and AlGaN/GaN resonators using 2DEG as the 

electrode. Furthermore, AlGaN/GaN HEMTs have been used for high-frequency and 

high-power electronics thanks to the high mobility of the 2DEG and the high 

breakdown voltage of GaN [25][86]. 

 

 

 
Figure 2.7: Schematic of AlGaN/GaN chemical/bio-sensors. 

 

This Ph.D. research work designed and studied fully-suspended AlGaN/GaN 

microstructures that can be heated up locally on the device through Joule heating by 

the 2DEG current (Figure 2.8). In Chapter 3, the micro-fabrication technologies for 

fully-suspended AlGaN/GaN membranes will be described. Chapter 5 will present the 

design, modeling and characterization of the fully-suspended AlGaN/GaN ultraviolet 

detectors with in-situ heating to suppress the persistent photoconductivity.  
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Figure 2.8: Schematic illustration of a suspended AlGaN/GaN MEMS device with in-situ 

heating: (a) three-dimensional (3D) illustration and (b) cross-sectional illustration. 

 

2.6   Persistent photoconductivity (PPC) 
Persistent photoconductivity (PPC) is the phenomena in GaN based UV detectors 

where the photocurrent persists after the UV illumination has been removed [87–90]. 

Figure 2.9 illustrates the PPC effect in GaN based UV detectors. The time for the 

current to decay back to the pre-illumination level can take hours to days [87–90]. The 

falling transients can be described by Equation (2. 3) [88–90].  

 𝐼88%(𝑡) = 𝐼0exp −
𝑡
𝜏

G
 (2. 3) 

where τ is the decay time constant, and β is the decay exponential, IPPC and I0 are 

illustrated in Figure 2.9. The decay time constant τ can be modeled as Equation (2. 4) 

[88].  

 𝜏 = 𝜏0exp
Δ𝐸
𝑘𝑇  (2. 4) 

where ΔE is the energy barrier that hinders the recapture of photo-excited electrons, k 

is Boltzmann constant and T is the absolute temperature. 
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Figure 2.9: Persistent photoconductivity (PPC) in GaN based UV detectors. 

 

The origin of PPC has been researched and debated in literature. It is now commonly 

believed that PPC is caused by metastable defects in AlGaN and GaN layers [87–91]. 

The defects created an energy barrier (ΔE) for the photo-excited electrons to be 

recaptured, resulting in slow falling transients of photocurrent [91]. It can be seen 

from Equation (2. 4) that increasing the temperature of the UV detector can reduce the 

decay time constant τ and suppress PPC. External heating sources, such as heaters and 

lasers, can be used to raise the device temperature. However, external heating is not 

always feasible or available in practice. Low-power and integrated on-chip heating is 

thus more desirable. Chapter 5 will present a novel AlGaN/GaN MEMS architecture 

that is suspended from silicon substrate and that can be self-heated power-efficiently 

to suppress PPC in AlGaN/GaN UV detectors. 

 

2.7   Circular Transfer Length Method (CTLM) 
An energy barrier usually forms when metals are deposited on a semiconductor to 

impede the transfer of electrons across the metal-semiconductor interface. This is the 

origin of the contact resistance (RC). The total resistance of between two metal pads, 

as shown in Figure 2.10 is  

 𝑅. = 2𝑅N + 2𝑅% + 𝑅O (2. 5) 
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where Rm is the resistance of metal pads, Rc is the contact resistance between the metal 

and the semiconductor, and Rs is the resistance of the semiconductor in between the 

two metal pads. 

 

 

 
Figure 2.10: Schematic diagram of the different resistances contributing to the total resistance 

measured between two metal contacts on a semiconductor, and illustration of the transfer 

length in a contact where contact size is larger than the transfer length. 

 

Contact resistance is an important figure of merit when comparing different Ohmic 

contact schemes on the same semiconductor. The contact resistance includes the 

resistance of the metal-semiconductor interfacial layer, a portion of the metal 

immediately above the interface and a portion of the semiconductor immediately 

underneath the interface, as well as current crowding effects [92]. However, the 

contact resistance is related to the area of the contact. Thus, specific contact resistivity, 

which is independent on contact area, is usually used instead. The specific contact 

resistivity (ρc) is defined as 

 𝜌Q =
𝜕𝑉
𝜕𝐽 |&V0,6→0 (2. 6) 

where V is the voltage applied on the contact, J is the current density flowing through 

the contact and A is the contact area. The specific contact resistivity is a theoretical 

quantity and cannot be directly measured [92]. Rather, it can be extracted from 

measured total resistances.  
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As shown in Figure 2.10, when current flows through the semiconductor to the metal, 

only part of the metal contact is active in collecting current as the voltage potential 

under the contact decreases rapidly going away from the contact edge. The transfer 

length (LT) is the distance over which the voltage drops to 1/e of the maximum value 

under the contact. Based on the formula for the potential distribution under the contact 

[92], the transfer length (LT) is then 

 𝐿. = 𝜌% 𝑅OY (2. 7) 

where ρc is the specific contact resistivity of the metal-semiconductor interface and the 

Rsh is the sheet resistance of the semiconductor. 

 

Circular transfer length method (CTLM) is a widely used method to extract the 

specific contact resistivity of metal contacts on a semiconductor due to its easy 

fabrication [92][93]. Figure 2.11 shows the schematic design of CTLM test structures. 

A set of circular metal contacts with different gap spacings is fabricated on the same 

semiconductor substrate. No isolation between test structures is needed. The total 

resistance between the inner pad and the outer pad (radius = r) with distance d in 

between is as shown in Equation (2.8), when r >> 4LT [93]. 

 𝑅. =
𝑅OY
2𝜋 [

𝐿.
𝑟 +

𝐿.
𝑟 − 𝑑 + ln

𝑟
𝑟 − 𝑑 ] (2. 8) 

 

If r >> d, then Equation (2. 8) simplifies to 

 𝑅. =
𝑅OY
2𝜋𝑟 𝑑 + 2𝐿. 𝐶 (2. 9) 

where the correction factor C is as shown in Equation (2.10) [93] 

 𝐶 =
𝑟 − 𝑑
𝑑 ln

𝑟
𝑟 − 𝑑 . (2. 10) 

 

For d/R << 1, C à 1. However, in practice, the inner radii are usually around 200 µm 

and the gap spacings vary from 5 µm to 50 µm. Thus, correction factor should be 

applied in those practical scenarios. After correction, the total resistance RT is a linear 

function of gap spacing d. By plotting the measured total resistance versus gap 
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spacing, a linear line can be fitted using the least square method (Figure 2.12). From 

the fitted linear line, the transfer length LT and sheet resistance Rsh can be extracted 

(Figure 2.12). Then, the specific contact resistivity can be calculated using Equation 

(2. 7). 

 

 

 
Figure 2.11: Schematic of CTLM test structures with the same outer radius (r) but different 

spacings (d) between the inner pad and the outer pad. 

 

 
Figure 2.12: Illustration of extracting the transfer length (LT) and sheet resistance (Rsh) from 

the measured total resistances of CTLM test structures. 

 

The error in the extracted specific contact resistivity using the CTLM method 

originates from multiple sources. Firstly, RT values have uncertainties, which come 

from the errors in the linear fitting of the measured I-V curves, nonlinearity in the I-V 

curves, and variations in the I-V characteristics of devices at different locations of the 
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wafer. If a wafer exhibits non-uniformities in electrical characteristics of 10-30%, an 

error as high as 100-1000% could result in the extracted ρc [92]. Research has shown 

that for Rsh of 30 kΩ/☐, RT needs to have an error less than 0.2% to accurately 

determine ρc at 10-5 Ω-cm2 level [94]. However, it should be pointed out that the 

requirement on the measurement accuracy of RT decreases with decreasing Rsh given 

the same ρc [94-95]. The second error source of ρc is the uncertainties in the contact 

radii and gap spacings resulted from fabrication processes. Lewis et al. showed that a 

10% variation in the inner contact radius can result in two orders of magnitude of 

difference in final extracted ρc in certain circumstances [94]. Another source of error 

of ρc is the assumption made in Equation (2. 8) that the sheet resistance of the 

semiconductor underneath the contact is the same as that of the semiconductor 

between the contacts. However, this is not the case when alloying between the metal 

and the semiconductor occurs during the formation of the Ohmic contacts. Finally, 

neglecting the metal resistance in Equation (2. 8) also contribute to the error of 

extracted ρc. Since metal resistance is typically very small compared to the other 

components in Equation (2. 5), the error induced by neglecting metal resistance is 

usually very small. However, with aging of metals the metal resistance can become 

appreciable [92]. 

 

A typical error of about 50% in ρc can arise using transfer length based method [96]. 

Given the possibility that large errors can be induced using the CTLM method to 

extract ρc of Ohmic contacts on a semiconductor, special cautions need to be taken 

when interpreting the results. Instead of reporting the evolution of ρc with time or 

certain treatments, researchers sometimes report the evolution of the measured RT 

values of CTLM contacts with different spacings as indications of changes in contact 

resistivity with time or treatments. 
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2.8   Measurement of electron mobility and sheet density in 2DEG 
Electron mobility describes how fast electrons move in an electric field. When the 

electric field is within a certain range, the drift velocity of electrons in response to the 

electric field is described by  

 𝑣 = 	  𝜇𝐸 (2. 11) 

where v is the electron drift velocity, E is the electric field, and µ is the electron 

mobility [9]. 

 

The electron mobility and sheet density in 2DEG are very important parameters since 

they are directly related to the performance of AlGaN/GaN based devices (e.g., 

transconductance of AlGaN/GaN HEMTs, and sensitivity of AlGaN/GaN based 

chemical sensors, etc.). The van der Pauw (VDP) – Hall method is one of the most 

widely used method to measure the electron mobility and sheet density in 2DEG. It 

should be pointed out that the VDP – Hall method measures the average electron 

mobility and density of the whole specimen. And in the case of AlGaN/GaN 

heterostructure, in addition to 2DEG, electrons in all the epitaxial layers contribute to 

the measurement result. However, since the epitaxial layers are not doped and the 

density and mobility of electrons in 2DEG are much higher than those of the electrons 

in the epilayers, the average electron mobility and density is dominated by the 

contributions from 2DEG. 

 

Figure 2.13 illustrates a commonly used test structure for the VDP-Hall method – the 

Greek cross test structure. More thorough treatments on the VDP structures and theory 

can be found in [97–99], and [97] and [98] describes the Hall effect in detail. Here a 

brief description on the VDP – Hall method is given to facilitate the readers in 

understanding the content to be presented in Chapter 4 regarding the measurement of 

2DEG mobility and sheet density in AlGaN/GaN heterostructures over 5 hours of 

thermal anneal.  
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Figure 2.13: Schematic illustration of the Greek cross test structure used in the VDP – Hall 

method for measuring carrier density and mobility. 

 

The VDP – Hall method first measures the sheet resistance (Equation 2.12) of the 

sample based on VDP theory without any applied magnetic field, and then measures 

the electron sheet density (Equation 2.14) based on the Hall effect using an externally 

applied magnetic field [97]. Then the electron mobility can be calculated from the 

measured sheet density and mobility (Equation 2.15) [9][97]. A known current is 

injected through two contacts and the voltage across the other two contacts is 

measured. 

 𝑅ef =
𝜋

ln	  (2)
𝑅g,,hi + 𝑅,h,ig

2 𝐹 (2. 12) 

where R12,34 is defined as  

 𝑅g,,hi =
𝑉g,
𝐼hi

 (2. 13) 

where the numbers 1, 2, 3, 4 in Equations (2. 12) and (2. 13) refer to the labels of the 

contacts as illustrated in Figure 2.13. R23,41  is defined in a similar manner to R12,34. F 

in Equation (2. 12) is the correction factor. For symmetric samples, such as the Greek 

cross, F = 1. 

 𝑛ef =
𝐼gh𝐵
𝑞 𝑉f,i

 (2. 14) 
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where I13 is the injected current through contacts 1 and 3 (Figure 2.13), B is the 

applied magnetic field, VH24 is the measured Hall voltage across the contacts 2 and 4 

(Figure 2.13). 

 𝜇f =
1

𝑅ef𝑛ef𝑞
 (2. 15) 

where q is the magnitude of the electrical charge carried by one electron (1.6x10-19 C). 

 

To reduce errors caused by sample non-uniformity, non-Ohmic contacts and parasitic 

magnetic fields, a procedure that includes validating the Ohmic characteristics of 

contacts, averaging of multiple measurements, and applying positive and negative 

magnetic fields has been standardized and should be followed [98]. Systems 

specialized in VDP – Hall measurements are commercially available. In this work, an 

MMR system [100] was used for VDP – Hall measurements on AlGaN/GaN Greek 

cross test structures. 

 

It is important to point out that special attention must be given to the design of the 

VDP test structures and the Ohmic contacts. For Equation (2.12) to be valid, the 

contacts must be infinitesimally small point contacts placed on the periphery of the 

sample [97]. However, in practice the contacts always have finite sizes, and 

consequently some errors will be induced. For a square sample errors < 10% can be 

obtained if the contact size is smaller than 10% of the sample size [101]. Additionally, 

it has been demonstrated that by placing the contacts at the midpoints on the sides of a 

square sample, the errors caused by the displacement of contacts can be reduced [97]. 

The Greek cross structure takes advantage of this error reduction mechanism. For the 

Greek cross structure, when L/W > 1.02 (L and W are defined in Figure 2.13), an error 

less than 0.1% in the sheet resistance measurement can be achieved [102]. In this 

work, a Greek cross test structure with L/W = 3.5 and small contacts (size is 0.1W) 

placed on the edge of the Greek cross was used to reduce measurement errors. 

 



 33 

2.9   Material characterization methods 
Microstructures and chemical compositions of materials need to be examined to shed 

light on the electrical phenomena observed in semiconductor devices, e.g., decrease of 

electron mobility and density, and increase of contact resistances. In this work, several 

material characterization methods were used including scanning electron microscopy 

(SEM), atomic force microscopy (AFM), Auger electron spectroscopy (AES), and X-

ray diffraction (XRD). 

 

SEM is used to observe the surface topology of samples. A focused beam of electrons 

is scanned across the area of interest and a detector collects the secondary electrons 

(Figure 2.14) excited by the incident electrons to form an image. SEM can also be 

used to image the cross sections when the samples are cleaved and mounted sideways. 

The magnification of SEM can range from 10 to 106 times, and features of sizes on the 

order of tens of nanometers can be imaged. 

 

 
Figure 2.14: Schematic illustration of secondary electrons and Auger electrons. 

 

AFM is used to measure the surface roughness and to image the surface topology of 

samples. A piezoelectrically-actuated cantilever with a sharp tip is scanned across the 

area of interest, and the cantilever gets deflected through the interaction of forces with 

atoms or molecules of the sample [103-104]. The deflection is detected with a laser 
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beam focused on the cantilever [103]. The working principle of AFM is illustrated in 

Figure 2.15. When using AFM in ambient conditions, the tapping mode is usually 

used where the cantilever tip does not directly contact the sample surface. Instead the 

tip is driven in oscillation and comes into close vicinity of the sample [104]. The Van 

der Waals force or electrostatic force between the tip and the sample changes the 

magnitude of the oscillation of the cantilever. A control system adjusts the height of 

the tip to maintain the constant oscillation. In this way, a three-dimensional 

topological image can be obtained with a resolution in sub-nanometer regime [104]. 

An example AFM image is shown in Figure 2.15. 

 

 
Figure 2.15: Schematic illustration of AFM (a) and a surface topology image of annealed 
Ti/Al/Pt/Au contact on GaN taken by AFM. 

 

AES is used to interrogate the chemical composition of a sample on the surface. The 

energy of Auger electrons is very small, and thus the escape length of Auger electrons 

is very small (Figure 2.14). As a result, the detection capability of AES is limited to 

the surface (a few nanometers) [105]. However, by sputtering off the materials with an 

ion gun, depth profiles of chemical compositions can be obtained. The principle of 

AES is based on the fact that the Auger electrons of different elements have different 

energies [105]. Additionally, the intensities of the peaks can be used to quantify the 

concentration of elements [105]. However, for some elements the peaks of their Auger 

electron energies are very close to each other, leading to difficulties in distinguishing 

one from the other. For example, titanium and nitrogen have overlapping Auger 

electron peaks [106]. This could complicate the compositional analysis on the Ti/Al 

based Ohmic contacts for GaN, which will be discussed in Chapter 5.  
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XRD is a commonly used method to study the crystal structures of a material. XRD is 

based on Bragg’s law (Equation 2.16) [107]. The incident X-rays are scattered by 

atoms in crystal planes, and when scattered waves can constructively interfere with 

each other, a peak will be detected [107]. Thus, the angle that corresponds to the peak 

is directly related to the distance between the crystal planes lying normal to the 

direction of interrogation. Information on the composition [108], strain [108–110] and 

defect density [111] of an epitaxial film can be inferred from XRD scans because any 

changes in the composition, strain or defects will change the crystal stacking and/or 

the distance between the crystal planes. Since the X-ray can penetrate deep into the 

material and penetrate through thin epitaxial films [112] (e.g., AlGaN and GaN layers 

in the AlGaN/GaN-on-Si wafer), the measured peak of a thin layer is the average 

crystal plane spacing of the entire layer. 

 𝑠𝑖𝑛𝜃 =
𝑛𝜆
2𝑑 (2. 16) 

where λ is the wavelength of the X-ray, d is the distance between the crystal planes, θ 

is the Bragg angle where constructive interference occurs, n is a positive integer. 

 

In an XRD 2θ-ω scan, the angle of the incident X-ray (ω) is linked to the diffracted 

angle (2θ) through the relationship that ω = ½ (2θ) + offset (Figure 2.16) [107]. In 

symmetric scan where the diffraction vector is normal to the sample surface and in 

parallel with the plane normal, the offset is zero (Figure 2.16a). In asymmetric scans, 

the samples will be tilted and the offset is nonzero (Figure 2.16b). In this work, 

symmetric XRD 2θ-ω scans along the [002] direction of GaN crystals were measured 

to study the strain relaxation of the AlGaN layer. In literature, the method based on the 

symmetric XRD 2θ-ω scans of AlGaN/GaN heterostructures has been commonly used 

to study the strain relaxation occurred in the AlGaN layer [58][60]. 
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Figure 2.16: Schematic illustration of symmetric (a) and asymmetric (b) XRD 2θ-ω scan. 

 

2.10  Measurement of strain relaxation in AlGaN/GaN 
The shifts of the AlGaN peaks detected by the XRD 2θ-ω scan along the [002] 

direction of GaN crystal is very useful in studying the biaxial strain relaxation of the 

AlGaN layer in the AlGaN/GaN heterostructure [58][60]. Figure 2.17 schematically 

illustrates the principles of measuring the strain relaxation in AlGaN layer by XRD 

2θ-ω scans along the [002] direction. As mentioned in Section 2.1, the as-grown 

AlGaN layer in the AlGaN/GaN heterostructure is in biaxial tensile strain due to its 

smaller lattice constant than GaN in the basal plane. Thus, in the as-grown state, the 

lattice constant of AlGaN in the [002] direction is smaller than that of AlGaN in its 

natural relaxed state.  

 

In a typical AlGaN/GaN heterostructure, the AlGaN layer (20-30 nm) is much thinner 

than the GaN layer (typically ~1 µm) underneath. Thus, the AlGaN layer has little 
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effect on the strain state of the GaN layer. Therefore, the GaN peak in the XRD 2θ-ω 

can be considered fixed. If after some thermal treatment, the AlGaN peak is shifted to 

a smaller angle with respect to the GaN peak, then the lattice constant of AlGaN in the 

[002] direction has become larger than its as-grown state (Equation 2.16). This 

indicates that relaxation of biaxial strain in the basal plane of the AlGaN layer has 

occurred (Figure 2.17). 

 

 

 
Figure 2.17: Schematic illustration of detection of strain relaxation in AlGaN using XRD 2θ-ω 

scans along the [002] direction. 

 

2.11  Micro-fabrication processes: GaN MEMS vs. Si MEMS 
Figure 2.18 illustrates the similarities and differences between the micro-fabrication of 

GaN MEMS versus Si MEMS. It can be noted that the micro-machining technologies 

of the underlying Si substrate can be taken advantage of in the manufacturing of GaN 

MEMS. However, to make the device structures in GaN and AlGaN layers, a special 

etching process (Cl2/BCl3 plasma etch) is used. Moreover, the presence of the highly-

conductive 2DEG in the AlGaN/GaN heterostructure eliminates the need for 

deposition of doped semiconductor materials and/or metals to make transducers in 

many cases.  For example, 2DEG can be used as the bottom electrode in AlGaN/GaN 

resonators [36]. Another example is that 2DEG can replace metals to function as a 

micro-heater [113]. A more detailed description of the micro-fabrication process for 

fully-suspended ALGaN/GaN MEMS will be presented in Chapter 3. 
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Figure 2.18: Schematic comparison of micro-fabrication processes for GaN MEMS and Si 
MEMS. 
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3   Micro-Fabrication Process for Fully-Suspended 

AlGaN/GaN-on-Si MEMS Devices 
 

3.1   Overview of the micro-fabrication process 
The micro-fabrication process of fully-suspended AlGaN/GaN MEMS devices has 

been investigated in this work and is schematically shown in Figure 3.1. The detailed 

fabrication run sheet is in Appendix A. The process starts with GaN-capped 

AlGaN/GaN epitaxial wafers grown by metal-organic chemical vapor deposition 

(MOCVD) on four-inch Si (111) substrates. The wafers were purchased from a vendor 

(DOWA [114]). Figure 3.2 displays the schematic cross section of the film structure of 

the wafers used in this work. The film thicknesses are within the range typically used 

for fabricating AlGaN/GaN devices reported in literature.  

 

 

Figure 3.1: Micro-fabrication process of fully-suspended AlGaN/GaN MEMS devices. 
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Figure 3.2: Cross section of the AlGaN/GaN-on-Si wafers used in this work. 

 

The fabrication starts with device isolation by etching away the AlGaN layer and part 

of the GaN layer outside the device geometries using a chlorine/boron trichloride 

(Cl2/BCl3) plasma. In this way, the 2DEG outside the device geometries is removed so 

that the devices are electrically isolated from one another. Additionally, the device 

geometries are defined in this step as well. It should be noted that ion implantation can 

also be used for device isolation [114-115]. The next step is to make Ohmic metal 

contacts for the devices so that electrical connection to the 2DEG can be made. 

Ti/Al/Pt/Au multilayer metals are evaporated with electron beam and patterned 

through a standard lift-off process. Then, a rapid thermal (RTA) process is conducted 

to alloy the metals and make the contacts Ohmic. After RTA, trenches are etched into 

the devices to serve as the open windows for membrane release in the later process. In 

this step, the GaN layer and buffer layer are removed using a SiO2 hard mask in a 

Cl2/BCl3 plasma to expose the Si substrate. Then the devices are passivated with 

alumina (Al2O3) deposited by atomic layer deposition. The conformal coating of 

Al2O3 is then patterned with buffered oxide etch (BOE) solution to expose the trenches 

again and to open vias for interconnections. After the BOE etch, interconnect metals 

(Ti/Au) are evaporated and patterned with a lift-off process to allow for probing and 

wire bonding the devices. The final step is to release the devices from the Si substrate, 

which is accomplished by etching the Si substrate underneath the devices with XeF2 

vapor. The XeF2 vapor diffuses through the trenches made in the earlier process step 

and etches Si isotropically. Given long enough time, the Si substrate underneath the 
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devices will be all etched away leaving the devices suspended. 

The most important steps of the fabrication process are 1) Cl2/BCl3 plasma etch to 

define device geometry and isolate devices, 2) formation of Ohmic contacts, and 3) 

suspension of the AlGaN/GaN membrane. In the following subsections details are 

presented for the three important steps. 

 

3.2   Plasma etch of AlGaN/GaN epilayers 
The first step in the micro-fabrication process is to isolate devices and define the 

geometry where 2DEG is present (Figure 3.1b). This is accomplished through a mesa 

etch process during which the AlGaN layer and part of GaN layer are removed in the 

area outside individual devices. An inductively coupled plasma (ICP) etch process 

using chlorine/boron trichloride (Cl2/BCl3) chemistry is used. The ICP etch includes 

both chemical and physical etch processes, which are controlled by the inductive 

power and bias RF power, respectively. The nearly independent control of chemical 

and physical etch processes give more flexibility in tuning the etch rates and etched 

surface morphology.  

 

The chlorine based chemistry is chosen because the boiling points of GaCl3 and AlCl3 

are considerably lower than those of GaF3 and AlF3 [117]. This means that GaN and 

AlGaN can form more volatile etch products in chlorine chemistry than in fluorine 

chemistry, and thus the etch products can be removed more readily resulting in faster 

etch rates. The concentration of ion species (Clx
+, BClx

+) is controlled by the inductive 

power. Research has shown that the etch rates of III-nitrides increases with inductive 

power [117-118]. A higher concentration of reactive ion species will be presented in 

the plasma with a higher inductive power to accelerate the chemical reactions between 

the ion radicals and III-nitride surface to form volatile compounds. Moreover, BCl3 

has been found to be crucial in removing native oxide on AlGaN surface to initiate the 

etch [118][120][121]. The oxide is removed through formation of BxClyOz 

[118][120][122]. Additionally, the heavy BClx
+ ions adds to physical bombardment 
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[120-121]. Experimental studies have shown that the etched surface of AlGaN or AlN 

is rougher without BCl3 due to the non-uniform removal of surface oxides [122]. 

Therefore, addition of BCl3 into the Cl2 chemistry is usually employed. 

 

Additionally, unlike GaAs or AlGaAs that can be etched quite easily in chlorine 

chemistry, the chemical bonds between nitrogen atom and gallium or aluminum atom 

are very strong and thus require energetic ion bombardment to break the bonds before 

the chemical reactions can take place [117]. Research has shown that the etch rates of 

III-nitrides increase with the bias power, which is directly related to the energy of the 

ion bombardment on the surface [117][119]. AlN requires a higher bias power than 

GaN to exhibit appreciable etch rates due to the stronger bond between Al and N 

[119]. In addition to breaking bonds to initiate chemical reactions, ion bombardment 

also facilitate in removal of etch products [117][119] and can directly remove 

materials through physical sputtering [119]. However, special attention should be paid 

when choosing the bias power. At high bias power, preferential sputtering of N atoms 

would occur due to the N atom is lighter than Ga or Al atoms. The preferential 

sputtering will result in a rough surface [117]. 

 

Since the thickness of AlGaN layer is small (20-30nm), a slow etch (on the order of 

tens of nanometer per minute) is desired for accurate control of the etch depth. The 

plasma etch recipe was developed and characterized in Stanford Nanofabrication 

Facility (SNF). An Oxford Instruments PlasmaPro System 100 Cobra III-V Etcher was 

used. Literature has reported using photoresist [117][120], silicon dioxide [118], 

silicon nitride [122] and nickel [119] as the mask materials for plasma etching of III-

nitrides. In this work, photoresist was used as the masking material due to the simpler 

processing of photoresist masks. The flow rates of BCl3 and Cl2 were 25 sccm and 10 

sccm, respectively. The forward inductive power was set to be 250 W and the radio 

frequency (RF) power 80 W. The relatively small powers were chosen to obtain a slow 

etch rate. Additionally, a large fraction of BCl3 was used to slow down the etch rate 

[120][122].  
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Figure 3.3: GaN etch profile measured by AFM. The upper plot shows the two-dimensional 
topology and the lower plot shows the height difference between the etched and intact portions 
of the GaN piece. 

 

 

The etch rate of GaN in this Cl2/BCl3 plasma was characterized by etching a GaN-on-

sapphire sample with photoresist patterns for 2 minutes. The photoresist on the GaN 

sample was striped by a piranha solution and the etch depth was measured by atomic 

force microscopy (AFM) after the etch (Figure 3.3). The etch rate was found to be 

about 50 nm/min. Literature shows that after surface oxide has been removed the etch 

rate of AlGaN in Cl2/BCl3 plasma is similar to that of GaN up to 35% Al content 

[120]. Therefore, no additional etch tests were conducted on AlGaN, and the etch rate 

of AlGaN was assumed to be similar to that of GaN. To characterize the etch rate of 

photoresist in the Cl2/BCl3 plasma, a silicon die covered with photoresist was etched 

using the same etch recipe. The thickness of the photoresist was measured before and 

after the etch using a non-contact spectro-reflectometer (NanoSpec). It was found that 

the etch rate of photoresist is about 110 nm/min. For the purpose of isolating devices 

an etch depth of larger than the AlGaN layer thickness is required, which usually 

dictates the etch depth to be larger than 30 nm. In this case, photoresist of 1 µm 

thickness is thick enough for the mesa etch. 
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3.3   Formation of Ohmic contacts 
After the mesa etch, Ti/Al/Pt/Au (20/100/40/80 nm) metal layers are evaporated onto 

the wafer with an electron beam (Figure 3.1c). The contacts are patterned with a 

standard lift-off process. An extra polymer layer (lift-off layer) was used in addition to 

photoresist for the purpose of an easier lift-off. A rapid thermal anneal was conducted 

at 850°C for 35 seconds in a N2 ambient after the lift-off to make the contacts Ohmic 

and thermally stable [123].  

 

The mechanisms of forming Ohmic contacts with GaN through RTA have been 

studied and debated in literature. It is now commonly believed that during RTA 

process Ti and Al alloy with GaN and forms an interfacial layer that contains all four 

elements (Ti, Al, Ga, N) [67][64]. It is possible that Ti and GaN reacts during RTA 

and forms TiN. As a result, N is extracted from GaN leaving behind high density of 

nitrogen vacancies, which acts as donor-like N-type doping [64]. The heavy doping 

steepens the energy band bending and thus the tunneling of electrons through the 

energy barrier is enhanced [64][68]. The Ohmic contact formation process is 

illustrated with schematic energy band diagrams in Figure 3.4. 

 

 

 
Figure 3.4: Schematic illustration of Ohmic contact formation. 

 Ti/Al layers are prone to oxidation during fabrication and during operation at high 

temperatures. Gold was first proposed to prevent oxidation of Ti/Al due to its low 

resistivity. But it was found that diffusion of Au into and through Ti/Al can degrade 
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the contact resistivity [66][72]. Thus, a diffusion barrier layer is needed. In literature, 

researchers have proposed many different metals for this purpose, including Ni/Au 

[64], Pt/Au[72], Ti/Au[68] and Mo/Au[66]. The Al layer is typically much thicker 

than the Ti layer. Most Ti/Al based Ohmic contacts reported in literature have Ti:Al 

thickness ratios in the range of 1:3 to 1:5 [64][66][68][72][124]. In this way, Ti at the 

bottom can react with GaN to yield heavy doping of GaN, and Ti and Al can alloy to 

form intermetallic alloys, which have higher resistance to oxidation compared to either 

Ti or Al [65]. 

 

3.4   Suspension of AlGaN/GaN membranes 
The suspension process releases the AlGaN/GaN membranes from the silicon 

substrate and consists of several steps. First of all, the epitaxial layer stack including 

the buffer layer needs to be etched to expose the silicon substrate as release windows. 

Then silicon is etched with xenon diflouride (XeF2) vapor. The XeF2 vapor reaches the 

silicon underneath the epilayers through the exposed windows.  

 

Since the whole epitaxial stack is usually a few micrometers thick including the buffer 

layers and the device layers (Figure 3.2), a thick photoresist mask or a hard mask is 

needed for etching the stack in Cl2/BCl3 plasma. A hard mask made of silicon dioxide 

(SiO2) was chosen because photoresist will be hardened by plasma and can be very 

difficult to remove after the plasma process. The SiO2 hard mask was deposited by 

plasma-enhanced chemical vapor deposition (PECVD) and patterned with a standard 

photolithography process using photoresist as the mask. Then the buffer layers and the 

GaN layer were etched with Cl2/BCl3 plasma with the PECVD SiO2 hard mask. The 

inductive power used was 1000 W and RF power was 300 W to achieve a faster etch 

rate than what is used in mesa etch, since the total thickness of the GaN layer and the 

buffer layer is about 3 µm. The etch rate was about 400 nm/min. The SiO2 hard mask 

was stripped with buffered oxide etch (BOE) after the plasma etch.  
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The AlGaN/GaN membranes were released from Si substrate with XeF2 vapor 

isotropic etch using photoresist as the mask. The XeF2 etch rate of Si is sensitive to 

moisture absorbed on the wafer since XeF2 can react with water to form hydrofluoric 

acid (HF) [125]. Therefore, in order to obtain a consistent etch rate from run to run, a 

30-minute bake at 115°C on a hotplate was carried out each time immediately before 

the XeF2 etch for dehydration. Additionally, the area of exposed Si has loading effects 

and can reduce the etch rate [126]. Thus, the edge of the pieces and wafers are coated 

with marker ink to achieve an etch rate as consistent as possible from run to run. 

Optical inspection was carried out every 5 to 10 etch cycles to ensure that the 

membrane was fully released from the substrate and that the etch undercut is not too 

large. The optical image of one of the fabricated full-suspended AlGaN/GaN MEMS 

devices is shown in Figure 3.5. 

 

 
Figure 3.5: Optical image of a fully-suspended AlGaN/GaN MEMS device. 
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4   Thermal Degradation of Ohmic Contacts and 

2DEG 
 

4.1   Ti/Al/Pt/Au Ohmic contacts at 600°C in air 
Circular-transfer-line-method (CTLM) patterns of Ti/Al/Pt/Au metal contacts were 

fabricated on unintentionally doped n-type GaN-on-sapphire substrates for the study. 

The GaN films (nominally 5 µm thick) were grown on sapphire substrates with a 

metal organic chemical vapor deposition (MOCVD) process. The resistivity of the 

GaN thin film was approximately 2.5x10-2 Ω-cm as measured by the van der Pauw 

method.  

 

 

Figure 4.1: Schematic cross section (a) and scanning electron microscope image (b) of a 

CTLM metal contact. Four-point measurement method is illustrated in (a). 

 

Ti/Al/Pt/Au (20/100/80/40 nm) multilayers were e-beam evaporated on the GaN 

substrates and were patterned through a standard lift-off process. Prior to e-beam 

evaporation of the multilayer metal contacts, a de-scum process (1 min in oxygen 

plasma) and an NH4OH:H2O (1:20) cleaning process (10 seconds) were conducted to 

remove residual organic and oxide layers. After the deposition and lift-off of the 

multilayer metal contacts, the samples were subject to a rapid thermal annealing 
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(RTA) process at 850°C for 35 seconds in a nitrogen ambient. The contacts were 

ohmic after fabrication and their specific contact resistivity values were on the order of 

10-5 Ω-cm2. The specific contact resistivity (ρc) values were calculated based on the 

CTLM method detailed in Section 2.7. The schematic cross-section and the scanning 

electron microscope (SEM) image of a fabricated CTLM structure are shown in Figure 

4.1. The CTLM patterns used in this study had an outer radius of 250 µm and the 

spacing between the inner pad and the outer pad varied from 10 µm to 50 µm.  

 

 

Figure 4.2: Schematic illustration of the thermal test procedure conducted on CTLM test 

structures. 

 

After the CTLM test structures have been fabricated, a series of high-temperature tests 

were performed on the structures. The test procedures are shown in Figure 4.2. In-situ 

high-temperature I-V measurements were first conducted at 600°C in air on the CTLM 

test structures. The in-situ tests were carried out using a high-temperature probe 

station and a semiconductor device parameter analyzer (Agilent B1500A).  The typical 

in-situ high-temperature I-V characteristics of the CTLM test structures are shown in 

Figure 4.3. It is clear that the Ti/Al/Pt/Au contacts were Ohmic after RTA at 600°C in 

air.  

 



 49 

 

Figure 4.3:  In-situ I-V characteristics of CTLM contacts at 600°C in air. 

 

Then a thermal storage test at 600°C in air was carried by storing the samples in a box 

furnace. The samples were taken out of the furnace every 2 hours and electrically 

measured at room temperature with a probe station. A four-point method was used in 

the measurements (Figure 4.1). The total resistance values of contacts with different 

spacings were extracted from I-V curves by linear-fitting the I-V curves using the least 

square method. The specific contact resistivity was then extracted using the CTLM 

method detailed in Section 2.7. Figure 4.4 shows the time evolution of the extracted 

specific contact resistivity (ρc) and the total resistance of Ti/Al/Pt/Au contacts over the 

10-hour thermal storage tests carried out at 600°C. It should be noted that the 

variances in the extracted specific contact resistivity values are due to the relatively 

large errors of the CTLM method (30-50% or even higher) (detailed in Chapter 2) 

[94][95][96]. The initial “burn-in” period (within the frst 2 hours), where 

thermochemical reactions caused a significant change in specific contact resistivity 

and contact resistance, was observed. In addition, after 2 hours, the contact resistances 

remained stable, with the variance for sample #1 within 1.2% and for sample #2 

within 2.3%, for the remainder of the thermal storage up to 10 hours. 

 

After the 10-hour thermal storage, the CTLM samples were measured again in-situ at 

600°C in air. The contacts remained Ohmic after the 10-hour thermal storage as 

demonstrated by the linear I-V relationships shown in Figure 4.3. The resistance of the 
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CTLM contact showed a small change (approximately 9.4%) after the thermal storage. 

This is caused by the “burn-in” within the first two hours of the thermal storage 

(Figure 4.4).  

 

 

Figure 4.4: Evolution of the specific contact resistivities (a) and contact resistances (b) of 

CTLM contacts over 10 hours of thermal storage. 

 

AFM was used to examine the surface roughness of the Ti/Al/Pt/Au contacts before 

and after thermal exposure. The surface roughness as deposited, after RTA at 850°C 

and after thermal storage at 600°C in air for 10 hours was 4.56 nm, 20.48nm, and 

20.50nm, respectively. The SEM and AFM images of a CTLM contact after RTA and 

after 10-hour thermal storage are shown in Figure 4.5. The minimal changes in surface 

roughness and surface morphology confirm that 10-hour exposure to hot air is not 

actively altering the surface roughness of the metal contacts.  
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Figure 4.5: SEM images and AFM scans of a CTLM contact after RTA (a) and after 10-hour 

thermal storage at 600°C in air. 

  

In addition, Auger electron spectroscopy (AES) was used to examine the atomic 

concentration depth profiles of the rapid thermally annealed multilayer contacts before 

and after the thermal storage (Figure 4.6). The different AES sputter rates in the figure 

should be noted. It should also be noted that the major Auger peaks of Ti and N 

overlap with each other [106]. Thus, in the atomic concentration depth profile shown 

in Figure 4.6, N co-presents with Ti in some locations. In reality, however, either N is 

not present in those locations, or the amount of N presented in those locations should 

be corrected. From the AES depth profiles, it can be seen that before thermal storage, 

the rapid thermal annealing process caused diffusion of the Ti, Al, and Au resulting in 

a metal alloy with slight oxidation of Al on the surface. After 10 hours of thermal 

storage in air, inner diffusion of Pt was observed but minimal additional oxidation of 

Al on the surface was shown. In addition, the minimal increase in the atomic 

concentration and span (noting the differing sputter rates) of oxygen at the metal-GaN 

interface confirms that the metal oxidation remains confined at this interface over the 

10-hour thermal storage in air.  
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Figure 4.6: AES depth profiles of Ti/Al/Pt/Au metal contacts on GaN (a) as-deposted, (b) after 

RTA and before thermal storage, and (c) after thermal storage at 600°C in air for 10 hours. 

Note that since the major emission peaks of Ti and N overlap, it would appear as if there was 

N when there was only Ti present [106]. 

  

In summary, the results of the electrical and material characterization tests support the 

use of Ti/Al/Pt/Au (with an RTA process) metallization as the Ohmic contact for GaN 

based devices that are intended for operation in high-temperature oxidizing 
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environments. However, extended tests that last for a longer time are needed to further 

investigate the reliability of the Ti/Al/Pt/Au Ohmic contacts at high temperatures in 

air.  

 

4.2   Thermal degradation of 2DEG in AlGaN/GaN heterostructures 

4.2.1   Experimental details 

Metal-organic chemical vapor deposition (MOCVD), which has been described in 

Section 2.1, was used to grow AlGaN/GaN heterotructures on a 4-inch Si (111) 

substrate in an Aixtron Close Coupled Showerhead (CCS) reactor in Stanford 

Nanofabrication Facility (SNF). Trimethylaluminum (TMAl), trimethylgallium 

(TMGa) and ammonia (NH3) were used as the Al, Ga and N precursors, respectively. 

The schematic cross section of the heterostructure epilayers is shown in Figure 4.7. 

The AlGaN/GaN heterostructure consists of a 25 nm AlGaN layer, 1 nm AlN spacer 

and 1.2 µm GaN layer, and is capped by a 3 nm thick GaN layer. Greek cross test 

structures [97] were fabricated on the MOCVD wafers (Figure 4.7) for measurement 

of electron mobility and sheet density using the van der Pauw – Hall method (detailed 

in Section 2.8). Special attention was taken on the design of the Greek cross and the 

contacts to reduce van der Pauw (VDP) measurement errors due to deviations from the 

point contact assumption in the VDP method [101][127]. The fabricated contact size is 

10% of the width of the Greek cross. 

 

The fabrication starts with a mesa etch to define the Greek cross patterns with 

BCl3/Cl2 plasma. Then metal contacts were evaporated with electron beam and 

patterned through a standard lift-off process. A rapid thermal anneal (RTA) process 

was carried out at 850°C in nitrogen for 35 seconds to make the contacts Ohmic [123]. 

The wafer was then diced into halves after RTA. One half was diced into dies of 1 cm 

x 1 cm in size. The other half was passivated with 50 nm Al2O3 deposited by plasma 

enhanced atomic layer deposition (PEALD). The Al2O3 passivation on the metal 

contacts was then etched away by buffered oxide etch solution to allow for electrical 
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connection to the passivated Greek cross test structures. Finally, the passivated half 

wafer was diced into dies of 1 cm x 1 cm. 

 

 
Figure 4.7: Optical image of a fabricated AlGaN/GaN Greek cross device, and schematic cross 
sections of unpassivated (b) and passivated (c) AlGaN/GaN Greek cross test structures. 
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Table 4.1: Summary of abbreviations of AlGaN/GaN Greek cross samples tested in this work. 

Samples Abbreviated name 

Unpassivated samples annealed in air NP_air 

Unpassivated samples annealed in argon NP_Argon 

Passivated samples annealed in air P_air 

Passivated samples annealed in argon P_Argon 

 

 

The fabricated dies were divided into four groups of samples: 1) unpassivated samples 

to be annealed in air (NP_air), 2) unpassivated samples to be annealed in argon 

(NP_Argon), 3) passivated samples to be annealed in air (P_air), and 4) passivated 

samples to be annealed in Argon (P_Argon). The abbreviations are summarized in 

Table 4.1. Before the 5 hours of thermal anneal at 600°C, materials characterization 

methods including high-resolution X-ray diffraction (HRXRD), atomic force 

microscopy (AFM), Auger electron spectroscopy (AES) were used to characterize the 

microstructures and chemical compositions of the passivated and unpassivated Greek 

crosses fabricated on AlGaN/GaN heterostrucutures. Hall measurements were carried 

out using an MMR H5000 system to measure the electron mobility and sheet density 

in 2DEG before the thermal anneal. The magnetic field used in the Hall measurements 

was 6500 Gauss, and the injected current was about 0.5 mA. 

 

The four groups of samples were annealed in the designated anneal conditions (600°C 

in air or 600°C in argon) in box furnaces. During the anneal, ex-situ Hall 

measurements were conducted after 1 hour, 2 hours, 3 hours and 5 hours of thermal 

anneal at room temperature. The oven was cooled down from 600°C to room 

temperature before the samples were taken out of the ovens for the four ex-situ Hall 

measurements at room temperature. Multiple samples in each category were 

measured. After the 5 hours of thermal anneal, XRD, AFM and AES measurements 

were carried out again on the same samples that have been characterized before the 

anneal. The entire test procedure is illustrated in Figure 4.8. 
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Figure 4.8: Illustration of the test procedure conducted on AlGaN/GaN Greek cross devices. 

 

As discussed in Section 2.10, the shifts of AlGaN peaks measured by XRD 2θ-ω scans 

along the [002] direction are indicators of the relaxation of the tensile strain in the 

AlGaN layer. Therefore, the relative shifts of AlGaN peaks with respect to the GaN 

peak were extracted from the XRD 2θ-ω scans along the [002] direction. There are 

two AlGaN peaks that are visually distinguishable (Figure 4.9): one can be attributed 

to the AlGaN device layer and the other one the AlGaN based buffer layer [48]. The 

XRD signals were digitally filtered to mitigate the effects of high-frequency noise on 

the determination of peak positions. The local maxima in the XRD scans were 

extracted from the filtered signal and used as the peak positions. The GaN peak 

position was considered fixed. The relative positions of the two AlGaN peaks with 

respect to the GaN peak pre- and post anneal were extracted, and the differences of the 

relative positions pre- and post anneal were then calculated as the shifts of AlGaN 

peaks with respect to the GaN peak. The resolution of the XRD 2θ-ω measurements 

was about 0.002°. The results of the shifts observed in AlGaN peaks in the four groups 

of experiments are summarized in Table 4.2.  
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Figure 4.9: XRD [002] 2θ-ω scans of an Al2O3-passivated AlGaN/GaN heterostructure before 
and after thermal anneal at 600°C in Argon (a). The two AlGaN peaks shifted to smaller 
angles after thermal anneal as shown in the zoomed-in view of the XRD spectrum (b). 

 
Table 4.2: Shifts of the AlGaN peaks after thermal anneal extracted from XRD 2θ-ω scans. 

 1st AlGaN 2nd AlGaN 
NP_air 0 -0.006° 
NP_Argon -0.014° -0.010° 
P_air +0.006° +0.002° 
P_Argon -0.018° -0.024° 
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4.2.2   2DEG degradation phenomena and mechanisms 

The evolution of the electron mobility and sheet density of samples in the four 

experiments (NP_air, NP_Argon, P_air, P_Argon) are shown in Figure 4.10 (a) and 

(b), respectively. Figure 4.11 schematically illustrates the evolution of the 

microstructures in the four categories of AlGaN/GaN heterostructures based on the 

material characterization results by XRD, AFM and AES. Detailed discussions on the 

degradation mechanisms are presented in the following subsections. 

 

A.   As-fabricated AlGaN/GaN heterostructures 

Before the 5-hour thermal anneal, the ALD Al2O3 passivated AlGaN/GaN 

heterostructures have higher electron density than their unpassivated counterparts 

(Figure 4.10). Extra tensile stress in the Al2O3 film [128] added to the piezoelectric 

polarization in AlGaN layer and steepened the band bending of the AlGaN layer. In 

addition, ALD process could introduce additional states to interface between the Al2O3 

layer and the GaN cap layer [128-129]. As a result of steeper band banding and 

additional electronic states at the interface, there would be a larger number of 

positively charged ionized states at the interface, which leads to a higher 2DEG 

density than unpassivated samples. Additionally, the positive fixed charges in the bulk 

of the ALD Al2O3 film [50] could also add to the 2DEG density. 
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Figure 4.10: Electron mobility (a) and sheet density (b) measured by van der Pauw-Hall 
method in the four groups of AlGaN/GaN samples over 5 hours of thermal anneal at 600°C. 
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Figure 4.11:	   Illustration of the microstructural evolutions of the unpassivated and passivated 
AlGaN/GaN  heterostructures at 600°C in air and in argon. 

 

B.   The first hour of thermal anneal 

After the first hour of thermal anneal, the 2DEG electron density of the unpassivated 

AlGaN/GaN heterostructures increased while the electron density of the passivated 

ones decreased (Figure 4.10). Within the first hour, due to the mismatch in the 

coefficients of thermal expansion (CTE) (AlGaN has smaller CTE than GaN [131]), 

tensile stress built up in AlGaN layer in the unpassivated samples. However, the 

tensile strain energy need to reach beyond a critical point for strain relaxation to take 

place [59][132]. It is likely that the tensile strain energy built up in the AlGaN layer 

has not reached the critical point yet and thus no relaxation occurred in the AlGaN 

layer (Figure 4.11). The added tensile strain in AlGaN led to steeper band bending of 

AlGaN, and more surface donor-like states would rise above the Fermi level and 

became ionized, resulting in increased electron density in 2DEG. Since the 

AlGaN/GaN interface was not relaxed, no additional defects were created near the 

interface and thus no additional defect-electron scattering was induced. As a result, the 
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2DEG mobility in unpassivated samples remained almost unchanged after 1 hour of 

anneal (Figure 4.10). 

 

The 2DEG density decreased after 1 hour of anneal in the passivated AlGaN/GaN 

heterostructures (Figure 4.10) due to partial strain relaxation of AlGaN layer (Figure 

4.11). The relaxation was due to the large tensile stress exerted on AlGaN layer by 

both the Al2O3 and GaN layers (AlGaN has the smallest CTE among the three 

materials [131]). The tensile strain energy is larger than what experienced by the 

AlGaN layer in unpassivated samples, and is likely to have exceeded the critical point 

for AlGaN crystals to glide. The relaxation created defects at the interface, and thus 

more defect-electron scattering occurred, reducing the electron mobility in passivated 

samples after one hour of anneal. 

 

C.   After 5 hours of anneal 

The sheet electron density of all the samples remained stable or showed slight 

decrease over the remaining 4 hours of thermal anneal while the electron mobility 

displayed different levels of decrease. The NP_air samples showed the smallest 

decrease in mobility whereas P_Argon showed the largest drop. The following 

subsections will discuss in detail the degradation phenomena and mechanisms 

presented in the different types of samples.  

 

C.1. Unpassivated AlGaN/GaN heterostructures 

For the NP_air samples, XRD 2θ-ω scan along the [002] direction showed smaller 

downward shifts of AlGaN peaks compared to the NP_Argon samples (Table 4.2). It 

follows that the AlGaN relaxation in the NP_air samples is less severe compared to 

the NP_Argon samples. Thus, fewer structural defects formed at the AlGaN/GaN 

interface in the NP_air samples, leading to less defect-electron scattering. As a result, 

the reduction of the 2DEG electron mobility is smaller in the NP_air samples (Figure 

4.10). 
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Auger electron spectroscopy (AES) depth profiling showed that the surface oxygen 

content increased by about 15% in the NP_air samples (Figure 4.12), whereas the 

NP_Argon samples only showed a slight increase of about 5% (possibly due to 

residual oxygen in the box furnace). Researchers have reported healing of cracks in 

silicon nitride (SiN) [133], silicon carbide (SiC) [134], SiC loaded Al2O3 [135] and 

Ti3AlC2 [136] ceramics at high temperatures in air. The healed specimens 

demonstrated similar mechanical strength as the virgin specimens [132–135]. Crack 

healing did not occur in the same types of ceramic materials when annealed in N2 or 

Argon [133]. Oxidation reactions are believed to be the healing mechanisms [133].  

 

 
Figure 4.12:	   Atomic concentration profiles measured by Auger electron spectroscopy (AES) 
on unpassivated AlGaN/GaN heterostructures annealed in air. 

 

Therefore, it is possible that in the NP_air samples the oxidation reactions healed the 

initial small cracks developed in the GaN cap and AlGaN layer caused by the thermal 

mismatch. Minimal change of surface roughness in the NP_air samples measured by 

AFM can serve as a proof (Figure 4.13). On the contrary, NP_Argon samples showed 

a significant increase (nearly 100%) of surface roughness measured by AFM (Table 
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4.3). This indicates that cracks and other structural defects have developed in the GaN 

cap layer and potentially in the AlGaN layer since the GaN gap layer is very thin (3 

nm). The structural defects cannot be healed in the samples annealed in Argon due to 

lack of oxygen. In addition, dislocation pinning where the glide motion of crystals is 

suppressed by an additional layer of material [59][137] could occur in the NP_air 

samples because the surface oxide layer could serve as a dislocation pinning layer and 

partly suppress the strain relaxation. Therefore, the oxidation reactions and the 

resulting oxides solidified the AlGaN layer and helped maintain the tensile strain in 

the AlGaN layer to some extent in the NP_air samples.  

 

 
Figure 4.13: AFM images of the same unpassivated AlGaN/GaN Greek cross test structure 
pre- and post-anneal at 600°C in air for 5 hours. The mean surface roughness showed a 
minimal change (-2%) after anneal. The measured area was 5x5 µm. 

 

Table 4.3: Average surface roughness measured by AFM (measurement area 5 x 5 µm). 

Sample Before Anneal After Anneal Change 

NP_air 4.45 nm 4.36 nm -2.1% 

P_air 3.17 nm 3.10 nm -2.1% 

NP_Argon 2.03 nm 4.05 nm 99.7% 

P_Argon 2.18 nm 2.81 nm 29.1 % 
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Figure 4.14: Schematic energy band diagram of unpassivated AlGaN/GaN heterostructures 
after being annealed in air (a) and in argon (b). The two heterostructures have similar electron 
densities in 2DEG although the strain in AlGaN layer and the distribution of the surface states 
differ significantly. 

 

As can be seen from Figure 4.10, 2DEG density is about the same after anneal in both 

the NP_air and NP_Argon samples. As mentioned in Section 2.2, the 2DEG density is 

dependent on both the energy band bending and the distribution of the surface states. 

The AlGaN layer in the NP_Argon samples had less steeper band bending due to 

strain relaxation as illustrated in Figure 4.14. On the other hand, passivation of surface 

states in GaN and GaAs by the gallium oxides has been reported in literature [137-

138]. Therefore, more donor-like states are likely to present in the NP_Argon samples. 

As a result, the amount of the amount of ionized positive surface charges could end up 

comparable resulting in similar 2DEG densities in the NP_Air and NP_Argon samples 

(Figure 4.14). 

 

C.2. Passivated AlGaN/GaN heterostructures 

P_Argon samples displayed the largest downward shifts of AlGaN peaks among the 

four groups of samples in the XRD scans. This indicates that the strain relaxation of 

the AlGaN layer is the most severe in the P_Argon samples. Thus, the highest 
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densities of structural defects would be expected at the AlGaN/GaN interface. Indeed, 

the largest drop of 2DEG mobility was observed in Hall measurement results. XRD 

measurements showed shifts of AlGaN peaks towards larger angles in the P_air 

samples, indicating an increase in the average basal-plane lattice constant of the 

AlGaN layer after the 5-hour anneal. At first sight, one might conclude that the AlGaN 

layer in the P_air samples became more tensely strained. However, decrease of 

mobility in P_air samples indicates strain relaxation of the AlGaN layer at the 

AlGaN/GaN interface. The upward shifting of the AlGaN peaks can be interpreted as 

the follows:  the basal-plane lattice constant at the upper portion of the AlGaN layer 

became larger due to the extra tensile strain imposed by the Al2O3 layer after thermal 

cycling [128] while the basal-plane lattice constant of the lower portion of the AlGaN 

layer became smaller due to strain relaxation of AlGaN at the AlGaN/GaN interface 

(Figure 4.11). On average, the basal-plane lattice constant of the AlGaN layer became 

smaller as measured by XRD. Partial strain relaxation at the AlGaN/GaN interface 

created defects and enhanced defect-electron scattering, resulting in decreased electron 

mobility. It should be noted that the drop of mobility in P_air samples is more severe 

than the drop in NP_air samples. The reason can be that the additional 50 nm thick 

Al2O3 layer (with tensile stress) added additional tensile strain energy to the AlGaN 

layer exacerbating the strain relaxation of the AlGaN layer in P_air samples. 

 

AFM measurements showed minimal change of surface roughness in P_air samples 

(Figure 4.15) whereas the surface roughness of those annealed in Argon increased by 

about 30% (Table 4.3). The AFM results indicate that structural defects were 

developed in the Al2O3 layer on samples annealed in argon but not in the Al2O3 layer 

on the samples annealed in air (Figure 4.11). Our AES depth profiling results showed 

small increase of oxygen content in the Al2O3 passivation of the samples annealed in 

air while no observable change of oxygen content in the Al2O3 layer on the samples 

annealed in argon. Oxygen in air has been shown to diffuse into Al2O3 at temperatures 

higher than 500°C [140]. Healing of cracks in Al2O3 ceramic (loaded with SiC 

particles) when heated in air at high temperatures has been reported in literature [135]. 
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Therefore, the incorporation of oxygen into the Al2O3 passivation layer appeared to 

prevent crack formation or heal the cracks that initially developed in the P_air 

samples. Whereas in the P_Argon samples, no defect healing was able to take place 

due to lack of oxygen, and as a result, a large increase of surface roughness has been 

measured by AFM (Table 4.3). 

 

 
Figure 4.15: AFM images of the same Al2O3-passivated AlGaN/GaN Greek cross test 
structure pre- and post-anneal at 600°C in air for 5 hours. The mean surface roughness showed 
a minimal change (-2%) after anneal. The measured area was 5x5 µm. 

 

Finally, Figure 4.10 shows that the 2DEG density in P_Argon samples is similar to the 

P_air samples. As discussed in Section 2.2, the 2DEG density in passivated 

AlGaN/GaN heterostructures is dependent on the band bending of the AlGaN layer, 

the amount of net positive ionized interface states and the amount of net positive fixed 

charges in the Al2O3 layer. The larger strain relaxation of the AlGaN layer in the 

P_Argon samples resulted in less steeper band bending of the AlGaN layer as 

illustrated in Figure 4.16. On the other hand, research has shown that the densities of 

interface charges in ALD Al2O3 layer deposited on Si were reduced to a larger extent 

after being annealed in air than in N2 [51]. Thus, the P_air samples are likely to have 

smaller amount of interface states than the P_Argon samples (Figure 4.16). 

Additionally, studies in literature have also showed that the fixed charges in Al2O3 

layer showed similar changes in density after being annealed in air versus in N2 [51]. 

Thus, the fixed charge densities in the Al2O3 layers in the P_air and P_Argon samples 

are likely to be similar after anneal (Figure 4.16). As a combinational result of the 
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differences in energy band bending and interface states, the 2DEG density in the P_air 

and P_Argon samples were about the same at the end of the anneal.  

 

 
Figure 4.16: Schematic energy band diagram of Al2O3-passivated AlGaN/GaN 
heterostructures after being annealed in air (a) and in argon (b). The two heterostructures have 
similar electron densities in 2DEG after anneal as a combinational result of strain relaxation 
and changes in interface state distributions.  
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5   Fully-Suspended AlGaN/GaN Ultraviolet 

Photodetectors with In-Situ Heating 
 

5.1   Device design 
Two figures of merit were considered when designing the suspended AlGaN/GaN 

structures: heating efficiency and mechanical robustness. The heating efficiency (h) is 

defined as the maximum temperature rise on the suspended structure induced by unit 

power input (Equation (5. 1).  

 𝜂 =
∆𝑇

𝑃𝑜𝑤𝑒𝑟 (5. 1) 

where ΔT is the difference between the maximum temperature on the device and the 

ambient temperature. And the mechanical robustness (K) is defined maximum out-of-

plane deflection induced by unit load perpendicularly applied on the plate (Equation 

(5. 2).  

 𝐾 =	  
𝐿𝑜𝑎𝑑
𝛿Nyz

 (5. 2) 

where Load is a perpendicularly applied pressure load on the device, δmax is the 

maximum deformation of the device in the direction of the applied load. An analytical 

thermal model and a finite element structural model were used to investigate the 

effects of the design parameter on the figures of merit. 
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Figure 5.1: Schematic illustration of the analytical thermal model used to study heating 

efficiency. 

 
Table 5.1: Material properties and geometries used in analytical and FEA models. 

Parameter Value 

Thermal conductivity of AlGaN/GaN 

membrane (k) 

130 W/m-K [141] 

Sheet resistance @ 300 K [Rsh(300K)] 409 W/sq (measured) 

Membrane thickness (t) 3 µm 

Central plate size (D) 50 µm 

Ambient temperature 300 K 

Heating voltage (VH) 15 V 

 

 

The schematic of the analytical thermal model is shown in Figure 5.1. The geometric 

dimensions are summarized in Table 5.1. In the analytical thermal model, the 

following assumptions were made: 

•   The temperature on the central plate was assumed to be uniform. This 

assumption has been validated by FEA simulations as well as by infrared 

imaging of fabricated devices. 



 70 

•   The anchors of the arms are at the ambient temperature due to the heat sinking 

effects of the silicon (Si) substrate. 

•   Heat conduction in the heater arm is one-dimensional because 1) the thickness 

of the heater membrane is much smaller (3 µm) compared to its length and 

width (tens to hundreds of microns) so the temperature is assumed to be 

constant along the thickness direction, and 2) the heater arm is rectangular-

shaped. 

•   Heat loss to the air was neglected as the heat dissipated by natural convection 

is about three orders of magnitude smaller than the heat dissipated by 

conduction.  

•   The radiation heat loss was neglected because radiation heat loss is about five 

orders of magnitude lower than the heat conduction through heater arms. 

•   The membrane is assumed to be a homogenous material. The thermal 

conductivity of the membrane is assumed to be the thermal conductivity of 

GaN as the membrane is mainly composed of GaN. 

•   The electrical resistivity of the membrane is temperature dependent since the 

mobility of the 2DEG electrons decreases with temperature due to enhanced 

phonon scattering [52][54][62]. The dependency of the 2DEG mobility on the 

temperature has been experimentally measured in literature and can be 

modeled as  

 𝜇 𝑇 = 	  𝜇(300𝐾)(
𝑇
300)

(g.} (5. 3) 

where T is the absolute temperature in Kelvin [62]. Thus, the sheet resistance of the 

membrane can be modeled as 

 𝑅OY 𝑇 =
1

𝜇(𝑇)𝑛OY𝑞
= 𝑅OY(300𝐾)(

𝑇
300)

g.} (5. 4) 

where nsh is the temperature-independent sheet density of electrons in 2DEG, which is 

assumed to be independent of temperature over the temperature range of interest 

[63][142]. 
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The device is heated by 2DEG current through Joule heating when a voltage is applied 

across the device. By energy conservation, the electrical power consumed should 

equal the heat dissipated by conduction on the heater arms: 

 (12𝑉f)
,

𝑅OY(𝑇)
𝐿
𝑊
×𝑛 = 	  

𝑘𝑊𝑡
𝐿 ∆𝑇×𝑛 (5. 5) 

where VH is the heating voltage applied across the device (Figure 5.1), n is the total 

number of heater arms, ΔT is the temperature difference between the central plate and 

the ambient, k is the thermal conductivity of the membrane, t is the thickness of the 

membrane, and W and L are the width and length of the heater arm, respectively. The 

left-hand side of the equation is the heat generation through electrical power 

consumption, and the right-hand side is the heat loss through conduction on heater 

arms. The equation can be solved numerically and the heating efficiency of different 

L/W values can be obtained. 

 

The design parameter was chosen to be the aspect ratio (L/W) of the heater arm 

(Figure 5.1). This choice was made due to the following reasons: 1) the thickness of 

the membrane is pre-determined by the AlGaN/GaN-on-Si wafer that were purchased 

from vendors, 2) the size of the central plate is usually determined by the sensing 

applications in practice (50 µm x 50 µm in this work), and 3) L/W of heater arms 

directly determines the thermal performance of the device as shown by Equation (5. 5) 

and as will be shown later L/W also has a significant impact on the mechanical 

robustness of the device. 

 

The mechanical robustness of the suspended AlGaN/GaN device was studied by a 

three-dimensional (3D) structural model using COMSOL© (Figure 5.2). A uniform 

pressure of 5000 Pa was applied perpendicularly on the central plate, and the ends of 

the four arms were assumed to be fixed. The out-of-plane deformation was computed 

by COMSOL©, and the maximum deformation value was extracted, based on which 

the mechanical robustness of the structure with a specific L/W value can be calculated.  
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Figure 5.2: Finite element structural model for the mechanical robustness study. 

 

The trade-off between the heating efficiency and the mechanical robustness of the 

device is shown in Figure 5.3. The mechanical robustness drops rapidly with 

increasing L/W while the heating efficiency increases gradually. To ensure that the 

suspended AlGaN/GaN structure is mechanically strong enough, L/W = 5 was chosen 

in this work. It should be noted that other designs of heater arm (e.g., zigzag-shaped) 

can be employed to improve the heating efficiency without sacrificing mechanical 

robustness significantly. 

 

 
Figure 5.3: Trade-off between heating efficiency and mechanical robustness. 

 

After choosing the value for the design parameter (L/W of heater arm) that gives the 

desired trade-off between the two figures of merit, a detailed layout design was made. 
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A spiral layout design (Figure 5.4) was chosen in this work instead of the straight 

layout design due to the much higher area efficiency of the spiral layout. A finite 

element model was then built in COMSOL to study the detailed steady-state 

temperature profiles as well as the transient responses of the design. 

 

 
Figure 5.4: FEA model of the chosen design of the fully-suspended AlGaN/GaN device. 

  

5.2   Finite element analysis (FEA) 
A finite element analysis (FEA) model of a suspended spiral AlGaN/GaN membrane 

(Figure 5.4) was built in COMSOL to study the detailed temperature distributions, the 

thermal stress and the transient electro-thermal responses of the chosen design. The 

material properties and geometric parameter values used in FEA is summarized in  

Table 5.2.  

 

The temperature-dependent electrical resistivity of AlGaN/GaN membrane used in the 

FEA model was measured experimentally. The procedure is detailed in Appendix. 

Little data exists in literature on the coefficient of thermal expansion (CTE) of the 

AlGaN/GaN membrane, and in the FEA model of this work the temperature dependent 

CTE of GaN [143] was used since the membrane is mainly composed of GaN. 
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Table 5.2: Nominal device parameter values used in finite element analysis of the final design. 

Property Value 

Thermal conductivity of membrane 130W/m-K [141] 

Electrical resistivity Temperature dependent (Appendix Figure A.1) 

(experimentally measured and fitted with a 

least-square quadratic model) 

Specific heat 491J/kg-K [141] 

Thermal expansion coefficient Temperature dependent [143] 

Young’s modulus 300 GPa [144] 

Poisson’s ratio 0.23 [145] 

Density 6150 kg/m3 [10] 

Membrane thickness 3 µm 

Square central plate length 50 µm 

Heater arm width 20 µm 

Heater arm length 100 µm 

 

 

One of the simulated steady-state temperature profiles is shown in Figure 5.4 (applied 

voltage = 30 V, ambient temperature = 25°C). It can be seen that the temperature 

distribution on the central plate is very uniform (within 1% variations). The maximum 

von Mises stress of the structure is about 630 MPa when the central plate is heated to 

about 330°C (ambient temperature is at 25°C). This is lower than the yield stress of 

GaN at that temperature (>1000 MPa) [146]. The maximum stress is displayed at the 

intersection of the heater arms and the central plate of the device. 

Transient electro-thermal simulations were also conducted. Figure 5.5 shows the 

simulated heating and cooling transients of the device in 20°C ambient with a voltage 

of 15 V applied at t = 0 and removed at t = 3 ms. It takes about 2 ms for the device to 

reach steady states. Therefore, the device can be switched on for a very short period of 

time for its intended functions (e.g., burning off accumulated chemical molecules in 

chemical sensors) and then can be switched off for the rest of the time to reduce power 

consumption. 
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Figure 5.5: Simulated transient temperature response of the fully-suspended AlGaN/GaN 

device. 

 

5.3   Characterization of in-situ heating 
Suspended AlGaN/GaN devices with in-situ heating capability have been fabricated 

using the micro-fabrication method detailed in Chapter 3. Figure 5.6 shows the optical 

image of one of the fabricated devices, as well as an experimentally measured 

temperature profile of the device in operation taken by an infrared (IR) camera (40V 

was applied across the device). The FEA simulated temperature profile shown in 

Figure 5.4 agrees well with the IR image. The temperature distribution on the central 

plate of the device is very uniform. It should be pointed out that the edges of the 

suspended device and the air gaps seem to be at higher temperatures than the central 

plate in the IR image. However, this is not the case in reality. The erroneous reading is 

caused by the fact that the edge of the membrane and the silicon substrate seen 

through the air gap are out of focus. 
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Figure 5.6: Optical image (a) and IR image (b) of a fully-suspended AlGaN/GaN device. 

  

The characteristics of the maximum temperature versus applied voltage of the 

fabricated AlGaN/GaN devices have been estimated using an interpolation method. 

The procedure is as follows:   

•   The FEA model shown in Section 5.2 was used to compute the maximum 

device temperatures (Tmax) achieved by applying various voltages at various 

ambient temperatures. The total currents flowing through the device was also 

computed. The resistance (R) of the device was then calculated by dividing the 

applied voltages with the corresponding currents.   

•   The R versus Tmax (R-Tmax) curves at various ambient temperatures were 

obtained from the FEA simulation results, and fitted with least-square linear 

regression models.   

•   The devices were placed on a temperature-controlled probe station (Signatone 

Inc.) for testing in different ambient temperature. Various voltages were 

applied to the devices and the corresponding currents  were measured using a 

semiconductor parameter analyzer (Agilent B1500A) at different ambient 

temperatures. The resistances of the devices were then extracted from the 

measured I-V curves.  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•   The maximum plate temperatures of the micro-hotplates at different ambient 

temperatures were interpolated using the fitted R-Tmax curves and the measured 

resistances.   

The estimated maximum temperatures of the suspended AlGaN/GaN devices heated 

by various voltages in a 25°C ambient are shown in Figure 5.7. It can be seen that the 

maximum temperature on the device is about 270°C with a voltage of 30 V applied 

across the device, and that the heating power consumption is about 75 mW. This 

corresponds to a heating efficiency of about 3.6°C/mW, which is close to what has 

been predicted by the analytical thermal model presented in Section 5.1.  

 

 
Figure 5.7: Interpolated maximum temperatures and power consumption of the suspended 

AlGaN/GaN device with various applied voltages in 25°C ambient. 

 

The fabricated devices have been tested in high-temperature ambient as well. Figure 

5.8 demonstrates the operation of the suspended AlGaN/GaN devices at elevated 

temperatures up to 600°C in air. The devices were successfully heated up although the 

temperature difference between the maximum temperature on the device and the 

ambient was decreased with rising ambient temperature. This is due to the enhanced 

phonon scattering and thus decreased 2DEG electron mobility and electrical 
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conductivity with increasing temperature. Given the same voltage, less current flows 

through the device for Joule heating at higher ambient temperature. 

 

 
Figure 5.8: Operation of multiple suspended AlGaN/GaN devices in high-temperature 

oxidizing environment. 

 

The uncertainty of the maximum temperatures estimated by the interpolation method 

has been analyzed. Table 5.3 summarizes the sources of uncertainty and their 

contributions to the total uncertainty. The total average uncertainty was estimated to 

be approximately 11% and the maximum uncertainty about 22%. The three most 

significant sources of uncertainty are 1) neglecting the heat loss to air and radiation in 

FEA simulations, 2) errors from the temperature dependent electrical resistivity fitted 

from experimentally measured data, and 3) the error in chuck temperature readings. It 

should be noted that the uncertainties in the thermal conductivity, thickness and 2D 

layout geometry of the device do not induce errors in the FEA-computed R-Tmax 

curves. This is validated by FEA simulations: the (R, Tmax) pairs resulting from 

different thermal conductivities, thicknesses, and L/W values all fall on one single 

curve (Appendix Figure A.5), which is the one generated by varying the voltages 

applied to a nominal device (nominal geometries and material properties have been 

listed in Table 5.2).  
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Table 5.3: Summary of the uncertainty analysis of the temperature interpolation method. 

Error source Approximate percentage error 

The error induced by simplifying assumptions made 

in FEA 

Average ~3.4% (max ~9%) 

FEA convergence <0.1% 

Error in quadratic fit of temperature dependent 

electrical resistivity from measurement data 

Average ~2.6% (max ~9%) 

Uncertainty induced by the variation in the width of 

the released membrane 

~0.13% (simulated by COMSOL FEA, when 30V 

was applied on a device with 50 µm wide membrane 

undercut, the maximum temperature was 225.63°C; 

while for a device with a 40 µm-wide membrane 

width, the maximum temperature was 225.34°C) 

Uncertainty in thermal conductivity and geometric 

parameters 

About zero 

Neglecting contact resistances ~0.25%  

SPA measurement error About zero 

Chuck temperature reading error <4% (accuracy claimed by vendor +/-1C [147] 

@1°C for 25°C) 

Error in linear fit of R-Tmax calibration curves Average ~0.15% (Max~0.2%) 

Total Average ~ 11% (max ~22%) 

 

5.4   Electro-thermal stress testing 
The suspended AlGaN/GaN MEMS devices are intended to operate in high-

temperature ambients for extended periods of time. A stable electrical resistance of the 

device (measured as percentage change of resistance over time) is critical for reliable 

operation of the device. Changes in the electrical resistance lead to changes in the 

temperature profiles of the device given the same voltage because the electrical power 

used to generate heat will change (Equation 5.5). In order to evaluate the stability of 

the suspended AlGaN/GaN devices, two stress tests, namely 100 hours of continuous 

self-heating test and 100,000 cycles of high-frequency self-heating cycling test, have 

been conducted. 
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In the continuous self-heating test, the suspended AlGaN/GaN devices were stressed 

by 30 V DC voltage (~75 mW heating power) for 100 hours in ambient conditions 

(25C, atmosphere relative humidity). The heating voltage results in a maximum 

temperature of approximately 270°C on the device. The resistances of the devices 

under test were measured every minute without stopping the electro-thermal stress. 

The time evolution of the resistance changes of two tested devices is plotted in Figure 

5.9. The changes are within 1% during the 100 hours of continuous self-heating test 

for both devices. 

 

 
Figure 5.9: Evolution of the resistance of the suspended AlGaN/GaN devices over 100 hours 

of self-heating with 30 V (~270°C). 

  

During the thermal cycling test, a high heating voltage (30 V) is applied across the 

devices for 5 ms and then turned off for 5 ms. This corresponds to a thermal cycling 

frequency of 100 Hz and 50% duty cycle. The time for which the heating voltage was 

applied was chosen based on the transient simulation of the suspended AlGaN/GaN. 

Transient FEA simulation results indicate that the devices reach their steady states 

within 2 ms after a heating voltage is applied (Figure 5.5). Thus, a half cycle of 5 ms is 

long enough for the devices to establish a steady state. In real-world applications such 

as gas sensing, since it usually takes seconds to minutes for the gas diffusion and 

chemical reactions to establish equilibrium, the AlGaN/GaN devices would be cycled 

at a much slower rate than 100 Hz [148].  By switching at a much faster rate while 

making sure the device reaches steady state, the degradation or failure mechanisms 
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can be observed in a much shorter period of time, and that the degradation or failure 

mechanisms observed from the high-frequency thermal cycling test are the same ones 

that would be manifested in ordinary operation [148]. A total of 100,000 cycles were 

tested with the suspended AlGaN/GaN devices placed in 25°C ambient atmosphere. 

The electrical resistances of the devices were measured every 100 cycles. The changes 

of resistances of two devices tested are shown in Figure 5.10. The changes are within 

1% during the 100,000-cycle test for both devices. 

 

The two stress tests demonstrated that the resistances of the 2DEG-heated suspended 

AlGaN/GaN devices remained stable (<1% change) within the time period/cycles 

tested. This is a promising indication that the suspended AlGaN/GaN devices can 

operate reliably for extended periods of time. 

 

 
Figure 5.10: Evolution of the resistances of the suspended AlGaN/GaN devices over 100,000 

thermal cycles (self-heating with 30V (~270°C) during the on state, 0V during the off state). 

  

5.5   Suppression of persistent photoconductivity  
It has been discussed in Chapter 2 that persistent photoconductivity (PPC) is a serious 

issue commonly present in GaN based ultraviolet (UV) detectors caused by defects in 

GaN and AlGaN layers. Increasing the temperature of the GaN based UV detectors 

can reduce decay times and suppress PPC. The suspended AlGaN/GaN device 

architecture has a great advantage over conventional unsuspended GaN based UV 
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detectors in that no external heating is required to raise the temperature of the 

suspended device.  

 

The suspended AlGaN/GaN devices with in-situ heating have been tested for UV 

sensing. The photocurrent responses were measured using a semiconductor parameter 

analyzer (Agilent B1500A) and a probe station.  The 365 nm UV light intensity was 

0.5±0.05 mW/cm2. The electrical connection for UV sensing and in-situ heating is 

shown schematically in Figure 5.11. Figure 5.12 shows the comparison of the current 

responses between a suspended device and an unsuspended (solid) device with the 

same geometry. Due to the heat sinking effects of Si substrates, the solid device can 

only be heated up by a few degrees. On the contrary, the suspended devices can be 

heated up to more than 200°C from ambient temperature as has been shown in Section 

5.3. With a much higher temperature, the suspended device displayed much faster 

decay transients than the solid device. 

 

 
Figure 5.11: Electrical connection setup of the suspended AlGaN/GaN UV detector ©2017 

IEEE. 
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Figure 5.12: Photocurrent responses of a solid device (a) and a suspended device (b) with 

applied voltages of 15 V and 30 V. (c) shows the comparison of the normalized current 

responses of the solid and suspended devices. ©2017 IEEE. 

  

To extract the decay time of the transient UV response, the current was measured 

under dark and illuminated conditions (60 seconds at 365 nm).  The photocurrent 

response was normalized such that the dark current corresponds to 0% and the 
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maximum photocurrent under UV illumination corresponds to 100%. The falling 

transients were then fitted with stretched exponential functions (Equation 5.6) [88–90]: 

 𝐼88%(𝑡) = 	   𝐼0exp	  [−(𝑡/𝜏)G] 
(5. 6) 

where I0 is the photocurrent when the UV light source is just switched off, τ is the 

decay time constant, and β is the decay exponential.  The decay time of the UV 

photodetector is defined as the time during which the photocurrent drops from 90% to 

10%. The decay times at various applied voltages were extracted from the fitted 

stretched exponential functions. 

 

The extracted decay times of suspended devices with various applied voltages are 

plotted in Figure 5.13. The decay time was about 1.4×105 seconds (39 hours) when 1 

V was applied (membrane temperature was approximately 25.4°C), and was reduced 

to about 107 seconds when the device was heated to approximately 100°C with an 

applied voltage of 15 V (about 36 mW). A further increase in the membrane 

temperature (~270°C) with 30 V (~75 mW) reduced the decay time to approximately 

24 seconds. The reduction of decay time is more than 6000 times when the device is 

in-situ heated by 30 V compared to the case when the device was not heated. 

 

 
Figure 5.13: Decay time of the suspended AlGaN/GaN UV detector when self-heated with 

various applied voltages (in-situ heating temperatures) ©2017 IEEE. 
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Literature has proposed the following model [88] to describe the temperature 

dependency of the decay time constant (τ) of the fitted PPC stretched exponential 

function (Equation 5.7):  

 𝜏 = 𝜏�𝑒�)/-. (5. 7) 

where Δ𝐸  is the carrier capture barrier, k is the Boltzmann constant, T is the 

temperature.  

 

Figure 5.14 shows the fitted decay time constants at different photodetector 

temperatures, along with the least-square linear fit of ln(τ) with respect to 1/T. From 

the linear fit a carrier capture barrier of approximately 360 meV is calculated, which is 

on the same order of magnitude as what has been reported in literature  (132 meV to 

230 meV) [87-88, 90]. In addition, the fitted β values are all within the range of 0.15 

to 0.3, which is in agreement to what has been reported in literature [87-88, 90]. It 

should be noted that more devices needed to be measured to obtain more data points to 

quantify the uncertainty of the fitted values of DE and β. 

 

 
Figure 5.14: Decay time constants extracted from the falling transients and their least-square 

linear fit for calculation of ΔE. 

 

In summary, fully-suspended AlGaN/GaN devices with in-situ heating have been 

fabricated and tested to address the chronic drawback (extremely slow decay time) of 

GaN based photodetectors. Decay times on the order of hours and days are commonly 
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reported in literature, which is a significant disadvantage limiting the widespread 

application of GaN-based photodetectors [87–90]. In this work, it has been 

demonstrated that the decay time of the AlGaN/GaN photodetectors can be reduced 

significantly from 39 hours to 24 seconds (more than three orders of magnitude 

reduction) by the in-situ 2DEG heating (~75 mW). The heating power consumption 

can be reduced by optimization of the 2DEG heater size and layout. The results 

support the application of suspended AlGaN/GaN MEMS devices for high-accuracy 

and fast-responsive UV detectors.  
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6   Conclusions and Future Work 
 

6.1   Conclusions 
Monolithic integration of AlGaN/GaN based electronics, MEMS sensors, MEMS 

energy harvesters and wireless communication components can be realized on the 

AlGaN/GaN-on-Si platform to support self-powered and remote operation of micro 

sensing systems within high-temperature industrial environments. However exciting 

this future may sound, many challenges have yet to be overcome. The research on 

AlGaN/GaN-on-Si based MEMS devices is still in the early stage. Micro-fabrication 

processes, which include film deposition, etching and release, need to be developed 

and perfected. Additionally, contacts and interconnects that can withstand high 

temperatures and oxidation are urgently called for to support the reliable operation of 

AlGaN/GaN devices in high-temperature oxidizing ambient. Moreover, knowledge 

needs to be gained on the thermal degradation of the AlGaN/GaN material and 2DEG 

in an oxidizing environment. Furthermore, although not a focus of this thesis, for a 

complete micro sensing system to be realized, high-temperature-tolerant packaging 

technologies must be also developed. 

 

Chapter 3 of this thesis presented the micro-fabrication process for manufacturing 

fully-suspended AlGaN/GaN MEMS devices from AlGaN/GaN-on-Si wafers. The 

plasma etching process and Ohmic contact formation process used in the fabrication of 

other AlGaN/GaN devices were described as well. The AlGaN/GaN membranes were 

fully released from the Si substrate using XeF2 vapor. The micro-fabrication process 

described in this thesis can be used to fabricate many different types of free-standing 

AlGaN/GaN MEMS devices and is not limited to the AlGaN/GaN devices 

demonstrated in this thesis. 

 

In Chapter 4, Ti/Al/Pt/Au metallization has been evaluated at 600°C in air as an 

Ohmic contact metallization for GaN based devices operating in high-temperature 
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oxidizing environments. The experimental results demonstrated that the Ti/Al/Pt/Au 

contacts were Ohmic at 600°C in air after fabrication and remained Ohmic after 10 

hours of thermal anneal at 600°C in air. The specific contact resistivity of the 

Ti/Al/Pt/Au contacts was on the order of 10-5 W-cm2, which is within the range that 

has been reported in literature. The contact resistances of the Ti/Al/Pt/Au contacts 

remained stable over the 10 hours of thermal anneal at 600°C in air after the initial 

burn-in. These results support the use of Ti/Al/Pt/Au as the Ohmic contact 

metallization for GaN based high-temperature electronics and MEMS. However, the 

10-hour duration should be extended and in-depth accelerated aging tests should be 

performed to further investigate the reliability of the Ti/Al/Pt/Au contacts at high 

temperatures. Nonetheless, this is the first study reported in literature examining the 

evolution of the electrical characteristics of Ohmic contacts for GaN based devices in 

a high-temperature oxidizing ambient, which adds to the body of scientific literature of 

this field.  

 

Additionally, Chapter 4 presented the study on the thermal degradation of the 2DEG 

in the AlGaN/GaN heterostructure at 600°C in air and in argon. It is the first study 

reported in literature that is devoted to studying the thermal degradation of 2DEG in a 

high-temperature oxidizing ambient. This is important since hermetic sealing is very 

difficult to achieve at high temperatures due to thermal mismatch and material 

outgassing. Additionally, many sensing applications require access to the outside 

ambient, e.g., pressure monitoring. In this thesis, the critical role played by oxygen on 

the degradation of 2DEG in the AlGaN/GaN heterostructure has been studied and 

discussed. It has been found that oxidation results in surface oxides that can suppress 

the strain relaxation of the AlGaN layer. Oxidation could also heal the structural 

defects that are developed due to thermal mismatch. As a result, the degradation of 

2DEG mobility is less severe when annealed in air than when annealed in argon. In 

addition, the data presented in Chapter 4 examined the impacts of the Al2O3 

passivation layer. The residual tensile stress in the Al2O3 layer and the thermal 

mismatch between the Al2O3 layer and the AlGaN layer add to the strain energy in the 
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AlGaN layer and accelerate the strain relaxation of the AlGaN layer during the 

thermal anneal. Thus, the reduction of 2DEG mobility in the Al2O3-passivated 

AlGaN/GaN heterostructures is much larger than the reduction of 2DEG mobility 

occurred in the unpassivated counterparts. 

 

In Chapter 5, a discussion has been presented on fully-suspended AlGaN/GaN devices 

with in-situ heating capability. The fabricated fully-suspended AlGaN/GaN devices 

have operated successfully in a high-temperature oxidizing ambient up to 600°C. This 

is the first demonstration of AlGaN/GaN based MEMS devices operating at high 

temperatures in air. This novel device architecture has been applied to suppress 

persistent photoconductivity in GaN based ultraviolet (UV) detectors, which is a 

chronic issue that limits the widespread adoption of GaN based UV detectors. By 

utilizing the suspended structure and the in-situ heating capability, the decay transients 

of AlGaN/GaN UV detectors was significantly shortened. It has been demonstrated in 

this work that the decay time can be reduced by more than 6000 times when 

employing the in-situ heating function of the suspended AlGaN/GaN structures 

compared to no heating in the unsuspended counterparts (from ~39 hours down to ~24 

seconds). This remarkable reduction of decay times allows for the development of fast 

responsive and consistent UV detectors to be made out of AlGaN/GaN-on-Si wafers. 

 

In summary, the AlGaN/GaN-on-Si material system shows great promise as a 

platform for manufacturing high-temperature tolerant MEMS devices. AlGaN/GaN 

can extend the temperature limit set by the state-of-the-art Si technologies (about 

300°C) to benefit numerous industrial systems in factories, oil and gas wellbores, 

automobiles, aircrafts and powerplants. To overcome the limitations of the state of the 

art and to advance the relative new field of AlGaN/GaN MEMS, this thesis developed 

technologies to fabricate high-temperature-tolerant AlGaN/GaN MEMS devices and 

contributed knowledge to the thermal degradation of the AlGaN/GaN material system 

including metallization. 
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6.2   Future Work 
In addition to the work described in this thesis, further work can be conducted to 

improve the heating efficiency of the suspended AlGaN/GaN devices. For example, 

zigzag-shaped heater arms can be employed instead of the straight heater arm design 

to improve the heating efficiency while maintaining decent mechanical robustness of 

the device. Additionally, the time span can be extended for the thermal study of the 

Ti/Al/Pt/Au Ohmic contacts, and formal accelerated aging tests should be carried out 

to evaluate the reliability of the metallization. Also, new materials (e.g., TiN, W) can 

be explored as Ohmic contacts for GaN based devices. Moreover, interconnects are an 

imperative part of micro sensing systems. Conductive materials with high reliability at 

high temperatures need to be researched and developed to support the high-

temperature operation of GaN based micro sensing chips. In addition, more 

experiments are needed to validate the theories of the degradation mechanisms of 

2DEG proposed in Chapter 5. For example, transmission electron microscopy (TEM) 

can be used to examine the microstructures at the interface of AlGaN and GaN. 

Additionally, thermal anneal tests can be performed on a larger quantity of 

AlGaN/GaN samples at different elevated temperatures to obtain statistical reliability 

models of the material system. The statistical model can inform the design and 

lifetime prediction of AlGaN/GaN based devices operating at high temperatures. 

Moreover, efforts can be devoted to high-temperature-tolerant AlGaN/GaN circuits for 

reliable readout and processing of sensor signals up to 600°C in oxidizing ambient. 

Additionally, analysis can be conducted on comparing the cost of the monolithic 

integration of AlGaN/GaN circuits and MEMS versus system-in-package or hybrid 

(GaN and Si co-exist in the system) solutions to justify AlGaN/GaN monolithic 

integration. Furthermore, research can be carried out to develop appropriate packaging 

technologies for the high-temperature-tolerant AlGaN/GaN MEMS devices. 
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Appendix A    Run Sheet for Micro-Fabrication of 

Fully-Suspended AlGaN/GaN Devices 
 

STEP 1.00 – MESA ETCH (MASK #1) 

DOWA wafers: 1nm GaN cap, 30 nm AlGaN, 1.5 µm GaN, 1.5 µm buffer, 625 µm Si substrate. 

Mobility ~ 1400 cm2/V-s, sheet density ~ 0.9x1013 cm-2 

GaN-on-sapphire pieces (~5 µm thick GaN)  

Si test wafers 

 

STEP 1.05 – CLEAN 

DOWA wafers, Si test wafers, GaN-on-sapphire pieces 

wbflexcorr 

 

1) Scribe labels 

2) Piranha Clean – soak in 9:1 H2SO4:H2O2 at 90°C for 10min, 3) Rinse with DI water  

4) Spin rinse dry (SRD) for wafers, blow dry with N2 for pieces 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 1.10 - SINGE & PRIME 

DOWA wafers, Si test wafers, GaN-on-sapphire pieces 

YES oven 

 

1) Bake at 115°C on hotplate, 2 min 

2) YES oven singe/HMDS prime 

 

Date _________  Time  _________   

Operator  ______________ Comments_______________________________________ 

 

STEP 1.15 – SPIN COAT RESIST 

1) DOWA wafers and Si test wafers: apply 1 µm of 3612 positive photoresist w/o VP no EBR, and bake 

at 90°C on hotplate for 1 min with svgcoat or svgcoat2 
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2) GaN-on-sapphire pieces: spin coat 1 µm of 3612 positive photoresist using Headway, and bake at 

90°C on hotplate for 1 min 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 1.20 – CLEAN MASK 

Spray with acetone, methanol, IPA 

Spin clean with mask cleaner 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 1.25 – TEST EXPOSURE & DEVELOP 

Si test wafers  

Karlsuss or Karlsuss 2  

1) Lamp test: exposure energy =         mW 

2) Hard contact mode, single exposure  

3) Exposure time =        s  (1.1 s for exposure energy = 15 mW, adjust based on tested energy) 

 

svgdev or svgdev2 

1) Post-exposure bake (110°C for 1 min): Program 9 for Station 1 (skip develop) and Program 1 for 

Station 2 (bake for 1 min) of the track 

2) Develop: Program 3 for Station 1 (standard develop for 1µm 3612) and Program 1 for Station 2 

(bake for 1 min) of the track 

3) Inspect Si test wafers to see if features are developed well, iterate if needed 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 1.30 – EXPOSURE 

DOWA wafers and GaN-on-sapphire pieces  

Karlsuss or Karlsuss 2 

 

Hard contact, single exposure 
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Use the final exposure recipe optimized in STEP 1.25 

Exposure energy =        mW          

Exposure time =         sec 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 1.35 – BAKE & DEVELOP 

DOWA wafers 

svgdev or svgdev2 

1) Post-exposure bake (110°C for 1 min): Program 9 for Station 1 (skip develop) and Program 1 for 

Station 2 (bake for 1 min) of the track 

2) Develop: Program 3 for Station 1 (standard develop for 1µm 3612) and Program 1 for Station 2 

(bake for 1 min) of the track 

3) Inspect wafers  

 

GaN-on-sapphire pieces 

1) Post-exposure bake (115°C for 1 min) on hotplate 

2) Develop using MF-26A in beakers for 1 min and rinse thoroughly with DI water (1-2 mins) 

3) Inspect pieces 

4) Post-develop bake  (115°C for 1 min) on hotplate 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 1.40 – TEST ETCH 

GaN-on-sapphire pieces  

Oxford35 etcher 

xlab_GaN_slow_etch recipe: 

BCl3 = 25 sccm 

Cl2 =  10 sccm 

Pressure = 10 mTorr 

ICP power = 250 W 

RF power = 80 W 

Etch rate of GaN is about 50 nm/min, but should be tested 
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1) Clean etcher with OPT Clean recipe, 15 mins 

2) Season etcher with xlab_GaN_slow_etch recipe, 15 mins 

3) Attach a GaN-on-sapphire piece onto a silicon carrier wafer with photoresist (small dot of resist, put 

GaN piece on top, bake at 115°C for 3-5 mins) 

4) Etch GaN piece for 2 mins with xlab_GaN_slow_etch recipe, record the etch conditions 

BCl3 =             sccm 

Cl2 =              sccm 

Pressure =             mTorr 

ICP power =           W 

RF power =           W 

5) Strip photoresist off the GaN piece using piranha (9:1 H2SO4:H2O2, 90°C, 10-20 mins) 

6) Measure the etch depth on the GaN piece using alpha step or AFM  

Etch depth =        nm, etch rate =         nm/min 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 1.45 – ETCH 

This step should be done within the same day as STEP 1.40 (ideally immediately after STEP 1.40) to 

ensure that the tested etch rate is valid. 

 

DOWA wafers 

Oxford35 etcher 

xlab_GaN_slow_etch recipe: 

BCl3 = 25 sccm 

Cl2 = 10 sccm 

ICP power = 250 W 

Pressure = 10 mTorr 

RF power = 80 W 

 

1) Clean etcher with OPT Clean recipe, 15 mins 

2) Season etcher with xlab_GaN_slow_etch recipe, 15 mins 

3) Etch DOWA wafers with xlab_GaN_slow_etch recipe, record the etch conditions 
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BCl3 =             sccm 

Cl2 =              sccm 

Pressure =         mTorr 

ICP power =           W 

RF power =           W 

Etch time =       min       sec 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 1.50 – STRIP PHOTORESIST 

DOWA wafers 

wbflexcorr 

 

1) Piranha bath (9:1 H2SO4:H2O2), 90°C, 20 mins 

2) Rinse with DI water 

3) SRD 

4) Visual inspection with microscope 

 

Date _________  Time  _________   

Operator  ______________ Comments_______________________________________ 

 

STEP 2.00 – OHMIC CONTACTS (MASK #2) 

DOWA wafers 

Si test wafers 

 

STEP 2.05 - SINGE & PRIME 

DOWA wafers and Si test wafers 

YES oven 

 

1) Bake at 115°C on hotplate, 2 min 

2) YES oven singe/HMDS prime 

 

Date _________  Time  _________   
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Operator  ______________ Comments_______________________________________ 

 

STEP 3.10 – SPIN COAT LOL & RESIST 

DOWA wafers and Si test wafers  

Headway 

 

1) Spin coat LOL 2000, 3000 rpm, 60 sec 

2) Bake at 170°C for 5 min 

3) Spin coat Shipley 3612, 5000 rpm, 60 sec 

4) Bake at 90°C for 1 min 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 2.15 – CLEAN MASK 

Spray with acetone, methanol, IPA 

Spin clean with mask cleaner 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 2.20 – TEST EXPOSURE & DEVELOP 

Si test wafers  

Karlsuss or Karlsuss 2 

1) Lamp test: exposure energy =         mW 

2) Hard contact mode, single exposure  

3) Exposure time =        s  (2.2 sec for exposure energy = 15 mW, adjust based on tested energy) 

 

wbmiscres 

1) Post-exposure bake at 115°C for 1 min using hotplate 

2) Develop with MF-26A for 12 sec using beaker 

3) Rinse with water for 1-2 mins, and blow dry with N2 
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4) Inspect Si test wafers to see if features are developed well, adjust exposure time and/or develop time 

if needed 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 2.25 – EXPOSURE 

DOWA wafers 

Karlsuss or Karlsuss 2 

 

Expose DOWA wafers using the same exposure recipe tested in STEP 2.20 

 

Hard contact, single exposure 

Exposure energy =        mW           

Exposure time =        sec 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 2.30 – BAKE & DEVELOP 

DOWA wafers 

Wbmiscres 

 

1) Post-exposure bake at 115°C for 1 min using hotplate 

2) Develop with MF-26A using beaker based on the results of STEP 2.25 

Develop time =       sec 

3) Rinse with water for 1-2 mins, and blow dry with N2 

4) Inspect wafers with microscope, rework if needed 

Wafers reworked:        

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 2.35 – DESCUM 

DOWA wafers 
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Drytek2 

 

Program 1: 

O2 = 100 sccm 

Pressure = 150 mTorr 

Power = 500 W 

 

Time = 1 min 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 2.40 – PRE-EVAPORATION CLEAN 

DOWA wafers 

wbflexcorr 

NH4OH:H2O = 1:20 

Room temperature 

Time = 10 sec 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 2.45 – OHMIC METAL EVAPORATION 

This step should be done immediately after STEP 2.40 (within 30 mins). 

 

DOWA wafers 

KJL evaporator 

 

1) Bake at 115°C for 1 min to dehydrate wafers 

2) Evaporate Ti = 20 nm, Al = 100 nm, Pt = 40 nm, Au = 80 nm 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 2.50 – LIFT-OFF 

DOWA wafers 
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Wbsolvent, wbflexcorr 

 

1) soak in 1165 at 60°C for 2 hours 

2) spray with acetone, methanol, IPA, and blow dry 

3) inspect with microscope 

4) sonicate wafers if needed, start with 30 sec and increase sonication time if needed 

5) Clean with PRS 1000 at wbflexcorr, 40°C, 20 mins 

 

Date                                     Time                                  Operator       Comments   

 

STEP 2.55 – RAPID THERMAL ANNEAL 

DOWA wafers 

Aw610_r 

Recipe: P_850_N2 

Max temperature = 850°C 

Steady-state time @ 850°C = 35 sec 

N2 flow rate = 10 

 

1) Test temperature profile with Si wafers to make sure the profile looks good 

2) Bake DOWA wafers at 115°C for 3 mins to dehydrate 

3) Anneal DOWA wafers using recipe P_850_N2 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 3.00 – TRENCH ETCH (MASK #3) 

DOWA wafers  

Si test wafers 

GaN-on-sapphire pieces 

 

STEP 3.05 – PECVD SILICON OXIDE 

DOWA wafers, Si test wafers, and GaN-on-sapphire pieces 

CCP 
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1) Clean chamber: no wafers in chamber, recipe “Clean-1 350”, end recipe when end point is detected 

by the etcher 

2) Coat chamber: using dummy wafers, recipe “SiO350-1”, 10 mins. Deposition rate should be about 

150 nm/min. 

SiH4 = 800 sccm 

He = 800 sccm 

N2O = 1700 sccm 

Pressure = 1100 mTorr 

RF power = 200 W 

 

3) Deposition: DOWA wafers and Si test wafers, recipe “SiO350-1”, 14 mins 

SiH4 =         sccm 

He =         sccm 

N2O =         sccm 

Pressure =         mTorr 

RF power =         W 

 

4) Measure oxide film thickness using Si test wafers (5 points per wafer), target thickness = 1 um 

 

max               min            average              um 

 

Date _________  Time  _________   

Operator  ______________ Comments_______________________________________ 

 

STEP 3.10 - SINGE & PRIME 

DOWA wafers and GaN-on-sapphire pieces 

YES oven 

 

1) Bake at 115°C on hotplate, 2 min 

2) YES oven singe/HMDS prime 

 

Date _________  Time  _________   

Operator  ______________ Comments_______________________________________ 

 

STEP 3.15 – SPIN COAT RESIST 
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1) DOWA wafers and Si test wafers: apply 1 µm of 3612 positive photoresist w/o VP no EBR, and bake 

at 90°C on hotplate for 1 min with svgcoat or svgcoat2 

2) GaN-on-sapphire pieces: spin coat 1 µm of 3612 positive photoresist using Headway, and bake at 

90°C on hotplate for 1 min 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 3.20 – CLEAN MASK 

Spray with acetone, methanol, IPA 

Spin clean with mask cleaner 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 3.25 – TEST EXPOSURE & DEVELOP 

Si test wafers  

Karlsuss or Karlsuss 2 

1) Lamp test: exposure energy =         mW 

2) Hard contact mode, single exposure  

3) Exposure time =        s  (2.2 sec for exposure energy = 15 mW, adjust based on tested energy) 

 

svgdev or svgdev2 

1) Post-exposure bake: Program 9 and Program 1 

2) Develop: Program 3 and Program 1 

3) Inspect Si test wafers to see if features are developed well, adjust exposure time and/or develop time 

if needed 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 3.30 – EXPOSURE 

DOWA wafers, Si test wafers, GaN-on-sapphire pieces 

Karlsuss or Karlsuss 2 
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Expose DOWA wafers using the same exposure recipe tested in STEP 3.30 

 

Hard contact, single exposure 

Exposure energy =        mW           

Exposure time =        sec 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 3.35 – BAKE & DEVELOP 

DOWA wafers, Si test wafers 

svgdev or svgdev2 

1) Post-exposure bake: Program 9 and Program 1 

2) Develop: Program 3 and Program 1  

3) Inspect wafers with microscope, rework if needed 

Wafers reworked:        

 

GaN-on-sapphire pieces: 

1) Bake at 115°C for 1 min using hotplate 

2) Develop with MF-26A for 1 min using beakers 

3) Rinse with water for 1-2 mins 

4) Blow dry with N2 gun 

5) Inspect pieces with microscope 

6) Bake at 115°C for 1 min using hotplate 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 3.40 – DESCUM 

DOWA wafers, Si test wafers and GaN-on-sapphire pieces 

 

Drytek2 

Program 1 

O2 = 100 sccm 
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Pressure = 150 mTorr 

RF power = 500 W 

Time = 2 mins 

 

Date _________  Time  _________   

Operator  ______________ Comments_______________________________________ 

 

STEP 3.45 – HARD MASK ETCH 

DOWA wafers, Si test wafers and GaN-on-sapphire pieces 

PT-OX 

 

1) Clean chamber: recipe “seClean-1 EP” using silicon dummy wafer 

 

2) Etch Si test wafers: recipe “mhOX2”, 250 sec 

CHF3 = 45 sccm 

O2 = 2 sccm 

Pressure = 5 mTorr 

ICP power = 600 W 

RF bias power = 50 W 

 

- Strip photoresist with piranha after etching Si test wafers and measure etch depths 

- Etch rate of oxide should be about 200 nm/min, etch rate of photoresist should be about 100 nm/min 

Etch depth =           um 

 

3) Etch DOWA wafers (slight over etch) 

Time =            sec 

CHF3 =            sccm 

O2 =             sccm 

Pressure =             mTorr 

ICP power =             W 

RF bias power =             W 

 

4) Etch GaN pieces 

Time =            sec 

CHF3 =           sccm 

O2 =           sccm 
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Pressure =             mTorr 

ICP power =             W 

RF bias power =             W 

 

Date _________  Time  _________   

Operator  ______________ Comments_______________________________________ 

 

STEP 3.50 – STRIP RESIST 

DOWA wafers, GaN pieces 

Wbflexcorr 

1) Soak in PRS 3000 

Temperature = 60°C 

Time = 20 mins 

2) Rinse with DI water 

3) SRD DOWA wafers, blow dry GaN pieces with N2 gun 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 3.55 – TRENCH ETCH 

DOWA wafers, GaN-on-sapphire pieces 

OX35 etcher 

 

1) Clean chamber 

“OPT clean” recipe, 15 mins 

O2 = 100 sccm, SF6 = 20 sccm, ICP power = 2000W, RF power = 70W, pressure = 20 mTorr 

 

2) Season chamber 

“xlab_GaN_etch_tst” recipe, 10 mins 

BCl3 = 25 sccm, Cl2 = 10 sccm, ICP = 500W, RF = 160W, pressure = 10 mTorr 

 

3) Test etch GaN pieces 

i) mount GaN pieces on Si test wafers (with oxide) with Santalvac grease 

ii) etch GaN pieces with “xlab_GaN_etch_tst” recipe, 33 mins 

BCl3 =        sccm  

Cl2 =         sccm  
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Pressure =         mTorr 

ICP =        W  

RF =         W 

iii) strip oxide with 6:1 BOE at wbflexcorr 

iv) measure etch depth using AFM or alphastep, target etch depth = 3.3 um 

Etch depth =         um 

 

4) Etch DOWA wafers with “xlab_GaN_etch_tst” recipe 

Etch time =         mins 

BCl3 =        sccm  

Cl2 =         sccm  

Pressure =        mTorr 

ICP =        W  

RF =         W 

 

 

Date _________  Time  _________   

Operator  ______________ Comments_______________________________________ 

 

STEP 3.60 – STRIP OXIDE 

DOWA wafers 

Wbflexcorr 

1) Soak in 6:1 BOE for 30 mins 

2) Rinse with DI water 

3) SRD 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 4.00 – ALD PASSIVATION PATTERNS (MASK #4) 

DOWA wafers  

Si test wafers  

 

STEP 4.05 – ALD 

DOWA wafers, Si test wafers 

Fiji3 ALD 
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1) Pre-coat ALD chamber 

Recipe: ALD Al2O3 Plasma 

Temperature = 250°C 

100 cycles 

2) ALD on Si test wafers 

Recipe: ALD Al2O3 Plasma 

Temperature = 250°C 

100 cycles 

3) Measure film thickness using Woolam, target = 10 nm 

Recipe: Ateeq_VAZEUSER_Al2O3 

Thickness =          nm 

4) ALD on DOWA wafers 

Recipe: ALD Al2O3 Plasma 

Temperature = 250°C 

500 cycles (adjust based on thickness measured in the previous step) 

5) Measure film thickness Woolam, target = 50 nm 

Recipe: Ateeq_VAZEUSER_Al2O3 

Thickness =          nm 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 4.10 - SINGE & PRIME 

DOWA wafers and Si test wafers 

YES oven 

 

1) Bake at 115°C on hotplate, 2 min 

2) YES oven singe/HMDS prime 

 

Date _________  Time  _________   

Operator  ______________ Comments_______________________________________ 

 

STEP 4.15 – SPIN COAT RESIST 
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DOWA wafers and Si test wafers:  

svgcoat or svgcoat2 

Apply 1 µm of 3612 positive photoresist w/o VP no EBR, and bake at 90°C on hotplate for 1 min  

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 4.20 – CLEAN MASK 

Spray with acetone, methanol, IPA 

Spin clean with mask cleaner 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 4.25 – TEST EXPOSURE & DEVELOP 

Si test wafers  

Karlsuss or Karlsuss 2 

1) Lamp test: exposure energy =         mW 

2) Hard contact mode, single exposure  

3) Exposure time =        s  (2.2 sec for exposure energy = 15 mW, adjust based on tested energy) 

 

svgdev or svgdev2 

1) Post-exposure bake: Program 9 and Program 1 

2) Develop: Program 3 and Program 1 

3) Inspect Si test wafers to see if features are developed well, adjust exposure time and/or develop time 

if needed 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 4.30 – EXPOSURE 

DOWA wafers, Si test wafers 

Karlsuss or Karlsuss 2 

 

Expose DOWA wafers using the same exposure recipe tested in STEP 4.30 
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Hard contact, single exposure 

Exposure energy =        mW           

Exposure time =        sec 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 4.35 – BAKE & DEVELOP 

DOWA wafers 

svgdev or svgdev2 

 

1) Post-exposure bake: Program 9 and Program 1 

2) Develop: Program 3 and Program 1  

3) Inspect wafers with microscope, rework if needed 

Wafers reworked:        

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 4.40 – ALD ETCH 

DOWA wafers, Si test wafers (with ALD Al2O3) 

Wbflexcorr 

 

1) Test etch on Si test wafers 

20:1 BOE 

Time = 100 sec 

Etch rate is about 35 nm/min 

 

2) Strip photoresist on Si test wafers with acetone 

 

3) Measure etch depth with AFM 

Etch depth =         nm 

 

4) Etch DOWA wafers 

20:1 BOE 
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Time =        sec 

 

5) Electrical test on DOWA wafers 

Cascade I-V measurements on devices to see if oxide is fully etched away. If current is too small, repeat 

4) till reasonable I-V curves are obtained. 

 

 

Date _________  Time  _________   

Operator  ______________ Comments_______________________________________ 

 

STEP 4.45 – STRIP RESIST 

DOWA wafers and Si test wafers  

Wbsolvent 

 

1) Soak wafers in acetone for 10 mins 

2) Spray with acetone, methanol, IPA 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 5.00 – INTERCONNECT METAL (MASK #5) 

DOWA wafers  

Si test wafers  

 

STEP 5.05 - SINGE & PRIME 

DOWA wafers and Si test wafers 

YES oven 

 

1) Bake at 115°C on hotplate, 2 min 

2) YES oven singe/HMDS prime 

 

Date _________  Time  _________   

Operator  ______________ Comments_______________________________________ 

 

STEP 5.10 – SPIN COAT LOL & RESIST 

DOWA wafers and Si test wafers  
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Headway 

 

1) Spin coat LOL 2000, 3000 rpm, 60 sec 

2) Bake at 160°C for 5 min 

3) Spin coat Shipley 3612, 5000 rpm, 60 sec 

4) Bake at 90°C for 1 min 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 5.15 – CLEAN MASK 

Spray with acetone, methanol, IPA 

Spin clean with mask cleaner 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 5.20 – TEST EXPOSURE & DEVELOP 

Si test wafers  

Karlsuss or Karlsuss 2 

1) Lamp test: exposure energy =         mW 

2) Hard contact mode, single exposure  

3) Exposure time =        s  (2.2 sec for exposure energy = 15 mW, adjust based on tested energy) 

 

wbmiscres 

1) Post-exposure bake at 115°C for 1 min using hotplate 

2) Develop with MF-26A for 12 sec using beaker 

3) Rinse with water for 1-2 mins, and blow dry with N2 

4) Inspect Si test wafers to see if features are developed well, adjust exposure time and/or develop time 

if needed 

 

Date _________     Time__________  Operator______________ Comments______________ 
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STEP 5.25 – EXPOSURE 

DOWA wafers 

Karlsuss or Karlsuss 2 

 

Expose DOWA wafers using the same exposure recipe tested in STEP 5.20 

 

Hard contact, single exposure 

Exposure energy =        mW           

Exposure time =        sec 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 5.30 – BAKE & DEVELOP 

DOWA wafers 

Wbmiscres 

 

1) Post-exposure bake at 115°C for 1 min using hotplate 

2) Develop with MF-26A using beaker based on the results of STEP 5.20 

Develop time =       sec 

3) Rinse with water for 1-2 mins, and blow dry with N2 

4) Inspect wafers with microscope, rework if needed 

Wafers reworked:        

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 5.35 – DESCUM 

DOWA wafers 

Drytek2 

 

Program 1: 

O2 = 100 sccm 

Pressure = 150 mTorr 

Power = 500 W 



 112 

 

Time = 1 min 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 5.40 – INNTERCONNECT METAL EVAPORATION 

DOWA wafers 

KJL evaporator 

 

1) Bake at 115°C for 1 min to dehydrate wafers 

2) Evaporate Ti = 20 nm, Au = 100 nm 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 5.45 – LIFT-OFF 

DOWA wafers 

Wbsolvent, wbflexcorr 

 

1) soak in 1165 at 60°C for 2 hours 

2) spray with acetone, methanol, IPA, and blow dry 

3) inspect with microscope 

4) sonicate wafers if needed, start with 30 sec and increase sonication time if needed 

5) clean wafers with PRS 1000 at wbflexcorr, 40°C, 20 mins 

 

Date                                     Time                                  Operator       Comments   

 

STEP 6.00 – DEVICE RELEASE (MASK #6) 

DOWA wafers  

Si test wafers  

 

STEP 6.05 – DICE 

DOWA wafers  



 113 

1) Apply photoresist 

2) Send out to vendor for dicing 

3) Soak in acetone for 15 mins to clean off resist after dicing 

4) Spray with acetone, methanol, IPA 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 6.10 - SINGE & PRIME 

DOWA pieces 

YES oven 

 

1) Bake at 115°C on hotplate, 2 min 

2) YES oven singe/HMDS prime 

 

Date _________  Time  _________   

Operator  ______________ Comments_______________________________________ 

 

STEP 6.15 – SPIN COAT RESIST 

DOWA pieces 

Headway  

1) Spin coat 3612 photoresist, 5000 rpm, 60 sec 

2) Bake at 90°C for 1 min using hotplate 

 

Si test wafers  

svgcoat or svgcoat2 

Apply 1 µm of 3612 positive photoresist w/o VP no EBR, and bake at 90°C on hotplate for 1 min  

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 6.20 – CLEAN MASK 

Spray with acetone, methanol, IPA 

Spin clean with mask cleaner 

 

Date_________  Time  _________   
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Operator  _______________ Comments_______________________________________ 

 

 

STEP 6.25 – TEST EXPOSURE & DEVELOP 

Si test wafers  

Karlsuss or Karlsuss 2 

1) Lamp test: exposure energy =         mW 

2) Hard contact mode, single exposure  

3) Exposure time =        s  (2.2 sec for exposure energy = 15 mW, adjust based on tested energy) 

 

svgdev or svgdev2 

1) Post-exposure bake: Program 9 and Program 1 

2) Develop: Program 3 and Program 1 

3) Inspect Si test wafers to see if features are developed well, adjust exposure time and/or develop time 

if needed 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 6.30 – EXPOSURE 

DOWA wafers 

Karlsuss or Karlsuss 2 

 

Expose DOWA pieces using the same exposure recipe tested in STEP 6.25 

 

Hard contact, single exposure 

Exposure energy =        mW           

Exposure time =        sec 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 6.35 – BAKE & DEVELOP 

DOWA pieces 

Wbmiscres 
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1) Post-exposure bake at 115°C for 1 min using hotplate 

2) Develop with MF-26A using beaker for 1 min 

3) Rinse with water for 1-2 mins, and blow dry with N2 

4) Inspect pieces with microscope, rework if needed 

 

Date _________     Time__________  Operator______________ Comments______________ 

 

STEP 6.40 – XeF2 ETCH 

DOWA pieces 

Xactix 

 

1) Hard bake at 115°C for 30 mins 

2) Cover the exposed side walls of the silicon substrate with a marker 

3) Etch 10 cycles 

XeF2 = 3 Torr 

Etch time of each cycle = 30 sec 

4) Inspect with microscope 

5) Iterate through 3) and 4) till the devices are fully released from substrate 

6) After release, place pieces in a gel-pak 

 

Date_________  Time  _________   

Operator  _______________ Comments_______________________________________ 

 

STEP 6.45 – ASH PHOTORESIST 

DOWA pieces  

Matrix 

Strip the photoresist using the recipe “STRIP”, 5 mins 

Temperature = 185°C 

RF power = 450 W 

Pressure = 3.75 Torr 

40% O2 

 

Date _________     Time__________  Operator______________ Comments______________ 
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Appendix B    Procedure to Obtain Temperature-

Dependent Electrical Resistivity of the 

AlGaN/GaN Membrane 
 

The electrical resistances of multiple nominally identical suspended AlGaN/GaN 

membranes were measured with a high-temperature probe station and a semiconductor 

parameter analyzer (SPA) (Agilent B1500A). The chips were placed on the chuck, and 

the resistances were measured at various temperatures up to 600°C. The applied 

voltage was limited to 0.5V to limit self-heating so that the temperature of the 

suspended membranes could be taken to be the same as the chuck temperature. The 

measured electrical resistances were fitted with a least-square quadratic function 

(Figure A.1). The temperature-dependent electrical resistivity was then obtained using 

(Equation (A. 1)), and was fed into the FEA model. 

 𝜌(𝑇) = 𝑅�"�(𝑇)𝑡(
𝑊
𝐿 )��� (A. 1) 

where Rfit is the least-square quadratic fit of the measured electrical resistances, 

(W/L)eff is the effective aspect ratio (W/L) of the suspended devices, t is the thickness 

of the membrane, and T is the temperature. 

 

(W/L)eff was computed by an electrical finite element model in COMSOL. The model 

geometry is that of a suspended AlGaN/GaN device shown in Figure A.2. An arbitrary 

voltage (V) is applied to terminals 1 and 2 of the device while terminals 3 and 4 were 

grounded (Figure A.2). The electrical resistivity was fixed at an arbitrary constant (ρ0) 

in this simulation. The total current (I) flowing through the device was computed. The 

resistance of the device was calculated as R = V/I. Then (W/L)eff was calculated using 

Equation (A. 2) below. 

 (
𝑊
𝐿 )��� =

𝜌0
𝑅𝑡 

(A. 2) 

where t is the thickness of the membrane. 
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Figure A.1: Measured temperature-dependent electrical resistances of multiple identical 

devices and the least-square quadratic fit of the data. 

 

 
Figure A.2: FEA model used to compute (W/L)eff. 
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Appendix C    The Interpolation Method for 

Estimating Maximum Temperature of the 

Suspended AlGaN/GaN Devices 
 

The suspended AlGaN/GaN devices were electrically characterized at various ambient 

temperatures (from 25°C to 600°C) in air using a high temperature probe station 

(Signatone Inc.) and a semiconductor parameter analyzer (Agilent B1500A). 

Interpolation of electrical measurements and FEA simulation results were used to 

estimate the maximum temperatures on the device. The interpolation procedure is as 

follows:  

•   The FEA model detailed in Chapter 5 was used to compute the maximum 

device temperatures (Tmax) achieved by applying a voltage to a nominal device 

at a specific ambient temperature. The total current flowing through the device 

was also computed. The model takes into account the temperature-dependent 

electrical conductivity of the membrane as well as the parts of the membrane 

that dissipate heat but are do not conduct currents. The resistance (R) of the 

nominal device was then calculated by dividing the applied voltage with the 

current.  

•   The previous step was repeated for various applied voltages and various 

ambient temperatures. As a result, the R versus Tmax (R-Tmax) curves at various 

ambient temperatures were obtained, and the curves were fitted with least-

square linear regression models (Figure A.3).   

•   The resistance values of the multiple devices under various applied voltages at 

various ambient temperatures were measured using the high-temperature probe 

station and the SPA.   

•   The maximum temperatures the devices at different ambient temperatures were 

interpolated using the fitted R-Tmax functions and the measured resistances.  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Figure A.3: Simulated R-Tmax curves of a nominal device at various ambient temperatures. 
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Appendix D    Uncertainty Analysis of the 

Interpolated Maximum Temperatures of the 

Suspended AlGaN/GaN Devices 
 

The sources contributing to the uncertainties in the interpolated maximum device 

temperatures have been summarized in Chapter 5. Here a detailed uncertainty analysis 

is presented. 

 

D.1   Simplifying assumptions made in FEA 
In the FEA model described in Chapter 5 for the suspended AlGaN/GaN device, three 

simplifying assumptions were made: 1) neglecting heat loss to air, 2) neglecting 

radiation heat loss, and 3) the membrane edges were at the ambient temperature. These 

assumptions were made because 1) only natural convection is presented and thus the 

convection coefficient is small, 2) the heated device area is very small so the heat loss 

to air and radiation is small, 3) the thermal conductivity of the membrane is very large 

and the heat conduction in membrane dominates the heat loss, 4) the thermal 

conductivity of Si is large (150W/m-K) and Si substrate acts as a heat sink, and 5) 

these assumptions eliminates the need to model air and the Si substrate, and thus 

allows for more detailed layout geometry of the device to be modeled. 

 

The error induced by the three assumptions was studied using two finite element two-

dimensional axisymmetric models. In both models, the device was modeled as a 

rectangular heat source with a constant power, and a rectangle connects the heater to 

the rest of the wafer simulating the membrane undercut (Figure A.4). In the 1st model 

(Figure A.4), air surrounding the device, unsuspended AlGaN/GaN films and the Si 

substrate were included. The heat loss to air was through heat conduction. The 

radiation heat loss was also included (emissivity of the AlGaN/GaN material was 
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assumed to be 0.9). The bottom and side of the Si substrate, and the top and side of the 

air block were fixed at the ambient temperature. 

 

 

 
Figure A.4: Axisymmetric finite element model used to estimate errors induced by assuming 

membrane at ambient temperature and by neglecting heat loss to air and radiation.   

 

In the 2nd model, only the heater and the membrane (same size and material as the 1st 

model) were modeled, and no heat loss to air or radiation was included. The edge of 

the membrane was fixed at the ambient temperature in the 2nd model. The differences 

in the max temperatures of the devices in the two cases were compared, and the 

percentage error of the 2nd model was calculated. The average percentage error is 

about 3.4% and the maximum percentage error is about 9%. The error increases with 

the increasing maximum temperature on the device. 
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D.2   FEA convergence 
The simulated temperature profile is computed iteratively by FEA, which has a 

convergence tolerance (<0.1%). 

 

D.3   Quadratic fit of temperature-dependent resistances 
The resistances of multiple identical devices were measured at various ambient 

temperatures. The measured resistances were fitted to a quadratic function (Equation 

(A. 3)) using the least-square method. The standard errors of the quadratic fit at each 

temperature point were calculated, and the average of the standard errors is about 

2.6%.  

 R(T) = -1.09×104 + 36.4T + 4.07×10-2 T2 (A. 3) 

 

D.4   Variations in the membrane undercut width  
The XeF2 release process would often yield different membrane sizes. The variations 

in the area of the electrically non-conducting but thermally conducting membrane 

undercut would result in variations in the maximum device temperatures given the 

same heating voltage. Based on the FEA simulations, the variation of the maximum 

temperature induced by a 10-µm difference in the width of the membrane undercut is 

about 0.13%. The maximum temperature of a device with a 50-µm membrane 

undercut is 225.63°C while that for a 40-µm one is 225.34°C. 

 

D.5   Uncertainties in thermal conductivity, thickness and 2D 

geometry 
The effects of the variations in thermal conductivity of the membrane, thickness of the 

membrane and length-to-width ratio of the heater arms were studied by FEA. The 

results are displayed in Figure A.5. It can be observed that the (R, Tmax) pairs resulting 

from the non-nominal thermal conductivties, thicknesses and L/W ratios all fall on one 
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single R-Tmax curve, which is generated by varying the heating voltage applied to a 

nominal device (parameters summarized in Chapter 5  

Table 5.2). This means that the R-Tmax curves of the nominal device can be used to 

interpolate the Tmax of non-nominal devices without inducing error. 

 

 

 
Figure A.5: Simulated R-Tmax curves for devices with non-nominal thermal conductivites, 

thicknesses or (W/L) values. 

 

This can also be understood analytically. Equation (A. 4) below was used to calculate 

the temperature-dependent electrical resistivity of the device.  

 𝜌(𝑇) = 𝑅�"�(𝑇)𝑡/𝛽 (A. 4) 

where  𝛽 = ( �
�
)���	  is the nominal value of the effective L/W of the device. 

 

Given a temperature profile T, the resistance of the device is calculated as 

 
𝑅 𝑇 =

𝜌(𝑇)𝑙O
𝑡𝑤O

𝑑𝑠 =
𝑅�"�(𝑇)
𝛽

𝑙O
𝑤O
𝑑𝑠 =

𝑅�"� 𝑇
𝛽 𝛽

𝑙0
𝑤0

𝑑𝑠

= 𝑅�"�(𝑇)
𝑙0
𝑤0

𝑑𝑠 

(A. 5) 

where ls and ws denote the length and width of a finite element s, l0 and w0 denote the 

length and width of a normalized finite element. 
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It is clear from Equation (A. 5) that the total resistance of a device, given a certain 

temperature profile, is not dependent on thermal conductivity, thickness or 2D 

geometry but only dependent on the quadratic fit of the temperature-dependent 

resistance of the device.  

 

D.6   Resistance measurement error 
In the electrical measurements of the device resistances at different temperatures, 

contact resistance was neglected. The specific contact resistivity was measured to be 

on the order of 1x10-5 Ω-cm2, which corresponds to a contact resistance of about 10 Ω 

(<0.25% of the total resistance). The semiconductor parameter analyzer (SPA) is a 

high-precision instrument and its measurement errors are negligible. The chuck 

temperature reading is ±1oC accuracy, which is less than 4% error (1oC error at 25oC 

ambient) [147]. 

 

D.7   Error in the least-square linear fits of R-Tmax curves 
The standard errors of the linear regression models of the FEA-computed R-Tmax 

curves were computed based on least-square regression theory, and the average 

standard error was estimated to be about 0.15%. 
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Appendix E    AlGaN/GaN-Based Chemical Sensors 
 

As discussed in Section 2.2, the 2DEG in the AlGaN/GaN heterostructure is very 

sensitive to the surface charges. This is one of the sensing mechanisms of the 

AlGaN/GaN-based chemical sensors. Replacing the gate metal of the AlGaN/GaN 

HEMTs with catalysts that can react with the chemicals of interest, the 2DEG current 

would change in response to the charges or ions generated in the reactions. This type 

of chemical sensing device is referred to as ion sensitive field effect transistors 

(ISFETs). The in-situ heating capability of fully-suspended AlGaN/GaN structures 

(details discussed in Chapter 5) can be employed to locally heat the device to “burn 

off” the accumulated chemical molecules in the catalyst. This appendix focuses on the 

unsuspended ISFET-type AlGaN/GaN chemical sensors. It should be noted that 

suspended ISFET-type and capacitive AlGaN/GaN chemical sensors can be explored 

in future work. The different types of AlGaN/GaN-based chemical sensors are 

schematically illustrated in Figure A.6. 
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Figure A.6: Schematic cross-sectional illustration of various types of AlGaN/GaN chemical 
sensors. 

 

Carbon dioxide (CO2) and carbon monoxide (CO) sensors based on the AlGaN/GaN 

HEMTs have been fabricated but tests have shown limited success. The catalyst used 

for CO2 sensing was Ti/Au. Figure A.7 shows a fabricated AlGaN/GaN HEMT with a 

semi-transparent Ti/Au (2nm/8nm) gate for CO2 sensing. Au has been used as a 

catalyst to reduction of CO2 with water presented, during which electrical charges are 

generated [149][150][151]. Ti is used as an interfacial layer to enhance the attachment 

of Au to the AlGaN surface. The wafer used to fabricate the devices was purchased 

from EpiGaN. The wafer has a 50 nm thick in-situ deposited silicon nitride (SiN) cap 

on top of the AlGaN layer. The SiN cap in the gate area was removed with a plasma 

etch using CHF3 and O2 chemistry. In retrospect, the plasma etch could have damaged 

the surface of AlGaN, resulting in more surface states. This could be a blessing (more 

surface states means more sensitive to surface charges) or a curse. And more 

experiments are needed before a conclusion can be drawn. It has been suggested that 
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the plasma etch should leave a thin layer of SiN on the AlGaN surface, and this thin 

layer of SiN can be cleaned off with a wet etch process (e.g., buffered oxide etch). 

 

The fabricated devices were tested using the setup shown in  Figure A.8. The sensor 

chip was wire-bonded to a ceramic open-cavity package and the package was placed 

onto a custom-designed printed circuit board (PCB) through a connector. A plastic cap 

with holes drilled on the walls was sealed onto the PCB with tapes and was used as the 

test chamber. A plastic tube was placed into the chamber through the hole on the 

chamber wall to carry the gas. The flow rates of the gases were controlled by mass 

flow controllers. The test chamber was purged with house N2 before diluted CO2 was 

introduced (2 vol% dry CO2 in dry N2). A constant positive voltage was applied to the 

drain of the device while the source was grounded and the gate electrode was floating. 

The current flowing through the drain was measured with a digital multimeter (Agilent 

3401A). The measurement frequency was 1Hz since the diffusion of gas is much 

slower than 1Hz. 

 

 

 
Figure A.7: Optical image of a fabricated AlGaN/GaN HEMT with Ti/Au gate for CO2 

sensing. 
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 Figure A.8: The setup for testing Ti/Au gated AlGaN/GaN CO2 sensors. 

 

The devices showed responses to the moving humans near the test setup. The 

phenomena seemed confusing back then, but now the reasons can be speculated as 1) 

the AlGaN/GaN devices are very sensitive to light and humans can block the 

fluorescent light from the lamps in the lab, 2) the devices are very sensitive to 

electromagnetic interference (EMI) and capacitive coupling, and humans serve as 

parasitic capacitances and can bring significant EMI carrying cell phones. Therefore, 

in future tests, careful shielding of the test setup is needed to eliminate or at least 

significantly reduce EMI and capacitive coupling. Additionally, the test setup should 

be placed in an environment where light exposure can be precisely controlled. 

 

Additionally, the baseline of the sensors was continuously drifting, either upwards or 

downwards. And the drift direction seemed to be random. It was first assumed that 

there were some residual water vapor or other contaminants from the air on the gate 

area of the sensor that caused the drifts. So a vacuum treatment was conducted before 

the placing the sensors inside the test chamber. However, the vacuum treatment did 

not solve the drifting problem. While the residual contaminants could still contribute 

to the drifting of the baseline, another more likely reason is that the sensors were 

placed in a condition with different light exposure level than the test condition and it 

takes the sensor a long time to reach a new steady state due to the persistent 

photoconductivity (PPC) in the GaN based devices. Therefore, to circumvent the PPC 
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problem in future, the sensors should be placed in the test chamber and placed in dark 

over night to obtain a steady baseline. 

 

The Ti/Au gated AlGaN/GaN devices showed some responses to CO2 when a small 

cup of water was placed inside the test chamber. However, no consistent responses 

were observed (Figure A.9). It is unclear whether the responses were induced by CO2 

or by other mechanisms (e.g., light, EMI, capacitive coupling, etc.). 
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Figure A.9: Responses of the Ti/Au gated AlGaN/GaN sensors to CO2 gas. 
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AlGaN/GaN HEMT based CO sensors were also fabricated using ZnO nanowires as 

the catalyst (Figure A.10). In literature, it has been shown that AlGaN/GaN HEMTs 

with ZnO nanowires or nanorods as the gates were responsive to CO gas at room 

temperature [152] and also at elevated temperatures [29]. The ZnO nanowires on the 

device shown in Figure A.10 were grown with a hydrothermal process with spin-

coated ZnO nanoparticles as the seeds [29][153][154]. The fabricated devices were 

tested in a new test setup shown in Figure A.11. A custom-made test chamber 

(Linkham) was used. The sensor chip was wire-bonded to a ceramic open-cavity 

package and the package was placed on the small chuck inside the chamber. The 

chuck can be heated up to 600°C. An aluminum cap was sealed onto the body of the 

chamber using vacuum sealant tapes. The sensors were placed inside the chamber 

(dark condition) over night before any tests were carried out. The test chamber was 

purged with dry clean synthetic air (80% N2 and 20% O2) before diluted CO (5% in 

N2) was fixed into the synthetic air. The flow rates of the gases were controlled by 

mass flow controllers. A constant positive voltage was applied to the drain of the 

device while the source was grounded and the gate electrode was floating. The current 

flowing through the drain was measured with a semiconductor parameter analyzer 

(Agilent B1500A). The measurement frequency was 10 Hz. A reference CO sensor 

(Alphasense Ltd. 000-0ISB-00) was exposed to the same gas mixtures as the 

AlGaN/GaN device at the same time. The responses of the reference sensor were 

monitored with an oscilloscope.  

 

Two devices from two different chips have been tested. While the reference sensor 

showed clear responses to different concentrations CO gas (500 – 2500 ppm), the 

AlGaN/GaN devices were not responsive (Figure A.12). The AlGaN/GaN devices 

were tested at temperatures from room temperature up to 150°C but no responses were 

observed any of the temperatures tested. Different drain voltages (50 mV – 5 V) were 

tried but no responses to CO were observed at any drain voltages. Two hypotheses 

could be made regarding the lack of responses from the AlGaN/GaN devices to CO. 

Firstly, there was leakage in the test setup and the AlGaN/GaN devices did not get 
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exposed to the CO gas. Secondly, the SiN cap layer between was not removed for 

these devices and it is possible that the SiN layer “blocked” the effects of the charges 

generated in the ZnO nanowires. Therefore, a possible way to proceed in future is to 

etch away the SiN cap layer in the gate area before growing ZnO nanowires on the 

AlGaN layer. 

 

 
Figure A.10: Fabricated AlGaN/GaN HEMTs with ZnO nanowires on the gate areas. 

 

 
Figure A.11: The setup for testing ZnO coated AlGaN/GaN CO sensors. 
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Figure A.12: Measured current of a ZnO coated AlGaN/GaN device when exposed to CO. 
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Appendix F    Ti/Al/Ni/Au Ohmic Contacts for GaN 

Based Devices 
 

CTLM test structures of Ti/Al/Ni/Au (20/100/80/40 nm) contacts were fabricated on 

GaN-on-sapphire substrates using the same process detailed in Sections 3.3 and 4.1. 

After RTA the specific contact resistivity of Ti/Al/Ni/Au contacts on GaN was on the 

order of 10-4 Ω-cm2. Both Ti/Al/Pt/Au and Ti/Al/Ni/Au samples are tested at 600°C in 

air with a high-temperature probe station. The I-V characteristics were measured every 

5 minutes. Figure A.13 shows the in-situ high-temperature measurement results. 

Ti/Al/Ni/Au contacts showed more variability than Ti/Al/Pt/Au contacts. Auger 

electron spectroscopy (AES) was used to measure the depth profiles of the elemental 

compositions in the Ti/Al/Ni/Au contacts before and after the 10 hours of thermal 

storage at 600°C in air. Significant oxidation of Al and inner diffusion of Ni were 

observed after the thermal storage (Figure A.14). Additionally, atomic force 

microscopy (AFM) was used to measure the surface roughness of the Ti/Al/Ni/Au 

contacts (Table A.1). The Ti/Al/Ni/Au contacts showed a slightly higher increase in 

the surface roughness than the Ti/Al/Pt/Au counterparts. 

 

Table A.1: Surface roughness of Ti/Al/Pt/Au and Ti/Al/Ni/Au contacts measured by atomic 

force microscopy (AFM). 

Contact type As-deposited After RTA After thermal storage 

Ti/Al/Pt/Au 4.56 nm 20.48 nm 20.50 nm 

Ti/Al/Ni/Au 3.64 nm 20.64nm 23.07 nm 
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Figure A.13. Time evolution of real-time contact resistance of RTA Ti/Al/Pt/Au and 

Ti/Al/Ni/Au contacts (20um-gap CTLM ) at 600oC before and after thermal storage at 600oC. 

Ti/Al/Pt/Au contacts showed higher levels of stability. 

 

 
Figure A.14: Auger Electron Spectroscopy (AES) depth profiles of atomic concentration of 

Ti/Al/Ni/Au contacts before and after 10 hours of thermal storage at 600oC (note that since the 

major emission peaks of Ti and N overlap, it would appear as if there was N when there was 

only Ti present [106]). 
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Appendix G    Rapid Thermal Anneal of Ti/Al/Pt/Au 

Metal Contacts 
 

Auger electron spectroscopy (AES) was used to create the elemental maps of 

Ti/Al/Pt/Au contacts on GaN after the rapid thermal anneal (the details of the anneal 

has been described in Chapter 3 Section 3.3). It was found that islands of Pt were 

formed after the rapid thermal anneal. Figure A.15 shows the images of an annealed 

Ti/Al/Pt/Au contact taken by the scanning electron microscope in the AES system 

before and after the contact was sputtered by argon ion. Bumps can be seen in Figure 

A.15(a), which agrees with the increase of the surface roughness of the Ti/Al/Pt/Au 

contacts after RTA (surface roughness data has been displayed in Chapter 3 Section 

3.3 and Appendix F Table A.1). After some amount of sputtering, clear views of metal 

islands can be observed, as shown in Figure A.15 (b). The elemental maps of the 

sputtered contact are shown in Figure A.16. The elemental maps demonstrate that Pt is 

only present in the islands. This is also verified by the elemental depth profiles of the 

spots on and off the islands. Only Ti, Al and Au are presented in areas off the islands. 

On the other hand, Ti, Al, Au and Pt are present in the islands. In the islands, Ti and 

Al alloyed quite uniformly and Pt has diffused through Ti-Al alloy towards GaN.  

 

 
Figure A.15: Scanning electron microscopy image of a Ti/Al/Pt/Au contact after RTA (a) and 

after being sputtered by argon ions (b). 
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Figure A.16: Elemental maps of a sputtered Ti/Al/Pt/Au contact (after RTA) measured by 

Auger Electron Spectroscopy. 
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Appendix H    State-of-the-Art Micro-Hotplates 
 

The state-of-the-art micro-hotplates are composed of silicon oxide/nitride/oxynitride 

membranes and metallic heaters [155]. The membrane materials can be deposited 

through low-pressure chemical vapor deposition (LPCVD) and plasma enhanced 

chemical vapor deposition (PECVD). These deposition methods are readily available 

in Si CMOS integrated circuit (IC) fabrication facilities. Most commonly used metals 

as the heater elements include platinum (Pt) and tungsten (W) [155]. The advantages 

of the state-of-the-art micro-hotplates include the low thermal conductivity of silicon 

dioxide and silicon nitride resulting in low power consumption, and the compatibility 

with CMOS ICs [156], which makes it possible to monolithically integrate micro-

hotplates with their control circuits to ensure stable temperatures. 

The micro-hotplates using metals as heaters suffer from reliability issues caused by 

electro-migration of metal atoms [157]. In addition, localized stress and voids in metal 

traces often lead to premature rupture of the membranes and drifting of the heating 

characteristics [157]. Moreover, micro-hotplates with metal heaters often have to use 

complex heater geometries to achieve uniform temperature distribution [155]. To 

overcome the reliability issues caused by metal electro-migration, micro-hotplates 

made from doped semiconductor materials (e.g., Si and SiC) have been developed 

[155]. Additionally, since the semiconductor plate itself serves as the heater, such 

micro-hotplates can produce uniform temperature distributions using very simple 

layout geometries. For chemical sensing (> 300°C) in high-temperature environments, 

self-heated silicon carbide (SiC) micro-hotplates have been fabricated, but custom 

substrates and advanced membrane release chemistry are required [158].  
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