
ABSTRACT 

PALMESE, ELIA JAMES. Development of AlInN and its Native Thermal Oxide for 

Semiconductor Power Devices (Under the direction of Dr. Jonathan J. Wierer Jr.). 

 

Wide bandgap (WBG) semiconductors such as Gallium Nitride (GaN) are projected to 

surpass conventional silicon-based devices for power device applications. Semiconductors with 

wider bandgaps intrinsically have the potential for higher breakdown voltages, temperature 

operation, and switching speeds. This thesis presents the development of GaN-based 

semiconductor devices with the incorporation of ultra-wide bandgap (UWBG) Aluminum Indium 

Nitride (AlInN) and its native thermal oxide (AlInO). First, the oxidation rates and behavior of 

thermally oxidized Al1-xInxN are studied at different times, temperatures, oxidation conditions (wet 

and dry), and with varying indium content, x. The oxidation rate is faster than other comparable 

semiconductors such as AlGaN at about ~0.5 nm/min at 850 °C. Like Si, the oxidation rates can 

be fit to the Deal-Grove model. The oxidation rates increase with increasing temperature and 

indium content. The oxidation rates are utilized in device processing of AlInO/GaN metal-oxide-

semiconductor (MOS) capacitors and high electron mobility transistors (HEMTs).  

Applying the thermal oxidation process as opposed to using a deposited oxide eliminates 

surface contamination during fabrication. The fabricated MOS capacitors show characteristic 

capacitance versus voltage (CV) behavior when swept from depletion to accumulation. Various 

oxidation times, temperatures, and conditions are tested. Dry oxidation is preferred to wet 

oxidation, but more data on wet oxidation is needed for conclusive confirmation. Mobile charges 

in the oxide are observed and attributed to indium migration during oxidation. The mobile charge 

can be reduced by electrical burn-in of the devices. An interface trap density of states, Dit, between 

3x1011 and 8x1011 cm-2eV-1 is determined using UV-CV measurements, which is on the same order 

of magnitude of other GaN-based MOS capacitors.  



Enhancement mode (e-mode) AlInN/GaN HEMTs are developed by thermally oxidizing 

part of the AlInN barrier layer to deplete the 2-dimensional electron gas (2DEG) and 

simultaneously provide gate insulation. The devices have threshold voltages of ~4 V, which 

increase to up to 8 V after annealing in 1000 sccm of N2 at 400 or 500 °C. Due to cracking and 

damage from the SiNx selective oxidation mask and oxidation conditions, low on-state currents 

are observed in the devices.  

Light triggering of ungated E-mode, AlInN/GaN HEMTs are also explored. Using a 375 

nm laser, optically driven HEMTs are developed. Without light, the oxide produces devices that 

have low currents. After illuminating the devices with the laser, carriers are generated, and 

transistor output characteristics are observed by varying the laser power. The devices can be biased 

up to 100 V and have saturation currents up to ~60 mA/mm. The devices can be switched at 100 

kHz with sub-microsecond switching times that are limited by the laser response. These switching 

times are state-of-the-art for GaN-based photodiodes and transistors.  

Finally, the growth of AlInN/GaN superlattices (SL) are examined for implementation in 

power devices such as PN-diodes. 
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CHAPTER 1  

Introduction to Wide Bandgap Semiconductor Power Electronics 

 

Optimizing semiconductor devices found in power converters, HVAC systems, and other 

electronic systems is essential for technological advancement. Each year electrical energy 

consumption increases [1], therefore, it is also imperative to increase the energy efficiency of these 

systems and in turn improve sustainability. Currently, silicon is the primary semiconductor used 

for power electronics. Existing infrastructure and developed silicon processes make silicon a cheap 

and robust option for power devices. While this is true, silicon’s intrinsic properties such as its 

bandgap, limit its blocking voltage capabilities, switching speeds, and temperature operation [2]. 

These limitations lead to significant energy loss in the form of heat. New semiconductors with 

wider bandgaps that can operate at higher temperatures and breakdown voltages are the leading 

candidates to replace silicon in power systems. 

1.1 Applications of wide bandgap semiconductors 

Wide bandgap (WBG) semiconductors such as Silicon Carbide (SiC) and Gallium Nitirde 

(GaN) have facilitated advancements in power devices. WBG semiconductors are preferred over 

silicon for power electronics because of their higher switching speeds, lower conduction loss, 

higher operating temperatures, and higher figure-of-merit [3-6]. Silicon IGBTs and thyristors 

dominate in spaces requiring low operating frequencies and high switching powers. However, with 

native substrates, higher breakdown voltages, and better thermal conductivity than silicon, SiC 

devices can be utilized in higher power and mid frequency applications [7]. SiC JBS diodes and 

metal-oxide-semiconductor field effect transistors (MOSFETs) are some examples of mature 

devices with high breakdown voltages in the 10’s of kilovolts [8-10]. Recently, GaN diodes and 

MOSFETs have been realized with kilovolt breakdown performance grown on low defect GaN 
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substrates [3, 11]. While the availability of GaN substrates continues to increase, they are still 

expensive and have small diameters, and therefore GaN devices with lateral topologies are more 

commercialized. Instead, GaN heterostructures grown on Si, SiC, or sapphire substrates are used 

to develop affordable and scalable transistors. Using Si substrates limits the breakdown voltage of 

GaN, however high switching speeds are achievable and GaN devices can be used in medium 

power and high frequency applications  [7].  As the availability of GaN substrates increases the 

application space for GaN devices should grow and intersect with SiC and theoretically higher 

breakdown voltages than SiC should be achievable due to its larger bandgap. 

III-nitride high-mobility electron transistors (HEMTs) use a thin AlGaN or AlInN barrier 

layer on GaN to create a 2DEG with high sheet electron concentration and mobility[4], which is 

advantageous for high-speed and high-power transistor operation [2, 3]. A drawback of the 2DEG 

is that inherently III-nitride HEMTs and MIS-HEMTs are normally-on (depletion mode). 

Normally-on behavior is not ideal for driver circuitry, and different methods are used to achieve 

normally-off behavior. A well-developed and practical way of counteracting this is to use silicon 

MOSFET in conjunction with the d-mode HEMTs in a cascode configuration [12]. Together the 

two devices act as a normally-off device. This method is nice because it builds on existing Si 

technology while leveraging the high switching capabilities of the GaN HEMTs.  

Other techniques are used to fabricate unaided enhancement mode (e-mode) HEMTs. 

These include fluorine treatments, recess etched gates, and selective regrowth of p-GaN to form a 

p-n junction under the gate [13-18]. Currently, state-of-the-art HEMTs utilize the p-GaN gate 

approach to achieve enhancement mode devices that have high threshold voltages and on-state 

currents and have been commercialized [18, 19]. While p-GaN device topology is the most 
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promising, variations in threshold voltage during operation and uniformity from dry etching during 

fabrication leave room for improvement.  

1.2 Ultra-wide bandgap semiconductors and semiconductor oxides 

Defined as semiconductors with bandgaps greater than GaN, ultra-wide bandgap (UWBG) 

materials such as Gallium Oxide (Ga2O3), Aluminum Gallium Nitride (AlGaN), and Aluminum 

Indium Nitride (AlInN) could potentially surpass GaN power devices. Baliga’s power figure of 

merit (FOM), which is used to differentiate between these materials, has a cubic relation to the 

critical electric field, Ec, of each semiconductor and is described as, 

𝐹𝑂𝑀 = 𝜖𝑠𝜇𝑛𝐸𝑐
3 =  

4𝑉𝑏𝑟
2

𝑅𝑜𝑛,𝑠𝑝
, (1.1) 

where µn is the electron mobility, εs is the permittivity of free space, Ec the critical electric field, 

Ron,sp is the specific on-resistance, and Vbr is the breakdown voltage related to the doping and drift 

layer thickness of the semiconductor. The relationship between the specific on-resistance, Ron,sp, 

and the breakdown voltage, Vbr, can then be described as, 

𝑅𝑜𝑛,𝑠𝑝 =
4𝑉𝑏𝑟

2

𝜖𝑠𝜇𝑛𝐸𝑐
3 . (1.2) 

Equations 1.1 and 1.2 are important because they allow us to compare different semiconductor 

materials at the same breakdown voltage and assess their potential in power devices [8, 20]. Higher 

FOM values are desired for power devices since larger critical electric fields enable higher 

breakdown voltages. Figure 1.1 shows a typical FOM plot of specific on-resistance versus 

breakdown voltage for different semiconductors [21]. The FOM increases from the top left to the 
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bottom right of the plot. Grouped above GaN in the plot are the previously listed UWBG 

semiconductors.  

 A comparison of the properties of different UWBG semiconductors is presented in Table 

1.1. Compared to Ga2O3, which cannot be p-type doped, and AlGaN, which lacks a lattice-matched 

substrate, AlInN is promising to incorporate with existing GaN technology.  

Table 1.1 Properties of Ultra-Wide Bandgap semiconductors compared to GaN. 

Property GaN Al0.82In0.18N β-Ga2O3 Al0.75Ga0.25N 

Bandgap (eV) 3.4 4.4 4.9 5.3 

Critical electric field (MV/cm) 3.9 7 10 11 

Lattice Matched Substrate Yes Yes Yes No 

Demonstrated p-type doping Good Moderate No Poor 

Demonstrated n-type doping Good Good Good Moderate 

Mobility (cm2/Vs) 1100 450 153 150 

Thermal Conductivity (W/mK) 253 5 11-27 30 

 

 Al1-xInxN is of particular interest as it has a lattice-matched condition to GaN with x=0.18 

percent, can be p-type doped or utilize p-GaN, and can be thermally oxidized, a characteristic that 

Figure 1.1 Plot of specific on resistance vs breakdown 

voltage for various semiconductors. The FOM increases 

going from the top left to the bottom right of the graph 

[21]. 
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can be employed as a gate oxide in power devices. Of these properties, the ability to thermally 

oxidize AlInN grown on GaN to form a semi-native oxide is promising for device applications. 

The oxidation of semiconductors to form oxide layers is an integral part of the development 

of various semiconductor devices ranging from MOSFETs to vertical cavity surface emitting lasers 

(VCSELs) and HEMTs. A typical example is the thermal oxidation of Si into SiO2, which is used 

as a masking layer, for electrical passivation, in waveguides, and as a gate oxide [22]. Another 

example is the oxidation of III-arsenide semiconductors, such as AlGaAs to Al2O3, utilized in 

optoelectronics as a confinement layer [23-26]. The utilization of oxides in WBG and UWBG 

semiconductor devices, specifically GaN, needs to be studied to leverage the previously discussed 

benefits of wider bandgap semiconductors [3, 27-30]. To further develop GaN-based power 

semiconductor devices, a robust electrically insulating oxide analogous to SiO2 on Si is required. 

There have been attempts at thermally oxidizing GaN to create insulating layers.  The 

thermal oxidation of GaN forms Ga2O3 in both O2 and water vapor [31-33].  Oxidation rates 

become appreciable at 800°C and are reported as high as 1100°C.  However, this oxide has poor 

electrical properties, such as a low bandgap, limiting its use as an insulator [34, 35]. Additionally, 

the thermal oxidation of AlGaN with low content Al (<0.3) has been used to create thin, insulating 

oxide layers in HEMTs to passivate and improve performance [36, 37]. At 900 °C in O2 

Al0.27Ga0.73N oxidizes at a rate of 1.2 nm/hr, with an expansion of ~1.12, and diffusivity of 

4.63×10−13 cm2/s [37].  Overall, comprehensive thermal oxidation rates of AlGaN are lacking. In 

this thesis, the III-V nitride ternary compound AlxIn1-xN is investigated in addition to its native 

thermal oxide for power device applications. To incorporate the oxide layer first, comprehensive 

oxidation rates of AlInN are needed. Secondly, the oxide-semiconductor interface properties need 

to be studied. Lastly, the oxide is implemented in devices such as AlInN/GaN HEMTs. 
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1.3 Thesis objectives and outline 

This thesis aims to add to the state-of-the-art WBG and UWBG semiconductors and 

devices by exploring AlInN and its thermal oxide.  It provides insight into this less investigated 

wide bandgap semiconductor and shows the ability to create a robust oxide-semiconductor system 

with GaN. This thesis has the goals of integrating AlInN and its native thermal oxide into GaN-

based power devices and leveraging their unique properties for simplified device processing and 

enhanced performance. Several objectives are undertaken to achieve these goals, including 

1. The materials characterization of the thermal oxide, including its oxidation rates, 

surface morphology, optical properties, and composition. 

2. The electrical characterization of the oxide, specifically by its incorporation into GaN-

based metal-oxide-semiconductor (MOS) devices, where the properties of the AlInO 

and AlInO/GaN interface are quantified, such as the relative dielectric constant, oxide 

charges, and interface trap density (Dit).   

3. Implementing the oxide into AlInO/GaN HEMTs to produce enhancement-mode 

power transistors and characterize them electrically and optically. 

4. Development of AlInN films for power diodes by growing AlInN/GaN superlattice 

structures. 

The outlined objectives for this dissertation are achieved in the following chapters. The 

dissertation consists of six chapters. Chapter 1 introduces wide band-gap semiconductors, the 

properties that make them suitable for power electronics, and the challenges associated with 

implementing them in devices. It serves as motivation for the research presented in the subsequent 

chapters.  
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Chapter 2 discusses the thermal oxidation of AlxIn1-xN films under different oxidation 

conditions and with different compositions. The oxidation rates, refractive indices, and surface 

characteristics are analyzed and used to develop oxidation processes [38, 39]. Each characteristic 

plays an important role in implementing the oxide in devices. Even non-ideal characteristics are 

useful as they provide valuable information on the limitations of the oxide, which are utilized to 

guide fabrication experiments. Successful characterization of the oxide’s material properties, 

especially the oxidation rates, helped guide device fabrication.  

In Chapter 3, the thermal oxide is used to fabricate MOS devices on GaN. The MOS 

devices are characterized via CV and IV measurements, and the oxide-semiconductor interface is 

analyzed with the Terman and UV methods. Like the material characterization, the electrical 

characterization of the AlInO/GaN system is essential to the integration of the oxide in devices 

such as MOSFETs or HEMTs. The AlInO/GaN MOS capacitors show low interface trap density 

and excellent CV characteristics. Among the MOS capacitors that are fabricated with different 

conditions, samples that have half oxidized AlInN layers revealed that the 2-dimensional electron 

gas (2DEG) is depleted, an attribute which is leveraged for the development of e-mode HEMTs.   

Chapter 4 discusses the fabrication of enhancement mode (e-mode) high HEMTs enabled 

by the oxidation of the AlInN barrier layer [40]. Both electrical and optical triggering are analyzed. 

E-mode HEMTs with oxidized gates are realized with high, positive threshold voltages. The 

electrically tested HEMTs achieve gate voltages greater than 10 V, outperforming other e-mode 

HEMTs with limited gate voltage capabilities [41]. While further improvements to the electrically 

driven e-mode HEMTs ran into fabrication roadblocks, because of leaky gates, the iterative process 

aimed at enhancing the device operation led to a creative solution: developing optically-triggered 

HEMTs.  In this device the gate is oxidized but left without metal, and the HEMT is turned on 
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optically using laser light on the oxide gate.  These optically-triggered devices have high on-

currents and record switching speeds compared to other GaN photo-transistors. 

Chapter 5 discusses the optimization of AlInN growths and the feasibility of growing 

AlInN drift layers for power devices by utilizing AlInN/GaN superlattices (SLs) [42, 43]. The SLs 

overcome morphological challenges associated with growing thick AlInN layers and overcome a 

major first hurdle for the development of bipolar devices with AlInN drift layers.  

Finally, Chapter 6 summarizes the findings and presents potential future work. 
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CHAPTER 2  

Oxidation of Aluminum Indium Nitride (AlInN) 

2.1 Introduction 

AlxIn1-xN lattice-matched to c-plane GaN (x=0.82) has become of interest for GaN-based 

power devices, [1-4], and more recently, the thermal oxidation of these layers has been reported 

[5-8]. Most report on the oxidation of AlInN to form thin oxide layers in AlInN/GaN HEMTs 

(similar to AlGaN/GaN HEMTs) to suppress gate leakage but do not report oxidation rates, which 

require varying oxidation times and forming thicker oxide films. Previous work revealed that when 

Al0.82In0.18N films are subject to wet thermal oxidation (H2O in an N2 carrier gas) at high 

temperatures (900 °C), they are converted to a stable oxide that is not limited to thin layers. The 

thermal oxide has a small amount of nitrogen remaining (~1%), is insulating with resistivity 

>8x1014 Ω•cm, can oxidize deeply (at least 250 nm), and has breakdown electric fields >2 MV/cm 

[8].  

While thin oxide films have limited applications, thicker oxide films can be utilized as a 

gate oxide where lower leakage currents are necessary. For AlInN, the ability to oxidize a lattice-

matched layer to GaN is beneficial for various devices beyond HEMTs. For example, the AlInN 

layer's thickness on GaN is not confined by strain, which provides flexibility in oxide thicknesses. 

Additionally, the oxidation of an epitaxially grown AlInN layer on GaN avoids surface 

contamination, which is a concern with deposited oxides that are useful for metal-oxide-

semiconductor transistors.  
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2.2 Experimental Results 

2.2.1 Oxidation of nearly lattice-matched AlInN 

Comprehensive oxidation rates of thermally oxidized AlInN are undertaken and 

determined by varying oxidation times and temperatures. Oxidation rates are utilized during 

fabrication to target specific thicknesses, which can be used to determine properties of the oxide, 

such as dielectric constant. The oxidation rates and optical constants for the thermal oxide of 

AlxIn1-xN lattice-matched to GaN (x=0.83) are determined. The AlInN samples are oxidized in 

both O2 (dry) and by H2O vaper with an N2 carrier gas (wet) [9].  

The AlxIn1-xN samples are grown by metal-organic chemical vapor deposition (MOCVD) 

on template layers consisting of 4.5 µm, unintentionally doped GaN on sapphire substrates. The 

Al content is ~0.83.  The Al0.83In0.17N layers are ~230 nm thick, as confirmed using spectroscopic 

ellipsometry. They are unintentionally doped and have an n-type conductivity and electron 

concentrations of ~2x1017 cm-3.  The growth conditions and materials characterization of these 

lattice-matched AlInN films have been reported previously [10-12]. 

A horizontal quartz tube furnace with a diameter of 2.755 inches is used for the oxidation 

study. The Al0.83In0.17N samples are cleaned with acetone and isopropyl alcohol before loading 

vertically into the furnace on a quartz boat. For dry oxidation O2, flows directly into the furnace at 

~13 SCFH, while for wet oxidation N2 flows through an H2O bubbler set to 95 °C at ~14 SCFH 

before entering the furnace. Two oxidation experiments are completed, exploring the effects of 

time and temperature. For temperatures between 830 °C and 870 °C, samples are wet oxidized for 

1 hour and dry oxidized for 2 hours. For a constant temperature of 830 °C, samples are wet oxidized 

between 15 minutes and 3 hours and dry oxidized between 30 minutes and 6 hours. After the 
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oxidation is complete, the oxide thickness is measured using spectroscopic ellipsometry (SE), and 

the oxidation rate, oxide thickness, and refractive index are obtained.  

For the ellipsometry measurements taken throughout the presented work, modeling is 

needed to characterize the different layers (GaN, AlInN, and AlInO). The following modeling 

procedures are used to obtain consistent results. Additionally, to corroborate the results, other 

measurements such as profilometry or scanning transmission electron microscope (STEM) images 

have also been performed on select samples. For the oxidation of AlInN on GaN, SE measurements 

are taken on a J.A. Woollam ellipsometer for incident angles between 55° and 75°. The thicknesses 

of different layers in each sample are determined along with the refractive index (n) and extinction 

coefficient (k). SE measurements are taken at each stage of growth or processing.  

A model is developed at each stage and used as a starting point for the next stage using the 

software CompleteEASE. The model consists of a sapphire substrate followed by a GaN layer, 

AlInN layer, and, after oxidation, an AlInO layer. Each layer of the model allows freedom to fit 

the optical constants and layer thicknesses. Initial layer thicknesses for the GaN and AlInN layers 

are obtained from laser reflectometry measurements during growth and x-ray diffraction (XRD) 

measurements. Additionally, the n and k for the GaN and Al0.82In0.18N layers are slightly tuned to 

match known n and k values and assure that the thicknesses obtained from ellipsometry are 

accurate [8, 11]. The AlInN and AlInO layers are fit using the Tauc-Lorentz oscillator model.  The 

absorbing region of GaN near 367 nm is not included when fitting the oxide layer's thickness 

because it complicates the fit. Finally, a roughness parameter is used in the fits for each layer, 

which utilizes a Bruggeman Effective Medium Approximation (EMA) where the top surface is 

considered 50 percent void. For consistent results, n and k is modeled for a thicker oxide sample 

and held constant for the thinner oxides where the only free variable becomes the layer thickness.  
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Figure 2.1 shows an example fit to the ellipsometry data using the Tauc-Lorentz model for 

a sample oxidized in dry conditions at 830°C for 2 hours resulting in an oxide thickness of 55.24 

nm. The plot shows the measured amplitude ratio, Psi, and phase difference, Delta, for two 

different angles 60° and 70°. The fit is represented by the dotted lines, which confirms the accuracy 

of the fitting.  

Figure 2.1 Ellipsometry data collected at two different angles (60°, 70°) for wavelengths ranging from 400 to 

800 nm for the (a) amplitude ratio, Psi, and (b) phase difference, Delta. This data corresponds to a sample that 

is oxidized in dry conditions at 830°C for 2 hours resulting in an oxide thickness of 55.24 nm. 
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Figure 2.2 shows a plot of oxidation rate versus temperature for temperatures ranging from 

830°C to 870°C, similar to previous studies [8]. The samples that are used for the oxidation study 

over temperature have an Indium content of 16.9 percent. The dry oxidation is carried out for two 

hours at each temperature, and the wet oxidation for one hour at each temperature. Figure 2.2(a) 

shows the trend for the dry oxidation and Figure 2.2(b) shows the trend for the wet oxidation. The 

limited thickness of the AlInN layer necessitates a shorter time for wet oxidation because of the 

faster oxidation rate. The plot shows that as the oxidation temperature is increased, the oxidation 

rate increases linearly. The oxidation rate for the dry oxidation ranges between 0.41 nm/min and 

1.03 nm/min and from 0.77 nm/min to 1.56 nm/min for the wet oxidations.  

A second oxidation experiment is carried out by varying the oxidation times at a constant 

temperature to determine the oxidation rate's dynamic nature.  Figure 2.3(a) and (b) shows the 

oxide thickness versus time at 830°C for both dry and wet oxidation conditions respectively. The 

samples that are used for the oxidation study over time have an Indium content of 17.15 percent.  

Figure 2.2 The oxidation rate versus temperature of Al0.83In0.17N ranging from 830 to 870°C. The rates are 

obtained in (a) dry O2 conditions after two hours, and in (b) wet H2O vapor in an N2 carrier gas after 1 hour. The 

dotted lines are linear fits to the data. 
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The dry oxidation is carried out for times ranging from 30 to 360 minutes. Due to the increased 

oxidation rate, the wet oxidation is performed at shorter times, from 15 to 120 minutes. There is a 

faster oxidation rate at the beginning of the process and slower rates at longer times for both 

conditions.   

This oxidation rate behavior is similar to the thermal oxidation of Si and SiC and can be 

described by the oxidation kinetic behavior developed by Deal-Grove [13, 14]. The two rate 

regimes have different oxidation behavior. The initial (short-time) oxidation rates are reaction rate 

limited, while the long-time oxidation rates are determined by the oxidant diffusion and 

concentration in the oxide. The appearance of the two regimes for AlInN suggests similar oxidation 

behavior.  

In addition to the rate of oxidation, the refractive index and extinction coefficient are 

obtained for wavelengths ranging from 400 nm to 800 nm for dry oxidation after 2 hours at 830°C 

and for wet oxidation after 2 hours at 830°C. Figure 2.4 (a) and (b) shows a plot of the refractive 

Figure 2.3 Plot of the oxide thickness (nm) versus oxidation time (min) of Al0.83In0.17N at 830°C. The samples are 

oxidized (a) for times ranging from 30 minutes to 360 minutes in dry conditions, and (b) for times ranging from 15 

to 120 minutes in wet conditions. The data is fitted using the Deal-Grove model and is represented by the dotted 

lines. 
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index and extinction coefficients for the dry and wet oxides versus wavelength. The refractive 

index for dry and wet oxidation are distinct, with n at 500 nm being 1.548 for the dry oxide and 

1.835 for the wet oxide. 

The plots for both dry and wet oxidation of the AlInN films can be fit using the Deal-Grove 

model. The thickness of the oxide layer, xo, is the solution to a differential rate equation and can 

be expressed as: 

𝑥0 =
𝐴

2
[1 +

𝑡

𝐴2

4𝐵⁄
]

1
2

− 1 , (2.1) 

where t is the oxidation time, B is the parabolic growth rate constant, a function of oxidant 

diffusion rate and saturation, and A is the function of the oxidant diffusion and reaction rates [13]. 

This relationship is used to calculate the oxide thickness over time in Figures 2.3(a) and 2.3(b), 

where the thickness and oxidation time are known, and the A and B parameters are fit to the data. 

Fits for the wet oxidation give an A and B of 4.99 nm and 48.58 nm2/min, respectively, while for 

dry oxidation, the A and B are 138.08 nm and 115.99 nm2/min, respectively.  The values of the 

Figure 2.4 Refractive index (n) and extinction coefficient (k) versus wavelength for (a) dry oxidation at 830°C after 

2 hours and (b) for wet oxidation at 830°C for 2 hours. The refractive index and extinction coefficients are 

determined from the spectroscopic ellipsometry. The extinction coefficient for the dry oxide is zero over these 

wavelengths. 
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parameters that contribute to A and B, such as reaction rates and oxidant diffusion, require further 

study. This data shows that this oxidation kinetic behavior is similar to other semiconductors, even 

though this is a wide bandgap semiconductor. 

Next, the diffusivities of the AlInN oxide that determine the oxidation rates are compared 

to Silicon.  The parameters that determine the oxidation of AlInN are not available in the literature, 

so values for Al2O3 (alumina) are used.  For the O2 conditions at 830 ºC, the parabolic growth rate 

constants, B, are ~3x10-15 cm2/sec for Si [13] and 1.9x10-14 cm2/sec found here for AlInN.  B can 

be expressed as [15]  

𝐵 = 2𝐷𝑜𝑥

𝑁∗

𝑁𝑜𝑥
, (2.2) 

where Dox is the diffusivity of the oxidant, N* is the equilibrium concentration of the oxidant in 

the oxide, and Nox is the concentration of oxidant molecules in the oxide layer.  Nox is 2.25x1022 

cm-3 and 1.64x1022 cm-3 for SiO2 and Al2O3. The diffusivity data of O2 in Al2O3 is limited to high 

temperatures (>1500 K) [16],  so the diffusivity of O2 in alumina [17] is extrapolated to 830 ºC, 

which results in ~4.9x10-17 cm2/s.  For SiO2 under these conditions Dox is ~2.2x10-10 cm2/sec. 

Using Eqn. 2.2 the N* are 3.2x1024 cm-3 and 1.5x1017 cm-3 for AlInN oxide and SiO2, respectively.  

These values are orders of magnitude apart, which is not expected and is most likely from the 

choice of using the diffusivity of O2 in alumina, which is much lower than SiO2.  To match the N* 

of SiO2, a diffusivity of ~10-9 cm2/s is required, closer but still higher than the thermal oxide of 

Al0.27Ga0.73N [18].  It is likely that factors such as the phase of the oxide, the inclusion of In, and 

grain boundaries help raise the diffusivity[19]. Determining the diffusivities in these thermal 

oxides warrants future work. 

The average thickness expansion for the samples oxidized at different temperatures for 

constant times and at constant temperatures and different times is determined. The oxide expansion 
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is obtained by dividing the oxide thickness by the thickness of the consumed AlInN. This 

expansion is sometimes called the Pilling-Bedworth ratio [20] but will be referred here as a 

thickness expansion ratio. The average dry oxide expansion is far greater than the wet oxide 

expansion over the temperature range that is studied. The expansion of the dry oxide averages 2.08 

nm/nm for the samples oxidized over temperature, while the expansion of the wet oxide averages 

1.27 nm/nm. For the oxidations at 830 °C for varying times, the dry oxide expansion is 2.01 nm/nm 

and the wet oxide expansion is 1.05 nm/nm. For the experiments with varying time, short 

oxidations (<30 minutes) are removed. For short oxidation times, the oxide expansion is more 

significant than for more extended periods for both conditions, which is attributed to limitations 

of the ellipsometry fitting and dramatic changes in crystal structure at the start of oxidation.  

The different expansions for the two oxidation conditions indicate either different 

compositions, crystal structures, or voiding within the oxide layer. These hypotheses are further 

supported by the fact that the dry oxide can be wet etched while the wet oxide cannot. This 

indicates a phase difference between the dry oxide and wet oxide. This is further supported by the 

difference in refractive index for both oxides seen in Figure 2.4. The n and k plotted for the wet 

oxide in Figure 2.4(b) are for a thick oxide layer formed after 2 hours of oxidation, since thicker 

wet formed oxide layers generally give more consistent n and k. The n at 500 nm is close to 

previous data from the group at ~1.8 [8]. The expansion of the oxide layer from the initial film 

could pose a problem for devices.  Any in-plane expansion and resulting strain are not large enough 

to cause delamination, even for the thickest layers investigated here. Non-delamination could be 

due to stain relief from dislocations, or the expansion is mainly out of the plane (c-direction). 
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2.2.2 Oxidation of lattice mis-matched AlInN 

In addition to investigating the thermal oxidation rates and resulting optical constants of 

lattice-matched AlInN on GaN, oxidation of Al1-xInxN layers mismatched to GaN are explored. 

The previously discussed applications and benefits to thermally oxidized lattice-matched AlInN 

on GaN applied to oxidized mismatched layers. A drawback to the mismatched layers is added 

strain during the growth, which reduces viable maximum layer thickness for device applications 

where defects play an important role. While this is true, thinner AlInN layers with indium 

compositions close to the lattice-matched condition are of interest for HEMTs. The thermal 

oxidation of both lattice-matched and mismatched AlInN layers to GaN has been examined in 

AlInN/GaN HEMTs [5, 7]. In these papers, thin oxide layers, ~2 nm, are formed and used for gate 

leakage suppression.  The influence of indium content on the oxidation process is investigated to 

determine what compositions are better for semiconductor device applications where thicker 

oxides may be of interest [21]. 

Again, the Al1-xInxN layers are grown on 4.5 µm thick, unintentionally doped GaN 

templates on sapphire substrates via MOCVD. Four lattice-mismatched Al1-xInxN layers are 

studied with indium content, x, of 0.132, 0.145, 0.192, and 0.21. The In-content for each sample 

is determined using X-ray diffraction (XRD) measurements. The data from the lattice-matched 

study is included. To prevent the complete oxidation of the AlInN layers during oxidation, each 

sample has an AlInN thickness between 200 nm and 250 nm. After growth, the samples are cleaned 

with acetone and isopropyl alcohol before thermally oxidizing in dry conditions. The oxidation is 

performed at 830 oC and 900 oC in a horizontal tube furnace for 2 hours with an O2 flow of ~13 

SCFH.  
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To determine the surface morphology of each sample, AFM images are taken in standard 

tapping mode with a tip radius of ~10 nm. Figure 2.5(a)-(e) depicts the AFM images for the as-

grown AlInN samples with x=0.132, 0.145, 0.172, 0.192, and 0.21, respectively. The AFMs reveal 

pitting in the AlInN, which is expected for thick, mismatched AlInN layers grown on GaN due to 

tensile and compressive strain. The RMS roughness is also obtained from the AFMs and increases 

with increasing In content from 1.57 nm to 14.6 nm. A significant increase in roughness is 

observed for the indium-rich-containing layers compared to the lattice-matched AlInN. For the 

low-in-content samples, cracking is observed in the microscope images.  

Fig. 2.5(f) plots the RMS roughness versus In content of the AlInN samples before and 

after oxidation. The absolute RMS roughness increases for the AlInN films with increased In 

content. In addition to plotting the absolute RMS roughness after oxidation, a value for the change 

in RMS roughness before and after oxidation is calculated by dividing the post-oxidation 

roughness by the initial surface roughness and subtracting it by 1. This number is added above 

Figure 2.5 AFM images of the as-grown Al1-xInxN layers with indium content (a)-(e) of x=0.132, 0.145, 0.172, 

0.192, and 0.21, respectively. (f) Plot of RMS roughness versus In content obtained from the AFM images before 

oxidation (blue) and after oxidation (black). The absolute surface roughness decreases with decreasing indium 

content. The change in roughness before and after oxidation is also added above each data set (orange) and is 

calculated as (Post/Pre -1). 
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each data set and shows that while the highest absolute RMS roughness occurs for the sample with 

the most indium, the largest increase in surface roughness occurs for the sample with x=0.172. 

This is surprising since this is the lattice match condition between GaN and AlInN. Further 

oxidation studies on thinner AlInN layers with less initial roughness may provide an explanation.  

Figures 2.6(a)-(e) compares the AFM images for the oxidized AlInN samples with x=0.132, 

0.145, 0.172, 0.192, and 0.21, respectively. Oxidizing the samples with lower In-content results in 

oxides with smoother surfaces. The absolute increase in oxide roughness with indium composition 

is attributed to indium leaking to the surface during oxidation. This is noticeable in the AFM 

images for samples with higher indium content, which show indium beading, circled in white, at 

the surface (Fig. 2.6(b)-(e)). In fact, for the lowest In-content sample, the indium beading is not 

apparent.  

Figure 2.6 AFM images of the oxidized Al1-xInxN layers with indium content (a)-(e) of x=0.132, 0.145, 0.172, 

0.192, and 0.21, respectively. White circles indicate indium collecting on the surface.  (f) EDS map of a STEM 

image for an oxidized sample indicating indium (red) leaks to the surface during oxidation.  Also visible is the 

oxidized layer with aluminum (blue) and oxygen (green), and the unoxidized AlInN layer. 
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Fig. 2.6(f) confirms Indium on the surface using Energy dispersive X-ray spectroscopy 

(EDS) map of a scanning transmission electron microscope (STEM) image for an oxidized lattice-

matched AlInN sample. Indium (red) or indium oxide is observed on the top surface, followed by 

the bulk oxide layer with aluminum (blue) and oxygen (green) and an unoxidized AlInN layer. 

Furthermore, to test if the beading observed is indium or indium oxide, a sample is dipped in 1:1 

HCl for 30 minutes and the AFMs before and after are compared. Figure 2.7(a) shows the AFM of 

a sample with 14.5% indium before etching in HCl and (b) after etching in HCl for 30 minutes. A 

decrease in the beading is observed, indicating that the material contains some indium compound. 

A uniform oxide with minimal roughness is ideal for device applications to reduce interface defects 

and ensure uniform fields [22-24]. From this perspective, mismatched AlInN layers with less 

indium are preferred since the resulting oxide has reduced roughness.  

Figure 2.7(a) Shows the AFM of a sample with x=0.145 percent before etching in HCl and (b) after 

etching in HCl for 30 minutes. 

(a) (b) 
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Figure 2.8 shows the ellipsometry data from 400 to 800 nm for two oxidized AlInN samples 

and fits to the data. The measurements are taken at 55, 65, and 75 degrees. Figs. 2.8(a) and 2.8(b) 

plot the amplitude ratio, psi, and phase difference, delta, for the oxidized sample with the lowest 

indium content x=0.132. Psi and delta are plotted again in Figs. 2.8(c) and 2.8(d) for the sample 

with the highest indium content x=0.21. The dashed black lines are fits to the measured data for 

the oxide layer. Standard ellipsometry fitting previously described is used to fit the oxidized 

mismatched layers where the n and k for the thinner oxides are taken from fit data to thicker layers. 

The oxide thickness is confirmed with STEM imaging. 

Figure 2.8 Spectroscopic ellipsometry measurements taken from 400 to 800 nm and 

at 55, 65, and 75 degrees for two oxidized Al1-xInxN samples. Both (a) and (b) show 

the amplitude ratio, psi, and phase difference, delta, for the sample with indium 

composition x=0.132, while (c) and (d) show psi and delta for the sample with 

x=0.21. 
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Figure 2.9 shows the oxide thickness versus In content, x, for samples oxidized at 830 oC 

(black) and 900 oC (blue) for 2 hours. The refractive index for the thicker oxide layers (> 50 nm) 

is ~1.55 at 500 nm, consistent with previous results. Fig. 2.9 shows that the oxide thickness 

increases with increasing indium content, indicating that the oxidation rate increases with 

increasing indium content. The lowest indium-containing sample produced a thickness of ~14 nm 

over the 2 hours, while the highest indium-content film produced an oxide thickness of ~195 nm 

at 830 oC. The same trend occurs for the few samples that are oxidized at 900 oC. At higher 

temperatures, the oxide layer is thicker for samples of comparable indium content, which is typical 

of thermal oxidation [13]. 

The mechanisms behind the oxidation rate being a function of alloy content requires further 

study, but previous studies on the oxidation of InN and AlN can provide some insight. To oxidize 

InN films into In2O3, oxidation temperatures between 400 oC and 750 oC are used, while AlN films 

are oxidized to form Al2O3 at temperatures between 800 oC and 1100 oC [25-28]. This suggests 

Figure 2.9 Plot of the oxide thickness versus indium content, x, 

after a 2-hour oxidation at 830 oC (black) and after 2-hour 

oxidation at 900 oC in an O2 environment. The oxidation rate 

increases with In content. The black line is a guide to the eye 

for the oxidation at 830 oC. 
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that increasing the In content in the AlInN layers decreases the temperature needed for oxidation. 

Since the higher indium content samples can be oxidized at lower temperatures, when samples of 

varying indium content are oxidized for the same amount of time and temperature, the resulting 

oxide layer is thicker for samples with more indium.  

Finally, x-ray photoelectron spectroscopy (XPS) is conducted on a sample to determine the 

presence of nitrogen and other materials in the oxidized films. A sample with a 10 nm AlInN layer 

grown on sapphire with In content equal to 17.5 percent. The sample is oxidized in O2 for 1 hour 

at 850 °C. Figure 2.10 shows the XPS results of intensity (a.u.) versus binding energy (eV) for the 

sample, highlighting the peaks associated with different binding energies. Peaks related to gallium, 

aluminum, indium, oxygen, and carbon are detected in the sample. Figure 2.10(a) shows a peak 

with binding energy at 1118.07 eV, which corresponds to Ga2O3. The gallium oxide is likely due 

to over oxidation in the thin AlInN sample. Figure 2.10(b) shows a peak with binding energy at 

Figure 2.10 XPS measurements for thermally oxidized AlInN at 850 °C for 1 hour. 

(a)-(d) show the peaks of different binding energies associated with gallium, 

aluminum, indium, and oxygen respecitvely. 
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74.43 eV corresponding to Al2O3. Figure 2.10(c) shows a split peak with a main peak at 445.02 

eV and a second peak 7.598 eV above the first peak. Literature relates these two peaks to In2O3. 

Finally, Figure 2.10(d) has a peak at 531.5 eV, which is broadly associated with oxygen in the 

film. The oxygen is bounded to the oxide peaks found in Figures 2.10 (a)-(c). A shoulder is 

observed in the oxygen peak, attributed to oxyginated hydrocarbons from sample contamination. 

Most importantly there are no peaks associated with nitrogen observed in the XPS, and idicates 

the AlInN is fully converted into AlInO. More XPS experiments need to be conducted to determine 

how the indium is incorporated in the oxide. To do this, the samples can be subjected to reactive 

ion etching to see if the Inidum peak disappears, which would indicate the indium is only at the 

surface. 

2.3 Conclusion 

Overall, the development of thermally oxidized AlInN processes is for implementation in 

power devices. Successful determination of the oxidation rates and material properties for the 

AlInN is an important step to achieve this goal. The information obtained from the oxidation 

studies is utilized to fabricate metal oxide semiconductor (MOS) capacitors and high electron 

mobility transistors (HEMTs) that incorporate the developed AlInO. Optimization of the oxide 

layers is essential to improving the performance of these devices. 
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CHAPTER 3  

AlInO/GaN Metal-Oxide-Semiconductor (MOS) Capacitors 

3.1 Introduction 

Metal-oxide-semiconductor (MOS) capacitors are commonly used to characterize oxide 

layers through simple current versus voltage (IV) and capacitance versus voltage measurements 

(CV). These devices give insight into the thickness of the oxide, the oxides dielectric constant, and 

insulating properties. Additionally, ultra-violet CV measurements can be used to determine the 

interface trap density Dit, of the oxide semiconductor surface. Lastly, MOS capacitors are easy to 

fabricate making them valuable test devices. To achieve high-performance, GaN-based, MOS 

devices, a suitable oxide with low oxide charge and interface defects is required. Characterizing 

the oxide and oxide-semiconductor interface is necessary to determine the viability of the gate 

oxide, essential for MOSFET operation that requires precise gate control [1, 2]. 

Many oxides have been explored for use in GaN devices, including SiO2, β-Ga2O3, and 

Al2O3 [3-6]. Among these, liquid phase deposited (LPD) and chemical vapor deposited (CVD) 

SiO2 and atomic layer deposited (ALD) Al2O3 are the leading candidates with better leakage 

characteristics than β-Ga2O3 and low interface densities ranging from 1010 to 1011 cm-2eV-1 after 

post-deposition annealing [7-9].  Al2O3 is of particular interest because of its large bandgap 7-9 

eV, high relative dielectric constant 9-10, and high breakdown electric field >10 MV/cm [10-12]. 

These properties are advantageous for power devices operating at high voltages. While 

advancements have been made to the interface properties of these oxides and GaN, gate control 

for all GaN MOS devices needs improvement [8, 13, 14]. 

Deposited oxides, such as CVD SiO2 and ALD Al2O3, need pristine semiconductor 

surfaces to avoid interface defects at the oxide-semiconductor interface.  Contaminants are a 
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problem with GaN surfaces when exposed to air, and thorough surface pretreatments are required 

before deposition or growth to remove surface contaminants such as O, C, and Si [15-17]. While 

pretreatments have successfully reduced O and C, a significant amount of Si is still observed on 

GaN surfaces [18, 19]. The inability to remove Si from GaN surfaces is a problem for deposited 

oxides, making it challenging to control electrical properties such as threshold voltage. 

Specifically, surface Si could hinder the development of n-channel GaN devices, where it would 

create a surface n-type layer on top of the p-type GaN, compromising the device’s performance. 

By avoiding exposure of the oxide semiconductor interface during processing, thermally oxidizing 

AlInN is an advantageous choice for GaN devices. 

3.2 AlInO/GaN MOS capacitor analytical modeling 

To properly characterize the thermally oxidized AlInN on GaN MOS capacitors, an 

analytical model is developed to obtain an ideal CV characteristic from Sze [20]. In an ideal model 

the relationship between the surface potential, space charge density, and electric field are used to 

determine the capacitance of MOS devices. The following derivation assumes a p-type 

semiconductor but can be easily manipulated to apply to n-type semiconductors. To do this the 

signs for the surface potential are flipped in addition to the majority and minority carrier. The 

derivation starts by solving the one-dimensional Poisson equation for potential, ѱ, as a function of 

distance, x, which is expressed as:  

𝑑2𝜓

𝑑𝑥2
= −

𝜌(𝑥)

𝜖𝑠
. (3.1) 

 

The permittivity of the semiconductor is given by, ϵs, and the space charge density, ρ(x), is related 

to the ionized donor (𝑁𝐷
+) and acceptor densities (𝑁𝐴

−) and electron (n) and hole (p) concentrations 
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as follows:  

𝜌(𝑥) = 𝑞(𝑁𝐷
+ − 𝑁𝐴

−  + 𝑝𝑝 – 𝑛𝑝). (3.2) 

 

The electron and hole concentrations in the p-type layer as a function of potential are given by, 

𝑛𝑝 = 𝑛𝑝𝑜𝑒(𝛽𝜓) (3.3) 

𝑝𝑝 = 𝑝𝑝𝑜𝑒(−𝛽𝜓), (3.4) 

where, β=q/kT, is a constant, and npo and ppo are the equilibrium densities of electrons and holes 

in the p-type semiconductor. By applying charge neutrality in the bulk and relating the electron 

and hole concentrations as a function of potential the Poisson equation can be solved to find the 

electric field as it relates to potential through integration. In the bulk both the space charge density 
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and potential are zero and the following relationship is formed, 

𝑁𝐷
+ − 𝑁𝐴

− = 𝑛𝑝𝑜 – 𝑝𝑝𝑜. (3.5) 

Equations 3.3, 3.4, and 3.5 can then be substituted into equation 3.2 to get, 

𝜌(𝑥) = 𝑞(𝑛𝑝𝑜 – 𝑝𝑝𝑜 + 𝑝𝑝𝑜𝑒(−𝛽𝜓) – 𝑛𝑝𝑜𝑒(𝛽𝜓)) (3.6) 

𝜌(𝑥) = 𝑞[𝑝𝑝𝑜(𝑒(−𝛽𝜓) − 1) −  𝑛𝑝𝑜(𝑒(𝛽𝜓) − 1)]. (3.7) 

Equation 3.7 is then substituted back into Poisson’s equation to get, 

𝑑2𝜓

𝑑𝑥2
= −

𝑞

𝜖𝑠
[𝑝𝑝𝑜(𝑒(−𝛽𝜓) − 1) −  𝑛𝑝𝑜(𝑒(𝛽𝜓) − 1)]. (3.8) 

The relationship between the electric field (ℰ) and potential is given by, 

ℰ = −
𝑑𝜓

𝑑𝑥
. (3.9) 

Equation 3.8 is solved by integrating from the surface into the bulk of the semiconductor. 

∫ (
𝑑𝜓

𝑑𝑥
) 𝑑 (

𝑑𝜓

𝑑𝑥
)

𝑑𝜓
𝑑𝑥

0

= −
𝑞

𝜖𝑠
∫ [𝑝𝑝𝑜(𝑒(−𝛽𝜓) − 1) − 𝑛𝑝𝑜(𝑒(𝛽𝜓) − 1)]𝑑𝜓

𝜓

0

(3.10) 

1

2
(

𝑑𝜓

𝑑𝑥
)

2

=
𝑞𝑝𝑝𝑜

𝛽𝜖𝑠
[(𝑒(−𝛽𝜓) + 𝛽𝜓 − 1) +

𝑛𝑝𝑜

𝑝𝑝𝑜
(𝑒(𝛽𝜓) − 𝛽𝜓 − 1)] (3.11) 

By substituting equation 3.9 the solution becomes, 

ℰ2 =
2𝑞𝑝𝑝𝑜

𝛽𝜖𝑠
[(𝑒(−𝛽𝜓) + 𝛽𝜓 − 1) +

𝑛𝑝𝑜

𝑝𝑝𝑜
(𝑒(𝛽𝜓) − 𝛽𝜓 − 1)] . (3.12) 

The equation can then be rewritten into the following form considering β=q/kT, 

ℰ2 = (
2𝑘𝑇

𝑞
)

2 𝑞𝑝𝑝𝑜𝛽

2𝜖𝑠
[(𝑒(−𝛽𝜓) + 𝛽𝜓 − 1) +

𝑛𝑝𝑜

𝑝𝑝𝑜
(𝑒(𝛽𝜓) − 𝛽𝜓 − 1)] . (3.13) 

The equation for electric field can be further abbreviated the following way, 

ℰ = ±
√2𝑘𝑇

𝑞𝐿𝐷
𝐹 (𝛽𝜓,

𝑛𝑝𝑜

𝑝𝑝𝑜
) , (3.14) 
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where, the electric field at the surface, ℇs, is obtained by letting ѱ=ѱs. The electric field is then 

related to the space charge density, Qs, using Gauss’s law,  

𝑄𝑠 = −𝜖𝑠ℰ𝑠 = ∓
√2𝜖𝑠𝑘𝑇

𝑞𝐿𝐷
𝐹 (𝛽𝜓𝑠,

𝑛𝑝𝑜

𝑝𝑝𝑜
) . (3.15) 

 The depletion capacitance is obtained by taking the partial derivative of the space charge 

density with respect to Qs. The closed form equation for the depletion capacitance is as follows: 

𝐶𝐷 =
𝜕𝑄𝑠

𝜕𝜓𝑠
=

𝜖𝑠

√2𝐿𝐷

[1 − 𝑒(−𝛽𝜓𝑠) +  
𝑛𝑝𝑜

𝑝𝑝𝑜
(𝑒(𝛽𝜓𝑠) − 1)

𝐹 (𝛽𝜓𝑠,
𝑛𝑝𝑜

𝑝𝑝𝑜
)

. (3.16) 

To find an analytical model for the capacitance versus voltage, the total capacitance needs to be 

related to the applied voltage. The applied voltage is observed as a voltage drop across the insulator 

and semiconductor and is written as: 

𝑉 = 𝑉𝑖 +  𝜓𝑠, (3.17) 

where Vi is the voltage drop across the insulator. Vi is given by: 

𝑉𝑖 = ℰ𝑖𝑑 =
|𝑄𝑠|𝑑

𝜖𝑖
 . (3.18) 

The total capacitance is modeled as the series combination of the insulator capacitance and 

depletion capacitance: 

𝐶 =
𝐶𝑖𝐶𝐷

𝐶𝑖 + 𝐶𝐷
. (3.19) 

 The insulator capacitance is simply the insulator dielectric constant divided by the thickness, 

𝐶𝑖 =
𝜖𝑖

𝑑
, (3.20) 

and the depletion capacitance is obtained by taking the partial derivative of the space charge 

density with respect to surface potential seen in Equation 3.16. Equation 3.20 can be substituted 
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into Equation 3.18 and the Vi simplifies to, 

𝑉𝑖 =
|𝑄𝑠|

𝐶𝑖
. (3.21) 

 Finally, the complete relationship between capacitance and voltage is obtained by 

combining Equations 3.16 to 3.21. These equations and relationships are implemented in Matlab, 

where the material properties such as the dielectric constants, layer thicknesses, and doping for 

both the GaN and Aluminum Indium Oxide (AlInO) are known or given reasonable values to plot 

example curves. For an n-type GaN-AlInO MOS capacitor system with doping, ND, of 5x1016 cm-

3, and oxide thickness of 60 nm, plots of the space charge density (Qs) versus surface potential 

(ѱs), surface potential (ѱs) versus applied voltage, and capacitance versus voltage are obtained.  

Figure 3.1 shows a plot Qs (C/cm2) vs. ѱs (V) from strong inversion to accumulation. In Fig. 

3.1(a) the ideal plot is displayed based on Equation 3.15. The different regions on the plot are 

(a) (b) 

Figure 3.1 Shows the plot of space charge density Qs (C/cm2) versus surface potential ѱs (V) for an n-type GaN 

semiconductor with doping of 5x1016 cm-3. (a) Shows the typical plot for Qs given by equation 3.15 while (b) 

shows a modified plot of Qs accounting for the carrier lifetimes seen in GaN where Qs in strong inversion goes 

by ~sqrt(ѱs). 
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defined based on the surface potential and shown in Table 3.1. For an n-type semiconductor: 

Table 3.1 The band bending condition and related surface potential ranges for those conditions in an n-type 

semiconductor. 

Surface Potential (ѱs) Band Bending Condition 

𝜓𝑠 > 0 Accumulation 

𝜓𝑠 = 0 Flat-band condition 

𝜓𝐵𝑛
< 𝜓𝑠 < 0 Depletion of electrons 

𝜓𝑠 = 𝜓𝐵𝑛
 Fermi-level at mid-gap 

2𝜓𝐵𝑛
< 𝜓𝑠 < 𝜓𝐵𝑛

 Weak Inversion 

𝜓𝑠 < 2𝜓𝐵𝑛
 Strong Inversion 

  

 Due to the fast carrier lifetimes in GaN, the space charge density in strong inversion 

behaves differently than in silicon. Fig. 3.1 (b) shows the modified plot of Qs (C/cm2) vs ѱs (V) 

where Qs goes by ~sqrt(ѱs) after reaching strong inversion. Strong inversion is defined when the 

surface potential is greater than 2 times the difference between the fermi level and mid-gap, 

𝜓𝑠 = 2𝜓𝐵 =
2𝑘𝑇

𝑞
ln (

𝑁𝐷

𝑛𝑖
) . (3.22) 

 The analytical model for the CV curve can be made more robust by adding metal-work 

function differences, and oxide charge effects. The metal-semiconductor work function difference 

is defined by, 

𝜙𝑚𝑠 = 𝜙𝑚 − (𝑋 +
𝐸𝑔

2
+ 𝜓𝐵) , 𝑝 − 𝑡𝑦𝑝𝑒 (3.23𝑎)

𝜙𝑚𝑠 = 𝜙𝑚 − (𝑋 +
𝐸𝑔

2
− 𝜓𝐵) , 𝑛 − 𝑡𝑦𝑝𝑒 (3.23𝑏)

 

where ϕm
 is the metal work function, X is the semiconductor electron affinity, Eg is the 



   

39 

 

semiconductor bandgap, and ψB is the difference between the fermi level and mid-gap. Differences 

in metal-semiconductor work function produce voltage shifts in the CV curve which are added to 

the Matlab code. In the implemented analytical model 5.15 eV is used for the Ni work function, a 

bandgap of 3.44 eV used for GaN, and the fermi level difference is calculated to be 1.588 eV. This 

results in a voltage shift of 0.9187 V. Changes in voltage are implemented in the model by simply 

adding them to Equation 3.17.  

Figure 3.2 plots the surface potential (V) vs applied voltage (V) given by Equation 3.17 

with the addition of the metal-semiconductor work function of Ni.  The flat band voltage can be 

determined by finding the applied voltages where the surface potential equals zero. As expected, 

the flat-band voltage is 0.9187 V.  Three types of oxide charges are accounted for in the model but 

set to zero. These charges include fixed charges, mobile charges, and oxide trapped charges. Like 

Figure 3.2  Plot of surface potential, ѱs (V), versus applied 

voltage (V) for an n-type GaN-AlInO MOS system where 

ND=5x1016 cm-3and the oxide thickness d=60. The relations 

ship is obtained by plotting 3.17.  

VFB=0.9187 V 
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the metal-semiconductor work function, oxide charges produce voltage shifts given by: 

∆𝑉 = ∆𝑉𝑓 + ∆𝑉𝑚 + ∆𝑉𝑡 =  −
𝑄𝑓

𝐶𝑖
−

𝑄𝑚

𝐶𝑖
−

𝑄𝑡

𝐶𝑖
. (3.24) 

These shifts change the flat-band voltage and differences in the analytical flat-band voltage and 

measured flat-band voltage can be used to quantify charges in the devices.   

Figure 3.3 plots the capacitance (pF) vs applied voltage (V) for an ideal GaN-AlInO MOS 

system using Equations 3.17 and 3.19 with the addition of the metal-semiconductor work function 

differences. The depletion capacitance is determined by taking the derivative of Qs with respect to 

ѱs numerically in Matlab. Unlike in silicon there is no observed change in the depletion capacitance 

at high and low frequencies since the carrier lifetimes are too short in GaN.  

With these analytical models, fits to measured data can be used to determine unknown 

information about fabricated MOS devices. Generally, the oxide thickness is known from the 

oxidation rate study, so the main fitting parameter is the dielectric constant of the oxidized layer. 

This analytical modeling is a powerful tool used to characterize MOS capacitors fabricated on both 

Figure 3.3 Plot of capacitance (pF) versus voltage 

(V) for ideal analytical model of a GaN-AlInO MOS 

Capacitor with a doping of 5x1016 cm-3and oxide 

thickness d=60 nm. 
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GaN templates with sapphire substrates and on low defect density GaN substrates presented in the 

rest of the chapter.  

3.3 Experimental Results 

3.3.1  Exploratory MOS capacitor experiments 

Many exploratory experiments are conducted to determine the favorable oxidation 

conditions to produce AlInO-GaN MOS capacitors with good electrical performance. The epitaxial 

structures consist of lattice-matched AlInN growth on GaN layers formed on GaN/Al2O3 templates 

and GaN substrates. Both wet oxidation, using a bubbler to produce water vapor and an N2 carrier 

gas, and dry oxidation, simply flowing O2 through the tube furnace, are examined. Additionally, 

different times, temperatures, and substrates are explored. The oxidation times are based on the 

oxidation rate studies in Chapter 2.  

Initial MOS devices are fabricated in both wet and dry conditions at temperatures around 

900 °C. At these high temperatures, highly insulating oxides films are formed [21], but the devices 

lack the appropriate capacitive response expected in a MOS capacitor. To address this, lower 

Figure 3.4 Capacitance (pF) versus voltage (V) characteristic for two MOS capacitors oxidized in wet 

conditions for 50 minutes at 830 °C. (a) Shows a device fabricated on low quality GaN substrates with an 

indium percentage of 15.17 and (b) shows a device grown on ammono GaN substrates with an indium 

percentage of 16.6. Variations in the indium percentage and substrate may be the reason for performance 

differences.  
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oxidation temperatures (830 °C) are explored for devices on sapphire substrates and produce 

devices with the correct capacitive behavior. This is likely from different Al2O3 phases or degree 

of crystallinity being formed at higher temperatures versus lower temperatures.  

With promising results on sapphire substrates, preliminary experiments on GaN substrates 

are conducted. An initial test was performed on lower-quality GaN substrates, and devices were 

fabricated by oxidizing under wet conditions at 830 °C for 50 minutes. Blanket backside contacts 

and topside contacts were formed using a shadow mask with 150 µm diameter circular openings.  

Figure 3.4 (a) shows the CV characteristic of this device. Before being oxidized, the AlInN layer 

has an indium composition of 15.17 percent. The results are promising, however across the wafer 

there is significant variation in the capacitive performance with some areas showing “stretched 

out” curves (indicating high interface traps) and low accumulation capacitance.  

A second set of devices is fabricated in a similar manner, but this time using high-quality 

GaN substrates. Both wet and dry conditions are explored. The oxide formed with wet conditions 

is leaky, resulting in a poor CV characteristic. The CV measurement is plotted in Figure 3.4(b) 

where a significant decrease in capacitance at 1 V, attributed to leakage, is observed. The 

inconsistent CV behavior for the wet oxidized MOS capacitors needs to be studied further. 

Unfortunately, changes in the furnaces used for oxidation made wet oxidation capabilities 

unavailable, and the research that is discussed further focuses on dry oxidation. Fortunately, the 

dry oxidized sample showed promising results.  This is discussed in the remainder of Chapter 3, 

which focuses on MOS capacitors fabricated in dry conditions. 
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3.3.2 Dry oxidized AlInO/GaN MOS capacitors on GaN substrates 

The exploratory MOS capacitor experiments steered the research toward using dry 

oxidation conditions. Vertical MOS capacitors grown on Ammono GaN substrates are fabricated. 

Figure 3.5 shows a cross-section of the fabricated device. The sample consists of a 1 µm thick n-

type GaN layer with an electron concentration of ~1.5x1016 cm-3, followed by a 30 nm thick AlxIn1-

xN layer that is nearly latticed matched to GaN with x=0.834 as determined by X-ray diffraction. 

The AlInN layer is unintentionally doped with an electron concentration of ~2x1017 cm-3. One-

half of the sample is oxidized in wet conditions at 830 °C for 50 minutes in wet conditions, and is 

presented in the exploratory work. Using the previously obtained oxidation rates, the other half of 

the sample is oxidized at 830 °C for 2 h and 15 minutes in dry conditions to ensure complete 

oxidation of the AlInN layers [22, 23]. A resulting oxide thickness between ~40 and ~60 nm is 

expected for the two samples due to expansion during the oxidation process observed in the 

oxidation rate study. After oxidation the topside of the samples are patterned with circular openings 

ranging from 40 to 340 µm in diameter, 2000 Å of Ni is deposited, and contacts are formed using 

a liftoff process. For the backside contact a 10 min ICP etch is performed to promote adhesion of 

the metal and remove surface contamination. Ohmic contacts consisting of 10 Å of Ti and 1500 Å 

Figure 3.5 Schematic cross-section of the MOS 

capacitor with associated electron concentrations 
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of Al are deposited. The vertical MOS capacitors are measured using IV and CV measurements to 

determine the oxide properties and characterize the oxide-semiconductor interface.  

Figure 3.6 Plot of current density (A/cm2) vs applied 

bias (V) for a MOS capacitor with a 40-micron 

diameter Ni contact sweeping the applied bias from -4 

to 4 volts. The current is asymmetric with larger 

currents under forward bias. 
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  Electrical measurements on a 40 µm diameter device are measured from -4 to 4 volts. 

Figure 3.6 shows the plot of current density vs. voltage (JV). The JV is asymmetric, with more 

leakage at positive voltages. While the current density is higher than desired, it is ~100 times lower 

than similar MOS capacitors fabricated on GaN-on-sapphire templates. This is most likely due to 

lower dislocation density for the samples on GaN substrates.  

Initial CV measurements on the MOS devices revealed significant hysteresis that is 

reduced after consecutive measurements. Figure 3.7 shows two bidirectional CV measurements 

from -4 to 4 volts where the total capacitance is normalized to the accumulation capacitance, Cox. 

Both CV measurements are swept from depletion to accumulation and back to depletion. The first 

CV sweep is taken on an unmeasured device, and the second shows the CV sweep for the same 

device after stressing with five consecutive CV measurements. The first CV measurement has a 

hysteresis of ~0.75 V measured at C/Cox=0.5, but after five consecutive measurements, the 

Figure 3.7 Plot of normalized capacitance vs applied 

bias (CV) from -4 to 4 volts for the initial CV 

(unstressed) and a stressed CV after five successive 

measurements taken at 1 MHz. The initial CV shows 

noticeable hysteresis while the CV that was obtained 

after successive sweeps shows significant reduction in 

hysteresis. 
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hysteresis is significantly reduced to ~100 mV. This voltage shift indicates there is mobile charge 

in the oxide layer. The voltage shift from the initial CV measurement is used to determine the 

mobile charge by multiplying the voltage shift by Cox. The mobile charge extracted from various 

CV measurements ranges from 7.4x10-8 to 9.7x10-8 C/cm2. Figure 3.8 shows an ideal CV curve 

obtained from theoretical calculations and the stressed CV measurement taken at 1 MHz. For the 

ideal CV, a work function of 5.15 is used for Nickel to account for the metal work function shift 

in the experimental CV curve. The Terman method is used to determine the interface charge, 

resulting in a Dit of ~ 1012 cm-2eV-1 [24].  

Optimization of the oxidation conditions is needed to improve the leakage, mobile charge, 

and interface density. The initial oxidation conditions used are known from the rate study and not 

optimized for MOS capacitors. To modify the crystal structure, different oxidation conditions such 

as temperature and flow, and different pre-oxidation cleans are studied. Additionally, the starting 

In-content of the AlInN layer may be a significant factor in the crystal structure.  Both the thermal 

Figure 3.8 Plots of normalized capacitance vs applied bias 

(CV) for an ideal CV and measured CV at 1 MHz after five 

successive measurements. The measured CV is not as steep 

due to interface charge. 
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oxidation conditions and starting alloy content are studied on MOS capacitors grown on GaN on 

sapphire templates. 

3.3.3 MOS capacitors with dual oxidation steps 

 For follow on work, we employed quick turn-around MOS capacitors grown on GaN 

templates with sapphire substrates to optimize the interface characteristics for different oxidation 

conditions. Approximately 30 nm thick Al1-xIn xN layers with indium composition (x) of 0.14 and 

0.18 are used to see the impact of indium on device operation. The samples are cleaned in buffered 

oxide etchant before being oxidized for various times, temperatures, and conditions. After 

oxidation a shadow mask is used to deposit Ni/Au metal dots on the oxide surface in a hexagonal 

pattern which serve as both a top contact and ohmic contact to GaN via “flash testing”. Typically, 

to electrically analyze the behavior of the AlInO/GaN MOS capacitors, ohmic contacts need to be 

made to the GaN layer by ICP etching layer to the GaN layer where metal is deposited to form 

ohmic contacts. This process takes multiple steps and can be time consuming and therefore a quick 

test method is used instead to form contacts to the GaN layer by “flashing” adjacent top contacts. 

of the metal pads are “flashed” by probing at a high voltage causing breakdown of the oxide layer 

down to the n-type GaN layer. Measurements are taken between one of the flashed n-contacts and 
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the as deposited metal pads on the oxide. Figure 3.9 (a) and (b) show a schematic for the “flashing” 

process. 

The oxidation conditions are explored to optimize the device's performance. Single and 

dual temperature experiments are performed ranging from 500°C to 900°C and for times ranging 

between 1 hour and 6.5 hours depending on the oxidation temperature. Table 3.2 describes various 

experiments that were conducted including the oxidation time, temperature, condition, the sample 

substrate, composition, and a brief description of the CV results. The CV results for the promising 

samples are plotted and presented. 

  

Figure 3.9 Cross-sectional schematic before and after “flashing” the device. (a) Shows the probes being 

shorted with 100-200 volts and (b) shows the ohmic contact formed to the n-GaN layer after “flashing”. 
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Table 3.2 List of different MOS Capacitor experiments fabricated under different oxidation conditions. Additionally, 

a brief description of the results are added. 

Sample 

Number 

Process Substrate In% CV Results 

 Time 

(Hours) 

Temp. 

(°C) 

Condition 

5202 0.83 830 Wet GaN 15.17 Good but non-uniform 

5203i 2  850 Dry Sapphire 18  Over Ox. 

5205i 2  850 Dry Sapphire 14 Over Ox. 

5203ii 2  850 Dry/Annealed Sapphire 18  Leaky 

5205ii 2  850 Dry/Annealed Sapphire 14 Leaky 

5203iii 1/1 600/850 Dry Sapphire 18 Best Results 

5205iii 1/1 600/850 Dry Sapphire 14 Best Results 

5203iv 1/1 600/850 Dry/HCl etch Sapphire 18 Leaky 

5205iv 1/1 600/850 Dry/HCl etch Sapphire 14 Leaky 

5203v 1/1 600/850 Dry/HCl flow Sapphire 18 Leaky/Charge 

5205v 1/1 600/850 Dry/HCl flow Sapphire 14 Leaky/Charge 

5203vi 2 900 Dry Sapphire 18 Over Ox/High Traps 

5205vi 2 900 Dry Sapphire 14 Over Ox/High Traps 

5203vii 1 850 Wet Sapphire 18 Inconclusive 

5205vii 1 850 Wet Sapphire 14 Inconclusive 

5203viii 5 800 Dry Sapphire 18 Leaky/Stretched(Dit) 

5205viii 5 800 Dry Sapphire 14 Leaky/Stretched(Dit) 

5203ix 2/4 600/800 Dry Sapphire 18 Leaky 

5205ix 2/4 600/800 Dry Sapphire 14 Leaky/Stretched(Dit) 

5205x 6.5 800 Dry Sapphire 14 Good 

5205xi 1 850 Wet Sapphire 14 Leaky/Hysteresis/Dit 

5205xii 1/1 500/850 Dry Sapphire 14 Charges/Stretched 

5208 1/5 600/850 Dry GaN 19.6 Bad 

5209i 1/2.5 600/850 Dry GaN 17.75 Half Stable/ Half Charged 

5209ii 1/3  600/850 Dry GaN 17.75 Leaky 

5209iii 1/3.5  600/850 Dry GaN 17.75 Leaky/unstable 

5211i 2.25 830 Dry GaN 16.6 Great characteristics/Not repeatable 

5211ii 0.83 830 Wet GaN 16.6 Leaky 

5302i 1/1 600/850 Dry GaN 16.6 Low Dit Under Ox. Not Leaky 

5302ii 1/5 600/850 Dry GaN 16.6 Over Oxidized Leaky 

M246 1 850 Dry Sapphire 17.5 10 nm AlInN Over Ox 

M429 2.25 830 Dry GaN 17.5 Charged/Low accumulation 
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Simple dry conditions produce the best results, but both wet conditions and dry oxidation 

conditions with HCl flowing are also explored. Figure 3.10 shows the CV data for the oxidation 

conditions that produced the best CV results (5203iii and 5205iii). The oxidation is performed at 

two temperatures in a horizontal quartz tube furnace with an oxygen flow of ~2800 sccm. The 

samples are oxidized at 600 °C for 1 hour, ramped to 850 °C, and oxidized for an additional 1 

hour. Fig 3.10(a) shows the CV data for the sample with x=0.14 and (b) x=0.18. Compared to other 

CV measurements, these oxidation conditions resulted in devices with the least amount of 

hysteresis and the sharpest transition from depletion to accumulation. Smoother oxide surfaces are 

observed with the two-step oxidation, and we surmise that the initial lower temperature first step 

preferentially oxidizes the In first and limits its diffusion to the surface.   

The effects of electrical burn-in are tested on the devices with 18 percent indium content. 

Figures 3.11(a)-(c) plots the CV curve for the MOS capacitor with 18 percent indium after an 

initial measurement (first), taking multiple successive measurements (stressed), and after waiting 

10 minutes (wait) to see how the charges in the oxide settle. In Fig, 3.11(a) CV hysteresis for a 

Figure 3.10 Capacitance versus voltage measurement for a “flashed” device from -5 to 5 volts. Initial(black), 

stressed (blue), and measurements after waiting(orange) are taken on devices with indium percentage (a) 

x=0.14 and (b) x=0.18. 

(a) (b) 
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device with no electrical burn-in is plotted.  In the initial measurement, hysteresis is observed 

which goes away after stressing and returns after waiting 10 minutes. This indicates that there is 

mobile charge in the oxide layer. In Fig. 3.11(b), the MOS capacitor is held at 4 V for an hour 

before taking the same 3 measurements. After holding the samples at 4 V for an hour minimal 

hysteresis is observed. The initial measurement, stressed measurement, and measurement after 

waiting 10 minutes show little variation indicating the mobile charges are neutralized. In Fig. 

3.11(c), the MOS capacitors are held at -4 V for an hour before measuring. A significant increase 

in hysteresis is observed in the initial measurement. The stressed measurement and measurement 

after waiting 10 minutes are comparable to the measurements with no electrical burn-in. Since the 

hysteresis decreases when applying a positive voltage and increases when applying a negative 

voltage, the charges are likely negative ions.  From these optimized oxidation conditions, another 

set of MOS capacitors are fabricated on GaN substrates.  

The next set of MOS capacitors are fabricated on GaN substrates and utilize the dual 

temperature oxidation, which had the best results for the quick turn-around MOS capacitors. While 

full oxidation of the AlInN layer was expected, we found that only half of the AlInN layer was 

oxidized.  The as-grown AlInN/GaN structure and doping profiles are previously described. The 

Figure 3.11 Bidirectional capacitance versus voltage measurements for three conditions. (a) With no electrical 

burn-in after an initial measurement, stressed measurement, and waiting 10 minutes. Similarly, (b) shows the CVs 

after holding the devices at 4 V for an hour and measuring and (c) shows the CVs after holding the devices at -4 V 

for an hour. 
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samples are cleaned and oxidized in the same way as the MOS capacitors fabricated on GaN 

templates. Instead of “flash” testing a fully vertical structure is fabricated. First the circular topside 

contacts are patterned ranging from 40 to 340 µm in diameter via photo lithography before Ni/Au 

contacts are deposited and subsequently lifted off. After the topside contacts are deposited on the 

oxide, the back side is lapped to thin the substrate and reduce the resistance. Next, the backside is 

ICP etched to remove any residual material from lapping before depositing Ti/W/Al/Ni/Au as an 

ohmic backside contact. IV and CV measurements are done on the samples in addition to UV-CV 

measurements to obtain more accurate values of Dit. From the improved oxidation conditions IV 

measurements show lower leakage than the initial MOS capacitors. Figure 3.12 shows the forward 

current sweep from 0 to 5 volts for a 40 µm device. After about 2 V the leakage current increases 

but even at 5 V the current is lower than previous attempts.  

Figure 3.13 shows the measured CV and the analytical ideal fit to the data from -8 to 8 

volts with a smaller device swept from -25 to 25 volts in the inset. For the ideal fit a work-function 

Figure 3.12 Forward current density (A/cm2) versus voltage (V) 

measurement from 0 to 5 volts. 
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of 5.2 is used for the Ni contact, the oxide thickness is ~50 nm and the dielectric constant of the 

oxide is ~8. Improvements to the ideal fit need to be made to account for the half oxidized AlInN 

layer, but the model still shows beneficial results with great interface properties between the oxide 

and semiconductor. Visually the steepness of the curve indicates there is lower Dit which typically 

stretches out the CV curve. For wide band gap semiconductors such as SiC and GaN the Terman 

method and conductance provide unreliable results at room temperature due to low thermal 

generation of carriers [25-27].  

To determine Dit the UV assisted CV method is implemented in this study. A 266 nm laser 

is used as a UV source to illuminate the devices. For the measurement the MOS device is first 

stressed by taking multiple measurements in the dark from depletion to accumulation. The stressed 

CV curve gives an initial state for the device. Next the UV laser is turned on and the device is held 

at -5 volts for 1 minute before turning off the laser and sweeping to accumulation giving a photo 

assisted CV curve.  

Figure 3.13 Plot of measured capacitance versus voltage taken from -8 to 8 

volts and the ideal fit to the measured data. The inset shows a smaller device 

measured from -25 to 25 volts. 
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Figure 3.14 shows two CV measurements with the UV assisted CV curve being shifted to 

the left. The average interface trap density is determined by,  

𝐷𝑖𝑡 =
𝐶𝑜𝑥∆𝑉

𝑞𝐸𝑔
, (3.25) 

where Cox is the accumulation capacitance, ΔV is the change in voltage between the two 

measurements, q is the charge of an electron, and Eg is the bandgap of the semiconductor. Using 

this method, the Dit was determined to be between 3x1011 and 8x1011 cm-2eV-1.  

These improvements indicate that the optimized oxidation conditions are promising, 

however, STEM imaging revealed that the oxide thickness was significantly thinner than expected. 

Instead of having a fully oxidized AlInN layer, only 10-15 nm of the AlInN layer is oxidized, 

forming ~20 nm of oxide. With this discovery, the old oxidation conditions need to be revisited. 

While not ideal for standard MOS operation, the behavior of the partially oxidized devices can still 

be utilized. Partially oxidized AlInN layers can be utilized in heterojunction devices like high 
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electron mobility transistors (HEMTs) where the partially oxidized layers deplete the 2-

dimensional electron gas (2DEG) creating normally-off devices. 

3.4 Conclusion 

Many oxidation conditions can be utilized to form AlInO-GaN MOS capacitors. While 

thermally oxidizing the AlInN layer prevents interface contamination, oxide roughness and mobile 

charges can be problematic for consistency. However, this does not prevent its integration into 

devices where positive developments in HEMTs are achieved with the oxide layer. Electrical 

characterization shows the relative dielectric constant for the oxide formed from AlInN is between 

8 and 9. The best MOS capacitor results are observed for devices that undergo a dual temperature 

oxidation process. Future work should concentrate on half oxidized AlInN layers that show good 

CV and Dit and could be particularly useful for HEMTs.  

  

Figure 3.14 Stressed capacitance versus voltage measurement (blue) 

and UV assisted capacitance versus voltage measurement from -5 to 5 

volts taken after being held in depletion for 1 minute. 
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CHAPTER 4  

Normally-off HEMTs with Thermally Oxidized Gates 

4.1 Introduction 

III-nitride HEMTs and metal-insulator-semiconductor (MIS)-HEMTs operate as normally 

on (or depletion mode), which is not ideal for high-power devices. Instead, normally off (or 

enhancement mode) behavior is preferred, which allows for simpler gate control circuitry and 

power control [1]. Many techniques are used to create enhancement mode (e-mode) devices, 

including fluorine treatments, etching a recess under the gate, and selective regrowth of p-GaN or 

etching of a p-GaN layer to form a p-n junction under the gate [2-7]. There are well-known 

challenges associated with these techniques, and the main drawbacks arise from surface 

contamination or damage during fabrication. For example, with recessed-gate MIS-HEMTs, 

etching under the gate introduces damage, which increases leakage currents. The deposited oxides 

used to suppress this gate leakage require surface pretreatments to remove contaminates such as 

oxygen, carbon, and silicon, which are present on exposed surfaces. Finally, etch controllability 

and uniformity are issues in addition to plasma-induced damage that must be addressed during 

fabrication [7-18]. To avoid these problems a less developed approach to achieve enhancement 

mode operation is utilized by oxidizing the barrier layer under the gate to produce a positive shift 

in threshold voltage, Vth. The previously explored oxidation conditions, outlined in Chapters 2 and 

3, are implemented to achieve e-mode operation in HEMTs. 

 For both AlGaN/GaN and AlInN/GaN HEMTs, native oxides have been used to form 

MIS-HEMTs in this manner. For AlGaN, oxidation at elevated temperatures produces thin oxide 

layers that are insulating with oxidation rate of ~1.2 nm/h [19-21]. Similar thin oxide layers have 

been used for AlInN barriers created via plasma or thermal oxidation [22-24]. The thermal 
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oxidation of AlInN displays faster oxidation rates as presented in Chapter 2, ~0.5 nm/min at 830 

°C in O2, and the ability to form thick insulating layers [25, 26], which can be leveraged in HEMT 

fabrication. In addition to more promising oxidation behavior, AlInN/GaN HEMTs also perform 

better at higher temperatures, can be grown lattice matched to GaN, and have higher sheet carrier 

densities [27-30].   

In the first part of this chapter, a standard AlInN/AlN/GaN structure is used to create an e-

mode HEMT by selective oxidization through the entire thickness of the AlInN barrier layer under 

the gate. Overall, this oxide serves two purposes. Firstly, the AlInN under the gate is completely 

converted into oxide, which depletes the 2DEG. Secondly, the formed gate oxide acts as an 

insulating layer to reduce gate leakage of the HEMT. Selective thermal oxidation of AlInN under 

the gate produces e-mode HEMTs while avoiding surface exposure and contamination at interfaces 

under the gate [31, 32]. This chapter discusses the fabrication of enhancement mode AlInN/GaN 

MIS-HEMTs with oxidized barrier gates and examines the effects of annealing on enhancement 

mode behavior [33].  

In a similar manner, optically triggered e-mode HEMTs are fabricated and presented in the 

second part of the chapter. In GaN devices, rapid switching offers a huge opportunity to reduce 

circuit losses, relax thermal management, and improve converter power density. However, faster 

switching can lead to oscillations, causing large voltage and current overshoots, electromagnetic 

interference (EMI), and device damage. Reduction in EMI is the greatest limiter in higher 

switching frequencies, and one method to reduce it is to employ optically driven (light-triggered) 

power devices [34, 35]. 

Light-triggering in high-voltage switching-capable devices has been demonstrated in Si- 

and SiC-based photoconductive semiconductor switches (PCSSs) and thyristors [36-39]. For GaN, 



   

61 

 

light-triggering or optical excitation is an emerging area, with demonstrations of PCSSs [40, 41], 

photodiodes (PDs), and phototransistors (PTs) using high-electron-mobility transistor (HEMT) 

structures [42, 43]. HEMTs are a potential light-triggered power device but with two major 

limitations.  First, the 2DEG formed at the AlGaN/GaN or AlInN/GaN heterointerface causes high 

dark currents [44-46]. Cascode configurations, recessed gates, and p-GaN gates are methods to 

mitigate high dark currents [47-51]. Secondly, these demonstrations exhibit slow switching speeds 

with fall times in the 100’s of milliseconds or greater due to persistent photoconductivity (PPC) 

[52]. Possible causes for PPC in GaN devices include deep-level defects, vacancies, and metastable 

defects from dopants [53-55]. 

 The AlInN/GaN light-triggered HEMTs (LT-HEMTs) are fabricated and operate the 

following way. The LT-HEMTs have a gate consisting of a selectively oxidized AlInN barrier in 

a region between the source and drain contacts. For these devices only half the AlInN barrier is 

oxidized but experiments are conducted on fully oxidized devices. The AlInN/GaN interface below 

the oxidized AlInN depletes the 2DEG, creating an e-mode AlInN/GaN HEMT. Under the 

illumination with a 375 nm laser, carriers are generated under the oxidized gate, which increases 

source-to-drain conductivity and turns on the HEMT. The optically triggered devices are tested 

and have excellent switching response. At switching speeds of 100 kHz, the devices exhibit sub-

microsecond response times, which are limited by the laser power supply. 

4.2 Experimental Results 

4.2.1 Electrically driven e-mode AlInN/GaN HEMTs 

A standard AlInN/GaN HEMT structure is grown on silicon and consists of a 700 nm thick 

unintentionally doped GaN layer, a ~1 nm AlN layer, and a 10 nm unintentionally doped AlxIn1-

xN (x=0.82) barrier. Device processing begins with etching a mesa and depositing a 100 nm thick 
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SiN masking layer via PECVD. The SiN is removed in the 5 m wide gate region to thermally 

oxidize selectively in the open areas with O2. The gate regions are oxidized at a low temperature, 

ramped to 850 oC, and oxidized for 1 hour. Next, the SiN mask is removed, and Ti/Al/Ni/Au ohmic 

contacts are deposited and annealed. A 20 nm thick ALD Al2O3 layer is deposited for passivation 

and to reduce gate leakage. Finally, vias are made to the contacts and gate, and metal pads are 

deposited.  

Figure 4.1 shows a cross-section of the thermally oxidized OX-MIS-HEMT with a 

fabrication process flow chart. Additionally, normally-on or D-mode-HEMTs (Schottky gate) and 

ALD-MIS-HEMTs (ALD Al2O3 between the gate metal and AlInN) are also fabricated 

simultaneously in adjacent regions of the sample for comparison (inset of Figure 4.1). After 

fabrication, the devices are characterized on a semiconductor parameter analyzer at room 

temperature to determine the output and transfer characteristics of the transistors. The oxide is 

Figure 4.1 Schematic cross-section of a thermally oxidized OX-MIS-HEMT passivated with the 

fabrication steps on the left. The two insets show the gate structure for the ALD-MIS-HEMT and 

D-mode HEMT that are simultaneously processed for comparison. 
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imaged and the composition is determined using scanning electron microscopy (STEM) and 

energy-dispersive X-ray spectroscopy (EDS).  

Figure 4.2 shows STEM and EDS images in two locations of the oxidized gate region of 

the OX-MIS-HEMT. Figs. 4.2(a) and (b) show a defect-free region where complete oxidation of 

the AlInN and AlN layer occurs in the oxidized gate region. The interface between the GaN and 

oxide is smooth, and the thermal Al2O3 is indistinguishable from the deposited ALD Al2O3. Indium 

and nitrogen are not detected in the EDS mapping, indicating that it is being removed during 

oxidation and cleaning. The In accumulates on the oxide surface during oxidation (See Fig. 2.6(f)) 

[56], and in the acts of removing the SiNx and surface cleaning for the source and drain contacts 

lead to complete Indium removal. Fig. 4.2(c) shows a zoomed-out image with rougher oxide 

regions formed near threading dislocations and cracking at the edge of the oxide (right-hand side). 

Over-oxidation could be contributing to the roughness and cracking. The role of threading 

dislocations is unknown, but the collected data suggests they could promote oxidation of the AlInN 

layer at different rates, leading to roughness. Additionally, the SiNx hard mask introduces stress at 

the edges of the selective oxidation opening. This stress contributes to edge cracking and most 

likely impacts device performance for the OX-MIS-HEMT.  

Figure 4.2 Scanning Transmission Electron Microscopy (STEM) images and Energy-dispersive X-ray spectroscopy 

(EDS) maps of different oxidized regions within and at the edge of the gate for the OX-MIS-HEMT. (a) STEM image 

of a smooth region with the (b) respective EDS map. (c) A zoomed-out STEM image demonstrating oxidation 

roughness near threading dislocation and a crack at the oxidation edge on the right. 
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IV measurements are performed on the different HEMTs to compare their performance and 

shown in Figure 4.3. For each set of IV measurements, an initial measurement is taken (black), 

followed by five consecutive measurements to stress the devices (blue), and a final measurement 

10 minutes after the last stressed measurement (orange). Figs 4.3(a) and (b) show the transfer 

characteristic, or logarithm of the drain current (Id) versus gate-source voltage (Vgs), at a drain bias 

of 10 V of the standard D-mode-HEMT and ALD-MIS-HEMT, respectively. The D-mode-HEMT 

is normally on and shows a high leakage current, which is typical for HEMTs with Schottky gates 

[57].  The ALD Al2O3 reduces the leakage current by 5 orders of magnitude and shifts the threshold 

voltage to even lower voltages for the ALD-MIS-HEMT. The transfer characteristic only slightly 

changes between the stress and recovery measurements for these devices.  Fig. 4.3(c) shows the 

transfer characteristic of the OX-MIS-HEMT, at a drain bias of 10 V, exhibiting many benefits. 

First, these devices have low leakage in the off-state, similar to the ALD-MIS-HEMT.  The low 

currents are observed up to -1 V for the stressed device, indicating that the thermally oxidized gate 

creates an enhancement mode HEMT. They show On/Off ratios of ~107, which is greater than the 
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standard HEMT, ~105, and less than the ALD-MIS-HEMT ~109.  They exhibit low currents 

(~2x10-7 mA/mm) at zero gate voltage and are entirely in the off state. Of course, some challenges 

must be overcome, which are typical for new oxide semiconductor devices and discussed below.  

After stressing, the threshold voltage shifts to positive voltages, indicating interface traps 

and charges at the oxide-semiconductor interface under the gate, consistent with the MOS 

capacitor data discussed in Chapter 3. The shift in threshold voltage remains after waiting 10 

minutes, suggesting a burn-in effect. The device’s subthreshold swing is large, with turn-on 

occurring over many volts, and they are more resistive, resulting in low on-state currents.  

Figs. 4.3(d), (e), and (f) show transfer characteristics on a linear scale for each HEMT, 

which clearly shows the enhancement mode behavior of the OX-MIS-HEMT compared to the 

Figure 4.3 Transfer characteristics for different devices after an initial sweep (black), stressed after consecutive 

measurements (blue), and waiting 10 minutes after stressing before remeasuring (orange). (a)-(c) Show the semi-log 

transfer characteristics, drain current versus gate-source voltage (Id vs. Vgs,) at a drain voltage (Vd)=10 V for the 

D-mode HEMT, ALD-MIS-HEMT, and OX-MIS-HEMT respectively. (d)-(f) Show the linear scale transfer 

characteristic, Id vs Vgs. 
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other two devices. The OX-MIS-HEMT has a threshold voltage of ~4 V after being stressed. The 

threshold voltages are obtained by taking the slope of the linear Vgs curve after turn-on and tracking 

where a corresponding line crosses the x-axis.  

Hysteresis measurements for the different HEMTs are conducted to understand charges 

and trapping at the oxide semiconductor interfaces. Dual sweep transfer characteristics measured 

from negative to positive voltages and back are conducted with a drain voltage of 10 V. The D-

mode devices show minimal hysteresis. Both the ALD-MIS-HEMT and OX-MIS-HEMT show 

hysteretic behavior due to charges. Comparing the two transfer curves after stressing shows that 

the ALD-MIS-HEMT has more hysteresis than the OX-MIS-HEMT and a change in voltage of 

+2.5 V and +1.5 V is observed, respectively. Figure 4.4(a) shows the dual sweep transfer curve of 

the OX-MIS-HEMT with the labeled hysteresis shift in voltage. In addition to the transfer curves, 

capacitance versus voltage (CV) measurements between the source and gate of the OX-MIS-

HEMT are performed. Figure 4.4(b) shows the CV sweep from depletion to accumulation and 

Figure 4.4 OX-MIS-HEMT measurements. (a) Dual sweep transfer characteristic, Id versus Vgs, at Vd=10 V that 

is swept from -10 V to 10 V and back with a +1.5 V change in voltage. (b) Capacitance versus voltage 

measurement from depletion to accumulation showing two capacitance “ledges” (L1 and L2) associated with the 

gate topology. L1 is a capacitance from the ALD Al2O3 while L2 is from the thermal oxide. 
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back to depletion of the OX-MIS-HEMT. The CV sweeps are taken at 1 MHz with an amplitude 

of 30 mV. Since the design is T-shaped (metal covers the oxide and unoxidized areas to the left 

and right, see Fig. 4.1), two capacitance “ledges,” L1 and L2, are observed. The first, L1, is 

attributed to the ALD Al2O3/AlInN interface in the regions bordering the left and the right of the 

oxide gate that are not thermally oxidized. The second, L2, is from the thermally oxidized 

AlInN/GaN interface. Like the transfer characteristic, more hysteresis is observed for the ALD 

Al2O3/AlInN interface with a change in voltage of +3.3 V when compared to the thermal 

oxide/GaN interface that has a shift of +2.35 V. Hysteresis from the CV measurements indicates 

that there is oxide charge for both oxides with the ALD oxide having more charge. Other reports 

on CV measurements for ALD Al2O3 recessed MIS-HEMTs show a voltage shift of ~0.5 V [15]. 

Improving interface charges of the thermal oxide is a priority. Considering the thermal oxide has 

less charge than the ALD Al2O3, significant improvement like what has been achieved for the ALD 

oxide is realistic by fine tuning the oxidation processing steps. 
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After processing the OX-MIS-HEMTs, an annealing study is conducted to see the effects 

of post-metallization annealing (PMA) on the oxide interface. Other studies on ALD-deposited 

oxides show improvement in interface characteristics after PMA [58]. Figures 4.5(a) and (b) show 

the transfer characteristic after annealing the OX-MIS-HEMT at 400 °C and 500 °C for 10 min in 

1000 sccm of N2, respectively, using the same stressed measurements described above. With 

increasing annealing temperature, the threshold voltage shifts to even higher voltages, and the 

subthreshold swing improves, preserving enhancement mode behavior. The improvement in 

electrical performance indicates that annealing the samples improves the oxide-semiconductor 

interface. A drawback to annealing the samples is a further reduction in the on-state current for the 

devices by ~2 times for the devices annealed at 400 °C and ~10 times at 500 °C.  Additionally, 

Figure 4.5 Transfer characteristics, Id vs Vgs, for the annealed OX-MIS-HEMT at Vd=10 V after an initial 

sweep (black), stressed after consecutive measurements (blue), and waiting 10 minutes after stressing before 

remeasuring (orange). Plots in (a) and (b) show the semi-log transfer characteristic after annealing the sample 

at 400 °C and 500 °C for 10 minutes respectively. Plots in (c) and (d) show the sample transfer characteristic on 

a linear scale. Additionally, the sample annealed at 500 °C is measured past Vgs = 10 V to reach the maximum 

on-state current, which is shifted after annealing (teal). 
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due to the shift in threshold voltage, the device annealed at 500 °C is also swept to higher gate 

voltages to observe the plateau in on-state current, which is observed before stressing the devices.  

Figs. 4.5(c) and (d) show the linear transfer characteristic for the annealed devices, which 

show the positive shift in threshold voltage after annealing. Threshold voltages greater than 5 V 

and 8 V are observed for the devices annealed at 400 °C and 500 °C, respectively. High threshold 

voltages are ideal to prevent false gate triggering in high-power applications. Figure 4.6 shows the 

output characteristic, Id versus drain-source voltage (Vds), for an unannealed OX-MIS-HEMT with 

Vgs from -2.5 V to 12.5 V with voltage steps of 2.5 V. Appreciable currents do not occur until a 5 

V bias is applied demonstrating enhancement mode operation. Compared to previous studies with 

thermally oxidized gates, these devices can be driven at higher gate voltages of up to 15 V before 

catastrophic breakdown. With a threshold voltage that increases after annealing and the ability to 

be driven at higher gate voltages, using an oxidized barrier layer has promising features for power 

devices. 

Figure 4.6 Output characteristic consisting of drain current versus drain-source voltage (Id vs Vds) 

sweeping the gate-source voltage (Vgs) from -2.5 V to 12.5 V in steps of 2.5 V for an unannealed OX-

MIS-HEMT. The output curves with appreciable current are labeled with their respective Vgs. 
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There are various improvements that are worth investigating to produce thermally oxidized 

e-mode HEMTs with higher on-currents and lower resistances. The main way to implement these 

improvements is by altering the fabrication process. These changes include using different SiNx 

masking layers, oxidation conditions, and device layout. The non-ideal subthreshold swings, low 

on-state current, and shifts in threshold voltages are most likely a result of stresses in the SiNx 

masking layer and the thermal oxide layer itself. Stress from the ~100 nm SiNx layer accounts for 

cracking observed at the edges of the oxide gate in the STEM images, as delamination and 

blistering are observed in microscope images of the SiNx outside the gate region of the sample 

after the oxidation step. Maier et al. describe using a 30 nm robust crack and blister-free Si3N4 

layer as a passivation for the AlInN/GaN HEMTs that are measured at temperatures up to 1000 °C 

[29].  Replicating this low-stress and temperature-robust SiN layer as a selective oxidation mask 

should improve device performance by reducing cracking along the opening for the gate oxide. 

Additionally, oxidation times were not optimized in this study, and ideally, the oxidation would 

terminate on the AlN or GaN interface.  The oxidation time and temperature are decided based on 

previous oxidation rate studies of AlInN. Finally, to improve the subthreshold swing and low on-

state currents of the OX-MIS-HEMT, smaller gate lengths and short oxidation times could be 

explored too. This should help reduce the number of interface traps under the gate. 

After the first round of fabricated devices, six additional HEMT iterations are attempted to 

improve the device operation. Table 4.1 outlines the changes made to the process between each 

iteration. In run 2 (R2) and run 3 (R3) of HEMT fabrication, the fabrication steps are left mostly 

unchanged but devices with different gate lengths, between 1 µm and 5 µm, are added to the layout. 

The decrease in gate length is expected to decrease the device resistance and in turn improve the 

on-current. The device performance in R2 and R3 did not significantly change from the first run. 
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Delamination and blistering of the SiNx layer are still observed after oxidation in these runs. This 

indicates that the SiNx layer is a first order problem that needs to be changed to improve the device 

performance.  

Table 4.1 Outline of fabrication changes made between HEMT iterations R1 to R7. 

Iteration SiN Mask Oxidation Gate Length ALD Al2O3 Gate Metal Results 

HEMT R1 ~100 nm (Old PECVD) 1 hr 600 1 hr 850 5 um ~20 nm NNF Yes E-mode devices (Low-
On-current) 

HEMT R2 ~100 nm (Old PECVD) 1 hr 600 1 hr 850 1-5 um ~20 nm NNF Yes E-mode devices 

(Low On-current) 

HEMT R3 ~100 nm (Old PECVD) 1 hr 600 1 hr 850 1-5 um ~20 nm NNF Yes E-mode devices (Low 
On-current) 

HEMT R4 ~30 nm (New PECVD) 30 min 850 2um and 5 um ~20 nm (Not 

NNF) 

Yes Leakage from Gate 

metal 

HEMT R5 ~30 nm (New PECVD) 1 hr 850 2um and 5 um ~20 nm (Not 

NNF) 

Yes Leakage from Gate 

metal 

HEMT R6 ~50 nm (New PECVD) 30 min 850  2um and 5 um None No Optical Measurments 

HEMT R6 ~50 nm (New PECVD) 30 min 850 2um and 5 um None Yes Leakage 

HEMT R7 ~50 nm (New PECVD) 1 hr 600 1 hr 850  2um and 5 um ~20 nm NNF Partially Semi-Functional on half 

gated devices 

 

For runs 4 through 7 (HEMT R4-7), a different PECVD SiNx layer is implemented for the 

selective oxidation mask. A new PECVD tool is used and thinner layers between 30 and 50 nm 

are deposited to reduce the stress. In the new runs no cracking or blistering is observed after 

oxidation, indicating the nitride layer is less stressed than in the first 3 runs.  Figure 4.7 depicts the 

differences in the stress between the SiNx layers that are implemented in run 1 and run 5. Fig. 4.7 

(a) shows the stressed SiNx layer after oxidation from R1 while Fig. 4.7 (b) shows the stress free 

Figure 4.7 Images of SiNx masking layers after thermal oxidation. In (a) run 1 (R1) is 

dispicted where the SiNz layer is stressed and blisters after oxidation. (b) Shows run 5 (R5) 

with the blister free low stress SiNx layer. 
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SiNx layer after oxidation from R5. Compared to R1, there is no blistering or cracking observed in 

R5. In R4 and R5 additional changes to the fabrication process are made. These include a reduction 

in the oxidation time and at a single temperature, and the use of an ALD Al2O3 layer deposited 

with a new tool. These changes resulted in devices that did not exhibit transistor behavior.  

Electrical tests conducted between the source, gate, and drain revealed leakage paths are 

formed between the probe pads, effectively shorting the devices. The cause of these leakage paths 

was initially attributed to the oxidation conditions and the new ALD process. However, in R7 the 

initial process flow is reinstated, except for the SiNx layer, and similar leakage problems persisted. 

Figure 4.8 shows a comparison of the semi-logtransfer characteristics, Id vs. Vgs, between R1 and 

R7. Of all the runs with the new SiNx masking layer, R7 had the best results but was still leaky 

when compared to R1. Low quality SiNx layers are likely the cause of the conduction paths in the 

new devices. While the layers aren’t stressed, when etched in BOE the new SiNx layers etch faster 

than the ones deposited in the old PECVD tool. This indicates that the new SiNx is less dense, and 

Figure 4.8 Show the semi-log transfer characteristics, drain 

current versus gate-source voltage (Id vs. Vgs,) for 

R1(black) and R7 (blue). The increase in leakage from R7 is 

due to the SiNx masking layer. 
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traps/vacancies can be acting as conduction centers. Depositing the SiNx at higher temperatures 

and changing the recipe flows in the new PECVD are viable options for future HEMT iterations. 

Reverting to the old PECVD tool and depositing thinner layers is also an option. 

 Due to the formation of leakage paths after gate metal deposition most of the HEMT 

iterations resulted in unusable devices. For R6, ungated devices are fabricated to conduct electrical 

testing between the source and drain while waiting for the ALD tool to become operational. With 

passivated and ungated devices, 3-terminal electrical measurements are not possible. Instead, the 

idea to optically trigger the HEMTs at this stage was conceived. The following section presents 

the results of optically triggered HEMTs enabled by the thermally oxidized gate regions between 

the source and drain. 

4.2.2 Optically triggered AlInN/GaN HEMTs 

The LT-HEMT epitaxial structure is grown on silicon substrates. It consists of a 700 nm 

unintentionally doped GaN layer, a ~1 nm thick AlN layer, and a 10 nm thick unintentionally 

Figure 4.9 Top-down microscope images of an LT-HEMT (a) with no laser light with 

labels of device dimensions, and (b) illuminated with laser light. Cross-sectional 

schematics of the LT-HEMT without laser light where the 2DEG under the gate oxide is 

depleted of carriers and (d) with laser light where carriers are generated to turn on the 

HEMT. 
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doped AlxIn1-xN barrier layer with x=0.82. It has a sheet resistivity of 280 Ω /square. Device 

processing begins by forming a mesa etched ~ 400 nm into the structure. Then, a ~43 nm thick 

SiNx layer is deposited and patterned to open 2 µm and 5 µm long regions for selective oxidation. 

The sample is then loaded into a horizontal quartz tube furnace and subjected to dry thermal 

oxidation with O2. Detailed information on the oxide is presented in Chapters 2 and 3. The 

oxidation is performed at 850 °C for 30 minutes with ~2800 sccm of oxygen. Finally, the SiNx 

mask is removed, and ohmic source and drain metal contacts are formed using a liftoff process by 

depositing Ti/Al/Ni/Au (20/120/70/70 nm) and annealing at 850 °C for 1 min. The surface of the 

devices is not passivated. There are some devices left unoxidized as controls.  

Fig. 4.9(a) shows a top-view microscope image of the LT-HEMT with a 2 m long 

oxidized gate. The tested devices with two different gate lengths (2 m and 5 m) are 190 m 

wide but have different lengths between the source and gate (LSG) and gate and drain (LGD). Table 

4.2 summarizes the device dimensions for the tested devices and includes the resistance of the 

2DEG (R2DEG) which varies with LGS+LGD. 

Table 4.2 Dimensions and 2DEG resistances of the LT-HEMTs. 

FET  

Type 

Channel Width 

(µm) 

LG 

(µm) 

LGS (µm) LGD LDS 

(µm) 

R2DEG 

(Ω) 

FETa 190 2 7 12 21 28.0 

FETb 190 5 10 15 30 36.8 

FETc 190 0 - - 21 30.9 

FETd 190 2 11.5 16.5 30 41.2 

 

After fabrication, the LT-HEMTs are tested under DC and switching conditions. For DC 

testing, the current versus voltage characteristics are measured with a semiconductor parameter 

analyzer between the source and drain (ID vs VDS). A 375 nm laser illuminates the LT-HEMTs, 
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and the light power is varied using neutral density filters. A microscope image of the LT-HEMT 

under illumination is shown in Fig. 4.9(b) showing the light is scattering from the contacts, mesa 

edges, and gate oxide.  

Switched conditions are used to determine the LT-HEMT’s maximum switching frequency 

and rise-fall times. A pulse generator is connected to the laser power supply to pulse the light and 

to vary the laser power. A load resistor is connected in series, and 30 V is applied across the resistor 

and LT-HEMT. The change in current through the resistor and LT-HEMT is measured using an 

oscilloscope and a high-voltage frequency probe across the resistor. The laser power and switching 

times are measured using a fast (1 GHz) silicon PIN detector. Figure 4.10 shows a dipection of for 

the switching measurment setup. 

During operation under bias and illumination, the resistance and switching speeds of the 

LT-HEMTs change and stabilize after 30-60 minutes. The burn-in increased the resistance by 

approximately 2 times and switching fall times decreased from ~6 µs to below 1 µs. The burn-in 

persists in the stressed devices even after remeasuring days later. One potential explanation is that 

Figure 4.10 Measurement setup to determine the switching characteristics of the LT-HEMT. The pulse 

generator is connected the laser while the oscilloscope reads the voltage drop across a resistor in series 

with the LT-HEMT. 
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electrical current permanently affects the area below the gate oxide. All the devices were burned 

in before measuring.  

Figs. 4.9(c) and (d) illustrate the two operating states of the LT-HEMT before and after 

illuminating the device with the laser. Fig. 4.9(c) shows a cross-sectional schematic of the LT-

HEMT with no laser light applied (off-state). The 2DEG underneath the oxidized regions is 

depleted, resulting in E-mode operation. This is caused by compositional changes in the AlInN 

under the oxidized layer. Indium in the AlInN region underneath the oxide migrates to the surface 

during oxidation, as observed in Chapter 2. This changes the polarization fields and depletes the 

2DEG. Fig. 4.9(d) shows an illuminated device with the laser. The GaN absorbs the light 

throughout the area between the source and drain. Most importantly, the light generates carriers 

underneath the oxide within the depleted region. A conduction path is created between the 2DEGs 

on either side, turning on the HEMT.   

Fig. 4.11 demonstrates both the on- and off-state currents of the LT-HEMT and the output 

characteristics for the 2 µm long gate (FETa). In Fig. 4.11(a), the semi-log(ID) versus VDS 

characteristic is plotted before and after laser illumination. The LT-HEMTs have an on/off ratio 

Figure 4.11 (a) Plot of the log of the drain current (log(ID)) versus drain-source voltage (VDS) for an LT-HEMT 

without (off) and with maximum laser illumination (on). (b) Plot of ID versus VDS for varying laser power 

densities (PD) ranging from 0 to 1095 W/cm2. 
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of ~104. Fig. 4.11(b) shows the output characteristics, ID versus VDS, for varying laser power 

densities from 0 W/cm2 to 1095 W/cm2. As expected, the saturation current increases with 

increasing laser power densities and peaks at ~60 mA/mm. The LT-HEMTs can operate up to 100 

V without breaking down. In addition to showing the on-off operation for a device that is oxidized, 

comparisons between the oxidized device in Figure 4.11 and a device fabricated on the same 

sample with no oxidized gate region is presented.  

Figure 4.12 plots the log(ID) versus VDS from 0 to 50 V for FETa and a FET without any 

oxidized region (FETc). Both devices have no illumination. The device without any oxide has 

currents orders of magnitude larger than the oxidized devices confirming the oxide is depleting the 

2DEG. At 375 nm, the laser is not at the ideal wavelength for maximum responsivity. Its energy 

is slightly below bandgap with 6 orders of magnitude lower response than a laser at peak 

responsivity (355 nm).  The availability of shorter wavelength lasers should lead to higher on/off 

ratios and saturation currents.  

Figure 4.12 Plot of the log of the drain current 

(log(ID)) versus drain-source voltage (VDS) for an LT-

HEMT  and a depletion mode HEMT both without 

illumination. 
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 The on-state resistance of LT-HEMTs with 2 µm (FETa) and 5 µm (FETb) long oxidized 

gates are different. Figure 4.13 shows a plot of ID versus VDS at a laser power density of 346 W/cm2 

for the two devices. The series resistances before saturation are 3.94 and 7.4 KΩ for the 2 µm and 

5 µm gates, respectively. Table 4.2 outlines the differences in dimensions between the two devices, 

which play a part in the overall resistance of the device. Changes in LDS play a minor role in the 

overall resistance since the resistivity under the oxide is over a hundred times larger than the 

resistivity of the R2DEG. This resistance is confirmed by taking ID vs VDS measurements on standard 

(unoxidized) HEMTs. Factoring out the R2DEG, the resistance under the gate is 1.9 times higher in 

the 5 µm long gate. With all other dimensions equal, the gate resistance difference should be the 

ratio of the gate lengths, or 2.5 times. The discrepancy suggests the gate dimensions affect how 

the 2DEG is depleted under the oxidized gate. Reducing the oxide length is a feasible approach to 

reducing the on-resistance for future devices.  

The resistivity of the AlInN (Rs) and the total resistance (Rt) are calculated using the 

following equations: 

Figure 4.13 Plot of drain current versus drain-source voltage (ID versus VDS) for LT-

HEMTs with 2 µm and 5 µm long oxidized gates at a laser power density of 346 

W/cm2. 
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𝑅𝑠 = 𝜌𝐴𝑙𝐼𝑛𝑁
𝐿

𝐴
, (4.1𝑎)

𝑅𝑡 = 𝜌𝐴𝑙𝐼𝑛𝑁
𝐿

𝐴
+ 𝜌𝑜𝑥

𝐿𝑜𝑥

𝐴𝑜𝑥
, (4.1𝑏)

where ρAlInN and ρox are the resistivities of the semiconductor and oxide, L is the length between 

the source and drain of either the semiconductor or oxide, and A is the gate width times the 

thickness of either the semiconductor or oxide. FETb and FETd are used to calculate the 

resistivities of the semiconductor and oxide respectively.  The resistance, Rs, is obtained from the 

IV measurements taken between the source and drain of FETd and found to be 103.19 Ω. L is 30 

µm, and A is the gate width, 190 µm, times the barrier thickness, 10 nm. Note these calculations 

represent lateral conduction and for simplicity the 2DEG is not accounted for but is part of the 

calculated semiconductor resistivity. The resistivity, ρAlInN, is calculated to be 6.53x10-4 Ω-cm. The 

resistivity of the oxide can now be determined using Equation 4.1b. The resistance, Rt, is calculated 

by measuring the resistance between the source and drain of FETb and found to be 3520 MΩ. In 

FETb, L is equal to 25 µm, Lox is equal to 5 µm, A is 190 µm times 10 nm, and Aox is 190 µm 
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times ~8 nm. The semiconductor resistivity is already calculated from FETd. Using these 

parameters the oxide resistivity, ρox, is calculated to be 107 kΩ-cm. These values for resistivity are 

lower than previously reported [25], and likely due to lateral conduction instead of vertical 

conduction which is affected by the 2DEG. 

Switching measurements are performed on 2 µm long oxidized devices (FETd). The rise 

and fall times of the LT-HEMTs are measured with the laser pulsed at 20 kHz with a 10 µs pulse 

width. Figures 4.14(a) and (b) show the response for a single pulse for the LT-HEMT and the laser. 

The rise (tr) and fall (tf)
 times are obtained by determining how long the signal is switched from 

10% to 90% and from 90% to 10% of the maximum signal. From Fig. 4.14(a), tr and tf
 for the LT-

Figure 4.14 Single-pulse response for the LT-HEMT (a) and laser (b) at 20 kHz with 

a 10 µs pulse width. The response signal for the LT-HEMT is plotted for different 

laser powers while the laser is at maximum power. The rise (tr) and fall (tf) times are 

shown for the LT-HEMT at the highest laser power. For both the LT-HEMT and 

laser, a bi-exponential fit to the decay time is displayed (black line). 
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HEMT are determined to be 1.6 µs and 0.873 µs, respectively, at the highest laser powers. These 

rise-fall times are significantly faster than other GaN-based PDs and PTs, with 100 µs or more 

switching times [42, 44, 46, 48-51, 59-62].   

In the LT-HEMTs, a small amount of current (<1% of peak) after turn-off lasts for ~1 ms, 

potentially the remnants of PPC.  There are two possible mechanisms counteracting PPC. As 

previously mentioned, during the oxidation, indium migrates, which alters the composition of the 

AlInN. Vacancies in the AlInN underneath the oxidized regions may act as recombination centers, 

reducing the decay time. Another hypothesis is that defects in the epitaxy that cause PPC are 

reduced during high-temperature oxidation. Measurements such as deep level optical spectroscopy 

(DLOS), time-resolved photoluminenscence, and absorption could reveal more information 

behind the switching mechanisms.  

Fig.4.14(b) shows the response of the laser at full power. The rise and fall times are 

measured as 1.8 µs and 1.3 µs, respectively. The slightly faster response times measured for the 

LT-HEMT are attributed to non-linear generation-recombination dynamics. The fall times are 

Figure 4.15 Plot of rise time response (µs) (a) and fall time response (µs) (b) versus laser power (mW) for 

the LT-HEMT and 375 nm laser. 
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related to minority carrier recombination rates in GaN but are still significantly slower than the 

expected nano-second carrier lifetimes. This is because the laser power supply limits the switching 

speed of the devices. To confirm this, the fall times in the HEMT and laser are measured at 

different peak power densities between 500 W/cm2 and 1500 W/cm2. As the laser power is 

decreased, the LT-HEMT and laser fall times increase in concert.  

Fits to the decay response are used to determine the fast and slow decay times, τ1 and τ2. 

The fall times obtained from the decay fit for the LT-HEMT and laser are modeled using a bi-

exponential fit, y = A*exp(-t/τ1) + B*exp(-t/τ2) [60]. The two-time constants, τ1 and τ2, represent 

the initial fast decay time and the longer decay tail, respectively. From the fit of the decay curve 

for the LT-HEMT, τ1 is 0.21 µs and τ2  is 1.63 µs. The decay times for the laser are slightly longer 

than that of the HEMTs, which supports the idea that the laser limits switching speeds.  

To visualize how the rise and fall times of the LT-HEMT change with the laser rise and 

fall times, a plot of the response time versus laser power is depicted. Figure 4.15(a) and (b) show 

the rise and fall time response (µs) versus input laser power (mW) respectively for the LT-HEMT 

Figure 4.16 Switching response of the LT-HEMT pulsed at 100 kHz with 5 µs pulse widths and 

VDS = 30V. 
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and laser itself. With the exception of the fall times at low laser powers, the LT-HEMT has faster 

repsonse times which follow the trend of the laser repsonse itself. This confirms our suspicion that 

the devices are laser limited. 

Figure 4.16 shows the switching response of an LT-HEMT with a 2 µm gate length pulsed 

at 100 kHz with 5 µs pulse widths while biased at 30 V. The minimum pulse width is limited to 5 

µs because of the switching limitations of the laser’s power supply. With a faster laser, the 

switching speed of the LT-HEMTs is expected to increase.  

A final experiment is conducted to compare the response time of the LT-HEMT with 

oxidation conditions. In HEMT R6 (see Table 4.1) the HEMT is oxidized for 30 minutes at 850 

°C. In comparison, HEMT R7 also has a row of HEMTs that is also intentionally left ungated (not 

metal) where the oxidation is deeper, done at 600 °C for 1 hour and then ramped to 850 °C, and 

oxidized for 1 hour. Like the LT-HEMTs in R6, the fully oxidized R7 devices turn on when hit 

with the 375 nm laser. Interestingly, the rise and fall times for the LT-HEMT in R7 are longer than 

in R6. Also, the R7 devices show much less burn-in after being illuminated for extended periods 

of time. Figure 4.17 shows the response time versus voltage for the fully oxidized LT-HEMT. The 

fall time increases from sub 1 µs to almost 5 µs. The measurement is taken in the same manner as 
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Figure 4.14. The increase in fall time is likely from interfacial changes that cause longer 

recombination times caused by the longer oxidation process.  

4.3 Conclusion 

Thermally oxidized AlInN barrier layers in AlInN/GaN heterostructures can be used to 

deplete the 2DEG in HEMTs and produce enhancement mode device. Improvements in the on-

state current should be possible by changing the oxidation conditions and SiNx masking layer. 

Optimization of these steps to increase the on-current should make thermally oxidized devices 

more appealing for electrical operation and competitive with state-of-the-art HEMTs. Even though 

the devices have low on-state currents, the gate voltage capabilities are better than those seen in 

other e-mode HEMTs which are typically limited to less than 10 volts. While the electrical devices 

need improvement, optically driven LT-HEMTs show record switching speeds for GaN 

heterostructure photo-transistors. Sub-microsecond fall times are recorded and the switching 

performance is limited by the laser switching speeds. The on-off operation of the LT-HEMTs is 

enabled by the oxidized gate regions. Improvements in the device resistance can be made by 

Figure 4.17 Plot of LT-HEMT response time (µs) versus voltage for a fully oxidized barrier LT-HEMT. 
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reducing the gate lengths and improvements in the switching speeds can be achieved with a faster 

laser at shorter wavelengths. 
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CHAPTER 5  

Growth and Characterization of AlInN 

5.1 Introduction 

A significant portion of time is dedicated to growth and characterization of the AlInN 

layers that are used to fabricate the previously described devices. AlInN layers with different 

Indium percentages are interesting for fabrication of MOS capacitors. Chapter 2 discusses how 

variations in In percentage of the AlInN layers can change the oxidation rates and characteristics 

of the formed AlInO [1, 2]. It is important to understand the properties of the starting material 

before oxidation to conduct meaningful and repeatable experiments.  

The first part of this chapter discusses the characterization of thin pseudomorphic AlInN 

layers grown on GaN substrates with different indium content [3]. These samples are used to 

fabricate the vertical MOS capacitors presented in Chapter 3. The previously discussed 

applications of these AlInN layers address its utilization in conjunction with its native thermal 

oxide. These applications include MOS capacitors and HEMTs. Other applications for AlInN 

include optoelectronic devices as a high index contrast cladding layers to GaN for waveguiding or 

distributed Bragg reflectors (DBRs) [4-6], and as a drift layer in power devices where its wider 

bandgap and therefore larger critical electric field can be leveraged [7]. The refractive indices, 

extinction coefficients, and bandgap of the thin AlInN layers are presented. 

In the second part of the chapter AlInN/GaN superlattice (SL) structures are grown and 

characterized. A major setback for utilizing AlInN in drift layers is the inability to grow thick 

layers greater than 300 nm without forming grain boundaries and hills [8-10]. To take advantage 

of the larger bandgap of AlInN in power devices, thicker drift layers with low resistance need to 

be achieved. A first step in achieving this is overcoming layer thickness limitations. To do this, 
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AlInN/GaN SL structures are grown where the GaN layer corrects morphological problems that 

appear in the AlInN layers. The SL structures are characterized using x-ray diffraction (XRD), 

atomic force microscopy (AFM), and spectroscopic ellipsometry (SE) and smooth layers greater 

than 300 nm are achieved [11].  

5.2 Experimental Results 

5.2.1 AlInN on GaN substrates 

Specifically, thin Al1-xInxN layers, ~30 nm, with In content x ranging from 0.142 to 0.22 

grown on c-plane GaN substrates with etch pit densities of <5×104 cm-2 are characterized. Some 

standard characterization for these samples includes XRD, AFM, and SE. Using low defect density 

Figure 5.1 Spectroscopic ellipsometry data measured at three angles (55o, 65o, and 

75 o) from 190 to 800 nm with the dotted black line representing the analytical fit to 

the data. The measured and fit data for (a) the amplitude ratio, Psi, and (b) phase 

difference, Delta, for the sample with x=0.142. The measured and fit data for (c) Psi 

and (d) Delta for the x=0.225.     
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GaN substrates and limiting the thickness of the AlInN layers produces smooth surfaces with RMS 

roughness <0.3 nm obtained from AFM. The thickness of the AlInN layers is determined by taking 

spectroscopic ellipsometry measurements and fitting the data as previously described.  

Unlike previous ellipsometry measurements the entire wavelength spectrum is used in the 

fitting so that the bandgap of the AlInN layers could be determined. It is important to note that the 

AlInN layers are grown pseudomorphic to GaN which changes the energy bandgap of each layer. 

Figure 5.1 shows the measured ellipsometry data for two samples measured from 190 nm to 800 

nm at 55°, 65°, and 75° degrees and the fits to the data. Figs 5.1(a) and (b) plot the amplitude ratio, 

Psi, and phase difference, Delta, for the sample with x=0.142 while (c) and (d) show the same plot 

for x=0.22. From the ellipsometry measurements and fitting the refractive index and extinction 

coefficient are extracted and used to obtain the energy bandgap for the AlInN layers.  

Figure 5.2(a) shows the refractive index and Figure 5.2(b) shows the extinction coefficient 

versus photon energy (eV) for each Al1-xInxN sample with x ranging from 0.142 to 0.225. As 

expected, the AlInN layers with lower indium content have lower refractive index and show an 

ordered trend. The energy bandgap of each sample is determined by converting the extinction 

coefficient to an absorption coefficient with the equation α=4πk/λ with λ being the wavelength for 

an absorbed photon. The bandgap can be extrapolated by taking a tangent line of the absorption 

coefficient versus photon energy plot and seeing where the line crosses the energy axis. Again, 

this data shows an ordered trend where the higher indium containing layers have lower bandgap 
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than the higher indium containing layers. The inset of Fig 5.2 has photoluminescence data 

preformed on the samples with x=0.142 and 0.166. The photoluminescence shows peaks with 

photon energies similar to the bandgap that is obtained from SE confirming the fitted data. Finally, 

the bandgap data is plotted versus indium content and compared with other studies. Figure 5.3(a) 

show the plot across the entire range of indium content and (b) shows a zoomed in plot for the 

studied samples. Two fits too the data are presented. The dotted line is fit with a functional bowing 

parameter while the solid line uses a single bowing parameter which uses strained bandgap values 

Bandgap 

Figure 5.2 Plots of the (a) refractive index and (b) extinction 

coefficient versus photon energy (eV) as measured by 

spectroscopic ellipsometry for the Al1-xInxN samples with In-

content, x, ranging from 0.142 to 0.225. Photoluminescence 

spectra for samples with x=0.142 and 0.166 are shown as an 

inset. 
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for AlN and InN. Since the Al1-xInxN samples are strained layers the AlN and InN bandgap values 

should also be strained with bandgaps of 5.6 eV and 0.2 eV respectively instead of the typical 

quoted values for bulk layers [12-15]. By using the strained endpoint values the bowing parameter 

is simplified with b=3.19 eV and the fit across all In-content gives and R2 of 0.9997. These 

characterizations are important to further understand the effects of oxidation on the Al1-xInxN 

layers used in device fabrication.  

Figure 5.3 Bandgap energy (eV) versus indium content for 

data collected in this study (blue squares) compared to data 

from other studies (a) over the whole In content range, and (b) 

zoomed-in at the range of this study.. The orange and cyan 

dots show bandgap endpoints from various references for bulk 

materials and layers that are pseudomorphic to GaN. 
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5.2.2 AlInN/GaN superlattices 

To take advantage of AlInN's ultra-wide band gap in power devices thick drift layers for 

use in PN power diodes are of interest. Unfortunately, AlInN layers thicker than 300 nm are 

problematic to grow where large grain boundaries and mound like features form. An interesting 

alternative to a bulk AlInN layer is an AlInN/GaN SL structure or pseudoquaternary structure 

where the GaN serves as a buffer to prevent grain boundaries from forming. 

Initial attempts at growing the AlInN/GaN SL structure showed improved surface 

morphology when compared to AlInN layers of the same thickness. One drawback to the SL 

structure is that the AlInN is typically grown at ~775 °C to incorporate In and obtain a lattice-

matched condition to GaN, while high-quality GaN layers are grown at 1100 °C. This temperature 

discrepancy is problematic in the SL structure where temperature ramping is difficult and increased 

(a) (b) 

(c) (d) 

Figure 5.4 AFM images for four samples grown at 790  °C and 30 kPa. 

Both (a) and (b) are 80 nm of bulk AlInN and the AlInN SL structure 

respectively., while (c) and (d) are ~350 nm layers of bulk AlInN and 

the AlInN SL respectively. 
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temperatures will force intermixing of the SL structure. The temperature balance between high-

quality GaN in the SL and the indium content in the AlInN layers is important.  

To increase the In incorporation in the AlInN layers a study of growth temperature and 

pressure is undertaken. To increase the growth temperature while maintaining lattice-matched 

AlInN layers, the growth pressure is increased closer to atmospheric pressure. By increasing the 

pressure, we see an increase in indium incorporation which allows an increase in temperature to 

bring the Indium percentage back to lattice matched. Increasing the temperature improves the 

quality of the GaN and, therefore, the overall SL morphology. A pressure of 30 kPa produces the 

best films. At this pressure, the temperature was increased to 790 °C from 775 °C and shows 

significant improvement in pit density compared to other temperatures and pressures. The 

improvement is shown in Figure 5.4 consisting of AFMs of four samples grown at 790 °C and 30 

kPa (a) 80 nm bulk AlInN, (b) 80 nm SL structure, (c) ~350 nm bulk AlInN, and (d) ~350 nm SL 



   

98 

 

structure. These results are promising for PN diode applications where a thick AlInN/GaN SL drift 

structure could provide higher breakdown voltages.  

Additionally, spectroscopic ellipsometry measurements show that the layers have index of 

refraction at 500 of ~2.2 which is interesting for cladding layers in laser diodes. The refractive 

index of the AlInN/GaN SL strucuture is compared to bulk GaN and AlInN. Figure 5.5 shows a 

plot of the refractive index verus wavelength from 400 to 800 nm for the bulk GaN (black), AlInN 

(blue), and AlInN/GaN SL (orange). Since each period has 3 times the amount of AlInN when 

compared to GaN, a shift in the refractive index closer to bulk AlInN is expected.  As expected, 

the refractive index of the AlInN/GaN SL shows a weighted value between the refractive index of 

bulk AlInN and GaN consistent with the thicknesses of the AlInN to GaN in each period at 3:1. 

Figure 5.5 Plot of the refractive index versus wavelength from 400 to 

800 nm for the bulk GaN (black), AlInN (blue), and an AlInN/GaN SL 

(orange). 
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With a signficantly better morphology than bulk AlInN, the AlInN/GaN SL is a great candidate 

for DBRs where a high index contrast with GaN is desired. 

Finally, the SL strucutre is grown on GaN substrates with lower threading dislocations. 

Figure 5.6 shows AFM images for two SL strucutres both with 20 periods of AlInN/GaN SLs 

grown on GaN substrates at two temperatures. In Fig. 5.6 (a) a 5 by 5 µm AFM image of the SL 

structure grown at 790 ˚C is presented. There is a temperature offset when growing samples on 

GaN substrates when compared to sapphire (pieces versus full wafers), which results in the sample 

grown at 790 ˚C having a higher indium content of 19.5%. To counteract this, the temperature is 

increased to 815 ˚C and new SL structures are grown. Fig. 5.6 (b) and (c) show the AlInN/GaN 

SLs grown at 815 ˚C [11]. The number of pits drastically decreased, and the surface quality is 

comparable to the original GaN substrates before growth. Overall, the improve surface quality and 

ability to grow thicker layers is a promising step for utilizing AlInN in drift layers. The ability to 

grow thicker layers overcomes a major hurdle for growing AlInN drift layers for power electronics. 

Future work should focus on the electrical characterization of the SL structures to determine the 

conductivity and doping. 

  

Figure 5.6 Atomic force microscope (AFM) images of 20-period AlInN/GaN SLs grown on bulk GaN substrates at 30 

kPa and (a) 790°C and (b-c) 815°C, with In contents of 0.195 and 0.137, respectively. The AFM in (a) shows a smooth 

surface with clear and parallel GaN atomic steps, with 7 pits on a 5x5 µm AFM scan, with a density of ~1.2×107 cm-

2. The AFM in (b) shows a better surface with no pits, and a larger 20 x 20 µm scan (c) reveals one pit [11]. 
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5.3 Conclusion 

AlInN/GaN SL structures are an interesting option for achieving thick drift layers for 

semiconductor power devices. The main drawbacks associated with implementing these structures 

in devices such as PN power diodes is high doping and vertical resistance.  The specific on-

resistance of the SL structure is a paramount factor in the FOM and success of AlInN SL structures 

in power electronic drift layers. While the bandgap of the structure may be large feasibly improving 

the breakdown voltage capabilities of devices, low on-resistance also needs to be achieved to be 

competitive with existing WBG semiconductors.  
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CHAPTER 6  

Summary and Future Work 

The research presented in this dissertation covered several research projects focused on 

characterizing and implementing AlInN and its native oxide into semiconductor power devices. 

The goals that are outlined in Chapter 1 are successfully achieved and a summary of the research 

and future work is given below.  

6.1 Summary of thermal oxidation of AlInN 

The thermal oxidation of AlInN in both wet and dry conditions is examined for different 

times, temperatures, and indium contents. The oxidation rates are obtained using spectroscopic 

ellipsometry to determine the oxide thickness after oxidation. The SE data is modeled using a 

Tauc-Lorentz Oscillator model. It was determined that, like silicon, thermally oxidized AlInN 

layers can be fit using the Deal-Grove model where reaction and diffusion-limited regimes are 

present. The oxidation rate of AlInN is significantly faster than AlGaN, with dry oxidation rates 

at ~0.5 nm/min at 850 °C and wet oxidation rates at ~1 nm/min at 850 °C. The oxidation rates are 

used in fabrication processes for MOS capacitors and HEMTs. 

A study on the effects of indium content of the Al1-xInxN layers on oxidation rate is also 

conducted. Samples with indium contents between x=0.132 and x=0.21 are studied. The samples 

are oxidized in dry conditions for 2 hours at 830 °C and 900 °C. The samples are characterized 

using atomic force microscopy (AFM) and SE. The AFMs reveal that indium leaks to the surface 

during the oxidation process. Additionally, the absolute roughness of the oxide layers increases 

with increasing indium content. The oxide thickness versus indium content is plotted, and the 

oxidation rate also increases with increasing indium content. For the purposes of device 

applications oxides with less roughness are preferred indicating lower indium content AlInN 
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samples may be preferred for devices. Finally, x-ray photoelectron spectroscopy (XPS) is 

conducted on a sample and no nitrogen peak is detected, indicating the AlInN layers are completely 

converted into oxides after thermal oxidation.  

6.2 Summary of devices using AlInO 

AlInO/GaN MOS capacitors are fabricated and show CV characteristics expected for 

oxide-semiconductor systems. MOS capacitors under both wet and dry oxidation conditions are 

characterized. The CV curves are fit to an ideal analytical model, and a relative dielectric constant 

for the oxide of ~8 is used in the fitting. Mobile charges in the oxide are present and attributed to 

indium migration but can be burned in electrically. The interface trap density of the oxide layer is 

measured using UV-CV and found to be between 3x1011 and 8x1011 cm-2eV-1. These trap densities 

are on the same magnitude as those found in deposited oxides with GaN giving the thermal oxide 

merit for devices. 

Enhancement mode AlInN/GaN HEMTs are achieved by thermally oxidizing the AlInN 

barrier layer. The devices can be operated with high gate voltages up to 15 V and have threshold 

voltages of ~4 V. After annealing, the threshold voltage shifts to up to 8 V. The devices suffer 

from low on-state currents, which are likely from cracking in the oxidized region from the SiNx 

masking layer and oxidation conditions. By working to improve these devices, the interesting idea 

to optically trigger the devices is developed.  

Optically switched enhancement mode AlInN/GaN HEMTs with record sub-microsecond 

switching times are achieved. The oxidized barrier region depletes the 2DEG between the source 

and drain of the HEMTs producing low currents without illumination. When the devices are 

illuminated with a laser, carriers are generated, and the devices turn on. The LT-HEMTs are 

operated with a 375 nm laser with a maximum power density ~1500 W/cm2. The devices have an 
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on-off ratio of 104 and show transistor output characteristics with varying laser power. A source-

to-drain voltage of up to 100 V can be applied to the devices without breakdown. An oscilloscope 

is used to measure the switching capabilities of the devices, and sub-microsecond fall times are 

observed. These switching speeds are state of the art for GaN-based photodiodes (PDs) and photo-

transistors (PTs). Normally GaN, PTs take 100s of micro-seconds to switch from on-off due to 

persistent photoconductivity. 

6.3 Future work 

For future development of the oxide layers, a more complete XPS study would be 

interesting. Specifically, a study to see how indium content varies with oxide depth for the oxidized 

samples. Sputtering capabilities are not currently available on the XPS tool on campus. For the 

development of MOS capacitors, studies should focus on experiment repeatability. The most 

promising devices were not fully oxidized; however, the interface properties of the partially 

oxidized devices are of interest to improve the optically driven HEMT performance, which only 

had partially oxidized barrier layers. 

For enhancement mode HEMTs, improving the SiNx mask layer is necessary to increase 

the on-state current. A masking layer that is both stress-free and prevents leakage is needed. With 

these improvements, a study on the threshold voltage variation across a sample for comparison to 

p-GaN e-mode HEMTs would be interesting. Reduced threshold voltage variation in the thermally 

oxidized process would solve a problem seen in state-of-the-art p-GaN HEMTs. 

For optically driven devices, reduction in the on-state resistance should be achievable by 

reducing the gate length of the oxidized region. Doing this will reduce the applied voltage needed 

to reach saturation currents. With sub-microsecond switching speeds, the devices are already state-

of-the-art but limited by the laser switching capabilities. Improving the test setup with a faster laser 
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and with a laser at shorter wavelengths should increase the switching speed and push the limits of 

the fabricated devices.  

Finally, the AlInN/GaN SL structures have a significant number of unexplored 

applications. Firstly, studies on the vertical conductivity of the devices can be performed. The 

period of the AlInN/GaN SL can be varied to change the conductivity and refractive index and 

should be explored to optimize the SL structure for device applications. Maximum layer 

thicknesses for the SLs should be determined to determine the feasibility of using the SL for a drift 

layer. The index contrast between GaN and the AlInN/GaN SL layer makes it promising for 

cladding layers in DBRs. For implementations in PN power diodes, low resistance, low doped SL 

layers with a thickness of at least a couple microns are needed.  

 

 


