
ABSTRACT 
 
BRECKENRIDGE, MATHEW HAYDEN. Ion Implantation into the III-Nitrides (Under the 
direction of Drs. Ramón Collazo and Zlatko Sitar). 
 
 Due to the rapid development of the III-nitride materials for both high-power and 

optoelectronic device applications, there is strong motivation to utilize ion implantation as a 

processing tool for selective area doping into these materials. The ability to selectively area dope 

the III-nitrides will provide an avenue for realizing more complex device structures with desirable 

device performance. One of the current challenges facing ion implantation into the III-nitrides is 

understanding the damage process that is formed during the high energy implantation process. The 

damage caused by implantation results in high concentrations of defects in the lattice that degrade 

both the electrical and optical properties of the material. To recover this lattice damage and 

promote the impurity atom (i.e. ions) to occupy the correct lattice site where they can contribute 

free carriers, a high temperature annealing treatment is typically utilized.  

 To overcome these limitations, this dissertation seeks to understand the damage and 

recovery process for a variety of dopant atoms into both AlN and GaN. A portion of this 

dissertation provides a detailed introduction to ion implantation technology and its relationship 

towards realizing technologically pertinent microelectronic devices. To provide the necessary 

framework for realizing III-nitride optoelectronic and high-power devices via ion implantation, a 

brief review of the device physics and performances for these types of devices are discussed. Si 

implantation studies into AlN were performed to determine the appropriate annealing conditions 

(temperature and time) that resulted in nearly full recovery of the crystal lattice and promoted the 

Si atoms to occupy the correct lattice position to provide high concentrations of free electrons. 

Unlike the high ionization energies (e.g. >250 meV) that are typically observed in Si doped AlN 

via MOCVD, which is often attributed to the Si DX- state; the Si implanted AlN films that were 
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annealed at relatively lower annealing temperatures (1200 ºC), were measured via temperature 

dependent conductivity measurements to have significantly lower ionization energy (~70 meV). 

Furthermore, it was observed that there was significant compensation that was still present in these 

films as seen by the mid-gap luminescence and electrical results. This was significantly reduced 

by implementing defect-quasi-Fermi level (d-QFL) control during the annealing process, resulting 

in the highest n-type conductivities in AlN (> 1 W-1cm-1). 

 While n-type GaN formed by ion implantation has been readily demonstrated in literature, 

there remains challenges obtaining selective area p-type regions in GaN. The main challenge is 

maintaining the GaN surface at relatively high annealing temperatures (>1000 ºC). Annealing 

studies were performed using ultra-high-pressure annealing (UHPA) which utilizes 1 GPa of N2 

over-pressure, thus allowing for much higher annealing temperatures for the recovery and 

activation process. To relate the annealing conditions (temperature and time), a diffusion budget 

term is proposed to understand which annealing procedure results in the highest Mg activation. It 

was determined that a DB value of ~0.2 was the optimal condition and resulted in nearly 100% 

Mg activation.  

 Lastly, a set of design rules using many of the results presented in the previous sections 

will be introduced to demonstrate a high-power GaN-based PN diode and an AlGaN-based solar 

blind avalanche photodiode (APD). The GaN-based PN diode with high blocking potential in the 

reverse bias (~1 kV) was formed using Mg implantation and UHPA, whereas the AlGaN-based 

APD were operated at room temperature, exhibited solar blindness (rendering no response for λ > 

290 nm) and were recorded to have relatively high gains (~100,000) in devices that were ~25,000 

µm2 in size, with low bias leakage (dark) currents < 0.1 pA and a low voltage external quantum 

efficiency of 0.3 for unity gain.
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CHAPTER 1: Introduction 

1.1  Dissertation overview 

GaN, AlN and their ternary alloys are attractive wide bandgap materials for the 

development of next generation of high energy, short wavelength (DUV) optoelectronic and high-

power electronic devices.1–8 The direct bandgap of the binary alloy AlxGa1-xN ranges from 3.4 eV 

(GaN) and 6.1 eV (AlN). The ability to tune the bandgap in this range is expected to provide 

solutions that will ultimately lead to the transformation of the medical, power, communications 

and solid-state lighting industries across the globe.9 The prospect of these promising technologies 

is contingent upon identifying solutions to challenges related to material processing and device 

fabrication. Some of the current limitations are the need to advance satisfactory processes for 

selective area doping of the III-nitrides and developing design rules that will provide a pathway to 

realizing both optoelectronic and high-power devices.  

This dissertation will be primarily focused on developing a robust toolbox for selective 

area doping via ion implantation into high crystalline quality GaN and AlN films grown on native 

substrates via ion implantation. This introductory chapter will serve the purpose of providing an 

overview of the material properties of III-nitrides along with some of the basic principles and 

concepts that will be referred to throughout the dissertation. Chapter 2 is dedicated to introducing 

some of the important theoretical concepts that will be addressed throughout this thesis, topics 

ranging from ion implantation and Hall effect to defect quasi-Fermi level (dQFL) control and III-

nitride-based power and optoelectronic device fabrication challenges. Chapter 3 will include a 

discussion of the studies that were performed to demonstrate the feasibility to realize high n-type 

conductivity in AlN by using Si ion implantation (i.e. a non-equilibrium process) to suppress the 

formation of a deep acceptor and defect quasi Fermi level (dQFL) control during the annealing 
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procedure to reduce the formation of compensating point defects. Mg implantation into GaN 

studies will be discussed in Chapter 4 with an emphasis on demonstrating high p-type activation 

being obtained via ultra-high pressure annealing (UHPA). Chapter 5 will include a discussion of 

the design rules one should consider when attempting to realize both high-power and 

optoelectronic devices, specifically for III-nitride materials and ion implantation. Finally, a 

summary of all the results discussed in this dissertation and suggestions for future work will be 

presented in Chapter 6.  

1.2   Properties of III-nitrides 

The prospect of using III-nitride semiconductors for technological advancements results 

from their material properties. The III-nitrides are comprised of InN, GaN, and AlN, along with 

their quaternary alloys. The strong bonding also results in direct bandgaps (Eg), which 

encompasses a wide range energies, from 0.7 eV for InN to 3.4 eV for GaN to 6.1 eV for AlN.10,11 

As depicted in Figure 1.1, the wide range of direct bandgaps allows for the development of 

optoelectronic devices that can emit or absorb in the infrared, visible, and deep ultraviolet spectral 

regions. In addition to the wide spectral range, AlGaN-based light emitting diodes (LEDs) and 

laser diodes (LDs) are attractive for their higher power conversion efficiency and longer lifetimes 

compared to conventional light sources. The III-nitrides are also promising semiconductor 

materials for high-power device applications due to their high thermal conductivities, thermal 

stabilities, critical electric field capabilities, and electron mobilities. These material properties 

offer the prospect to meet the demand for higher breakdown voltages, faster switching speeds, and 

the ability to operate under extreme conditions. A summary of the room temperature material 

properties for these materials is depicted in Table 1.1.  
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Table 1.1. III-nitride material properties at room temperature.10,12 

 InN GaN AlN 

Bandgap (eV) 0.7 3.4 6.1 

Thermal conductivity (W/cm×K) 0.8 2.53 3.19 

Electric breakdown field 

(MV/cm) 
- 5.0 15.5 

Electron mobility (cm2/V×s) 3200 1000 426 

Saturated electron velocity (107 

cm/s) 
- 1.4 1.3 

 

 

Figure 1.1. III-V nitride binary compound (wurtzite) bandgap energies versus the a 

lattice parameter at room temperature. Image adapted from Ref. [13]. 

 III-nitrides can crystallize in either the wurtzite (Wz) and zinc blende (ZB) structures; 

however, in this work, only samples grown with the hexagonal wurtzite structure will be discussed. 
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The wurtzite crystal structure (space group P63mc) is the most common of the III-nitride materials 

and can be identified for its two hexagonal close packed sub-lattices of N- and III-atoms, which 

have two formula units per unit cell. Figure 1.2(a) shows a unit cell of the thermodynamically 

stable wurtzite phase, which readily demonstrates the non-centrosymmetric behavior, due to the 

differences in electronegativity of the N- and III-atom. The predicted c/a ratio for an ideal wurtzite 

structure is 1.633, but the c/a ratios for the III-nitrides differ slightly from this value. This lattice 

distortion that is observed in these materials can be further correlated by the u parameter, where 

the tetrahedral bond lengths are kept almost constant. The u parameter is defined as the ratio of the 

bond length b (bond length between the two nearest neighbors along the c-axis) and the c lattice 

constant. The electronegativity of the respective atoms and the spontaneous polarization field P0, 

are correlated with u parameter. This spontaneous polarization field, due to the break in symmetry 

along the c-axis is shown in Figure 1.2(b). This polarization field is responsible for two distinct 

material properties, piezoelectricity and pyroelectricity, that are intrinsically observed in III-nitride 

materials. The lattice parameters of InN, GaN, and AlN and their respective spontaneous 

polarization fields are presented in Table 1.2 for comparison. 
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Figure 1.2. Schematic of the (a) full unit cell and (b) one-third unit cell of the III-

nitride wurtzite crystal structure. The III-metal and N atoms form a hexagonal closed 

packed sub-lattice with an ABABAB pattern. 

Table 1.2. Lattice parameter and spontaneous polarization field of the III-nitride 

materials.14 

 InN GaN AlN Ideal 

Tetragonal 

Lattice Constant a (Å) 3.585 3.189 3.112 - 

Lattice Constant c (Å) 5.80 5.186 4.982 - 

c/a 1.618 1.626 1.601 1.633 

u (Å) 0.379 0.377 0.382 0.375 

Spontaneous polarization 

P0 (C/m2) 

0.032 -0.029 -0.081 - 
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1.3   III-nitride crystal growth 

To date, the growth of III-nitride films for commercial applications has typically been 

realized on foreign substrates, like sapphire (Al2O3), due to the lack of high crystal quality native 

substrates. Despite the availability of low cost, high crystal quality sapphire substrates, there is 

significant lattice mismatch between the substrate and the epitaxial film due to the differences in 

lattice constants. Thus, the III-nitride films grown on sapphire have high densities of both point 

and extended defects, which can negatively inhibit the electrical and optical properties. This 

ultimately results in poor device performance and has motivated the need to develop the 

technology to realize single crystal native substrates for homo-epitaxy. This section is divided into 

two main subsections: (1) growth and technology to realize both GaN and AlN bulk crystals, (2) 

as well as the methods used to realize the high crystalline quality epitaxial films that were utilized 

in this work. A brief introduction into the methods for III-nitride bulk growth will include physical 

vapor transport (PVT), hydride vapor phase epitaxy (HVPE), and solution growth method. 

Whereas the epitaxial film growth method that will be primarily discussed here is metal organic 

chemical vapor deposition (MOCVD). Although the focus of this dissertation is ion implantation 

into the III-nitrides, this work would not be possible without the availability of high crystal quality 

epitaxial films and substrates. Thus, it is appropriate to briefly describe the techniques for 

obtaining single crystal bulk substrates and then growing epitaxial films for the studies that will 

be discussed in this dissertation. 

1.3.1 Growth of bulk GaN  

The growth of bulk GaN has been a technological challenge due to the high melting 

temperature of the material (~2500 °C) and the requirement for high nitrogen pressures (> 6 GPa); 

thus, making it nearly impossible to use traditional growth methods (i.e. Czochralski or Bridgman) 
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for the crystallization.15 This challenge has motivated the need to identify other ways to achieve 

growth of GaN. Bulk GaN is predominately grown by one of the following growth methods: 

hydride vapor epitaxy (HVPE), ammonothermal, or sodium flux.  

In the case of HVPE, GaN substrates are realized by growing an individual GaN wafer on 

a foreign seed material (i.e. sapphire, gallium arsenide, etc.). The crystallization of GaN is from 

the gas phase at ambient pressure and has been demonstrated to have relatively high growth rates 

(>100 µm/hr) and crystallization of high-purity material.15 Large diameter GaN wafers with 

relatively low dislocation densities (DDs ~106 cm-2) have been realized upon removing the film 

via etching and self-liftoff methods. Despite the reduced DDs, the significant lattice mismatch and 

thermal mismatch between the GaN and the foreign seed material results in wafer bowing.    

Ammonothermal and sodium flux can be grouped together as solution growth methods; 

however, the methods differ in the pressure medium (N2 or NH3), the pressure value, and the role 

the pressure has on the growth process. The ammonothermal method is achieved by promoting 

appropriate solubility of GaN via a supercritical ammonia realized by going to elevated growth 

pressures. Supersaturation is possible via a temperature gradient and mass transport that is 

controlled by convection. In comparison, a constant temperature is implemented in the sodium 

flux method and the mass transport is stimulated by mechanical stirring. Furthermore, the nitrogen 

pressure is greater than the equilibrium one for considered phases of the flux, leading to a  

supersaturation of the gallium, sodium, and other additives.16 Despite the similarities and minor 

differences, the ammonothermal method is better suited for mass production. A survey of the 

current GaN substrates and seed growth technology will be discussed in Section 4.2. 
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1.3.2 Growth of Bulk AlN 

There have been great strides in the past two decades towards realizing high quality AlN 

crystals and substrates. Despite the recent advancements, the first real attempts to grow compound 

AlN via sublimation in a closed tungsten crucible were performed in the 1970s by Slack et al.17,18 

Since this work was performed there are predominately three main methods that are allow one to 

achieve bulk AlN crystal growth. The three techniques include: sublimation or physical vapor 

transport (PVT), hydride vapor phase epitaxy (HVPE), and growth from solutions. Of these 

methods, PVT is the most promising due to the ability to produce large native seeds, necessary for 

consistently demonstrating high-quality AlN bulk crystals.19 The PVT growth process consists of 

AlN powder (source) undergoing sublimation at extremely high temperatures (> 2000°C) in a 

nitrogen atmosphere. These significantly higher growth temperatures motivate the reason why 

PVT is the preferred method compared to growing the bulk crystal from a liquid phase. A 

temperature gradient exists between the source and the AlN seed, which is maintained at a slightly 

lower temperature. This temperature gradient is the driving force to promote the Al and N atoms 

to diffuse from the source to the seed, where the reverse reaction leads to the growth of AlN. The 

sublimation reaction that takes place in the crucible (source) and in the reverse direction at the 

surface of the AlN seed: 

 𝐴𝑙𝑁(") ↔ 𝐴𝑙($) +
1
2
𝑁%($) (1) 

The temperature range for AlN growth via PVT is between 1800 – 2500°C, where the 

lower limit is due to the inactivity of the reaction and the upper limit is approaching temperatures 

where Al is no longer stable and will begin to decompose. The use of these high growth 

temperatures requires careful attention to the crucible material. Tungsten and tantalum carbide are 

good candidates due to their inert behavior with Al vapor, resistance to decomposition at high 
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temperatures, low levels of contamination, and availability of desirable geometric considerations 

(i.e. shape and size).19,20 In the 2000’s, early reports demonstrated high growth rates (~1 mm/hr) 

and good crystallinity by keeping a temperature gradient between the source and the AlN seed at 

50°C/cm and growth temperatures around 2200°C.21,22 The growth rate can be modeled by 

considering the controllable growth parameters (pressure, temperature, and temperature gradient) 

by the following relationship23: 

 𝑣$ = 𝑘
&'(	*∆,-∆"# .

/0$.&1$.'
∆0
2

, (2) 

where vg is the growth rate, T is the growth temperature, p is the total pressure, DT/d is the 

temperature gradient between the AlN source and the seed, R is the universal gas constant, S is the 

entropy, and H is the enthalpy. The pre-exponential term k is a parameter that can be manipulated, 

which includes the diffusion coefficient of Al in nitrogen.19 Unlike the bulk growth rates of other 

materials (e.g. silicon), PVT growth of AlN is much slower with the growth rates on the order of 

~500 µm/hr. Moreover, these PVT reactor systems must be designed to tolerate the elevated 

growth temperatures, while also maintaining the temperature gradients with a high level of 

precision. Control of the temperature profile across the crucible is required to realize a symmetric 

crystal boule like the one shown in Figure 1.3(a). Recent progress has been made to increase the 

size of the AlN substrates from ~30 mm to ~50 mm while maintaining extremely high 

crystallinity.24,25  
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Figure 1.3. (a) AlN single crystal boule grown by PVT and (b) an epi-ready 1” Al-

polar AlN substrate obtained by dicing and polishing the AlN boule. 

The high-quality single crystal AlN substrates that were utilized in this work were obtained 

by taking the AlN boule and slicing it with a diamond wire saw along the desired crystal direction. 

c-plane substrates like the one shown in Figure 1.3(b) are the most common type of substrates. 

After the boule is diced into wafers, a surface treatment process is required to remove the gross 

plastic deformation that is caused by the wire saw. The substrate misorientation is fixed during the 

mechanical polishing process. Chemo-mechanical polishing (CMP) process is the final fabrication 

step to prepare the substrate for epitaxial growth. This step is critical to remove the significant 

subsurface damage, produce atomically smooth surface, and it passivates the surface with a stable 

hydroxide layer.23,26 

A current challenge facing PVT growth is the current method requires the use of graphite 

insulation to reach the necessary growth temperatures. The graphite insulation acts as a source for 

carbon which is readily incorporated into the AlN crystal. Large concentrations of carbon 

impurities are known to negatively impact both the electrical and optical properties of the material. 
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It is this limitation of the PVT growth method that has driven the research and development of 

HVPE, which as discussed earlier in the case of GaN, can be performed at significantly lower 

temperatures. 

1.3.3 Thin Film Growth of III-Nitrides 

GaN and AlN epitaxial films are typically realized by either MOCVD or molecular beam 

epitaxy (MBE). A brief description of these two methods will be discussed, as well as the 

advantages and disadvantages associated with them. MBE provides the greatest control over the 

incorporation of defects; however, this benefit comes at the expense of the necessity for extremely 

high vacuum and low growth rates, which has dramatically thwarted its adoption in 

commercial/industrial settings. MOCVD, on the other hand, offers the ability to realize much 

larger production throughput, while still providing the necessary impurity/point defect control. 

The basic driving force for MOCVD is known as supersaturation,26–31 which can be 

described as the difference between the input vapor pressure of each reactant species and the 

overall equilibrium vapor pressure, which is shown by Equation 3: 

 𝜎 = 3()*+,-3-.
3-.

, (3) 

where s is the vapor supersaturation, Pinput is the input vapor pressure, and Peq is the equilibrium 

vapor pressure. The MOCVD “knobs” or growth parameters i.e. the growth temperature, pressure, 

mass flow rate, V/III ratio, and diluent gas are used to manipulate and control the supersaturation. 

There are four physical phenomena that should be considered when describing MOCVD growth, 

including: mass transport, chemical reactions, thermodynamics, and surface kinetics. Figure 1.4 

demonstrates the key reaction activities that are physically taking place at the sample surface 

during the MOCVD process. 
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Figure 1.4. Schematic diagram of the III-nitride epitaxial growth process. 

 A brief synopsis of the physical process for metal-organic chemical vapor deposition 

begins by utilizing a carrier gas to transport metal organic compound(s) (trimethylaluminum 

(TMA) and/or triethylgallium (TEG)) from the bubbler to the growth chamber, where the metal 

organic is mixed with ammonia (NH3). The elevated growth temperatures are used to decompose 

both the metal organic and NH3 and diffuse the reactants through the boundary layer to the intended 

substrate surface. Experimentally, there are two growth modes that typically occur on the substrate 

surface: (1) island growth occurs when the supersaturation is greater than the associated energy 

barrier for nucleation and (2) step flow growth is controlled by a diffusion process. For growth to 

be initiated, adatoms must diffuse and incorporate at vicinal terrace edges. The step edges can be 

found on the substrate either by a small miscut from the c-plane or from screw dislocations (i.e. 

GaN or AlN grown on sapphire substrates). These processes are always competing; however, 

layer-by-layer step flow growth mode is desirable for achieving high-quality epitaxial thin films 

and abrupt interfaces.  
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In terms of the types of substrates, both sapphire and single crystal GaN and AlN substrates 

were used in this work; however, a majority of the results discussed in the upcoming chapters were 

realized using the GaN and AlN single crystal substrates for reasons discussed in the upcoming 

section on defects. 

1.4 Doping in the III-Nitrides 

A simple comparison can be drawn between materials that are considered insulators and 

those that are labeled as semiconductors. Semiconductor materials are readily modified to have 

different optical and electrical properties by adding impurities (i.e. foreign atoms or compounds) 

into the crystal lattice. The process in which these impurities are purposefully introduced into the 

lattice is known as doping, which can be used to make the material either n- or p-type. The ability 

to manipulate the majority carrier in different regions of the film, provides the opportunity to create 

pn-junctions, a fundamental building block for both high-power and optoelectronic devices.  

In the III-nitrides, the impurities that are readily utilized to obtain either donors or acceptors 

in the epitaxial film are Si and Mg, respectively. Si atoms are often used as a dopant for 

incorporating n-type donors in the film because the Si atoms substitute the cation site in the 

Wurtzite structure and exhibits a relatively low ionization energy (~26 meV).32–35 Interestingly, 

the work from Collazo et al.32 demonstrated that Si remains a shallow donor from GaN to AlxGa1-

xN (x > 80%). Furthermore, by increasing the Al-content above 80%, a sharp increase in activation 

energy is observed. The cause for this behavior is still not clear, but the current hypothesis is that 

Si relaxes to a more stable DX-state. This has created a barrier to realizing any significant or useful 

n-type conductivity in high Al-content AlxGa1-xN and AlN. In addition to the DX-behavior, the 

incorporation of compensating point defects has been shown to significantly degrade the electrical 

and optical properties of the material. The growth conditions (i.e. growth temperature, V/III ratio, 

etc.) can be used in the chemical potential control (CPC) framework, to ultimately reduce/prevent 
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the formation of these undesirable point defects.36,37 The next section will discuss the various types 

of defects in the III-nitrides and their origin.  

1.5 Defects in the III-nitrides 

Generally, the most important material properties (i.e. electrical, optical, mechanical, etc.), 

used to determine the quality of a semiconductor material, are affected by the presence of both 

extended and point defects. There are three main classifications of extended defects that will be 

discussed throughout, which include dislocations, stacking faults and 3-dimensional defects (i.e. 

voids and inclusions). The density of extended defects, like threading dislocations, is typically 

very high for epitaxial films grown on foreign substrates (e.g. sapphire) due to the large mismatch 

in the lattice constants, a0, between the substrate and the material being grown. The typical 

dislocation density (DD) for nitride films grown on sapphire substrates is 109-1010 cm-2. Moreover, 

by substituting a foreign substrate with a native substrate (i.e. single crystal GaN and AlN wafers) 

the measurable DDs are drastically reduced (~103-104 cm-2). Although reducing the threading DD 

is advantageous for improving the electrical and optical properties of the film, the desired device 

performance and the higher substrate costs associated with using native substrates should also be 

considered. 

In addition to extended defects, point defects are single atoms, vacancies, or complexes 

that deviate from either the host atom composition or the respective lattice positions. In the case 

of a III-nitride “perfect” wurtzite crystal structure, one would expect the ratio of metal atoms to 

nitrogen atoms (referred to as the native atoms) to be 1:1. In reality, the lattice contains atoms of 

other elements and other deviations from the ideal crystal. The concentration of these defects can 

range from 1016-1019 cm-3; therefore, the bulk of the current research in the III-nitrides centers 

around understanding how these point defects are incorporated into the film and what affect do 

they have on the electronic and optoelectronic device performance. There is a wide variety of point 
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defects that have been identified in doped and undoped III-nitride films, including: C, Ge, H, Mg, 

O, Si, VIII, VN, and all of their respective complexes. The presence of these impurity atoms in the 

host lattice can have a significant impact on the electrical performance of the material, which is 

the foundation for semiconductor doping. In addition, as will be further discussed in the text, 

unintentional native point defects are also readily incorporated during the doping process; 

furthermore, there are generally two physical methods to intentionally introduce impurities into 

the crystal lattice, either by equilibrium or non-equilibrium processes.   

The mechanism and the types of point defects introduced in the lattice via non-equilibrium 

processes will be discussed in more detail in the Section 2.1.4. Furthermore, a brief discussion of 

point defect incorporation under thermodynamic equilibrium conditions will be presented here. 

The point defect concentration, [Xq], in a crystal lattice is directly related to the formation energy, 

Ef, by Equation 3: 

 [𝑋4] = 𝑁5 exp−
𝐸6(𝑋4)
𝑘7𝑇

 (4) 

where q is the charge state of the defect and Ni considers the number of sites and number of 

configurations in which the defect may be incorporated. It is apparent from Equation 4, that by 

increasing the formation energy for a defect will ultimately result in a reduction of the density of 

that defect. The formation energy can be better understood by considering only the enthalpic term 

from the free energy of formation of a defect. The entropic contributions are often assumed to be 

negligible. We can further define the formation energy of a charged point defect for an equilibrium 

process, which is a function of the reference free energy of the crystal, Eref, the chemical potential 

of the specie, µ, and the Fermi energy, EF, as shown in Equation 5: 

 𝐸6(𝑋4) = 𝐸896(𝑋4) −7 𝑛5𝜇5
5

+ 𝑞(𝐸: − 𝐸;) (5) 



 16 

where EV is the energy at the top of the valence band. The reference free energy of the crystal can 

be further defined as the difference between the total energy of a bulk crystal with a single point 

defect and the total energy associated with an ideal (perfect) crystal. Interestingly, as the Fermi 

energy is increased (decreased) because of doping the material n-type (p-type) will lead to a 

decrease in the formation energy of compensating point defects that will ultimately limit the free 

carrier concentrations that can be achieved. This consequence is independent of the type of dopant 

introduced. The experimental evidence of this relationship has been observed in both p-type and 

n-type doping in AlGaN. The concentration of compensating defects increases as the doping 

concentration increases until the two concentrations become comparable. This is the current 

understanding for why the free carrier concentrations and the electrical conductivities have been 

limited in this material. Efforts have been made to understand how the growth conditions can be 

manipulated to control the chemical potential to counteract the effects of the Fermi energy 

changing with increased doping. Controlling and manipulating the formation of point defects in 

the III-nitride materials through the entire fabrication process flow (i.e. growth, doping, 

processing, etc.) is necessary for realizing a wide range of technologically pertinent devices and 

will be an important underlying theme found throughout this dissertation work. 

1.6 Aims and challenges  

This thesis sets out to provide an engineering toolbox that is necessary for realizing 

technologically pertinent high-power and optoelectronic devices using the III-nitrides. As will be 

motivated in chapter 2, ion implantation is the technique of choice for selectively doping a material 

with impurity atoms that can effectively manipulate both the electrical and optical properties of 

the film. The implantation process introduces impurity atoms with relatively high energies into the 

target material, which come to rest randomly in the material by reducing their energies via 

interactions with the hosts atoms and electrons. These interactions can lead to significant lattice 
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damage in the material that must be removed by a high temperature annealing process. Although, 

ion implantation has been readily used in processing silicon-based integrated circuits (ICs) for 

decades, there have been numerous obstacles for the widespread adoption of ion implantation into 

the III-nitrides. Chapter 3 will investigate the structural, optical, and electrical properties of AlN 

homoepitaxy films that were implanted with technology pertinent Si+ ion doses before and after 

the damage recovery annealing process. A low temperature annealing process, utilizing defect-

quasi-Fermi level (d-QFL), was critical for achieving nearly full damage recovery and high free 

carrier concentrations in AlN. In addition to the work on AlN, there has been increased motivation 

to overcome the challenges associated with selectively area doping GaN p-type. Although, n-type 

doping via Si+ implantation has been demonstrated in GaN using relatively lower activation 

annealing temperatures and times, it has been hypothesized that even higher thermal budgets are 

required to remove the damage and activate the Mg+ atoms. The challenge associated with utilizing 

higher thermal budgets during the annealing process, is the gross degradation to the GaN film that 

can result. Chapter 4 sets out to test the hypothesis of whether the use of ultra-high pressure (1 

GPa in nitrogen) is sufficient for preventing the GaN film from decomposing, even at temperatures 

>1000°C. The next challenge is to determine a set of annealing conditions (i.e. temperature and 

time) that will result in nearly 100% Mg activation in GaN. The results and discussion from 

chapters 3 and 4 provide insight towards selectively area doping AlN and GaN n-type and p-type, 

respectively. Chapter 5 is dedicated to discussing the overall process for designing and fabricating 

practical high-power and optoelectronic devices. Chapter 5 provides a discussion on the recent 

developments for demonstrating a 1 kV GaN-based PN diode and a solar blind, high gain AlGaN-

based avalanche photodiode (APD).   

  



 18 

Chapter 2: Introduction to ion implantation for high-power and 
optoelectronic devices 

2.1  Ion implantation 

2.1.1  Background and significance 

There are predominately three techniques that are readily used to selectively incorporate 

impurities into a semiconductor material to realize electrical doping, they include: etch and 

regrowth of epitaxially-doped films, thermal diffusion of dopants, and ion implantation. Epitaxial 

doping is the process of introducing impurities in the gas phase during the growth process; 

moreover, the challenge with this technique is realizing complex device structures which require 

lateral selective area doping. To address this challenge, a popular approach is to etch regions where 

dopants are not desired, which is typically followed by an additional regrowth process. The current 

status of this approach is extremely limited by the inability to realize planar selectively doped areas 

with pristine interfaces suitable for integrated circuits (ICs).  

The other two techniques are often used when selective area doping is desirable. By 

employing Fick’s Laws, one can introduce impurities in the gas phase at the surface of the film 

and then by manipulating the thermodynamic parameters (i.e. temperature and time), the dopant 

impurities are driven into the film. The limitations of this method are realized when a device 

structure requires more control of the doping profile, for example in the case where a deep ‘box’ 

profile is desirable, thermal diffusion is no longer appropriate. The final technique used for doping 

semiconductors, which has become the process of choice for silicon-based technology and will be 

the primary doping technique used in this work, is ion implantation. The main benefit of ion 

implantation, compared to the previously discussed techniques, is that ion implantation is a non-

equilibrium process. This non-equilibrium nature of the process is not limited by the species solid 

solubility limits. Ion implantation also provides precise control over the dopant concentration (i.e. 
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ion dose) and depth profile (i.e. ion energy), thus making it possible to obtain a wide range of 

doping profiles (e.g. box profiles, buried doped regions, etc.). During ion implantation, heavy ions 

are bombarded into the film with relatively high energies which creates significant damage to the 

crystal lattice (i.e. distortion of the lattice) in addition to the dopant ions predominately occupying 

interstitial lattice sites. To recover the crystal lattice damage and promote the dopant ions to occupy 

the correct substitutional site (i.e. dopant activation), a high temperature annealing process is 

required.  

Thus, it is the goal of this work to develop novel techniques to remedy the negative effects 

caused by ion implantation and demonstrate the desired electrical properties needed for realizing 

complex optoelectronic and high-power device applications in the III-nitride materials. Prior to 

discussing the results of this work, a brief overview of the important technological and physical 

phenomena related to ion implantation will be introduced in the sections that follow. 

2.1.2 Ion implantation technology 

A brief overview of the ion implantation system setup will be presented in this section. The 

ion implanter is a system that is used to accelerate ions, via a high-voltage particle accelerator, to 

achieve the kinetic energies sufficient to bombard the target material surface and penetrate to a 

desired depth into the crystalline material. A basic ion implanter schematic is presented in Figure 

2.1 adapted from reference [38]. To separate the desired ions for ion implantation, the ion source 

(i.e. feed gas or solid charge) is introduced to high voltages to generate a plasma. The plasma 

contains a variety of impurities and other molecular species. Only positive ions leave the system 

as a beam by preferentially selecting them from the plasma via large negative bias potential. High 

purity and a well-defined particle energy during the bombardment process is only possible due to 

the particles being ionized. The beam that leaves the ion source system consists of a variety of ion 
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species, thus a mass spectrometer is necessary to further select the desired ions to proceed. A 

magnetic field is applied perpendicular to the beam velocity and bends the beam through a right 

angle. Due to a Lorentz force, only the desired specie with its unique charge to mass ratio passes 

through the aperture slit and is promoted to the ion accelerator. The ion accelerator is typically a 

long tube, maintained at high vacuum to prevent ion collisions during acceleration, with a high 

applied electric field. The ion accelerator is responsible for providing the bombarding ions with 

the desired (final) energy, which is the parameter that determines the desired ion penetration depth 

into the target material. To promote uniformity of ions into the target material, ion deflectors are 

used to raster the ion beam in the x- and y-axis. A slight deflection of the ion beam allows for the 

charged particles to separate from the neutral particles prior to the ion beam arriving at the target 

surface. Finally, the target material is mounted in a controlled environment (vacuum) with the 

ability to set the substrate orientation and temperature.  

Another crucial ion implantation parameter, the ion dose (the total number of ions entering 

the target material), is precisely controlled by using a Faraday cup located close to the target 

sample. A Faraday cup works under the assumption that all of the charged ions that are captured 

will contribute to the resulting electrical current, which can then be measured by an ammeter. 

Equation 1 depicts how the measured current (I) and the known beam area (A) are used to calculate 

the ion dose: 

 𝜙 =
1
𝑄𝐴

=𝐼𝑑𝑡 (1) 

where Q is the charge of the ion and t is the implantation time.  
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Figure 2.1. Schematic diagram of an ion implanter including an ion source, a mass 

spectrometer, an ion accelerator, a beam scanning system, and a target mounting 

station. 

2.1.3 Ion implantation theory 

A review of the theory of ion implantation is required to understand the important 

phenomena for introducing ions into a solid material. To effectively predict and simulate the 

doping profiles and understand the mechanism for the damage creation due to ion implantation, a 

brief description of the physical principles of ion stopping in solids is necessary. The stopping 

power of a medium on an accelerated ion is the measure of the average energy loss per unit length 

of the particle as it interacts with the target atoms in the lattice. The simple expression can be 

defined as, 

𝑆 = !"
!#

, 
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where E is the kinetic energy of the ion and x is the distance along the ion trajectory into the target 

lattice. The stopping power of a medium is dependent upon the ion energy E and the atomic number 

Z1, as well as the density and atomic number Z2 of the target element(s). 

There are several energy loss interactions that take place between the accelerated particle 

and the target lattice atoms. The three interaction mechanisms that reduce the ion’s kinetic energy 

are the elastic collisions with the nuclei of the target atoms (nuclear stopping), the excitation or 

ionization of the electrons (electronic stopping), and radiative emission of energy. The total 

stopping power mechanisms can be described as the sum of the following three distinct 

components, 

 𝑆<=< = 𝑆>?@A9B8 + 𝑆9A9@<8=>5@ + 𝑆8BC5B<5D9. (2) 

One thing to note is that only ions with high projectile energies (> 1 MeV/amu) undergo 

Sradiative losses, and thus this term is negligible in the case of ion implantation, where ion energies 

< 500 keV are typically used. Thus, the two stopping interactions that should be considered for ion 

implantation, where ion energies are on the order of 10-500 keV, are nuclear and electronic 

stopping. Figure 2.2 describes the stopping power for both the electronic and nuclear stopping 

mechanisms as a function of ion velocity, which is proportional to the kinetic energy of an 

incoming ion. In general, the nuclear collisions dominate at lower ion energies and electronic 

collisions dominate in the higher ion energy regime. In addition, for the case where the ion energy 

and target material are held constant, lighter ions are dominated by electronic collisions, while the 

heavier ions are dominated by the nuclear collisions. It is important to note that it is feasible to 

assume that the contributions for ion stopping in a solid can be considered separately. The 

phenomena and mathematical considerations for the nuclear and electronic stopping mechanisms 

will be discussed in further detail. 
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Figure 2.2. A sketch of the nuclear and electronic mechanisms of the ion stopping 

power as a function of the ion velocity. 

2.1.3.1 Nuclear stopping 

Nuclear stopping is the process of an ion reducing its initial velocity until it finally comes 

to rest by experiencing numerous elastic collisions with the native atoms located in the target 

lattice. To simulate the collision processes and predict the final positions of the implanted ions, a 

well-known Monte-Carlo method (TRIM) has been developed using the key assumption that only 

two particles are involved in a single collision event. For the case of nuclear stopping, it is 

appropriate to consider only the classical mechanics due to the De Broglie wavelength associated 

with the ion is much smaller than the interatomic distance in a solid. Moreover, this allows for any 

quantum effects (i.e. wave-like diffraction, interference, etc.) to be neglected. The binary collision 

approximation can be implemented to significantly simplify the multi-particle scenario to a 

classical elastic two particle (the accelerated ion and the target atom) problem. In the elastic two 
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particle problem, the transfer of energy is dependent upon only the mass and the charge of the two 

particles. To effectively predict the final velocities and trajectories of the two particles, one must 

consider the conservation of both energy and momentum. A summary of the initial and final states 

of the elastic scattering of the two particles is presented by the following conservation of energy 

equation, 

 𝐸E =
F
%
𝑀F𝑉F,5% = F

%
𝑀F𝑉F,6% + F

%
𝑀%𝑉%,6% , (3) 

where E0 is the initial ion kinetic energy, V1,i is the initial velocity of the incoming particle (i.e. 

ion) with a mass of M1, and V1,f is the particle’s velocity after the collision with the stationary 

particle with a mass of M2, which recoils and will gain a velocity of V2,f. The other two relationships 

that should be considered are the conservation of momentum equations for the longitudinal and 

lateral cases, respectively. The two equations are, 

 Longitudinal: 𝑀F𝑉F,5 = 𝑀F𝑉F,6𝑐𝑜𝑠𝜙 +𝑀%𝑉%,6𝑐𝑜𝑠𝜃 (4) 

 Lateral: 0 = 𝑀F𝑉F,6𝑠𝑖𝑛𝜙 +𝑀%𝑉%,6𝑠𝑖𝑛𝜃 (5) 

where f is the final angle of the incoming particle and q is the final recoil angle of the stationary 

particle. A schematic of the two-particle collision scenario is presented in Figure 1.6, where the 

scattering process can be characterized by an impact factor, p, which is the minimum distance of 

the two particles if they would pass without an interaction. 
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Figure 2.3. Schematic of the elastic collision process between an accelerated particle 

with a stationary particle. 

 The previous equations are written in laboratory coordinates, but the transformation to 

center-of-mass (CM) coordinates serves the purpose of demonstrating that the relative motion of 

the two particles being described here can be coupled together to form a single particle moving in 

a central potential centered at the origin of the CM coordinates. The details pertaining to the 

derivations are described elsewhere.39 Furthermore, using the conservation of energy and 

momentum and the CM coordinates, we can derive two critical relationships to describe the 

stopping powers. The two relationships show the energy loss from the projectile particle to the 

stationary particle during a collision. The first relationship is written as,   

𝑇 =
2
𝑀$

(𝑣%𝑀&𝑐𝑜𝑠𝜙)$ 

where T is the energy transferred from the incident projectile particle on the stationary (target) 

particle, M2 is the stationary particle mass, v0 is the initial velocity of the projectile, Mc is the 
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center-of-mass of the two particles, and f is the scattering angle. The second relationship is given 

by, 

 𝑇 =
4𝐸E𝑀F𝑀%
(𝑀F +𝑀%)%

𝑠𝑖𝑛%
𝜃
2

 (6) 

where the energy lost by the incoming particle is related to the stopping power of that particle.  

To summarize, the nuclear stopping mechanism is the energy loss mechanism for 

accelerated particles via elastic collisions with the stationary substrate atoms. The incoming 

particles transfers some of its energy to the substrate atom and undergoes some angular deflection 

in trajectory. If the energy transfer between the accelerated particle and the substrate atom is 

greater than the minimum energy required to “knock” the substrate atom out of its lattice site, the 

substrate atom can contribute to future collisions. Moreover, there are now two types of particles 

(the foreign particle and the knock-on atom) that possess some finite energy and momentum that 

can contribute to future collision processes. The collision events will continue until all particles 

fully reduce their kinetic energy and eventually come to rest in the target material. The collision 

cascade created by a primary knock-on atom is shown in Figure 2.4. As a result of the collision 

cascade, there are now copious number of vacancies and interstitial atoms (i.e. displaced atoms) 

in the target lattice. This explains how a single accelerated ion can initiate a cascade of collisions, 

which are ultimately responsible for the majority of the lattice disorder produced during ion 

implantation. 
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Figure 2.4. Schematic of the cascade collision process that results from a single 

knocked-on atom. 

2.1.3.2 Electronic stopping 

In addition to bombarding ions interacting with target atoms, the second interaction that 

should be considered during the ion implantation process is the inelastic energy losses produced 

by electronic stopping. Electronic stopping is the interactions of the ion nucleus and electrons with 

the electrons in the target material. The energy lost by the accelerated particle is dissipated 

throughout the electron cloud into thermal vibrations (i.e. heat) in the target material. From these 

interactions, numerous complex physical phenomena can take place: excitation/ionization of 

atoms in the target, and the capture/loss of electrons by the bombarding ion. Therefore, the 

complexity of the phenomena associated with electronic stopping motivates the use of semi-

empirical models. These empirical models can be categorized by the ion energy regime: high-

energy electronic energy-loss and low-energy electronic energy-loss. A brief review of the 
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evolution of models to improve the accuracy of the previously developed Monte Carol simulations 

will be discussed here. 

For the case of an ion having a velocity greater than v0Z12/3, the charge state of the incoming 

ion increases and is fully stripped of all of its electrons. The ion can be thought of as a moving 

positive point charge Z1 with a velocity greater than the mean orbital velocity of the atomic 

electrons in the shells/subshells of the target atoms. For this case, the interaction can be considered 

as a small external perturbation or collision. Bohr’s theory of stopping power is applicable when 

the ion velocity v is much greater than an orbital electron. In Bohr’s derived expression for the rate 

of energy-loss of a charged particle, he considered the ion to be a bare nucleus, and its interactions 

with target electrons to be accurately described by a pure Coulomb interaction potential (classical 

case). As the relatively heavier particle passes by a target atom, the Coulomb force acting on the 

target atom’s electrons continuously changes direction. Due to the symmetry of the forces acting 

on the electron during the interaction, the net forces in the x-direction are zero; however, there is 

a net force acting on the electron in the y-direction and thus some momentum Dp is transferred to 

the electron.40 The energy-loss for electronic stopping at higher ion energies is given in Natasi et 

al. as:41 

 − CH
CI
K
9
= %JK$&9/

H
𝑁𝑍% M

L$
M-
N 𝑙𝑛 %M-D&

N , (7) 

with N given by the atomic density in the substrate, the incoming ion having a charge of Z1e, a 

mass of M, and velocity v passing a target-atom electron of mass me.  

A rule of thumb for the average excitation energy, I, reported in electron-volts (eV), for 

most elements is generally, 

 𝐼 ≅ 10𝑍%, (8) 
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where Z2 is the atomic number of the stopping atoms. It is important to note that the shell structure 

of the target atoms and any distinction in electron binding has been purposefully left out. In terms 

of the experimental results, these effects typically have very little impact on the approximations 

made by Equation 7 (exceptions are possible for lighter elements).40 

For the case where the bombarding ion has v < v0, the expression described in Equation 7 

becomes no longer applicable. To address the stopping power from the interaction of an incoming 

ion and the electrons associated with the target atoms, three main models were developed, all of 

which relating the stopping cross-section to the ion velocity. The three models are known as: the 

Fermi and Teller model, the Firsov model, and the Lindhard-Scharff model. 

The expression derived by Lindhard and Scharff is the most well-known and widely 

adopted method for calculating the stopping cross-section, which can be expressed as, 

 𝑆9(𝐸) = 3.83 K$
0/2K&

OK$
&/3PK&

&/3Q
3/& M

H
L&
N
F/%

= 𝐾S𝐸F/%, (9) 

where, 

 𝐾S = 3.83 K$
0/2K&

L$
$/&OK$

&/3PK&
&/3Q

3/&, (10) 

and Se(E) will be reported in units of 10-15 eV cm2 atom-1 for ion energies E given in keV and M1 

in atomic mass units.40 The rate of energy loss by an accelerated ion moving through matter, dE/dx, 

can be rapidly simulated via the computer program The Stopping and Ion Ranges in Matter 

(SRIM). This simulation tool will be discussed in detail in a later section. 

2.1.3.3 Ion Range and Distribution 

As discussed in the previous two sections, an incoming ion will reduce its energy by the 

combination of nuclear and electronic interactions with atoms in the target material. The purpose 

of this section is to discuss how to predict the final trajectory of an incident ion and then the 
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distribution of many ions in the target material after coming to rest. Ions, as will be shown later in 

a TRIM simulation, do not follow straight lines to their final resting place within the substrate due 

to the numerous elastic collisions that they undergo with the host atoms. It is also important to note 

that the scenario for an incident ion penetrating into a solid should be viewed as a three-

dimensional case, as shown in Figure 2.5. For the scenario presented in Figure 2.5, the ion 

penetrates a solid at a given point (0, 0, 0) with some given angle a to the surface normal. The ion 

will then come to rest in the solid at some final position (xf, yf, zf). The integrated distance traveled 

by an ion is referred to as the ion range, R; while the net distance traveled by an ion into the 

material, typically measured with respect to the sample surface, is known as the projected range, 

Rp. If the incoming ion had an incident angle equal to zero (a = 0), then the projected range (Rp) 

would be equal to the penetration depth (xf). Moreover, we can define the radial range, Rr, as the 

distance from the incident point (0, 0, 0) to the final ion resting position (xf, yf, zf). The spreading 

range, Rs, is the distance between the point where the projectile enters the solid surface and the 

projection of the ion’s final resting position with respect to the surface plane. Lastly, we can define 

the transverse projected range, Rpt, as the vector that connects Rr and Rp. The mathematical 

descriptions for each of these quantities can be found elsewhere.40 
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Figure 2.5. Schematic of the three-dimensional scenario for defining the depth, 

spread, radial range, longitudinal projected range, transverse projected range, and 

path length. Adapted from [42]. 

The random process for which ions reduce their energy by atomic collisions and subsequent 

path deflections, make it so that ions of the same species, with the same initial energy, and incident 

angle into the same material will ultimately come to rest in different positions. Thus, it is fair to 

say that all ions of a given type and incident energy will not share the same ion range. Moreover, 

by evaluating the range history of many ions, a statistically broad distribution (Gaussian-like 

profile) is typically observed. An example of an ion distribution profile will be shown and 

discussed later in this chapter. Statistical distributions can also be seen for the quantities depicted 

in Figure 2.5. 
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To estimate the depth distribution, N(x), of implanted ions, normalized for an ion 

implantation dose fi, is given by the following expression, 

 𝑁(𝑥) = T(
U/*(%J)$/&

𝑒𝑥𝑝 W− F
% X

I-/*
U/*

Y
%
Z, (11) 

where Rp is the projected range (mean depth of the distribution) and DRp is the projected range 

straggling (standard deviation of the distribution). To approximate the peak atomic density in the 

ion implantation distribution, we start by assuming that all implanted ions are captured inside the 

solid, thus the dose is related to the ion depth distribution by 

 𝜙5 = ∫ 𝑁(𝑥)V
-V 𝑑𝑥,	 (12) 

and by setting x = Rp in Equation 11, we get the following expression for the peak atomic density 

 𝑁(𝑅1) ≡ 𝑁1 =
T(

U/*(%J)$/&
≅ E.XT(

∆/*
, (13) 

where Np is in units of atoms/cm3, fI is in units of atoms/cm2, and DRp is in units of cm. One key 

assumption for the calculations and the simulations that will be discussed later, the assumption 

here is that the target solid material is amorphous; therefore, the effects of crystal orientation are 

ignored. The next section will briefly describe some of the important characteristics of ion 

implantation into crystalline solids. 

2.1.4 Ion implantation and crystallinity 

The semiconductor materials that are often used in industry are highly ordered and 

crystalline in nature. Furthermore, there are multiple different crystal structures that exist in these 

materials, for example, silicon is face-centered cubic (FCC), whereas SiC, GaN and AlN belong 

to the hexagonal Wurtzite crystal system. There are several important phenomena that derive from 

the relationship between the incoming ion and the crystalline structure of the target material. There 
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are three important topics to be discussed in this section: radiation damage formation, amorphous 

layer formation, and ion channeling.  

(a) Radiation damage formation: As discussed in the previous section, a high energy ion can 

collide with target atoms with sufficient energy to displace the atom from its corresponding lattice 

site. The atoms that are displaced by the incident ions (known as primary knock-on atoms) can in 

turn displace additional lattice atoms. This process, as shown previously, can result in a cascade 

of atomic collisions. Ultimately, this will result in the creation of a copious number of elementary 

lattice defects (i.e. interstitials, vacancies, and other related defects) in the target material while 

reducing its overall initial energy. As the total number of incident ions increases, the disordered 

regions will begin to overlap, and a heavily damaged layer is produced. The resulting damage, i.e. 

total number of defects and its distribution, caused by ion implantation is dependent upon the ion 

species, ion energy, total ion dose, substrate temperature, and channeling effects. 

For a stationary lattice atom to be displaced by either an incoming ion or a recoiled lattice 

atom, the energy that is transferred to the stationary atom must exceed some minimum 

displacement threshold, referred to as the displacement energy (Ed). If the energy transferred to 

the stationary atom does not exceed the necessary displacement energy, then the stationary atom 

undergoes large amplitude vibrations without leaving its respective lattice position. This 

vibrational energy is readily shared with the surrounding nearest neighbor atoms and will appear 

as a localized source of heat inside the target substrate. Moreover, if the energy that is transferred 

to the stationary lattice atom is sufficient, then the atom will be knocked out of its lattice site (atom 

is moved outside the potential well associated with a stable lattice site). In the simplest case, a 

displaced atom leaves behind a vacancy and comes to rest in an interstitial site in the lattice. This 

vacancy-interstitial type defect is often referred to as a Frenkel pair or Frenkel defect.40  
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Specifically for the case of ion implantation into the III-nitride material (i.e. GaN, AlN, 

etc.), the expected point defects will include: metal and nitrogen vacancies (VGa,Al, VN), metal and 

nitrogen interstitials (Gai, Ali, or Ni), and metal or nitrogen antisites (GaN, AlN, or NGa,Al). Metal 

and nitrogen antisites describe the case in which a host atom is displaced from its original lattice 

site and comes to rest on the opposite sublattice. The irradiation damage and distribution caused 

by ion implantation can be readily simulated using a Monte Carlo simulation. This simulation and 

interpretation of the data will be discussed in furth detail in the following section. 

In addition to individual defects forming, it is possible for two or more-point defects 

combining and forming a complex defect in the lattice. It is understood that both divacancies and 

trivacancies can form during the damage cascade process. In addition, in the case of ion 

implantation, the bombarding impurities can form complexes with the host atoms, promoting 

numerous complexes that can form. Significant work in this thesis is performed to better 

understand how these defects form and how they can be removed through a high temperature 

activation annealing process, as will be discussed later in this chapter. 

(b) Ion Channeling: As discussed earlier, the target materials that are typically being 

implanted into are not amorphous, rather they are generally polycrystalline or monocrystalline. 

For example, the III-nitride materials that will be utilized in this work will be single-crystal and 

have a hexagonal Wurtzite crystal structure with a unit cell consisting of two metal atoms and two 

nitrogen atoms. In between these lattice planes exists regions of space in which an ion would have 

significantly reduced interaction (nuclear stopping) with the target atoms. Thus, it is possible for 

the ions to travel in directions parallel to the crystallographic planes, which have considerably 

lower atomic and electronic densities than elsewhere in the target lattice. Ions that follow down 

these paths in the lattice are referred to channeling ions, which typically undergo a much lower 



 35 

rate of energy loss, dE/dx. As a result, the ion ranges will be significantly greater than the ions that 

do not otherwise channel.  

There has been significant work done to experimentally demonstrate, as well as simulate 

the channeling effects observed in ion implantation into silicon.43–45 This phenomena is often 

undesired, which can be significantly reduced by one of three techniques shown in Figure 2.6. The 

first practice is to deposit a thin amorphous oxide layer (Figure 2.6(a)) that ions interact with prior 

to penetrating into the crystal. The second method is to implant ions at a predetermined tilt angle, 

typically 7º, where the atoms appear more random (Figure 2.6(b)).39 The last technique, which is 

known as pre-amorphization (Figure 2.6(c)), utilizes an additional implantation step with heavy 

ions, high ion doses and high ion energies to create an amorphous layer prior to the implanting the 

film with the dopant ions.46–48 
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Figure 2.6. Illustration of the three techniques to reduce the effects of ion channeling: 

(a) utilizing an amorphous oxide layer on the surface, (b) misorienting the ion beam 

away from an ion channeling direction, and (c) using pre-amorphization to disrupt 

the crystal lattice prior to implanting the crystal with doping ions. Adapted from [49]. 

(c)    Amorphous layer formation: In the case of high ion doses, the density of lattice defects 

can be increased to the extent that the semiconductor layer undergoes a transition from crystalline 

to amorphous. Due to the ionic characteristics of the III-nitrides, the resistance towards 

amorphization of the lattice is very high, compared to other semiconductor materials (e.g. Si and 

SiC). For example, the work from Zopler et al. utilized channeling Rutherford backscattering (C-

RBS) to determine the maximum Si dose that can be used prior to a GaN film becoming fully 
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amorphous. Despite using Si doses >6×1015 cm-2 this amorphization limit was not exceeded. The 

formation of a amorphized layer near the GaN surface was only observed when the Si dose was 

further increased to 2×1016 cm-2.50 The implantation conditions that ultimately affect the 

amorphization of the target material is ion mass, implantation temperature, and ion dose. 

Relatively heavier ions, which have larger rates of nuclear energy loss, generate a higher density 

of defects in the collision cascade compared to lighter ions. In the case of implanting the target 

film at elevated temperatures, the amorphization limit can be suppressed and the stable defects can 

effectively accumulate. It is still unclear whether these defects remain after the post-implantation 

annealing process. The ion dose ultimately has the largest impact on whether or not an amorphous 

layer will form. As the ion dose increases, the number of ions that can contribute to the damage 

creation process also increases. Interestingly, it has been demonstrated that the ion energy alone 

has little to no effect on the amorphization process. Furthermore, the ion energy will determine 

where the Gaussian-like damage profile will take place in the film (i.e. higher ion energies lead to 

deeper damage profiles). 

2.1.5 The Stopping and Range of Ions in Matter (SRIM) 

As mentioned in the previous sections, an important modeling tool that was developed to 

simulate the ion-atom collisions is a group of programs, known as the Stopping and Range of Ions 

in Matter (SRIM). SRIM utilizes a quantum mechanical treatment of these interactions to calculate 

the stopping and range of ions (< 2GeV/amu) in a target material. Transport of Ions in Matter 

(TRIM) is the most comprehensive and popular program included in the SRIM package. TRIM 

allows one to accurately calculate the final 3D ion distribution within a target material. In addition, 

the program calculates the other pertinent kinetic phenomena that is related to the ion energy loss, 

including: target damage, sputtering, ionization, and phonon production. This Monte Carlo 
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program was constructed to give researchers the ability to rapidly simulate the velocity reduction 

for an incident ion and the scattering of energetic ions taking place in an amorphous target material. 

The program operates by simulating the entire ‘lifetime’ of an incident particle as it travels through 

the target material in straight line-of-sight paths until the trajectory is altered due to the elastic 

collisions with the host target atoms. As discussed previously, an ion reduces its energy via nuclear 

and electronic stopping, thus the TRIM program continuously tracks the ion until it comes to rest 

in the host material. Termination of the ion’s path in the target material is realized when it either 

reduces its energy less than a pre-specified energy value or when the ion’s position exceeds the 

bounds of the target (ion is no longer in the target material). 

The TRIM program is a powerful tool, as it provides the user the ability to rapidly simulate 

the interaction of ions in a wide variety of complex target materials (e.g. compound 

semiconductors) by considering the target’s collective electronic and interatomic bond structures. 

An example of a 2D TRIM simulation is depicted in Figure 2.7(a), where the x-axis represents the 

depth (longitudinal direction) into the target material, while the y-axis represents one of the other 

two remaining directions in space (lateral direction). In addition to providing the user with a plot 

of the bombarding ion’s path, the program provides a plot of the expected distribution of ions as a 

function of depth (Figure 2.7(b)). For this simulation, silicon (r = 2.32 g/cm3) and phosphorous 

were chosen as the host material and ion species, respectively. Utilizing a single ion energy of 200 

keV, 5000 implanted phosphorous atoms were simulated. Nearly every time one of the ions 

undergoes a collision with a host atom, a vacancy in the host material is created (a red dot) and the 

ion changes its trajectory until it undergoes another ion-atom collision. This process continues 

until the ion no longer has sufficient energy to remove a host atom from its lattice site and 

eventually comes to rest. The entire ion path is mapped by the consecutive red dots projecting into 
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the host layer. Simultaneously, after the first ion-atom collision, the displaced host atom may now 

have sufficient energy to recoil and collide with other host atoms. These collisions can result in 

the formation of additional vacancies in the host material, thus, ultimately producing a “recoil 

cascade”. Vacancies that are produced by a recoiling host atom are plotted as green dots. Note that 

Figure 2.7(a) only depicts two-dimension, therefore, some of the deflections may not be apparent. 

As seen in the ion distribution plot (Figure 2.7(b)), the phosphorous ion distribution has a 

Gaussian-like profile, which is the expected profile for a single step implantation process. Note 

that the predicted range for the phosphorous implant into silicon is ~260 nm, while the longitudinal 

straggle is ~80 nm. 

 

Figure 2.7. TRIM simulation for phosphorous ions implanted into silicon. (a) the 

individual ion paths/collision events and (b) ion range distribution plotted as a 

function of target depth. 

The limitations of the TRIM program include: a trade-off between accuracy and computing 

time, the assumption of the target material being amorphous, and the range of energies that it can 

consider. The lattice of the target material is not considered to be crystalline, thus it is possible for 

ion channeling. To combat this issue for target materials that have a crystalline lattice (i.e. III-
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nitrides), researchers will align the ion beam to the normal of the target material with a specific 

angle to reduce the channeling effects. As for the range of ion energies that the program can 

simulate, the program can accommodate a wide range of energies, 0.1 keV to >1 MeV. The upper 

limit of the ion energies is due to the lack of relativistic considerations that are present at the high 

ion energy regime. 

2.1.6 Thermal annealing 

As discussed in detail previously, high energy ion bombardment creates local amorphous 

regions and disruptions to the crystal lattice (i.e. lattice damage). These lattice imperfections are 

known to severely degrade the optical and electrical properties of the target material. In addition, 

the impurity atoms that are incorporated into the lattice during ion implantation are typically found 

in random interstitial sites, instead of the desirable substitutional lattice sites. To address both of 

these issues, ion implantation studies have been performed in silicon and silicon carbide, to 

demonstrate the ability to remove the lattice damage and incorporate the impurity atoms in the 

correct substitutional site via a high temperature annealing process. To realize III-nitride-based 

high-power devices, understanding the mechanism(s) for damage recovery and dopant activation 

in these materials is paramount. 

The annealing temperatures that are typically required to promote the atoms in the 

implantation region to move to the required lattice positions (i.e. short-range order diffusion) is 

approximately two-thirds the melting temperature of the bulk material. The melting temperature 

for GaN and AlN are ~2800 and ~3500ºC, respectively.51 Thus, in either case, the annealing 

temperatures for recovering implantation induced damage is expected to be greater than 1000°C. 

These annealing temperatures will ultimately allow multiple thermodynamic processes to take 

place simultaneously. For example, while impurity atoms are promoted to the correct substitutional 
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sites and the radiation damage is being recovered, the annealing process can form other point 

defects and complexes to the film simultaneously. The unintentional incorporation of either point 

or extended defects can compensate the free carrier concentration, thus drastically reducing the 

electrical conductivity.  

Another phenomena that must be considered at these elevated temperatures is the 

possibility of the implanted atoms undergoing long-range diffusion (i.e. significant drive-in 

observed after the activation anneal process utilized for boron implanted into silicon).52 The high 

temperature annealing process can promote any impurities present in the solid (including the 

implanted species) to diffuse from regions of higher concentration to regions of lower 

concentrations. In the simplest case, the flux of atoms in the one-dimensional case can be described 

by Fick’s first law: 

 𝐹 = −𝐷 YZ
YI, (14) 

where D is the diffusion coefficient (cm2s-1) and ¶C/¶x is the concentration gradient. The negative 

sign (-) in Equation 14 indicates that atoms diffuse from high-concentration regions to low-

concentration regions. Now consider the scenario where the flux of atoms entering is different than 

the flux of atoms leaving a given volume. The change in concentration as a function of time in that 

volume is given by the gradient of the flux, which is expressed as: 

 YZ
Y<
= Y

YI
M𝐷 YZ

YI
N.	 (15) 

This is the continuity equation, known as Fick’s second law, where C is the atom concentration 

and is typically a function of position x and time t. The diffusion coefficient, D, is a strong function 

of temperature due to some energy (typically a few eV) is required to promote an atom to jump 

from one atomic lattice position to another. The energy required to promote the process from 
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proceeding forward is referred to as the activation energy, EA. The diffusion coefficient is 

expressed as, 

 𝐷 = 𝐷E𝑒𝑥𝑝 M−
H4
[0
N,	 (16) 

where D0 is a pre-exponential term, k is Boltzmann’s constant, and T is the temperature. 

Furthermore, there are several mechanisms for which an atom can diffuse in a crystalline solid, 

including: interstitial, substitutional (or vacancy), interstitial-substitutional, and kick out. Another 

diffusion mechanism or model that can be often considered for the case of ion implantation 

specifically, is irradiation enhanced diffusion. Interestingly, significantly higher diffusion 

coefficients, D, have been observed in ion implanted samples. The reason for this behavior is due 

to the presence of higher concentrations of vacancy-interstitial pairs and the fact that atomic 

diffusivity is proportional to the defect concentration. Thus, the presence of excess concentration 

of defects can produce enhanced diffusion properties. 

In addition to the annealing temperature, the time at which a sample is exposed to the elevated 

annealing temperature is another crucial variable that must be considered. In this direction, 

researchers determined that shorter annealing times were advantageous for a variety of annealing 

processes (i.e. implant damage and activation annealing, metal alloying for contact formation, 

shallow junction dopant diffusion, etc.). To attain relatively high annealing temperatures and for 

shorter periods of time, rapid thermal processing (RTP) furnaces were developed. The incoherent 

lamp radiation is the primary source of heat during these processes due to concerns pertaining to 

cost, compactness, and reactive gas ambient use.53 These heating systems offered the advantage of 

fast ramp-up and ramp-down periods (e.g. few hundreds of degrees per second).  

Although temperature and time are critical process parameters to control during the high 

temperature activation annealing, another interesting ‘knob’ (i.e. variable) that can be manipulated 



 43 

during the annealing process is known as defect quasi Fermi level (dQFL) control. This technique, 

which has been shown to be effective in reducing the formation of compensating point defects 

during growth, may also be used during the activation annealing process for ion implanted films. 

The next section provides an introduction to dQFL control and its effectiveness in epitaxially 

doped films grown by MOCVD.  

2.2  Defect quasi-Fermi level (dQFL) control 

In the III-nitride semiconductors it has been observed that the concentration of 

compensating point defects is dependent upon the growth conditions (V/III ratio, carrier gas, etc.) 

31,54–58 and may be controlled by accordingly tuning the associated chemical potentials.36 A 

relatively new approach to reduce compensating impurities is defect Quasi Fermi Level (dQFL) 

control, which has been employed to reduce compensating defects during MOCVD epitaxial 

growth of GaN and AlGaN without influencing process parameters or co-doping.59–64 A brief 

summary of the theory and experimental evidence presented in literature of dQFL control will be 

discussed in this section. The experimental details and results pertaining to dQFL control and its 

implementation in the activation annealing process utilized in Si-implanted AlN will be discussed 

in Chapter 3.  

Under the influence of excess minority carriers, the probability of defect state being 

occupied/unoccupied deviates65 and the Fermi level describing the probability is defined as dQFL. 

The increase in the energy of formation, Ef(Xq), of a defect with charge n due to the shift in the 

dQFL from equilibrium Fermi level is given by59 

 𝐸""
6 (𝑋4) − 𝐸6(𝑋4) = 𝑞(𝐸:\ − 𝐸:), (17) 
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where the subscript ‘ss’ indicates the defect formation energy at steady state, and EFX and EF are 

the dQFL and Fermi level, respectively. The dQFL is a function of carrier quasi Fermi levels and 

is given by59,65 

 𝐸:\ =
H5)PH5*

%
+ 𝑘𝑇𝑙𝑛 `

@)9I1O
67865)9&6(

&:# QP@*9I1O-
67865)9&6(

&:# Q

@)9I1]
67865*9&6(

&:# ^P@*9I1]-
67865*9&6(

&:# ^
a, (18) 

where EX is the q to q±1 electronic transition energy of the defect, Ei is the intrinsic Fermi level 

and EFn and EFp are the electron and hole quasi-Fermi levels, respectively. The increase in the 

formation energy may be defined as work done against the defect formation Wout. The work done 

per unit defect charge (Wout) against the incorporation of a compensating acceptor in n-type 

material is approximated by59 

 𝑞(𝐸:\ − 𝐸:) = 𝑊=?<~d𝑞𝑒e𝑉1 − 𝑉1,;fd, (19) 

where,  

 𝑉1,;~ −
_H<-H7-H5`

9
, (20) 

and Vp is the induced photo-voltage 𝑉' =
"$%("$&

)
 and e is the electron charge. From Equation 19, 

the work done per unit defect charge against defect incorporation is the induced photo-voltage Vp 

above the threshold photo-voltage (Vpth). Further the barrier Vpth to be overcome is approximately 

the defect ionization energy. Hence, for a given induced Vp, greater work is done against the 

incorporation of shallow defects in comparison to deep defects. Further details are found 

elsewhere.59 It is critical that one can measure and/or calculate the concentration of compensating 

point defects that are present in the material. The next section is dedicated to discussing the Hall 

effect method and the charge neutrality equation, both of which are useful for estimating: donor 

concentration (cm-3), acceptor concentration (cm-3), free carrier concentration (cm-3), and the 

dopant activation energy (meV). 
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2.3  Hall effect measurement 

For the case of ion implantation, the Hall effect measurement is arguably the most critical 

characterization technique for evaluating the effectiveness of the implantation and activation 

annealing process. The Hall effect, when coupled with a resistivity measurement, is the primary 

tool for determining the majority free carrier type, concentration, and mobility in a wide range of 

materials (i.e. semiconductor materials). Moreover, by utilizing the Hall effect as a function of 

temperature, the free carrier activation energy and the concentration of compensating point defects 

can also be determined. This section is dedicated to discussing the charge neutrality equation 

derivation and the pertinent physical and mathematical considerations of both the DC Hall and AC 

Hall effect measurements. 

2.3.1 Charge neutrality equation derivation 

Using the assumption that we have a n-type semiconductor with a free concentration of n 

free electron carriers, charge conservation states that the quantity of positive charges must be equal 

to the quantity of negative charges in the film by the following equation: 

 𝑝 + 𝑁aP = 𝑛 + 𝑁b-, (21) 

where p, ND+, and NA- are the free hole carrier, ionized donor, and ionized acceptor concentrations, 

respectively. Assuming Fermi-Dirac statistics, the concentration of ionized donors can be found 

using the expression, 

 𝑁aP = 𝑁a[1 − 𝑓(𝐸a)] =
c=

FP$9
6596=
:>#

, (22) 

where f(ED) is the probability of an electron occupying the donor energy state, ED, and ND, EF, and 

g are the donor concentration, Fermi level, and charge degeneracy factor, respectively. Now, if we 

assume that Ea is equal to the difference between the conduction band minimum and ED then the 

equation can be rewritten as, 
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 𝑁aP =
c=

FP$ )
?@
9
6A
:>#

, (23) 

where NC is the density of states for the conduction band. Note that for a n-type semiconductor, 

the free hole carrier concentration is relatively low. Furthermore, the ionized acceptor 

concentration must be equal to NA (acceptor concentration), because every free electron will 

occupy the lower energy acceptor states across all temperatures (compensation). Thus, by using 

these assumptions and Equations 21 and 22, Equation 24 can be used to determine the 

concentration of the compensating point defects, i.e. acceptors, by knowing the temperature 

dependence of the free carrier concentration. 

 >(>Pc4)
c=-c4->

= c@
$
𝑒-

6A
:>#, (24) 

Equation 24 will be used to calculate the compensation ratio and the free carrier activation energy 

in Si- and Mg-implanted AlN and GaN, respectively, in Chapters 3 and 4. The Hall effect 

measurement is the primary technique for determining the free carrier concentration as a function 

of temperature. A discussion of the physical and mathematical principles associated with the 

method are discussed in the following section. 

2.3.2 Hall effect measurement 

In general, the Lorentz force is the basic underlying physical phenomena behind the Hall 

effect measurement. The Lorentz force is the combination of two completely unique and separate 

forces: the electric force and the magnetic force. Moreover, while an electron is transported 

through a material along a given electric field direction and perpendicular to an applied magnetic 

field, the electron experiences the magnetic force (B) as depicted in the following equation: 

 𝐹 = −𝑞𝑣 × 𝐵 (25) 
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where F is the Lorentz force, q is the elementary charge (1.602´1019 C), and v is the electric field. 

The right-hand rule can be applied to determine the direction of the magnetic force. Moreover, this 

Lorentz force causes both electrons (negative carriers) and holes (positive carriers) to deflect and 

accumulate on opposing regions of the material. The charge separation creates an electric field, 

known as the Hall field (EH), which provides a second force on the carrier of charge e is eEH. At 

equilibrium the average Lorentz force and the Hall field are balanced, as shown in Equation 26: 

 𝑒𝐸d = 𝑒𝑣𝐵 (26) 

The J is the current density in the perpendicular direction, which can be defined by; 

 𝐽 = 𝑛@𝑒𝑣 (27) 

where nc is the concentration of current carriers. By combining Equations (26) and (27) we get; 

 𝐸d =
𝐵𝐽
𝑛@𝑒

 (28) 

The Hall effect can be described the Hall coefficient (RH) defined in terms of the current density, 

J, by the following relationship: 

 𝐸d = 𝑅d𝐽𝐵 (29) 

Therefore, we can finally define the Hall coefficient by Equation 27, 

 𝑅d =
1
𝑛@𝑒

 (30) 

Interestingly, the sign (+/-) of the Hall coefficient indicates the type of majority free carrier (e.g. 

holes/electrons or p-type/n-type) in the semiconductor. Furthermore, the magnitude of the Hall 

coefficient is determined by measuring the Hall voltage (VH) across a sample of thickness d, which 

is expressed in the following relation: 

 𝑉d = 𝐸d𝑑 (31) 

To further illustrate the Hall effect measurement, Figure 2.8 shows the pertinent forces in relation 

to a slab of semiconductor material.  
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Figure 2.8. Schematic of an electron moving through a material and the Lorentz force 

that is present when a magnetic field is applied perpendicular to the electric field. 

In addition to determining information of the majority carrier type and concentration, the 

Hall effect, when coupled with a resistivity measurement, can be utilized to determine the free 

carrier mobility (µ). For the case where the conduction is due to one type of carriers (e.g. electrons), 

the conductivity, s,  can be described as: 

 𝜎 = 𝑛𝑒𝜇 (32) 

where n is the carrier concentration and e is the universal charge of an electron. The conductivity 

can be determined via a four-point probe measurement, while the carrier concentration can be 

determined from the Hall voltage. From this, the mobility can be calculated. 
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2.3.3 DC vs AC field Hall effect 

There are predominantly two techniques that are readily used to determine the Hall 

coefficient, DC and AC field Hall measurements. The DC field Hall measurement is the more 

common technique due to the straight-forward methodology for measuring the Hall effect and 

resistivity via DC fields. A brief review of the DC field methodology is presented here, while a 

more in-depth discussion can be found elsewhere.66 

In the previous section, a general discussion was provided for the relationship between the 

Hall coefficient and the measurable Hall voltage. In the ideal scenario, the measured Hall voltage 

would be zero when the applied field is zero. However, the real Hall voltage that one would record 

during a measurement will include two additional terms: a misalignment voltage (V0) and a thermal 

electric voltage (VTE). The misalignment voltage term can be related to the resistivity of the 

material, the current, and a geometry factor (a). The thermal electric voltage term is a result of the 

contacts between two different materials and depends on any presence of thermal gradients in the 

material. The relationship of the measured Hall voltage (Vm) is described by the following 

equation: 

 𝑉M = (/"N7)
<

+ 𝑉E + 𝑉0H =
(/"N7)

<
+ 𝛼 e

<
𝐼 + 𝑉0H .	 (33) 

To reduce the noise associated with the misalignment and the thermal electric voltages, the 

DC Hall method typically requires a series of measurements. For example, by reversing the current 

during the Hall measurement, the VTE can be removed. As seen in Equation 33, the thermal electric 

voltage term is independent of current. Moreover, the term V0, can be mitigated by applying field 

reversal during the Hall measurement due to the fact that the misalignment voltage is not dependent 

upon the magnetic field. 
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There are two main disadvantages associated with the DC field method, making it nearly 

impossible to make a Hall measurement on materials with lower free carrier mobilities (<10 

cm2/Vs). One challenge associated with materials with lower mobilities is the term µB becomes 

comparable or even less than the geometry related term, a. Thus, any noise associated with the 

measurement can become greater than the signal, leading to inaccurate results. This explains why 

the Hall measurement for low mobility films can often result in inconsistent free carrier type and 

concentrations. The second issue is related to the finite time that is required to reverse the magnetic 

field. Therefore, if there are any significant changes in temperature and/or resistance during the 

field reversal, this misalignment voltage will ultimately be included in the Hall coefficient 

calculation. 

The AC field Hall measurement setup, like the one shown in Figure 2.9, can be 

implemented to mitigate the issues related to the misalignment effects. For example, by making 

the magnetic field a sinusoidal signal (i.e. B(t)=Bsin(wt)), then in the quasi-static approximation, 

the Hall voltage will become time dependent as well. Consequently, the misalignment voltage 

remains a purely DC voltage, because it is independent of the magnetic field. The measured Hall 

voltage using the AC field method is now,  

 𝑉M = eN
<
(𝜇𝐵𝑠𝑖𝑛(𝜔𝑡) + 𝛼).	 (34) 

The undesirable DC signal can be effectively separated from the AC signal by utilizing a lock-in 

amplifier. Furthermore, there is an additional term that should be included in the measured Hall 

voltage. This term is associated with the time derivative of the magnetic field (dB/dt) and the 

inductance of the sample and the leads. The term b is the proportionality constant that is present 

in the following relationship: 
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 𝑉M = eN
<
(𝜇𝐵𝑠𝑖𝑛(𝜔𝑡) + 𝛼) + 𝛽 C7

C<
.	 (35) 

The AC field method will detect both the Hall voltage and the proportionality constant terms. 

Similar to the way the thermal electric voltage term is effectively removed in the DC field method, 

by implementing the current reversal during the AC field method, the term, b(dB/dt) can be readily 

mitigated. In addition, this term is 90° out of phase from the signal; therefore, by employing both 

the current reversal and the phase measurement, the term b(dB/dt) can be excluded. 

 

Figure 2.9. Lake Shore Cryotronics, Inc. 8400 Series AC/DC Hall measurement 

system. The maximum magnetic fields (B) for the DC and AC field Hall setup are 

~1.67 and ~1.18 T, respectively. Hall effect and resistivity measurements can be 

performed over the temperature range of 15 – 1273 K.  

Figure 2.10 illustrates the improved sensitivity of the AC field Hall measurement compared 

to the DC field Hall measurement for a Mg-doped MOCVD-grown GaN film grown 
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homoepitaxially on an Ammono GaN substrate. In the case of DC field Hall effect, the significant 

amount of noise in the lower temperature regime (< 400 K) and the higher temperature regime (> 

800 K) prevent the measurement of reliable Hall voltages. On the other hand, the AC field Hall 

setup with the lock-in amplifier reduces the overall noise and ultimately extends the range in which 

the bulk concentration and mobility can be accurately measured. By extending the range of the 

measurement using the AC field Hall setup, both the room temperature bulk concentration and the 

saturation bulk concentration are obtained. This ultimately improves our ability to apply the charge 

neutrality equation to predict the compensation ratio and ionization energy more accurately. The 

AC Hall effect was a critical technique for evaluating the electrical properties of ion implanted III-

nitride materials in this work. 

 

Figure 2.10. Temperature dependent (a) free hole concentration and (b) free hole 

mobility for Mg-doped GaN measured by AC and DC Hall effect. 
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2.4   III-nitride-based devices 

To further motivate the need for ion implantation in the III-nitride materials, a discussion 

of the desirable characteristics for both high-power and optoelectronic devices and the necessary 

considerations that are required during the design/fabrication process are required. In addition, a 

discussion of the motivation, physics, and fabrication challenges facing the development of a GaN-

based junction barrier Schottky (JBS) diodes and an AlXGa1-XN-based avalanche photodiode 

(APD). The design rules utilized to realize technologically pertinent III-nitride-based devices will 

be discussed in detail in Chapter 5. 

2.4.1 Motivation for III-nitride high-power devices 

As discussed in Chapter 1, the III-nitride materials (i.e. GaN, AlN, etc.) possess the 

necessary material properties (e.g. electric breakdown field, electron mobility, saturated electron 

velocity, etc.) to meet the growing demand for both high-power and high-frequency device 

applications. Silicon-based power devices are typically designed with a vertical device structure 

because it allows the high current carrying terminals to be located on either side of the chip while 

also increasing the total number of devices per chip. The cross-section schematic for a typical 

vertical Schottky power rectifier and a vertical planar power metal-oxide-semiconductor field 

effect transistor (MOSFET) are depicted in Figure 2.11. Using the one-dimensional case of the 

Poisson’s equation, the predicted electric field distribution is plotted as function of the drift region. 

As seen in Figure 2.11, the maximum critical electric field is predicted at the metal-semiconductor 

interface and the P-N junction for the Schottky rectifier and the power MOSFET, respectively. 

One can predict the avalanche breakdown will proceed when the maximum electric field in the 

material reaches a critical electric field for breakdown (EC) for a given maximum depletion width 
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(Wpp). More details about calculating the critical electric field, the maximum depletion width, and 

the maximum breakdown voltage are discussed elsewhere.67 

 

Figure 2.11. Schematic of one-dimensional electric field distributions within vertical 

Schottky rectifiers and power MOSFETs. Adapted from Ref. [67] 

The intrinsic advantages of the III-nitrides can be readily observed by comparing each 

semiconductor material with Baliga’s Figure-of-Merit (BFOM), which relates the EC to the 

specific on-resistance (RON,Sp) and the breakdown voltage (BV), as given by: 

 𝑅fc,,1 =
X7;&

gBh)H@
3, (36) 

where, 𝜀* is the dielectric constant and 𝜇+ is the free carrier mobility. Using Equation 36 and the 

material properties found elsewhere,67,68 Figure 2.12 compares the specific on-resistance as a 

function of breakdown voltage for Si, SiC, GaN, and AlN. Moreover, it is clear that GaN and AlN 

are well-positioned to capture a significant portion of the massive power electronic market, which 

has been dominated by Silicon-based technology for the latter half of the 20th century. 



 55 

 

Figure 2.12. The specific ON-resistance as a function of the breakdown voltage for 

Si, SiC, GaN, and AlN. 

2.4.1.1 Ideal versus real diode characteristics 

The ability to design and realize efficient high-power devices, it is necessary to understand 

the electrical performance differences between an ideal and a ‘typical’ (i.e. a real) diode. Unlike a 

resistor, which has a linear current-voltage (I-V) characteristic, semiconductor devices (i.e. 

transistors, thyristors, and diodes) operate on the principle of applying a bias across a junction of 

two different materials (e.g. P-N, metal-semiconductor, etc.). The I-V characteristics of a 

semiconductor device are non-linear. Moreover, as a forward bias is applied across the device, 

current is free to flow (on-state) through the device. When a reverse bias is applied across the 

device, the current is blocked (off-state). Figure 2.13 is a schematic that compares the theoretical 

I-V characteristics of an “ideal” and a “real” diode. For the case of an “ideal” diode in the forward 

bias, there is zero voltage drop (i.e. no power loss). When the reverse bias is applied, the current 
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is blocked at any given voltage without any parasitic leakage current. In addition, for the case 

where the device needs to be switched between the on- and off-state, an “ideal” rectifier will switch 

instantaneously and without any power dissipation. However, the I-V characteristics of a “typical” 

power rectifier (Figure 2.13(b)) deviate from the “ideal” case, leading to significant power losses 

in both on- and off-states. For instance, in a real diode, there is some ‘conduction’ power loss due 

to a finite voltage (VON) necessary to pass a given current (ION). For the case of a “typical” diode 

in the reverse bias, there is some finite leakage current that persists. The ability to block the current 

at elevated voltages is limited by the choice of material, the thickness of the drift region, and the 

doping concentration (ND or NA). A trade-off exists when attempting to extend the blocking voltage 

by either decreasing the doping concentration and/or increasing the drift region thickness, 

however, in either case, the resistance in the drift region is increased. Also, unlike the “ideal” 

power rectifier, a “typical” power rectifier cannot switch between the on- and off-state 

instantaneously, as it takes a finite length of time to recover the large reverse current.  

 

 



 57 

 

Figure 2.13. Schematic of the I-V characteristics of (a) an “ideal” power rectifier and 

(b) a typical power rectifier.  

2.4.1.2 Junction Barrier Schottky (JBS) diode 

Depending on the mechanism for current flow in the on-state, a semiconductor rectifier can 

be classified as either unipolar or bipolar. Trade-offs exist for the two types of rectifiers, which 

has created two voltage regimes for which these rectifiers are preferred: higher breakdown voltages 

(bipolar rectifiers) and lower breakdown voltages (unipolar rectifiers). Bipolar rectifiers, like a p-

i-n junction diode, operate by the injection of minority carriers when the device is in the on-state. 

In order to switch the device between the on- and off-state, these carriers must be removed via 

electron-hole recombination. This mechanism leads to higher power losses and reduced switching 

speeds. Moreover, unipolar rectifiers, like the Schottky diode, only pass current as majority 

carriers. As shown in Figure 2.11(a), a Schottky rectifier has a drift region to handle larger reverse 

bias loads; however, to accommodate even larger loads, the drift region must be extended. At some 
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point, increasing the drift region width becomes impractical due to the increased resistance and 

power loss in the on-state. Therefore, to meet the demand for even higher breakdown voltage 

applications, p-i-n diodes (i.e. bipolar rectifiers) become favorable. Despite the reduced switching 

speeds, the bipolar rectifier design promotes lower on-state voltage drops. Moreover, a junction 

barrier Schottky (JBS) diode is a promising power device, as it combines the advantages of a 

Schottky rectifier (lower power losses in the on-state and rapid switching) and a p-n diode (higher 

breakdown voltages and reduced leakage current). The device structure, theoretical characteristics, 

and design rules for a GaN-based JBS will be discussed in further detail in Chapter 5.  

2.4.2 Motivation for III-nitride optoelectronics 

The III-nitrides, with their ultra-wide direct bandgaps, are suitable materials for a variety 

of optoelectronic devices, like light emitting diodes (LEDs) and laser diodes (LDs). Another 

advantage of the larger bandgap is the ability to utilize these devices at high-temperature 

applications. In addition to light emitting devices, these materials are also desirable for light 

detecting applications, for example, AlXGa1-XN is a particularly promising material for avalanche 

photodiodes (APDs). This section is dedicated to introducing these types of devices and how ion 

implantation has been utilized to improve device performance.  

2.4.2.1 Light emitting devices 

AlGaN-based optoelectronic devices offer emission wavelengths from 350 nm down to 

200 nm (UVA – UVC); moreover, devices utilizing this material offer a broad range of applications 

ranging from non-line-of-sight communication and to water purification to bio-medical 

fluorescence and quantum computing.5,69,70 Progress has been made towards demonstrating 

AlGaN-based UVA lasers (Ga-rich, Al content <30%); however, an electrically-injected laser with 

emission below 320 nm has yet to be realized. There are numerous challenges that still need to be 
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addressed, including: improving the material quality of the AlGaN layers (i.e. reducing both point 

and extended defects),4,71 controlling the n-type and p-type doping,32,72 and optimizing the UV 

laser structure to account for the strong polarization fields.73–75 In terms of III-nitride-based deep-

UV light emitting diodes (DUV LEDs), there is significant work in the direction of demonstrating 

increased light output power (LOP). Figure 2.14 shows a typical device and band structure for a 

DUV LED. The DUV LED structure consists of a p-AlGaN electron blocking layer (EBL), 

quantum barriers (QBs) and quantum wells (QWs). 

 

Figure 2.14. AlGaN DUV LED schematics of (a) the device structure and the 

corresponding (b) energy band diagram. 

There are a couple of avenues in which ion implantation may be utilized to either increase 

the overall device efficiency or even manipulate the spectral range output. For example, ion 

implantation could be used to realize higher concentrations of n- and p-type doping for improved 

‘Ohmic’ contact formation. The overall device efficiency can be increased by reducing the contact 

resistance. In addition to AlGaN-based optical devices, InGaN quantum wells have been the basis 

for the fabrication of efficient commercial LEDs with light emission ranging from the UV to the 
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blue spectral range. Moreover, there have been challenges to realizing III-nitride LEDs in the 

longer emission wavelength regime (i.e. red spectral range). Interestingly, rare earth doping in 

GaN has been a topic of research to realize GaN-based red LEDs.76,77 Specifically, Eu-implanted 

GaN and high temperature annealing studies have been investigated by Faye et al. to demonstrate 

the ability recover the lattice damage and optically activate the Eu ions.77  

2.4.2.2 Light detecting devices 

Another type of optoelectronic device that can benefit from the III-nitrides is light detecting 

devices, like solar-blind UV-C photodetectors. In general, a photodetector is the critical component 

of any optical receiver that transforms optical signal into electrical signal. These devices are 

desirable for a range of applications: commercial gas furnaces, military non-line-of-sight, short-

distance secure communications, and other threat-detection systems.78 AlGaN-based UV 

photodetectors are commercially available, but AlGaN-based avalanche photodiodes (APDs) are 

still being actively researched. The AlGaN-based APD offers the promise of solar-blind detection 

with relatively higher gains/lower noise detection. This section will discuss the basic device 

structure and characteristics, while also motivating the need for ion implantation. 

There are two modes in which a photodiode can be operated in: (1) the photoconductive 

mode or (2) the photovoltaic mode. In the photoconductive mode, the photodiode is operated in 

the reverse bias, while a photodiode operating in the photovoltaic mode is at zero bias. For the case 

of an APD, the device is typically operated in the photoconductive mode. The main working 

principle of an APD, is the generation of free carriers through the absorption of a photon. The 

device structure is represented by the schematic shown in Figure 2.15(a). An APD consists of four 

distinct layers: a n-type region, a p-type, a p (low doped) region, and p+-region. The corresponding 

electric field in the device structure is presented in Figure 2.15(b). The characteristic Avalanche 
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breakdown that is typically observed in the reverse bias is due to the extremely high electric field 

regions that are created within the device, providing electrons and holes with sufficient energy to 

form additional electron-hole pairs (i.e. impact ionization). This leads to a single photon being 

multiplied numerous times, resulting in increased photocurrent and overall device detection 

sensitivity. An example of AlGaN-based APD will be presented in Chapter 5.  

 

Figure 2.15. (a) Schematic of an APD device structure and (b) the corresponding 

electric field as function of distance into the structure. 

There has been significant effort towards demonstrating silicon- and silicon-germanium-

based APDs with higher receiver sensitivity and dynamic range with concomitant increases in loss 

margins.79–81 The conventional complementary metal-oxide semiconductor (CMOS) technology 

is generally used to realize devices on these materials. This includes the ability to use selective 

area doping and/or a variety of edge termination techniques (i.e. guard rings, etc.) to manage the 
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electric fields in the material. Hence, it is imperative to advance the ion implantation technology 

in the III-nitride materials to effectively fabricate III-nitride-based APDs. 
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CHAPTER 3: Si implantation into AlN 

3.1.   Introduction 

Aluminum nitride (AlN) provides an attractive opportunity for the development of short 

wavelength (UVC) optoelectronic and next generation power electronic devices due to its ultra-

wide bandgap of 6.1 eV, Schottky barriers > 2 eV and a large breakdown field of 15 MV/cm.78,82–

86 To obtain highly conducting regions for optoelectronics and low doped drift regions in power 

electronics, the ability to control the doping and compensation must be performed over several 

orders of magnitude. Typically, Si donor atoms are introduced into the AlN lattice during epitaxial 

growth to demonstrate n-type conductivity. However, the achievable free electron concentration 

in Si-doped homoepitaxial AlN is currently limited to concentrations < 1016 cm-3 at room 

temperature. 32,87,88 In addition to high threading dislocation densities89,90 and self-compensation by 

vacancy-Si complexes90,91, the low free carrier concentration relative to the intended doping level 

has been attributed to the formation of a Si DX center that compensates the free electrons and 

results in higher activation energies than predicted by the hydrogenic model.32,87,92,93 Figure 3.1 

depicts the onset of the Si DX center that begins to dominate at Al compositions ³ 80%.32 The 

presumed DX-center formation associated with off-site relaxation of SiAl and “pinning” of the bulk 

Fermi level results in a significantly higher ionization energy (Ei ~ 250-320 meV) than predicted 

by the hydrogenic model (~75 meV) and, hence, it is deemed responsible for limiting the carrier 

concentration to <1016 cm-3.32,87,94,95 In addition to the DX behavior, AlN films are typically grown 

on foreign substrates (e.g. sapphire) with dislocation densities (DD) ³ 109 cm-2.96–99 In contrast, 

AlN films grown by MOCVD on AlN single crystal substrates have been shown to have DD < 103 

cm-2, making the DD-related compensation negligible.27 The effect of high TDDs is clearly 

portrayed in Figure 3.1(b), where the resisitivity is too high to even measure for AlN films grown 



 64 

on sapphire substrates. Moreover, self-compensation and high concentrations of compensating 

carbon (CN) have been observed also in homoepitaxially grown AlN films.90  

 

Figure 3.1. (a) Si donor activation energy and (b) electrical resistivity as a function 

of the Al-content in AlGaN. Plots courtesy of Ref. [32]. 

To realize technologically pertinent electrical properties in AlN, necessary for 

optoelectronic and high-power device applications, there is significant motivation to develop a 

technological tool box that will provide a direct path towards effective selective area doping in 

AlN. In this tool box, the damage and recovery process for Si (n-type dopant) and Cd (p-type 

dopant) will be investigated, in addition, to varying the ion dose. Although Si implantation into 

AlN will be the focus of this chapter, Cd implantation will provide a comparison of the 

implantation profile and the overall strain profile when a heavier atom is implanted into AlN. 

Using the aforementioned studies, a combination of ion dose and annealing condition will be 

determined to demonstrate the appropriate recovery of the lattice damage. The electrical properties 

will then be evaluated using temperature dependent resistivity and high temperature AC Hall 

measurements. These results provide interesting insights into Si DX behavior and the incorporation 
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of compensating point defects. Finally, we test the hypothesis that defect quasi Fermi level (d-

QFL) control can be implemented in the high temperature annealing process to prevent the 

formation of compensating point defects, that would otherwise, significantly reduce the free carrier 

concentration and electrical conductivity. 

3.2.   Experimental details 

3.2.1. AlN homoepitaxy 

To effectively study the defect generation and the removal of implantation-induced lattice 

damage from the ion implantation and the high temperature annealing processes, respectively, the 

use of single crystal AlN substrates with low dislocation density are necessary. A series of samples 

were produced by growing 2 µm of homoepitaxial AlN layers via MOCVD to preserve the low 

dislocation density and related overall point defect density, thus providing for a superior template 

for the following ion implantation studies. Single crystal, high-quality AlN wafers with dislocation 

densities < 103 cm-2 were grown by physical vapor transport (PVT) in reactors capable of reaching 

temperatures as high as 2500°C. AlN boules were sawn into 500 µm thick c-oriented wafers and 

mechanically polished to remove gross damage caused by the wafering process. To remove 

subsurface damage, passivate the reactive AlN surface, and prepare a clean bilayer-stepped surface 

suitable for epitaxial growth, a chemo-mechanical polishing process was implemented. The 

resulting substrate with epi-ready surface is presented in Figure 3.2 From X-ray topography studies 

of similar AlN substrates have confirmed that the dislocation densities are < 103 cm-2.  
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Figure 3.2. (a) Image of chemo-mechanically polished, epi-ready 1” Al-polar AlN 

substrate, and (b) AFM image of AlN wafer surface showing bilayer step morphology. 

Despite the high crystalline quality substrates suitable for epitaxial growth, the substrates 

alone are not appropriate for ion implantation studies due to the presence of high concentrations 

of background impurities (i.e. C, Si, O, vacancies, and impurity vacancy complexes) on the order 

of 1019 cm-3.27 Therefore, to prepare samples for ion implantation, 2 µm of AlN was grown on 

single crystal AlN substrates via MOCVD to obtain high purity material (i.e. total point defect 

density < 1016 cm-3). The AlN growth rate was 1 µm/hr at a growth temperature of 1100°C by 

flowing 0.013 mol/min of ammonia (NH3) and 7.11 µmol/min of trimethylaluminum (TMA) at a 

total pressure of 20 Torr.  

3.2.2. Characterization of as-grown AlN 

AlN epitaxy films were characterized prior to ion implantation by atomic force microscopy 

(AFM), x-ray diffraction (XRD), and photoluminescence (PL). The PL provides insights into the 

near band edge luminescence and defect related mid-gap luminescence. The emission from free 

excitons and bound excitons are observed in the near band edge luminescence. Bound excitons are 

(a) (b) 
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localized to specific defects, whereas, free excitons derive from electron-hole pairs with photon 

energy slightly lower than the bandgap of the material (i.e. AlN) and as quasi-particles can travel 

freely through the semiconductor. Thus, PL can elucidate information pertaining to the crystal 

quality and purity, while assisting in the identification of particular point defects that may be 

present. In the case of the exciton peaks, sharp and well-defined exciton luminescence peaks 

indicate a high quality AlN layer has been realized. In addition, the identification of luminescence 

peaks corresponding to Si and O in AlN have been reported in literature.11 Despite these 

advancements in defect-related peak identification, the mid-gap luminescence can arise from a 

variety of impurities and vacancy related complexes, which can make absolute identification of 

these defects challenging. Typically, to assign the mid-gap peaks to a unique defect state, targeted 

experiments and density functional theory (DFT) calculations are required. 

A typical low temperature PL spectrum of the homoepitaxially grown AlN film is presented 

in Figure 3.3. The band edge luminescence is dominated by the free exciton emission at 205.2 nm. 

The exciton peak has a full-width half-maximum (FWHM) of ~130 meV, the narrowest ever 

measured for this material, which confirms the high crystalline quality of this layer. To put in 

perspective, the FWHM of an AlN film grown on a non-native substrate (i.e. sapphire) would have 

FWHM > 1 eV, which makes it practically impossible to identify both the bound and free excitons. 

In addition to the free exciton emission, we observed a donor-bound exciton of unknown nature 

(DBX1) and a Si bound exciton. The mid-gap luminescence was also checked, however, the low 

impurity concentration in the layers prevented any signal greater than the noise level to appear. 

Thus, it can be concluded that these samples, which provide high crystalline quality and low defect 

concentrations, are the ideal candidates for ion implantation and activation annealing studies.  
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Figure 3.3. Low temperature (3 K) near band edge photoluminescence signal of a 2 

µm thick homoepitaxially grown AlN film. Sharp free exciton (FWHM ~130 meV) 

and several donor-bound exciton peaks.  

3.2.3. Ion Implantation and Damage Recovery Annealing 

To compare the lattice strain that is created by using ions with differing atomic masses, the 

homoepitaxial AlN films were then implanted with either Si (lighter ion species) or Cd  (heavier 

ion species) with a dose ranging from 1x1014-1x1015 atoms/cm-2 and a single acceleration voltage 

of 100 keV to realize a gaussian implantation profile with a peak concentration of ~100 nm. All 

samples were implanted at room temperature except for one sample which was implanted at 

1000°C to study the effects of temperature during the implantation process and the induced lattice 

damage. A tilt angle of 7° was implemented to reduce the effects of channeling. Significant lattice 

damage is expected to be present in the host lattice after ion implantation, which severely degrades 

both the optical and electrical properties of the material. The damage may include point defects, 
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such as vacancies and interstitials, or other extended structural defects in the crystal. These defects 

can act as either compensators or carrier traps; therefore, the objective is to either avoid or remove 

the damage caused to the host lattice. In addition, the implanted ions are initially not in the correct 

substitutional site, as a result, these impurities will not contribute free carriers to the crystal. The 

mechanism to promote the implanted atoms to the correct substitutional lattice site is vacancy 

diffusion, which takes place at elevated annealing temperatures.  

Thus, a high temperature annealing process was performed after the ion implantation 

procedure using the MOCVD reactor to remove the lattice damage and to activate the impurity 

atoms. For these experiments, the annealing temperatures were either 1200 or 1500°C and the 

annealing time was held constant at 120 minutes. A flow 4 slm of N2 and a total reactor pressure 

of 100 Torr was maintained in all annealing processes. For the experiments where dQFL control 

was implemented, a Hg-Xe lamp with a measured power density of 1 W/cm2 on the sample surface 

was placed above the sample in the reactor. The Hg-Xe lamp illuminated the sample with above 

bandgap light for the entire annealing process. 

3.3.   Damage and recovery studies 

3.3.1. Effects of ion dose 

X-ray diffraction (XRD) and photoluminescence (PL) are two important characterization 

techniques with the ability to provide information about the structural and the optical properties. 

This damage-related (i.e. lattice strain) information was tracked before and after ion implantation 

and then once more after the high temperature annealing process. The first experiment we proposed 

was to evaluate the Si dose on the damage caused to the crystal lattice and the resulting damaged 

observed after implementing one annealing condition. Due to the expected high activation energy 

(~200 meV) and the desire to achieve free carrier concentrations >1×1016 cm-3, the Si concentration 
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needed is 1019-1020 cm-3. Using SRIM simulations, the implanted profile and the damage profile 

after ion implantation as a function of Si dose are presented in Figure 3.4. The Si ion range (Figure 

3.4(a)) is approximately 100 nm from the sample surface and the peak concentration increases 

with the dose from ~1×1019 – 1×1020 cm-3. As expected, the number of displaced atoms increases 

as the ion dose increases. Interestingly, even at the highest ion dose, the amorphization limit 

(dashed line in Figure 3.4(b)) is never exceeded. The definition for forming an amorphous layer is 

when the density of displaced atoms is on the order of magnitude as the density of the target 

material (i.e. AlN). 

 

Figure 3.4. SRIM simulations of the (a) Si implantation profile and (b) damage 

profiles as function of Si dose (1×1014 – 1×1015 cm-2). 

Using these simulations, a series of 2 µm thick unintentionally doped homoepitaxial AlN 

films were implanted using the doses described above. Each sample was characterized via XRD 

and PL after ion implantation and after the annealing process. Omega-rocking curves of the  

(00.2) after ion implantation and annealing the samples at 1200 ºC for 10 minutes are presented in 



 71 

Figure 3.5. There is a clear trend in the XRD profiles after ion implantation, indicating there is an 

increase in implantation induced damage (i.e. lattice strain in the c-direction) as the ion dose is 

increased. This is clear by the increasing separation of the satellite peaks observed at lower omega 

values compared to the primary AlN peak. To recover the lattice damage and attempt to promote 

the Si atoms to Al-substitutional sites, an annealing procedure of 1200 ºC for 10 minutes in the 

MOCVD reactor was implemented. As seen in the XRD profiles after annealing (Figure 3.5 

(b)), nearly full lattice damage recovery was observed in the sample that received the lowest Si 

dose (1×1014 cm-2). There is residual strain still present in the samples that received the higher ion 

doses, indicating that only partial damage recovery was realized using this annealing condition. 

These results suggest that the annealing conditions necessary to remove the lattice damage is 

correlated with the initial ion dose, i.e., the recovery of the implantation-induced damage is 

dependent upon the initial damage that was created. Interestingly, the dose-dependent attenuation 

of the XRD damage was comparable to lower levels of initial implantation-induced damage. This 

suggests that there is some symmetry between the damage and the damage recovery process, 

supporting the idea that after complete damage recovery, the implanted AlN film will return to the 

state with the low density of extended defects (i.e. the original lattice condition).  
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Figure 3.5. Omega rocking curves of the AlN (00.2) as function of Si dose (a) after 

ion implantation and (b) after annealing at 1200 ºC for 10 minutes in the MOCVD.  

XRD is primarily sensitive to extended defects (e.g. dislocations); furthermore, PL is useful 

for understanding the nature of the point defects and the effect of dose after the damage recovery 

annealing process. Figure 3.6 compares the mid-gap luminescence of the three Si implanted films 

after annealing for 10 minutes at 1200 ºC. Clearly observe a luminescence peak at ~488 nm, which 

could be assigned to Al-vacancies. Despite the fact that there was less residual strain in the sample 

that received the Si dose of only 1×1014 cm-2, this sample had the highest intensity corresponding 

to the Al-vacancies. One might expect that the sample with highest dose would have the highest 

concentration of compensating Al-vacancies. This may be explained by the XRD results, which 

suggests there is still significant damage (i.e. extended defects), therefore, relatively higher 

concentrations of non-radiative defects, which might explain the lower intensities for peak at 488 

nm in the samples that received the higher Si doses. 
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Figure 3.6. Low temperature photoluminescence spectra of Si implanted AlN as a 

function of the implantation dose. Peak corresponding to Al-vacancies (488 nm) is 

observed in all three samples. 

3.3.2. Effects on ion species 

One would expect the behavior of the ion dose to have similar trends independent of the 

ion species, furthermore, there are some clear differences that were observed in the damage and 

recovery process when comparing ion implantation with either Si or Cd ions. In terms of the 

implantation profile, both Silvaco simulations and experimental SIMS data demonstrated that 

despite using the same implantation conditions (e.g. ion energy, ion dose, angle, etc.) that the 

heavier atoms (Cd ions) resulted in a shallower peak position and increased peak concentration. 

Figure 3.7 demonstrates the SIMS results comparing the Si and Cd profile using the same ion dose 

and energy of 1×1014 cm-2 and 100 keV, respectively. The heavier ions (112Cd) resulted in a 

projected range of ~60 nm, whereas the lighter ions (28Si) demonstrated a projected range of ~100 

nm. In addition to the range, there is significantly more ion channeling in the case of Si ion 
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implantation. This may be due to the increased damage caused by the heavier Cd atoms, which 

can reduce the number of channeling paths available to future ions. 

 
Figure 3.7. SIMS profiles for two single crystal AlN samples implanted with either 

Cd or Si ions, using an ion dose and energy of 1×1014 cm-2 and 100 keV, respectively. 

As mentioned above, the heavier Cd ions are expected to create more damage to the AlN 

crystal after ion implantation. Figure 3.8 confirms this behavior by presenting the reciprocal space 

maps (RSMs) around the AlN (002) reflection for AlN samples implanted at 1000 ºC with either 

Si or Cd ions. For the Si implanted sample (Figure 3.8(a)), there is very little damage that remains 

after the implantation process performed at elevated temperatures, shown by the narrow, 

symmetric diffraction distribution in reciprocal space. In contrast, the sample that was implanted 

with Cd ions (Figure 3.8(b) still had significant crystal damage in the film, despite implanting at 

1000 ºC. The lattice damage can be characterized by the extension of the diffraction intensity to 

lower Qz. The amount of damage is less than the case where Cd ions were implanted at room 

temperature (similar to the case of Si implantation). While the degree of lattice damage that was 
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introduced into the film is dependent on the ion species, the trends associated with the damage and 

recovery were the same.  

 
Figure 3.8. Reciprocal space maps of the AlN (0 0 2) reflection after implanting the 

films with either (a) Si ions or (b) Cd ions using an implantation temperature of 1000 

ºC and ion dose of 1×1014 cm-2. 

3.4.  Si DX behavior in AlN 

Theoretical work based on density functional theory (DFT) models, has predicted a large 

lattice relaxation for Si in AlN, resulting in a DX center represented by (-1/+1) transition at 200 

meV.93 Interestingly, photoluminescence (PL) studies have shown the presence of a shallow donor 

(d0/+) in addition to the deep center (DX-).100,101 Further, the work by Zeisel et al. concluded that 

there should be an energy barrier between the shallow donor state, d0/+, and the deep acceptor, DX-
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, state, which should determine the population of each state according to the equilibrium 

conditions.87 Thus, in the case of a non-equilibrium process, such as ion implantation, DX 

formation essentially occurs in the bulk and may be kinetically limited. Furthermore, doping via 

ion implantation at relatively low temperatures (i.e. room temperature) may significantly reduce 

the concentration of Si atoms that relax into the DX- acceptor state, ultimately allowing for the 

realization of lower compensation and higher free carrier concentrations. As part of this work the 

hypothesis that a non-equilibrium process, such as Si implantation into AlN, can be used to inhibit 

the formation of the detrimental DX- state was investigated, allowing for the demonstration of free 

carrier concentrations necessary for the realization of high-power device applications. Kanechika 

and Kachi have demonstrated the ability to recover a significant portion of the implantation-

induced damage in AlN films grown on sapphire by annealing at 1400 °C.102 However, the donor 

activation energy remained high, characteristic of the DX- state. Thus, to test the above hypothesis, 

this work aims to achieve n-type doping at lower damage levels and implementing lower thermal 

budget (combination of temperature and time) annealing conditions. 

For this set of experiments, AlN homoepitaxial films were grown via MOCVD on single 

crystal AlN substrates20,103,104 at a temperature of 1100 °C and a total pressure of 20 Torr. The 

V/III ratio of 1000 was established by flowing 8.4 µmol/min. of trimethylaluminum (TMA) and 

0.3 slm of ammonia under a total flow rate of 10 slm with the hydrogen diluent. More details about 

the growth conditions for homoepitaxial AlN is described elsewhere.26–28 The AlN film was 

implanted with Si atoms using a single ion dose and acceleration voltage, 1×1014 atoms/cm2 and 

100 keV, respectively. To reduce the effects of ion channeling during the implantation process, the 

film is oriented at ~7° from normal. 
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The expected Si profile after implantation is a gaussian-like shape due to the fact that only 

one ion dose and energy was implemented. A SIMS measurement was performed, as shown in 

Figure 3.9, which demonstrates the Si profile for the As-implanted case. The maximum Si 

concentration of 9 × 1018 cm-3 with a range of approximately 120 nm and a straggle of ~50 nm was 

obtained. Despite using a tilt angle of 7° from normal during implantation process, a higher than 

expected Si concentration (~1 × 1017 cm-3) was observed at 600 nm from the sample surface (c-

direction). This observation may be due to some residual ion channeling.  

 

Figure 3.9. SIMS data showing the room temperature Si implantation profile for a Si 

dose of 1×1014 cm-2 and an ion energy of 100 keV. 

Prior to implantation ω-rocking curves were measured to evaluate the crystallinity of the 

AlN films grown homoepitaxially via MOCVD.105 Rocking curve full-width half maxima 

(FWHM) values of the (00.2) reflection were 12-18 arcsec for all of the as-grown samples.106 
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Using symmetric ω-2θ scans the progression from as-grown to damaged AlN film due to the 

implantation damage is readily observed.106 The damage is characterized by the appearance of an 

additional strain-related peak located at lower angles, which appears as additional diffracted 

intensity at low Qz in the reciprocal space map (RSM) of the symmetric (0 0 .2) reflection (Figure 

3.10a).107,108 Since the implantation-induced lattice disorder, has a negative influence upon the 

electrical and optical properties of the implanted layer,39 an annealing process is crucial to remove 

lattice disorder and electrically activate the Si atoms by thermally stimulating their transition to 

energetically favorable lattice sites.109 XRD characterization of the implanted homoepitaxial AlN 

films after annealing at 1200 °C for 120 min. showed practically full recovery of the crystal lattice 

(Figure 3.10b), as signified by the disappearance of the strain-related intensity at Qz. An RSM of 

the asymmetric (1 0 3) reflection (Figure 3.11) showed that the crystal lattice damage was confined 

primarily to Qz, indicating the damage occurs in the direction parallel to the implantation direction. 

Thus, the main impact to the crystallography of the film after ion implantation is the c-lattice 

expansion. However, more targeted studies are required to evaluate structural characteristics of the 

implantation and annealing process in detail.  
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Figure 3.10. (0 0.2) reciprocal space maps (RSMs) of AlN homoepitaxial film (a) as 

implanted and (b) after annealing for 120 minutes at 1200 °C in nitrogen. 
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Figure 3.11. (1 0.3) reciprocal space map (RSM) of AlN homoepitaxial film as 

implanted.  

The implantation-induced damage and the subsequent recovery of the AlN lattice was also 

characterized with PL. As grown AlN films (Figure 3.12, red curve) demonstrated free and donor 

bound exciton emissions with narrow full-width half-maximums (FWHMs) of approximately 500 

µeV, indicative of excellent crystalline quality.84 No defect-related mid-gap luminescence was 

observed for the as grown samples. In contrast, as-implanted samples showed no luminescence 

(Figure 3.12, blue curve), confirming the presence of copious implantation-induced non-radiative 

point defects. Following the annealing process, a recovery of the excitonic emission was broadened 

to a FWHM of approximately 2 meV. Some broadening was expected due to the relatively high Si 

concentration, however, at this point it is not clear if any possible remnant lattice disorder 

contributed to this broadening as well. 
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Figure 3.12. Damage and recovery of the AlN crystal lattice as shown by the near 

band edge photoluminescence spectra measured at T=3 K. The spectra were shifted 

vertically for better visibility. As grown AlN film (red), after implantation (blue), 

and after annealing at 1200 °C for 120 minutes (black). 

Following the annealing process, the electrical properties were evaluated via hot point 

probe, temperature-dependent four-point-probe resistivity measurements and AC Hall effect 

measurement performed at 400 °C. AC Hall effect and the hot point probe test both confirmed the 

film was in fact n-type. Despite higher margins of error observed during the AC Hall at lower 

measurement temperatures (< 400 °C), four-point-probe measurements confirmed that the samples 

were electrically conductive at room temperature. In contrast, the as-grown, unintentionally doped 

AlN films and as-implanted samples were all electrically insulating. The reported conductivity and 
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free carrier concentrations were calculated using a Si doping thickness of 200 nm (estimated using 

the SIMS profile shown in Figure 3.9).  

Figure 3.13 compares the conductivity as a function of temperature for the epitaxially Si 

doped AlN (black triangles), previous reports of Si implanted AlN films grown on sapphire (green 

squares),102 and the two Si implanted homoepitaxially grown AlN samples from this work 

annealed at 1200 °C (red squares) and 1500 °C (blue squares) for 120 minutes. The room 

temperature electrical conductivity ~0.05 Ω-1cm-1 was measured for our implanted sample that was 

annealed at 1200 °C, which is approximately one order of magnitude higher than that of our 

epitaxially doped AlN, the Si implanted sample annealed at 1500 °C, and the literature reports on 

Si implantation. Using AC Hall effect at 400 °C, we can report the free electron concentrations 

and mobilities for both Si implanted samples annealed for 120 minutes at either 1200 °C or 1500 

°C. For the sample annealed at 1200 °C, the free electron concentration is ~2´1018 cm-3 and an 

electron mobility of ~1 cm2/Vs, whereas the sample annealed at 1500 °C, was measured to have a 

free carrier concentration of ~8´1016 cm-3 and an electron mobility of ~32 cm2/Vs. Interestingly, 

the free carrier concentration for the lower temperature annealing condition (1200 °C) is more than 

an order of magnitude higher than the Si implanted annealed at 1500 °C, which can be attributed 

to DX inhibition and consequently low activation energy as will be discussed in the following part.  
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Figure 3.13. Conductivity as a function of temperature for the epitaxially doped AlN 

(black triangles), previous report of Si implanted AlN films grown on sapphire (green 

squares),102 and implanted samples from this work either annealed at 1500 °C (blue 

squares) or 1200 °C (red triangles). 

From the temperature dependent conductivity measurements, we estimated the donor 

ionization (Ei) for all samples using110,111 

 𝜎 = 𝜎E𝑇-%𝑒
- 6(
:>#. (1) 

The epitaxially doped AlN sample and the Si implanted AlN sample annealed at 1500 °C had Si 

ionization energies of ~250 meV, in good agreement with previous reports,32,87 while our 

implanted and annealed (1200 °C) AlN samples exhibited a significantly lower ionization energy, 

Ei ~ 70 meV, which is the expected value for the predicted ionization energy using the hydrogenic 

model for a shallow donor in AlN given by 
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with ε = 8.5, me*/me = 0.4.112 The higher conductivity and lower impurity ionization energy in the 

implanted sample using a lower annealing temperature (1200 °C) suggests that a majority of the 

Si atoms were at the shallow donor state and not in the relaxed deep acceptor DX- state. By 

comparison, the implanted AlN:Si with damage recovery annealing at 1400 °C102 had an Ei ~ 290 

meV, comparable to the ionization reported for the epitaxially doped AlN. As shown in Figure 

3.15, the slope for the sample annealed at 1500 °C is similar to the slopes for the epitaxially doped 

sample and the work from Kanechika and Kachi (ref. 102), indicating that the DX related 

compensation is present. These results suggest that the annealing of highly disordered AlN samples 

at high temperatures brought the system closer to the equilibrium and allowed it to relax into a 

DX-state, while the lower thermal budget produced a desired and predicted shallow donor state. 

This validates the original hypothesis of kinetically inhibiting the formation of DX- states by 

managing the kinetics of the high temperature annealing process.  

Although the films annealed with a lower thermal budget showed almost one order of 

magnitude higher conductivity at room temperature compared to the implantation work in 

reference 102, the implanted sample annealed at 1500 °C, and the epitaxially doped sample (Figure 

3.15), at temperatures >500 K, a lower conductivity was observed. This is clearly indicative of 

significant compensation, other than the DX, in the implanted films. To address the presence of 

compensation that is introduced during the high temperature annealing process, we next studied 

the formation of compensating point defects in the presence of defect-quasi-Fermi level (dQFL) 

control implemented during the annealing process. 
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3.5.  Compensation reduction via defect quasi Fermi level (d-QFL) control 

The high temperature dopant activation annealing process may promote the formation of 

self-compensation defects, which may explain the lower conductivity observed in Figure 3.13 for 

the Si implanted AlN annealed at 1200 °C at higher measurement temperatures. In addition to 

compensation by vacancy-related complexes, high concentrations of carbon (CN > 1017 cm-3), 

which have been identified as a compensating defect, have also been observed in MOCVD grown 

Al-rich AlGaN films90 and HVPE/MOCVD grown AlN films.27,113,114 Hence controlling the 

formation of the compensating point defects is essential for attaining higher free electron 

concentration in Si implanted AlN. 

In general, the concentration of point defects that readily incorporate into the crystal is 

dependent upon the formation energy of the defects which can be further defined as115  

 𝐸6(𝑋4) = 𝐸896(𝑋4) − ∑ 𝑛j𝜇j + 𝑞[𝐸: + 𝐸;]j , (3) 

where Eref is the free energy of a crystal with a single defect referenced to the free energy of an 

ideal crystal, ni is the number of atoms of the jth-type exchanged with the reservoir to form the 

defect, µj is the associated chemical potential, and [EF+EV] is the Fermi energy referenced with 

respect to the valence band maximum. From this relationship, there are two mechanisms to which 

once can control the defect incorporation. The first mechanism, chemical potential control, is the 

process of carefully manipulating the growth conditions31,54–58 and, as such, tuning the 

corresponding impurity or host chemical potentials.36,37 Chemical potential control has been 

effective in reducing the formation of point defects during the epitaxial growth; however, in the 

case of a non-equilibrium process, such as ion implantation, other methods to reduce compensation 

are required.  
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 The second approach, defect quasi Fermi level (dQFL) control, is a relatively new 

technique that has been demonstrated to successfully reduce compensating defects during 

MOCVD epitaxial growth of GaN and AlGaN without influencing process parameters or co-

doping.59–62,64 As a wide bandgap material is doped n-type (p-type), the Fermi level is expected to 

increase (decrease) towards the conduction band (valence band). As a result, the formation 

energies for compensating point defects are expected to decrease, which results in increased 

densities of compensators. Therefore, the general principle behind dQFL based compensating 

point defect reduction, is that the dQFL associated with each defect can be modified by introducing 

excess minority carriers into the system during the growth process. The dQFL shifts towards the 

conduction band (valence band) for donor (acceptor) type compensating defects, thus increasing 

the defect formation energy.59 By increasing the formation energy, the density of compensating 

point defects that incorporate during growth should be significantly less. The generation of excess 

minority carriers can be accomplished in almost any semiconductor material by exposing the 

material to high energy (above bandgap) photons during the growth process. No observable impact 

is expected on the dopant configuration.59 A comprehensive description of the theory associated 

with dQFL is published elsewhere.59 

Thus, we hypothesize that the introduction of above bandgap UV-illumination during the 

high-temperature dopant activation annealing process will have a similar effect on the 

compensating point defect formation energy (increase) as seen in the case of epitaxial doping. In 

turn, this is expected to reduce the overall density of compensating charged point defects that 

would otherwise form during the anneal. In this work, we observed a significant reduction in deep 

defect-related luminescence in samples annealed with UV-light compared to samples annealed 

under “dark” conditions, indicating that the density of compensating point defects was reduced. 
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The PL results were further corroborated by the significant increase in electrical conductivity (due 

to the increase in uncompensated free electrons) of Si implanted, n-type AlN. 

The presence of compensating point defects after the damage recovery annealing is 

confirmed by the room temperature PL spectra of the annealed implanted film showing broad deep 

luminescence peaks which have been associated with CN and VAl-nSiAl.116–118 Figure 3.14 shows 

deep luminescence spectra for Si implanted AlN that have been annealed under “UV” (blue curve) 

and “No UV” (red curve) illumination as an implementation of dQFL control. A significant 

reduction in deep luminescence is observed for the UV annealed sample in comparison to the non-

UV annealed one. This suggests that UV illumination suppressed the formation of point defects 

related to carbon as in the particular CN configuration and the complexes VAl-nSiAl. These point 

defects have been identified as compensators in Si doped AlN, thus the observed deep 

luminescence reduction should correspond to a reduction in electrical compensation. 
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Figure 3.14. Room temperature photoluminescence spectra for Si implanted AlN 

annealed under “No UV” and “UV” illumination during annealing. The spectra were 

normalized with respect to the band edge luminescence to facilitate comparison of 

the deep luminescence peaks. 

Identifying the main point defects associated with the deep luminescence allows for a 

prediction of their corresponding decrease under UV illumination, as based on the dQFL control 

framework. The procedure to determine the expected decrease in defect concentration for a 

specified defect at a given illumination intensity is described in detail elsewhere.33,59 For the 

estimation, three different point defects at specific charged states are considered: CN-1, [VAl-2SiAl]-

1, and [VAl+SiAl]-2, consistent with the measured deep luminescence spectra. Based on both 

experimental results and DFT modeling, the necessary defect thermodynamic transition levels are 

assumed to be at 3.9 eV, 3.0-3.4 eV, and 2.9-3.0 eV, respectively, as measured from the valence 

band.117,117,118 Using the Varshni equation and the fitting parameters for AlN83, we estimate the 
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bandgap of AlN to be ~4.9 eV at the annealing conditions implemented in this work (1200 °C). 

Furthermore, the experimental work from Reddy et al. suggests that the Fermi level is pinned ~2.7 

eV below the conduction band minimum on the surface at room temperature i.e., the barrier height 

is expected to be ~2.7 eV on AlN and the barrier height is assumed to scale with the bandgap.119 

Thus, resulting in a reduced barrier height of ~2.2 eV at the annealing temperature.120 Using the 

difference of the predicted bandgap and the Fermi level pinning, we estimate the Fermi level value 

to be around ~2.7 eV during the dopant activation annealing procedure. Figure 3.15 shows the 

calculated relative decrease in carbon and vacancy complexes as a function of equilibrium Fermi 

level. Using the estimated Fermi level, a theoretical reduction of approximately an order of 

magnitude is expected for [VIII+Si]-2 and CN-1 as shown in Figure 3.15. The expected compensation 

is thus expected to decrease by approximately an order of magnitude for the case of annealing Si 

implanted AlN with above bandgap illumination compared to the sample annealed under “dark” 

conditions. 
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Figure 3.15. The expected ratio of defect concentration under illumination (XSS) to 

that under equilibrium i.e. dark conditions (Xeq) as a function of equilibrium Fermi 

level. 

Electrical conductivity as a function of temperature for Si implanted AlN annealed with 

and without above bandgap illumination is shown in Figure 3.16. Interestingly, the sample 

annealed at 1200 °C for 120 minutes with UV-light exhibited a similar slope to the sample 

annealed without dQFL control. This suggests that the deep DX- state and was reproducibly 

inhibited and a shallow donor (Ei ~ 70 meV) is promoted by managing the kinetics during the 

annealing process. For comparison, the Si implanted AlN sample that was annealed at higher 

temperatures (1500 °C for 120 minutes) is also plotted.121 Furthermore, the sample that received 

the above bandgap illumination during the annealing procedure is observed to increase the 

conductivity by more than an order of magnitude (~30 times) at room temperature compared to 

the sample annealed under “dark” conditions. 
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Figure 3.16. Temperature dependent conductivities for Si implanted AlN samples 

annealed without UV light: 1400 °C for 10 minutes (green circles)102, 1500 °C for 

120 minutes (black circles), and 1200 °C for 120 minutes (red circles); and the sample 

annealed with UV light 1200 °C for 120 minutes (blue squares). 

In addition to the temperature dependent conductivity measurements, the carrier type was 

confirmed to be n-type via the hot point probe performed at room temperature and AC Hall effect 

performed at 450 °C. The measured free sheet electron concentration and mobility measured at 

450 °C were ~1´1014 cm-2  (~1´1019 cm-3) and ~0.7 cm2/Vs, respectively. The measured sheet 

carrier concentration for the sample annealed with UV-light is comparable to the original Si dose 

implanted into the film, indicating that nearly all of the implanted Si atoms are promoted to the 

correct substitutional lattice site and contributes electrical carriers. The UV sample had 

approximately one order of magnitude more free electrons (at 450 °C) than the sample annealed 

without the UV-light (nsheet ~ 2´1013 cm-2 at 400 °C).121 This highlights the ability for dQFL control 
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to significantly reduce the density of compensating point defects via dQFL control that would 

otherwise form during the damage recovery annealing process.  

3.6.  Summary 

In this chapter, Si ion implantation into AlN homoepitaxy was investigated as a potential 

process for realizing technologically pertinent n-type doping. HR-XRD and PL were useful 

techniques for tracking the implantation-induced damage and the post-anneal recovery process. 

By annealing at temperatures ³1200°C for 120 minutes, significant reduction of the strain was 

observed via XRD and the concentration of non-radiative combination centers is drastically 

reduced as seen by PL. Interestingly, it was observed by using a relatively low annealing 

temperature (1200°C), the characteristic DX center was inhibited, and the predicted shallow donor 

was promoted (Ei ~ 70 meV). When the annealing temperature was increased to 1500°C for 120 

minutes, the DX state dominates and the ionization energy (Ei ~ 250 meV) returns to the values 

comparable to the epitaxial doping. These results suggest that by controlling the kinetic process, 

i.e., the activation anneal, the concentration of Si atoms that would otherwise relax into the deeper 

state is significantly reduced. The room temperature conductivity was seen to be approximately 

one order of magnitude higher than the epitaxially doped AlN, however, it was seen at higher 

temperatures that significant compensation was present. In attempt to reduce the concentration of 

compensating point defects (e.g. [VIII+Si]-2 and CN-1) that incorporate in the film during the high 

temperature annealing process, dQFL control was implemented during the annealing process. The 

above bandgap illumination during growth/anneal generates minority carriers which lowers the 

Fermi level, thus increasing the compensating point defect formation energy. This ultimately leads 

to reduced concentrations of compensating point defects from incorporating into the film and 

reducing the overall free carrier concentration. In this work, dQFL was shown to significantly 
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reduce the deep defect luminescence (~30 times) attributed primarily to [VIII+Si]-2. Ultimately, by 

utilizing a lower annealing temperature (inhibiting Si atoms from relaxing into the DX state) and 

dQFL control during the activation anneal, the highest reported room temperature conductivity in 

AlN was realized. These results suggest Si implantation may offer a pathway towards selective 

area doping in AlN, which will advance the prospect of developing both optoelectronic and high-

power devices that would utilize this material. 
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Chapter 4: Mg Implantation into GaN for p-Type Selective Area Doping 

4.1.   Motivation 

GaN-based high-power switches are a promising avenue towards realizing low-loss power 

grids.78,122 Reduced power losses and higher currents leading to higher efficiencies are expected 

in devices such as GaN-based current aperture vertical electron transistors (CAVETs) and junction 

field effect transistors (JFETs).123–125 Controlling the selective area doping of both n- and p-regions 

is necessary to realize these more complex device structures. Although controlled p-type carrier 

concentrations and conductivities in GaN have been reproducibly demonstrated by Mg doping 

during epitaxy, achieving p-type conductivity with selective area doping remains a challenge. Mg 

diffusion studies into unintentionally doped GaN films have been attempted with only very limited 

success. Issues of high thermal diffusion temperatures, degradation of the GaN surface, and a non-

uniform Mg doping profile have inhibited the adoption of this technique for selective area p-type 

doping in GaN.126–128 The technique of choice for selective area doping in Si- and SiC-based 

technology is ion implantation.129,130 Despite early success in n-type doping of GaN via ion 

implantation131, p-type in the III-nitrides via ion implantation remains a challenge. The primary 

challenge lies in GaN being thermodynamically unstable at T > 850 °C, as ion implantation 

introduces significant lattice distortion that is typically removed via a high temperature post-

implantation anneal (T ³ 1200 °C). To prevent surface decomposition during annealing at these 

elevated temperatures, previous efforts have focused on the use of capping layers (e.g. AlN, Si3N4, 

SiO2, etc.), and/or complex annealing procedures. However, several challenges exist, including the 

unintentional introduction of impurities or alloying and etch damage in p-GaN during the process 

of removing the sacrificial capping layer.132,133 In this chapter, p-type conductivity in GaN 

homoepitaxial films via room temperature Mg implantation and a post-implantation anneal at a 
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high pressure (1 GPa), which was essential for keeping the GaN surface stable without using a 

capping layer. A series of annealing studies were performed where both the annealing temperature 

and dwell time were manipulated. To effectively compare the annealing conditions utilized in these 

experiments, the concept of “diffusion budget” (DB), will be proposed to relate the annealing 

temperature and time.  In the next section a brief review of the previous attempts to realize p-type 

selective area doping GaN will be discussed.  

4.2.   Survey of GaN Substrate Technology 

Prior to the increased availability of GaN substrates, GaN films grown on foreign substrates 

(i.e. sapphire, silicon, SiC, etc.) were utilized to develop GaN-based high electron mobility 

transistors (HEMTs).134–136 Due to the large lattice mismatch between the film and substrate, the 

strain is typically relaxed (partially) by incorporating a buffer layer prior to the thin film growth. 

The buffer layer typically consists of thin layers of GaN, AlGaN, and AlN. The trade-off for 

utilizing foreign substrates for high-power device applications is it nearly eliminates the prospect 

of fabricating fully vertical devices. Vertical power devices often require the need for native 

substrates; however, a group from MIT has demonstrated a vertical metal oxide-semiconductor 

field effect transistor (MOSFET) using a heteroepitaxial GaN-on-Si structure and exposing the 

GaN drift region via Si etching from the backside.137 This method provides the opportunity to use 

a substrate that is readily available and relatively inexpensive.  

The development of GaN-based LEDs has significantly advanced the work towards 

improving the quality of GaN wafers. III-nitrides are much more difficult to grow, due to the 

relatively high melting temperatures (>2500 K) and high equilibrium pressure of nitrogen.138–140 

Unlike Si where substrates can be formed via a melt-growth method, GaN templates were typically 

produced by hydride vapor-phase epitaxy (HVPE) or chemical vapor deposition (CVD) on 
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sapphire. After the growth process, the sapphire (or foreign substrate) is removed, leaving only the 

GaN portion of the wafer. This process has been demonstrated with only limited success due to 

the large lattice mismatch that is still observed in the beginning. This has motivated the need to 

look for other ways to form true bulk GaN substrates, that do not require a foreign substrate.  

Theoretically the simplest avenue towards growing pure GaN substrate, would be to 

attempt the growth via solutions. In this direction, there are  two basic approaches that researchers 

are attempting to demonstrate solution growth of GaN: the first technique (referred to as the 

ammonothermal method) involves the crystallization of GaN from solutions in supercritical 

NH3,139,141,142 whereas, the other approach requires liquid gallium to obtain crystallization. For the 

ammonothermal method, high pressure is required (1 -3 kbar) and growth temperatures range from 

400 – 600°C. One of the main challenges associated with the ammonothermal method is the 

relatively lower growth rates (0.1 mm/day), which may be accelerated by increasing the pressure 

during the growth process.143 Despite this challenge, the reduced dislocation densities (~104 cm-2) 

in the GaN crystals obtained via supercritical ammonia, make this a promising technique for 

realizing high-quality GaN single-crystal substrates. 

Further research and development are required to determine less expensive manufacturing 

processes to ultimately drive the costs down for high-quality GaN single-crystal substrates. Once 

this milestone has been achieved, the wide-spread adoption of large-scale homoepitaxial growth 

at the laboratory level will rapidly pave the way for realizing the full potential of III-nitride 

semiconductor technologies. In recent years, there have been promising advancements in the 

commercialization of high crystal quality 2-inch GaN wafers. In 2019, the Institute of High-

Pressure Physics (IHPP) at the Polish Academy of Sciences, also known as “Unipress”, acquired 

the company, S.A. Ammono. This acquisition has positioned Unipress to offer Ammono-GaN 
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substrates in 1- and 2-inch wafers with either high (~1019 cm-3), low (~1018 cm-3) n-type carrier 

concentrations, or even a semi-insulating (manganese-doped ~1019 cm-3) wafer. Despite these 

exciting developments, there is still the prerequisite of better understanding the epitaxial and 

device fabrication techniques on these native substrates, which is a strong motivation for this work. 

4.3.   Survey of Selective Area Doping in GaN 

As discussed in the previous section, the prospect of vertical GaN-based high-power 

devices has progressed rapidly with the increased availability of highly conductive GaN substrates. 

The vertical power device structure offers numerous advantages compared to lateral devices, such 

as reduced device dimensions (i.e. smaller chip sizes), higher breakdown voltages, and current-

collapse-free operation. Figure 4.1 provides as an example of an early attempt towards fabricating 

a vertical GaN-based power device.144  As mentioned in the previous section, the main challenge 

is p-type selective area doping. In order to effectively address this challenge, a survey of the 

previous attempts to selectively area dope GaN will be discussed in the following sections.  
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Figure 4.1. Schematic cross-sectional view of a vertical insulated gate AlGaN/GaN 

HFET, utilizing n+-GaN substrate and Si ion implantation.  

4.3.1. n-Type Selective Area Doping in GaN 

The primary technique that has been used to demonstrate selective n-type doping in GaN 

has been ion implantation. As mentioned in the introductory chapter, a distinct advantage of ion 

implantation is the wide range of ions that can be selected for the doping process. There are two 

primary dopants that are typically utilized to selectively dope n-type GaN, Si and Ge. Nakano and 

Kachi demonstrated high Ge activation (> 95%) by co-implanting unintentionally doped GaN 

films with Ge and N doses of 1´1015 cm-2 and using a post-implantation anneal of 1300°C for 5 

minutes with a 500-nm-thick SiO2 capping layer.145 Interestingly, the same group investigated 

post-implantation annealing conditions and its effect on the Si activation after co-implanting GaN 

with Si and N ions. These studies indicate that ~50% Si activation was possible utilizing the same 

capping layer (500-nm-thick SiO2) and annealing conditions (1300 °C for 5 minutes).146 In 
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addition to exhibiting high room temperature Si activation, a group from UCSB fabricated a 

GaN/AlGaN-based HEMT grown on sapphire substrate.147 Using a nickel metal mask and a high 

Si dose (1.5´1015 cm-2) ion implantation performed at 200°C significantly improved the contact 

resistance in the source and drain regions. The activation anneal process (1500°C for 1 min.) used 

by Yu et al. was performed using a 150 nm sputtered AlN sacrificial capping layer and 100 Bar 

N2 overpressure.147  

4.3.2. p-Type Selective Area Doping in GaN 

It is clear that n-type selective area doping has been readily demonstrated in GaN; however, 

the progress associated with selective area p-type doping has been considerably limited. This 

challenge was identified through the ARPA-E’s SWITCHES program, which strongly motivated 

the creation of the extension program, PN DIODES. This program seeks to fill the current 

technological gaps in the process of selective area doping GaN and its alloys for the purpose of 

realizing high-power, high-performance transistors. To understand the current challenges and 

limitations of realizing reliable and consistent p-type selective area doping, a brief literature review 

of the different approaches being attempted will be discussed in this section. There are primarily 

two main approaches being actively studied: etch and regrowth and ion implantation.  

Etch and regrowth has become a popular research topic due to the challenges associated 

with obtaining conducting p-type regions via ion implantation and diffusion. The work from Fu et 

al. has shown some limited results for realizing PN junctions via etch and regrowth.133,148 2-µm-

thick UID GaN was grown on c-plane n+-GaN free standing substrates via MOCVD. Prior to 

growing Mg-doped GaN region, an ICP etching process was used to remove ~500 nm of the UID 

GaN. Interestingly, the group observed a slight increase in edge-type dislocations via XRD, a clear 

interfacial layer via TEM, and a relatively high donor concentration near the regrowth interface 
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via I-V/C-V measurements. The same group from Arizona State University recently published a 

review paper that offers an overview of the current status of the GaN etch and regrowth work.149 

In this article, the authors motivate the need to further consider the growth dynamics and materials 

characterization for semipolar plane devices, determining a novel etching technique that offers 

high etch rates without creating unnecessary damage to the GaN regrowth interface, and studying 

the etched sidewalls which have been observed to lead to undesirable current leakage.149  These 

results suggest that there are still numerous technical challenges that are preventing it from gain 

wide-spread adoption.  

In addition to attempts to realize selective area p-type regions via etch and regrowth, the 

preferred technique for selective area doping in Si and SiC technology is ion implantation. This 

has motivated many research groups to attempt complex annealing procedures or sacrificial 

capping layers but only with limited success. The Mg+ ion is the primary p-type dopant used in 

ion implantation due to its relatively lower ionization (~180 meV) compared to other candidates 

(Ca: ~170 meV, Cd: ~340 meV).150,151 Thus, only studies of Mg implantation and the various 

activation annealing attempts used will be furthered reviewed. As mentioned previously, the main 

challenge associated with recovering the lattice damage introduced during the ion bombardment 

process and optically/electrically activating the dopant atoms is the elevated annealing 

temperatures that are required. This is further exacerbated by the fact that nitrogen is typically lost 

from the GaN surface when annealed at extend periods of time at or above ~800°C. To address 

this issue, researchers have attempted numerous different techniques (i.e. capping layers, 

complicated annealing processes, etc.). Early attempts at post-implantation activation anneals were 

performed at 1200°C as this is the temperatures implemented in Si and GaAs technology and this 
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was the upper limits of the commercial RTA equipment. Kucheyev et al. offer an in-depth 

summary of the research associated with Mg implantation prior to 2000.109  

Recent research from the past decade will be reviewed here. In 2012, a group from the 

Navy Research Lab (NRL) introduced a novel technique for Mg activation, known as multicycle 

rapid thermal annealing (MRTA).152 The technique included the use of a thin (4 nm) AlN capping 

layer grown at 1000°C, a moderate N2 overpressure (~20 Bar), and a cycling process to expose the 

samples to annealing temperatures >1300°C to prevent N2 loss from the surface at elevated 

temperatures. No evidence of cracking nor decomposition was observed after the annealing 

process and the samples demonstrated partial Mg activation, both optically and electrically.152 

Despite the limited success with this technique, only one Hall measurement was reported, 

demonstrating a maximum room temperature Mg concentration of ~1.4% (1.7´1017 cm-3).152 This 

group has continued to improve this technique and attempt to further demonstrate the efficacy of 

this process for Mg selective area doping.153–156 One issue that may be plaguing this annealing 

technique is the fact, that despite using a capping layer, there is still evidence of surface damage 

after annealing at temperatures >1200°C.157 The other challenge that adds complexity to the 

capping layer technique, is the removal of the capping layer after annealing. Reactive ion etching 

(RIE) is known to roughen the GaN surface, which can make the ohmic-contact formation for p-

type GaN challenging.  

4.4.  Experimental details 

In this section, the details pertaining to the experimental design and details will be 

discussed. The pertinent conditions implemented during the homoepitaxy growth, ion 

implantation, and activation annealing are discussed. In addition, the characterization and other 

processing techniques utilized in this work will be mentioned. 
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4.4.1. Homoepitaxy GaN Structures 

There are primarily two growth structures that were used in this work, both of which, 

include homoepitaxy of GaN grown on GaN substrates grown by the ammonothermal method. 

One structure utilized highly conducting n-type ammonothermal GaN substrates (high background 

oxygen concentrations ~1019 cm-3), while the second structure substituted the previous substrate 

with semi-insulating ammonothermal substrates (doped with manganese to compensate the 

oxygen). The highly conductive ammonothermal substrates are ideal for demonstrating the ability 

to selective area p-type dope GaN for vertical high-power device applications (i.e. pn-diode, JBS, 

etc.), whereas, the semi-insulating wafers (resistivity > 109 W×cm) were later determined to be 

necessary to make useful Hall measurements. This solved the challenges related to measuring the 

dominating conducting n-type substrate located beneath the Mg+ implanted region (p-type) after 

activation annealing. The conducting substrates were useful for demonstrating a pn-diode with a 

breakdown voltage ~1 kV, which will be discussed in a later section. These wafers were free of 

macro defects and had an etch pit density (EPD) <5´104 cm-2. The FWHM of the (0 0 0 2) x-ray 

rocking curve was ~20 arcsec, indicating a dislocation density on the order of 104 cm-2.  

The goal of this work is to evaluate Mg implantation with the intentions of demonstrating 

technologically pertinent selective area p-type conductivity in GaN. Thus, unintentionally doped 

(UID) homoepitaxial GaN films (~2.5 µm) were grown via metal organic chemical vapor 

deposition (MOCVD) on either semi-insulating or conducting ammonothermal GaN wafers. The 

cross-section schematic diagrams for the two structures utilized in this work are presented in 

Figure 4.2.  
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Figure 4.2. Cross-section schematics of the GaN homoepitaxy and Mg+ implantation 

into (a) semi-insulating and (b) conducting ammonothermal GaN substrates. 

4.4.2. Mg+ implantation conditions 

After the growth, non-destructive materials characterization techniques (i.e. HR-XRD, PL, 

AFM, etc.) are performed to evaluate the as-grown characteristics of the film. Then the UID GaN 

films were implanted with Mg+ ions. The implantation parameters were selected using SRIM-

TRIM simulations to realize a technologically relevant doping concentration of 1-2´1019 cm-3, 

with either a depth of 50 (referred to as the “shallow” implant) or 400 nm (referred to as the “deep” 

implant). To realize the two distinct doping profiles, a series of implantation steps were selected, 

which are described in Table 4.1. 
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Table 4.1. Mg+ implantation conditions used to realize either a shallow or deep box 

implantation with a [Mg] ~ 1´1019 cm-3. Implantation was performed at room 

temperature with a tilt angle of 7°. 

Profile Depth Step # Energy (keV) Ion dose (cm-2) 

Shallow implant  1 50 1.0´1014 

(~50 nm) 2 20 4.0´1013 

Deep implant  1 350 6.0´1014 

(~400 nm) 2 200 1.3´1014 

 3 150 9.0´1013 

 4 100 9.0´1013 

 5 60 6.0´1013 

 6 25 3.0´1013 

 

4.4.3. Post-implantation annealing process 

The activation annealing was performed in a high pressure (~1 GPa) reactor in a (5N) 

nitrogen atmosphere, where GaN is stable up to a temperature of ~1500°C.158,159 The ultrahigh 

pressure annealing (UHPA) process was developed and coined by Sierakowski et al. for the 

purpose of extending the annealing temperature range for ion implanted GaN as shown in Figure 

4.2.160 Figure 4.3 depicts the phase diagram for GaN-Ga-N2, which clearly shows the region where 

GaN exists and remains stable. In terms of the Gibbs free energy (G) for GaN and N2, the values 

for G decrease as a function of temperature. This is expected to be more prevalent for the case of 

N2; therefore, as shown by Sierakowski et al., the GaN becomes less stable thermodynamically as 

the G curves for GaN and N2 intersect at ~800ºC and atmospheric pressures. By increasing the N2 
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pressure in the system, the Gibbs free energy of nitrogen is elevated to higher values, as shown by 

the following equation: 

 𝐺 = 𝑈 + 𝑝𝑉 − 𝑇𝑆, (1) 

where U is the internal energy, V is the volume, and S represents the entropy.  

 

Figure 4.3. The experimental pressure-temperature (p-T) equilibrium curve for the 

GaN-Ga-N2 system. Adapted from [160]. 

Thus, by utilizing an increased nitrogen overpressure, the GaN surface is stabilized and the 

region in which the activation annealing can be performed is significantly extended. An image of 

the reactor employed during the annealing process is presented in Figure 4.4(a). One concern is 

that because GaN is a binary compound, as the temperature is pushed to higher values, the Ga 

vapor pressure is another consideration that must be considered to inhibit GaN from decomposing. 

To address this challenge, Sierakowski et al. performed experiments to determine a viable method 

to provide a Ga vapor in close proximity to the GaN surface during the annealing process.160 As 
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shown in Figure 4.4(b), covering the GaN sample with polycrystalline GaN powder is an effective 

method to prevent the surface from roughening or forming pinholes, that would otherwise form 

when the sample was annealed by itself at 1400ºC for 15 minutes (at 0.7 GPa).160 The assumption 

associated with this method is that the polycrystalline GaN powder decomposes at a rate much 

faster than the actual GaN sample, thus producing a Ga vapor over the GaN sample throughout the 

annealing process.  

 

Figure 4.4. (a) Image of the reactor used for UHPA and (b) schematic of the 

orientation of the GaN sample, the polycrystalline GaN powder, and N2. 

 During the activation anneals, although the reactor can reach annealing temperatures 

exceeding 2000°C, the samples were annealed in the temperature range of 700 – 1400°C for varied 

dwell times (1 – 100 minutes). The temperature ramp-up rate is approximately 25°C/min, while 

the time to ramp down from Tmax to 700°C is on the order of a few minutes. The pressure was held 

constant during all annealing processes at 1 GPa (~10,000 Bar). In addition, all samples were 

annealed in the polycrystalline GaN powder to provide the necessary Ga vapor to prevent the GaN 

surface from decomposing. 
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4.4.4. Materials characterization and processing 

Mg and other impurity concentrations (C, O, Si, and H) were characterized by secondary 

ion mass spectroscopy (SIMS). Surface morphology before and after the activation annealing 

process was analyzed using an Asylum Research MFP-3D atomic force microscope (AFM). 

Implantation damage and post-annealing recovery of the crystallinity were characterized by x-ray 

diffraction using PANalytical X’Pert MRD to record w-2q scans of symmetric reflections. The 

sheet concentration, mobility, and carrier type were determined using an 8400 series LakeShore 

AC/DC Hall measurement system. The AC Hall measurement were performed using a magnetic 

field and excitation field frequency of ~0.62 T and 100 mHz, respectively. The sheet carrier 

concentration and hole mobility were measured as a function of temperature in the range of 300 – 

773 K (25 – 500°C). 

After the UHPA procedure and prior to any characterization technique, the Mg implanted 

GaN samples were treated with diluted HF (~1-2%) and HCl (~50%) to clean the surface from any 

residual matter that would otherwise be present after the annealing process. In addition to 

maintaining a pristine GaN surface, the hydrogen passivation that is often observed in Mg-doped 

GaN161,162 was also mitigated via a high temperature annealing treatment prior to the Hall effect 

measurements. The samples were activated by a rapid thermal annealing (RTA) process with the 

following conditions: 700°C for 10 minutes in air ambient. To measure the Hall effect, four 

relatively large (~1x1 mm2) Ni/Au (20/40 nm) contact pads were deposited in the van der Pauw 

geometry via e-beam evaporation. The contacts were then activated via the RTA using 600°C for 

10 minutes in air ambient. 
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4.5.  Characterization of shallow Mg implant into GaN 

No surface degradation was observed on the annealed samples as observed under AFM 

(Figure 4.5), despite the fact that no capping layer was employed to stabilize the surface. The 

surface of the homoepitaxial GaN film had a smooth bilayer step structure (RMS £ 1 nm) both in 

the as-grown (not shown) and after ion implantation (Figure 4.5a). Even at the maximum annealing 

temperature at 1400°C (10 minutes), the bilayer step surface was preserved (Figure 4.5b). There 

was no evidence of decomposition until the dwell time exceeded 100 minutes at 1400°C. Hence, 

at all annealing temperatures £ 1400°C, the use of 1 GPa N2 overpressure was sufficient to stabilize 

the GaN surface.  

 

Figure 4.5. 5x5 AFM scan of (a) an as implanted homoepitaxial GaN film and (b) the 

GaN surface after annealing at 1400°C for 10 minutes at 1 GPa N2 overpressure.  

Mg implantation damage is assumed to consist of displaced Ga and N matrix atoms from 

their lattice sites due to momentum transfer during the ion implantation process. The damage 

manifests itself as a significant strain profile in the implantation direction (c-axis direction). After 
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implantation, a series of XRD peaks appeared at low angles in the w-2q profile of the symmetric 

(0 0 0 2) reflection (Figure 4.6). These peaks corresponded to the strain profile of the implanted 

region.163 It is standard practice to anneal the samples after implantation in order to recover 

crystallinity and to eliminate the implantation-induced strain. Keeping the annealing time constant 

(10 minutes), while varying the annealing temperature, there was significant reduction of the 

damage as the temperature is increased (Figure 4.6). It is clear that a majority of the strain relief 

occurred by annealing at 1200°C, albeit with an exhibition of (002) peak with increased FWHM 

in comparison to the as grown sample. After increasing the annealing time to 100 minutes, or 

annealing at 1300°C for 10 minutes, nearly full recovery of the crystal lattice damage was observed 

by XRD.  

 

Figure 4.6. XRD w-2q profiles for a series of Mg-implanted and annealed, 

homoepitaxial GaN films.  
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Further, the influence of annealing on the implanted Mg profile was investigated by SIMS 

(with a Mg detection background of <1016 cm-3) in the as-implanted condition and after the 

activation anneals at various temperatures and for different dwell times, as shown in Figure 4.7. 

The as-implanted Mg profile is characterized by a peak Mg concentration of ~2´1019 cm-3 with a 

range of ~40 nm and ~25 nm of longitudinal straggle, consistent with the TRIM simulations. No 

observable bulk diffusion occurred at 1200°C and 10 minutes. Annealing for higher temperatures 

and times clearly resulted in bulk diffusion as evidenced by broadening of the Gaussian profile 

with a corresponding decrease in the peak dopant concentration. The peak concentration was 

reduced by nearly one order magnitude (<2´1018 cm-3) after increasing the annealing temperature 

and time (1300°C and 100 minutes). In addition to the Mg peak decreasing, it is clear that Mg is 

diffusing deeper into the GaN film (>7´1017 cm-3 at depths >400 nm). 

 

Figure 4.7. SIMS profile of Mg implanted GaN films before and after a series of 

anneals at 1 GPa of N2.  
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The XRD and SIMS analyses demonstrated a clear contrast between crystal damage 

recovery occurring for temperatures £1200°C at 10 minutes and the bulk diffusion occurring at 

higher annealing temperatures and longer annealing times. This indicates that the mechanism of 

damage recovery was related to a fast and short-range diffusion with a lower activation energy that 

occurred before the onset of bulk diffusion. To determine whether or not the short-range diffusion 

regime is sufficient for promoting the Mg to correct lattice site, thus contributing holes, AC Hall 

effect measurements are utilized in this study. 

The p-type conductivity of the implanted region is a function of Mg activation, i.e., the 

concentration of substitutional MgGa (NA) and total compensation, ND. Accordingly, to understand 

the influence of the short-range diffusion associated with damage recovery and bulk diffusion on 

the formation of MgGa and compensation, and hence p-type conductivity, temperature-dependent 

AC Hall measurements were performed for all samples. Interestingly, at 1200°C and 10 minutes, 

where damage recovery was observed via XRD, but no significant bulk diffusion of Mg was 

observed via SIMS, the samples were highly resistive, indicating either low Mg activation (which 

would be unlikely) or high compensation in the implanted region. In contrast, all samples annealed 

at higher temperatures or for longer times showed p-type conductivity with high Mg activation, as 

shown in Figure 4.8. All these samples also were observed to have at least some bulk diffusion of 

Mg, as shown in Figure 4.7.  
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Figure 4.8. (a) Hole sheet concentration and (b) sheet resistance of Mg-implanted 

GaN films as a function of temperature.  

In comparison, annealing of Mg-implanted GaAs without significant bulk diffusion 

resulted in Mg activation and p-type conductivity, indicating that the fast, short-range diffusion 

associated with damage recovery was sufficient to produce MgGa acceptor configuration without 

significant compensation.164,165 Further, increasing the annealing times in GaAs resulted in bulk 

diffusion, which was accompanied with increased resistivity, attributed to Mg diffusion to the 

surface and compensation.164 This is contrary to our observations in Mg implanted GaN, which 

show strong compensation upon initial damage recovery and p-type conductivity only upon long-

range diffusion of Mg atoms. At the moment, it is not clear if there is significant difference in the 

p-type conductivities of the implanted and diffused regions upon high-temperature annealing, 

however, it seems that compensation plays a major role in determining the final p-type 

conductivity. Within a single layer model, we can define an effective Mg activation ratio as the 

ratio between the maximum observed carrier concentration, i.e., (NA-ND) measured at high 

(a) (b) 



 113 

temperature, where all activated but not compensated acceptors produce free holes, and the Mg 

implanted dose as a figure of merit. Although this is an established practice in semiconductors, 

one needs to be aware that this method lumps together two effects: (1) actual Mg activation or 

positioning of the dopant on the desired lattice site and (2) compensation. 

Further, we study this effective Mg activation as a function of Mg bulk diffusion, which is 

characterized by the diffusion length: 

 𝐿 = 2√𝐷𝑡, (2) 

where t is the annealing time and D is the diffusion constant for Mg in GaN at a given temperature. 

Since the diffusion constant depends greatly on sample condition (extended and point defects), the 

calculated LD may significantly deviate from reality. While LD can be directly measured by SIMS, 

the process is time consuming and can produce significant error in concentration and depth. 

 Since the diffusion constant and bandgap are both a function of the bond strength, we 

introduce the diffusion budget, DB(T,t), in the form of: 

 𝐷𝐵 = 𝐴𝑒-0D 0⁄ 𝑡, (3) 

where T0=Eg/2k, Eg is the material bandgap, and k is the Boltzmann constant, and A is a scaling 

parameter chosen to be 2 s-1. As defined, DB(T,t) becomes a convenient engineering parameter for 

comparison of samples annealed at different temperatures and times that is related to the diffusion 

length. Table 4.2 summarizes annealing conditions, DB(T,t), and sheet hole concentrations for the 

various samples utilized in this study. A general trend that one can learn from this table is that a 

certain DB budget is needed to achieve p-type conductivity. However, when the dependence of 

sheet carrier concentration and % of active Mg ((NA-ND)/[Mg]) on DB is plotted in Figure 4.9, one 

can see that carrier concentration reaches a maximum and drops off for lower and higher diffusion 

budgets. 
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Table 4.2. Annealing conditions, maximum sheet hole concentrations, apparent 

ionization energies, and Mg content after annealing for various diffusion budgets, 

DBs. The total Mg dose 1.4×1014 cm-2. 

Diffusion 

budget  

Annealing 

T [ºC] 

Annealing 

time [min.] 

Max. sheet hole 

conc. [cm-2] 

Apparent 

Ionization 

energy [meV] 

[Mg]/(1.4´1014 

cm-2) (%) 

0.04 1200 10 - - >90 

0.12 1300 10 6.5×1013 277 >90 

0.24 1400 10 1.4×1014 117 - 

0.44 1200 100 1.2×1014 137 ~80 

1.10 1300 100 1.0×1014 160 ~60 

 

 

Figure 4.9. The dependence of (a) sheet hole concentration and (NA-ND)/[Mg], and 

(b) apparent activation energy on the diffusion budget. 
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As discussed earlier, the sharp drop in the effective Mg activation at very low diffusion 

budgets is due to compensation in within the implanted region, i.e. NA~ND. The source of 

compensation are implantation damage-related defects such as VN or related complexes. At higher 

diffusion budgets, the gradual decrease in effective Mg activation is likely due to inactive Mg 

segregating at the surface as observed in GaAs, i.e., a net reduction of the Mg concentration in 

bulk GaN as is evident from SIMS shown in Figure 4.7.164 

To further verify our hypothesis that lowered effective Mg activation is a consequence of 

compensation, we analyzed the temperature dependence of hole carrier concentration based on the 

charge neutrality expression given by: 

 1(1Pc=)
c4-c=-1

= cE
$
𝑒𝑥𝑝 M− H(

[>0
N, (4) 

where p is the hole concentration, ND is the compensation by donors, NA is the MgGa concentration, 

T is the temperature, NV is the effective density of states in the valence band and Ei is the acceptor 

level measured with respect to the valence band, i.e., the ionization energy of Mg. From Equation 

4, it is clear that for samples with high compensation (p << ND), 

 𝑙𝑛(𝑝) ∝ − H(
[0

. (5) 

Hence, the apparent carrier ionization energy Eapp obtained from the semi-log plot of carrier 

concentration p as a function of 1/T becomes, Eapp~Ei. In contrast, for samples with low 

compensation (p >> ND), 

 𝑝% ∝ 𝑒𝑥𝑝 M− H(
[0
N, (6) 

and hence 

 𝑙𝑛(𝑝) ∝ − H(
%[0

, (7) 

Hence, the apparent carrier ionization energy Eapp obtained from the semi-log plot of carrier 

concentration p as a function of 1/T becomes, Eapp~Ei/2. Hence, from equations (5) and (7), we 
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expect a higher apparent carrier ionization energy for samples with higher compensation. The 

dependence of the apparent carrier ionization energy Eapp as a function of diffusion budget is 

shown in Figure 4.9(b). It is clear from the correlation of the change in Eapp and the effective Mg 

activation ratio, compensation is the primary cause of low effective Mg activation ratios in samples 

where the fast damage recovery process has occurred. Accordingly, Eapp decreased from 280 meV 

for samples annealed at 1300°C and 10 minutes to 115 meV for samples annealed at 1400°C and 

10 minutes. Hence, it can be concluded that, while Mg may be activated at lower thermal budgets 

(1200°C and 10 minutes), the compensation is very high, likely due to point defects associated 

with damage including vacancies and related complexes that were generated during implantation. 

Reducing the point defects is necessary and requires an increase in the diffusion budget. 

Interestingly, increasing the diffusion budget beyond the optimal value also results in an increase 

in Eapp from 115 meV at 1400°C and 10 minutes to 160 meV at 1300°C and 100 minutes. This 

may be explained by the reduction in NA due to surface accumulation of inactive Mg resulting in 

an increased compensation ratio ND/NA and hence the increased Eapp. Interestingly, while one can 

conclude that larger diffusion budgets are necessary for reducing compensation and increased 

effective Mg activation indicating difficulties in achieving shallow activated Mg implanted 

regions, we conclude however that, direct control of the formation of these compensating defects 

arising from the implantation damage is necessary to achieve Mg activation after short-range 

diffusion. Several point defect control techniques such as defect quasi Fermi level control and co-

implantation may be required to be studied to produce shallow active implants.33,59,166,167 Finally, 

by estimating the effective Mg doping thickness to be ~1 µm (determined by the SIMS data), the 

maximum bulk hole concentration for the sample annealed at 1300°C and 100 minutes measured 

by AC Hall at room temperature was ~1.1´1018 cm-3 demonstrating the capability of achieving 
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technologically important hole concentrations via Mg implantation in GaN by high temperature 

and high pressure annealing.  

4.6.  Deep Mg implant into GaN 

4.6.1. Structural, optical, and electrical properties 

A deep Mg box profile was realized using a six-step implantation process, these 

implantation conditions are described in Table 4.1. The target profile was ~1×1019 cm-3 from the 

surface to ~400 nm into the epitaxial film. The Mg profile after implantation using a total Mg dose 

of ~1×1015 cm-2 is depicted in Figure 4.10 (black curve). As observed in the case of the shallow 

Mg implantation study, by annealing at temperatures >1200ºC, significant Mg diffusion is 

promoted. Figure 4.10 demonstrates the Mg drive-in as the annealing temperature was varied 

between 1200 – 1400ºC, while the annealing time was held constant (tannealing ~ 40 minutes). The 

Mg peak concentration decreased by nearly an order of magnitude upon undergoing the annealing 

at 1400ºC for 40 minutes, and the [Mg] > 1017 cm-3 at ~2 µm deep into the film. It was also noted 

that Mg accumulation was observed at ~2.4 µm, suggesting there is some form of a barrier to Mg 

diffusion present at the epi-substrate interface.  
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Figure 4.10. Secondary ion mass spectroscopy (SIMS) of Mg implantation into GaN 

and UHPA at varying annealing temperatures (1200–1400ºC) for 40 minutes. 

In addition to the Mg diffusing within the film, other species (Si, C, O, and H) in the film 

were tracked after Mg implantation and then once more after undergoing UHPA. Figure 4.11 

depicts the Mg and other species (Si, C, O, and H) concentrations as a function of depth into the 

GaN film after ion implantation. The epitaxy-substrate interface is seen at ~2.6 µm, where an 

abrupt and clear spike in the Si concentration (>1018 cm-3) is observed. The spike in Si at the 

epitaxy-substrate has been observed by other research groups and needs to be further understood 

as it can be detrimental for devices grown on semi-insulating GaN substrates.168,169 Furthermore, 

the spike in Si atoms at the growth surface may act as a barrier for Mg diffusion and thus explain 

the Mg accumulation at the epitaxy-substrate interface. This should further be investigated to 

understand the long-range diffusion of Mg in the GaN epitaxy films. In the substrate, the H, O, 

and Si concentrations were observed to be ~2×1019, ~8×1017, and ~1×1017 cm-3, respectively. The 
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Mg concentration in the substrate is comparable to the Si concentration (~1×1017 cm-3), whereas 

the C is at the SIMS background (<1015 cm-3). In the epitaxial film, the H and C are below 1017 

cm-3, whereas the O, Mg and Si are at the SIMS background levels (<1016 cm-3).  

 

Figure 4.11. Secondary ion mass spectroscopy (SIMS) of Si, C, O, H, and Mg in GaN 

homoepitaxy after Mg implantation.  

The structural and optical properties were both tracked via HR-XRD and PL after Mg 

implantation and after UHPA (1 GPa N2 overpressure). Figure 4.12 depicts the GaN (00.2) 2q-w 

scans after the sample was implanted with a relatively high Mg dose (~1×1015 cm-2) and then 

annealed at UHP. Despite significantly increasing the Mg dose, there is no evidence that the 

amorphization threshold was exceeded. The strain in the implanted region is observed by the 

presence of a satellite peak at the lower 2q-w angles. The strain induced by the presence of 

displaced atoms in the crystal is nearly completely removed by annealing at temperatures greater 

than 1200°C (dwell time of 40 minutes).  
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Figure 4.12. HR-XRD 2q-w scans of the GaN (000.2) after Mg implantation and after 

UHP annealing, where the annealing temperature was varied between 1200 – 1400ºC. 

As seen in the shallow Mg implantation study, the presence of VGa, VN, and their 

agglomerated larger vacancy clusters that are introduced during the implantation process are the 

origin of native nonradiative recombination centers (NRCs).170,171 Therefore, no luminescence is 

observed after implantation. Furthermore, by utilizing the UHPA process, the non-radiative defects 

are reduced and the characteristic spectrum for Mg-doped GaN is observed. Figure 4.13 shows the 

low temperature (3 K) PL spectra for the Mg implanted samples after undergoing the UHPA 

processing using a series of annealing conditions. Each spectrum was normalized to the band edge 

(3.46 eV), which was observed in all samples after annealing. In addition to the band edge 

luminescence, the DAP (3.1 – 3.3 eV) and yellow/green luminescence (YL/GL) (~2.35 eV) was 

also observed. The presence of the YL/GL in Mg-implanted GaN has been suggested to be due to 

a variety of intrinsic and extrinsic defects, including: VGa,172 VN,173 Gai,174 and carbon impurity175. 
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However, first-principles calculations by Reshchikov et al. has attributed VN as the source for the 

YL/GL in Mg-doped GaN.176 The identification of the YL/GL for nitrogen vacancies was deemed 

plausible by Kojima et al., who observed the highest relative intensity of GL in the sample which 

was doped with the highest Mg concentration (4×1019 cm-3).177 Kojima et al. further argues that 

the formation energy (Eform) associated with VN and VN-MgGa complexes decreases as the Fermi 

energy (EF) decreases (increased Mg doping).177 

 

Figure 4.13. Low temperature PL (3 K) of Mg+ implanted GaN after undergoing 

UHPA under a series of annealing conditions. 

The electrical properties of the Mg implanted GaN were evaluated before and after ion 

implantation, and once more after the UHPA process. The GaN films were significantly resistive 

to measure the sheet resistance, free carrier mobility, and carrier concentration before and after the 

Mg implantation process. Similar to the trend we observed in the previous study (e.g. shallow 

implantation case), the annealing condition of 1200ºC for 40 minutes was adequate for removing 
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the lattice strain in the film, however, this annealing condition was insufficient for promoting long-

range diffusion, as seen by the small to no change in the Mg SIMS profile (see Figure 4.10). These 

results corroborate the hypothesis that either the Mg activation is extremely low (doubtful) or there 

is still significant compensation in the implanted region, preventing the desirable p-type 

conductivity in the GaN film. Consistent with the previous study, by utilizing higher temperatures 

or longer dwell times during the UHPA process, resulted in p-type conductivity and demonstrable 

Mg activation. The temperature dependent electrical properties (i.e. sheet resistance, hole mobility, 

and sheet hole concentration) subsequently undergoing the UHPA process were measured by AC 

Hall effect. These results are presented in Figure 4.14.  

 

Figure 4.14. (a) Sheet resistance, (b) hole mobility, and (c) hole sheet concentration 

plotted as a function of temperature for Mg implanted GaN (Mg dose: ~1×1015 cm-2). 

4.6.2. Mg activation comparison via diffusion budget 

Similar to the calculations discussed in Section 4.4, which was critical to relating the 

UHPA procedure and its affects damage recovery, Mg activation, and formation of compensating 

point defects, were also used to compare the results in the deep implant study. However, as seen 

in Figure 4.15(a), which shows the heater dynamics for each UHPA process utilized in this work, 

there are three distinct regions of the heater dynamic profile: (1) the ramp-up, (2) the dwell region, 
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and (3) the ramp-down. Although it is expected that the diffusion budget should be dominated by 

the dwell region, the ramp-up and ramp-down regions should still be considered, particularly for 

the samples annealed at the highest temperature (e.g. 1400ºC). Using Equation 3, the instantaneous 

diffusion budget was calculated and plotted in Figure 4.15(b) as a function of time for each 

annealing condition. The effective diffusion budget, DBeff, can be found using the following 

expression, 

 𝐷𝐵),, = ∫ 𝐴 ∙ 𝑒𝑥𝑝 3− 𝐸𝑔
2𝑘𝑇
4𝑑𝑡𝑡=𝑡𝑚𝑎𝑥

𝑡=0 ,	 (8) 

where A is the same scaling factor of 2 s-1 that was used earlier, Eg is the bandgap of the 

material being annealed, k is Boltzmann’s constant, and T is the annealing temperature. The 

calculated effective diffusion budget, sheet hole concentration, and ionization energy for each 

annealing condition are included in Table 4.3.  

 

 

Figure 4.15. Heater dynamics for the annealing conditions used in this work plotted 

as (a) temperature and (b) diffusion budget.  
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Table 4.3. Annealing conditions, maximum sheet hole concentrations, apparent 

ionization energies, and Mg content for various effective diffusion budgets, DBef f. 

The total Mg dose ~1.0×1015 cm-2.  

Effective 

diffusion 

budget  

Annealing 

T [ºC] 

Annealing 

time [min.] 

Max. Sheet hole 

conc. [cm-2] 

Apparent 

Ionization energy 

[meV] 

[Mg]/(1´1015 

cm-2) (%) 

0.00 As implanted - - >90 

0.16 1300 10 1.1×1014 167 - 

0.19 1200 40 - - >90 

0.23 1400 5 6.7×1014 126 - 

0.35 1400 10 6.7×1014 148 - 

0.52 1300 40 3.9×1014 128 ~50 

1.08 1400 40 2.7×1014 107 ~30 

1.15 1300 100 4.6×1014 133 - 

 

To better understand the evolution of the defect luminescence with respect to the activation 

annealing process, both the normalized intensities for the GL and the DAP (from Figure 4.13) are 

plotted as a function of the diffusion budget in Figure 4.16. Interestingly, at lower diffusion budgets 

the normalized intensity for the GL is significantly higher, which is then noticeably reduced by 

increasing the diffusion budget. Relatively large concentrations of VN, VGa, and their complexes 

are incorporated into the GaN film during the high energy implantation process. Therefore, using 

the assumption that the GL is related to the presence of VN, as suggested by Reshchikov et al., the 

decrease in GL may be a result of the VN concentration decreasing with increasing diffusion 

budgets.176 Whether or not the presence of high concentrations of VN may act as compensation or 
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indicate that a majority of the Mg atoms have not incorporated into the correct substitutional site 

is not yet clear. However, this may suggest that annealing conditions corresponding to higher 

diffusion budgets are required to promote the reduction of VN. In addition to the reduced GL at 

higher diffusion budgets, the normalized DAP peak only decreases slightly with increasing 

diffusion budgets. As mentioned previously, the presence of DAP-related luminescence (~3.28 

eV) is typically a characteristic of MgGa in GaN. Thus, the decreasing DAP at higher diffusion 

budgets may indicate the concentration of Mg atoms occupying the desired Ga sites is also 

decreasing. The SIMS data (presented in Figure 4.10) clearly shows the Mg concentration is lower 

in the first 100 – 200 nm near the sample surface (region investigated via PL), when the annealing 

conditions corresponding to larger diffusion budget values.  

 

Figure 4.16. Normalized low-temperature (3 K) PL intensities for the GL (~2.35 eV) 

and DAP (~3.28 eV) as a function of diffusion budget.  
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The electrical properties obtained by AC Hall effect were further related via the diffusion 

budget, as shown in Figure 4.16. The sheet hole concentration and ratio of activated Mg compared 

to the initial Mg implantation dose is plotted as a function of the diffusion budget as shown in 

Figure 4.17(a). The sheet hole concentration for the deep implant case has a similar dependence 

as observed in the shallow Mg implantation condition. An optimal sheet hole concentration was 

observed at DB values > 0.2. There are two regimes on other side of the optimal condition: (1) at 

lower DB values, there is a drastic decrease in sheet hole concentration and (2) at higher DB values, 

there is a slight decrease in the sheet hole concentration. Moreover, the apparent ionization energy 

as a function of the diffusion budget is presented in Figure 4.17(b). Interestingly, by relating the 

PL and the Hall effect results as a function of diffusion budget, there is a correlation between the 

GL (i.e. higher concentrations of VN) and the reduced sheet hole concentration at lower DB values. 

This suggests that lower DB values are not sufficient for removing the VN that are introduced 

during the implantation process. To better understand the mechanism for lower sheet hole 

concentrations at higher DB values, the total Mg before and after annealing was tracked by taking 

the integral of the Mg SIMS data, which is reported in Table 4.3. It is clear that at higher DB values 

that significant Mg is lost during the UHPA process. Hence, this motivated the need to perform X-

ray photoelectron (XPS) studies to see if Mg is present on the sample surface. 
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Figure 4.17. The dependence of (a) sheet hole concentration and (NA-ND)/[Mg], and 

(b) apparent ionization energy as function of the diffusion budget.  

4.7.  Mg accumulation at the GaN surface 

An analysis of the total Mg atoms that are present in the GaN film before and after each 

annealing condition was performed using the SIMS data presented in Figure 4.10 and the results 

are tabulated in Table 4.3. Although, nearly all of the Mg can be accounted for in the sample 

annealed at 1200ºC for 40 minutes, the total concentration of Mg atoms is significantly lower when 

annealing conditions corresponding to larger diffusion budgets were utilized. Clearly a portion of 

the Mg atoms have migrated deeper into the film, however, this does not explain the location nor 

the mechanism for the missing Mg atoms. Mg absorption into the environment during the UHPA 

process is not expected, thus, it was hypothesized that the Mg may accumulate at the GaN surface. 

To test this hypothesis, the as-implanted sample and a GaN sample that was annealed with a 

diffusion budget > 0.2 (1400ºC for 5 minutes), was subjected to X-ray photoelectron spectroscopy 

(XPS) to evaluate the first few monolayers on the GaN surface. The XPS results before and after 

annealing are presented in Figure 4.17. In Figure 4.17(a), there is some oxygen present at the 
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surface after ion implantation, as seen by the binding energy peak positioned at 531.4 eV. The 

intensity of the O 1s peak increases after the UHPA process. Furthermore, the Mg 2s peak, which 

is positioned at 49.4 eV in GaN is depicted in Figure 4.17(b). Interestingly, the Mg 2s peak is only 

present after the UHPA process, indicating that the Mg concentration near the sample surface is at 

the atomic percent level (>1020 cm-3). These results suggest that a significant quantity of Mg atoms 

(the Mg atoms not accounted for in the SIMS analysis) accumulate at the GaN surface and may 

react with oxygen to form an oxide layer (i.e. MgO). This may further explain why the Mg 

activation seems to decrease for the cases where the annealing conditions corresponding to higher 

diffusion budgets are utilized. This behavior is an undesirable by-product of the UHPA process 

and presents challenges for ohmic contact formation and higher p-type conductivity GaN. Further 

studies are required to determine optimal annealing conditions to inhibit the Mg atoms from 

accumulating at the surface. 

 
Figure 4.18. Comparing the (a) O 1s and (b) Mg 2s XPS peaks for the as-implanted 

and annealed (1400ºC for 5 minutes) samples as a function of the binding energy. 
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4.8.  Summary 

In this chapter, studies were designed and implemented to understand both the damage 

recovery and the dopant activation processes in Mg implanted GaN. It was confirmed via XRD 

and PL, that elevated annealing temperatures (>1000°C) are required to remove the crystal lattice 

that is otherwise present in the GaN film after undergoing Mg implantation. Despite the concern 

that exposing GaN to these high temperatures would lead to decomposition, the GaN surface was 

maintained by utilizing a nitrogen overpressure of 1 GPa, even at Tanneal > 1400°C. Although 

damage was nearly fully removed at ~1200°C for 10 minutes, the film was still highly resistive, 

indicating the presence of high concentrations of compensation. The Mg implanted GaN film only 

became conductive when the Tanneal and tanneal were increased. Interestingly, as the Mg implanted 

GaN films became more conductive, significant Mg drive-in was observed by SIMS. A unitless 

engineering term, the ‘diffusion budget (DB), was introduced to better relate the Tanneal and tanneal. 

The DB term provides a convenient way to effectively compare the electrical and optical properties 

between the various annealing conditions implemented in this work. It was determined that an 

optimal annealing condition exists (DB ~ 0.2), where the maximum free hole sheet concentration 

was comparable to the total implanted dose (nearly 100% Mg activation). At lower DB values, the 

concentration of compensating point defects (i.e. implantation-induced defects) remains high, 

whereas at higher DB values, the free sheet hole concentration decreases, due to some Mg atoms 

diffusing to the GaN surface. This was later confirmed by XPS and taking an integral of Mg 

profiles obtained by SIMS.  

A comparison of the electrical properties (e.g. sheet hole concentration and hole mobility) 

that were obtained via Mg implantation and UHPA process as a function of Mg dose is presented 

in Figure 4.18. The recent work by Sakurai et al. is included (red stars) for comparison.178 
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Interestingly, the maximum sheet hole concentration continues to increase as the Mg ion dose is 

increased. Despite using a relatively high Mg dose of ~1´1015 cm-2, we have not reached a limit 

to which the film either becomes amorphous or the Mg atoms can no longer be activated. Future 

studies are needed to increase the Mg dose in the attempt to determine the limiting Mg dose.  

 

Figure 4.19. The temperature dependent (a) sheet hole concentration and (b) mobility 

of varied Mg ion doses with comparable diffusion budget values after undergoing the 

UHPA process. The circle data points indicate the results from this work and the red 

stars portray the results from Sakurai et al.178 

It is clear that direct control of the formation of compensating defects that arise from 

implantation damage may be required to realize both high hole conductivity and mitigate the Mg 

loss and/or diffusion. Moreover, these results suggest that highly conductive selective area p-type 

doping via Mg implantation may soon be readily achieved, providing a clear pathway towards 

realizing desirable GaN-based high-power and optoelectronic devices. 
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Chapter 5: Design rules for III-nitride-based devices 

5.1. Motivation 

The purpose of this section is to provide a framework for utilizing ion implantation for 

designing and fabricating both high-power and optoelectronic devices, particularly for structures 

that require selective area doping. Although ion implantation is expected to provide a pathway to 

realize a wide range of more complex device structures, this section is dedicated to discussing the 

design rules for obtaining both high-power devices (i.e. PN diodes, junction barrier Schottky (JBS) 

diodes, etc.) and optoelectronic devices (i.e. avalanche photodiodes). This chapter will discuss the 

overall device design, the critical fabrication techniques utilized, the measured device 

performance, and an outlook on the remaining challenges that still need to be addressed. 

5.2. Vertical GaN-based high-power devices 

5.2.1 Background and motivation 

The physical phenomena that dictate the behavior of a Schottky rectifier and a pn diode 

were introduced in Chapter 2. Moreover, a junction barrier Schottky (JBS) diode is a promising 

power device, as it combines the advantages of a Schottky rectifier (reduced power losses in the 

on-state and rapid switching) and a pn diode (higher breakdown voltages and reduced leakage 

current). A simple cross-section schematic of a JBS diode is shown in Figure 5.1. In the forward 

operation, the current is able to flow through the Schottky region of the diode, moreover, the P+ 

regions of the anode act as a shield for the leaky Schottky when the device is operated in the reverse 

bias. As seen from the schematic (Figure 5.1), the ability to control the lateral doping is necessary 

to create both Schottky and P+ regions at the anode. The structure can be realized by growing a 

thick drift region via MOCVD and high dose ion implantation/activation annealing to form the P+ 

regions. 
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Figure 5.1. Cross-section schematic of a junction barrier Schottky (JBS) diode. 

To illustrate the important advantages of a JBS diode, Figure 5.2 compares the simulated 

I-V characteristics for a GaN-based Schottky, JBS, and PN diode, using the device structure and 

doping information presented in Figure 5.3. In the forward bias (Figure 5.2(a)), the JBS diode will 

have relatively a lower voltage drop, similar to the performance of a Schottky diode. Furthermore, 

in the reverse bias (Figure 5.2(b)), the JBS diode is capable of withstanding relatively higher 

breakdown voltages and lower leakage current, similar to a PN diode. This clearly motivates the 

desire for GaN-based JBS diodes; however, the current challenge that has prohibited the further 

development of this technology, has been creating the lateral PN grids in GaN. The recent 

breakthroughs in Mg implantation/activation into GaN, discussed in Chapter 4, has opened up a 

viable path towards creating P+ wells into low Si-doped GaN drift layers.  
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Figure 5.2. Simulated (a) forward bias and (b) reverse bias I-V characteristics for a 

GaN-based Schottky diode (black), PN diode (blue), and JBS diode. 

 
Figure 5.3. (a) The simulated Mg profile after the UHPA process used for the TCAD 

simulations and the actual Mg profile obtained by SIMS. (b) The 2-D simulated 

structures for the Schottky, JBS, and PN diodes. The TCAD simulations were 

enhanced by utilizing the n- and p-doping information obtained experimentally.  
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Unlike the vertical GaN-based PN diodes and SBDs, which can be readily formed by a 

single epitaxial growth process via MOCVD or MBE, the GaN-based JBS requires some additional 

processing steps to realize the final device structure shown in Figure 5.4. The main challenge is 

the p-type selective area doping of the low Si-doped GaN film to form (1) the lateral depletion 

regions and (2) the terminating guard rings that isolate each device from the other devices. GaN-

based Schottky structures with the desirable device performance have been realized via 

MOCVD179, thus the next step is to demonstrate a PN diode formed by Mg implantation into GaN, 

which will be described and demonstrated in the upcoming sections of this chapter. 

 

Figure 5.4. Schematic diagram of the proposed GaN-based junction barrier Schottky 

(JBS) diode with p-wells formed by Mg implantation. 

5.2.2. Experimental design 
The vertical PN diodes fabricated in this work (schematic shown in Figure 5.5) utilized a 

7 µm-thick low Si doped n-GaN drift region (Nd ~ 2´1016 cm-3) grown on a n+-GaN substrate. The 
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p-type region was formed by the ion implantation and activation annealing conditions described 

in Chapter 4. Although the original shallow Mg box profile (~2´1019 cm-3 at ~50 nm from sample 

surface) was implemented in the process, the predicted PN junction is ~2 µm from the sample 

surface due to the significant Mg drive-in that occurs during the UHPA process (1300°C for 100 

minutes). To manage the electric fields near the device edges, a bevel edge termination scheme 

was realized by a photoresist post-development bake (125°C for 2 minutes on a hot plate) and Cl2-

based inductively coupled plasma reactive ion etching (ICP-RIE). The etching depth was ~2.5 µm 

and the bevel edge angle recorded by SEM was ~30°, as shown in Figure 5.6(a). The electrodes 

were then deposited via e-beam evaporation with the anode being formed by Ni/Au (20/40 nm) on 

the epitaxial layer and the cathode formed by V/Al/Ni/Au (30/100/70/70 nm) on the backside of 

the n+-GaN substrate, respectively. Figure 5.6(b) depicts the scanning electron microscopy (SEM) 

image of one of the fabricated PN diodes. It should also be noted that the smooth GaN surface was 

maintained throughout the ion implantation, UHPA, and fabrication processing. 
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Figure 5.5. Cross-section schematic of the vertical GaN-on-GaN PN diode fabricated 

with Mg implantation, UHPA, bevel edge termination, and anode/cathode formation. 

 

Figure 5.6. Scanning electron microscopy (SEM) images of PN diodes showing (a) 

the cross-section of the structure with bevel edge termination and (b) tilted bird’s eye 

view of fabricated vertical device. 
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5.2.3. Results and discussion 

The AC Hall and SIMS results for Mg implanted GaN-on-GaN were presented in Chapter 

4. The room temperature free hole concentration and mobility were recorded to be ~1´1016 cm-3 

and ~18 cm2/Vs, respectively, using a thickness of 2 µm (via SIMS). The device was characterized 

via C-V and I-V measurements. A built-in potential of 4 V was recorded via C-V, while the 

effective doping concentration in the drift region was ~2.5´1016 cm-3, as shown in Figure 5.7. The 

reverse bias characteristics of the PN diode (f = 200 µm), which exhibits a breakdown of 1 kV, is 

presented in Figure 5.8. The minimum measurable leakage current was limited by the electrical 

characterization tool (Keithley 2657A).  

 

Figure 5.7. The C-V-extracted average charge concentration in the n-GaN (low Si 

doped) is ~2.5´1016 cm-3. 
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Figure 5.8. Reverse bias I-V characteristics of the fabricated vertical GaN-on-GaN 

PN diode (f = 200 µm). 

Technology computer-aided design (TCAD) simulations were utilized to confirm that the 

bevel edge termination suppresses E-field crowding at the surface. To improve the accuracy of the 

model, the Mg profile after ion implantation and UHPA as measured by SIMS was used to model 

the p-type doping distribution in the PN diode structure. The 2D E-field profile at 1 kV reverse 

bias voltage is depicted in Figure 5.9(a). Figure 5.9(b) shows the E-field distribution along the p-

n junction (A-A’). Interestingly, the E-field in the bulk of the PN diode is 2.75 MV/cm, and the 

maximum E-field of 3.35 MV/cm is located below the surface. The maximum E-field along the 

surface of the bevel edge (Figure 5.9(c)) is 3.0 MV/cm.  Although the electric field simulated at 

the sidewall is less than Emax, the electric field is still too high near the surface. Thus, the bevel 

edge termination is only partially effective and can still lead to premature breakdown. The work 

from Maeda et al. has demonstrated that with the progress towards obtaining Mg-doping on the 

order of ~1017 cm-3, an even lower bevel edge angle (q ~ 10°) is predicted to be sufficient for 
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pushing the higher electric fields towards the bulk, thus allowing for the realization 1.2 kV-class 

devices.180 In addition to optimizing the negative edge bevel, there are other techniques (i.e. planar 

junction termination, floating field rings, junction termination extensions, etc.) that could be 

investigated for managing the electric field near the device edge.181  

 

Figure 5.9. (a) The 2D electric field distribution at 1 kV calculated by simulation. 

The maximum electric field in the device is 3.35 MV/cm. The E-field profile (b) at 

the p-n junction interface (c) at the bevel edge surface. The maximum E-field is inside 

the device rather than the bevel edge surface. 

5.2.4. Conclusions 

Vertical GaN-on-GaN PN diodes were designed and fabricated using the Mg implantation 

and activation annealing (UHPA) processes described in Chapter 4. A thick drift region with low 

Si-doping (~2´1016 cm-3) was grown by MOCVD and the p-type region was formed by Mg 

implantation and activation annealing (1300°C for 100 minutes in 1 GPa nitrogen over-pressure). 

A bevel edge termination technique was utilized to manage the high electric fields near the sample 

surfaces, while the device was operated at high reverse biases. From the I-V characteristics, the 

PN diodes exhibited relatively high blocking capability (breakdown voltage of ~1 kV) in the 

reverse bias. The calculated critical electric field of 2.87 MV/cm is comparable to PN diodes that 
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have been formed via epitaxy. The demonstration of kV-class GaN-based PN diodes is an 

important steppingstone towards realizing a GaN-based JBS. 

5.3. AlXGa1-XN-based avalanche photodiodes (APDs) 

5.3.1 Background and motivation 

There are a variety of applications, such as early missile threat detection and interception, 

UV flame monitoring, biological and chemical compound detection, and UV environmental 

monitoring, in which UV solar blind photodetectors are required. The higher Al mole fraction 

AlxGa1-xN exhibits solar blindness (rendering no response for λ > 290 nm), which is a comparative 

advantage over GaN and SiC. Moreover, the minority carrier densities and hence the dark current 

in AlGaN are extremely low, even at elevated temperatures. Theoretical calculations suggest that 

Al0.65Ga0.35N will exhibit a similar dark current density at 1300 K as Si at 300 K and the band 

structure for AlxGa1-xN (x > 0.6) indicates unlikely hole ionization, suggesting the possibilities of 

high single carrier multiplication with high gain in the linear regime and low noise factors.182,183 

Ultimately, AlGaN-based APDs are expected to offer the benefits of being solar blind, highly 

sensitive, smaller, cheaper, and more robust than the UV detectors available today. Other research 

groups have demonstrated APDs on AlxGa1-xN (x > 0.4) grown on foreign (sapphire) substrates; 

however, these devices were limited in area (700 µm2) for a gain of 12,000 or a gain of < 5,500 

when the device area was increased up to ~8,000 µm2.184–187 Using these observations, one might 

infer a trend of decreasing gain and efficiency with increasing APD device size. Thus, we 

hypothesize that large screw dislocation densities are the likely reason for the less desirable device 

performance in larger area AlGaN APD structures grown on sapphire, as is typically observed in 

GaN.188–191  
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In this work, APDs were demonstrated by growing AlGaN on single crystal PVT AlN 

substrates with threading dislocation densities (TDD) < 103 cm-2. By decreasing the TDD by over 

six orders of magnitude (109 – 1010 cm-2 when grown on sapphire), the APD performance is 

significantly enhanced, even when the APD size is much larger. To further motivate the need to 

employ AlxGa1-xN (x ~ 0.65 to ~0.75) in the fabrication of APDs, attempting to use any higher Al 

composition (x > 0.8) will result in difficulties obtaining Ohmic contacts and higher conductivity 

(DX formation and higher compensation).32,93,192,193 Furthermore, we have demonstrated a high 

gain of ~100,000 in devices that are 25,000 µm2 in size, with a low bias leakage (dark) current < 

0.1 pA and a low voltage external quantum efficiency of 0.3 for unity gain.194 

The design of the APD is influenced by the following phenomena: Mg memory or carry 

forward in metalorganic chemical vapor deposition (MOCVD) growth of III-nitrides;195,196 

compensating defects (i.e. CN, vacancy oxygen complexes, and threading dislocations), which 

provide the lower doping limit in AlGaN p (absorption) region;55,117,197–199 dislocation mediated 

leakage; poor contacts to p-AlGaN; and absorbing AlN substrates in the UVC region (< 265 

nm).117 

5.3.2 Experimental design 

APD structures (25,000 µm2) were grown on AlN single crystal substrates in a vertical, rf-

heated low-pressure, cold wall MOCVD reactor. To avoid the Mg memory effects, the APD 

structure terminated with Mg-doped p-AlGaN and a p-GaN contact layer grown under V/III = 

2000 under H2 diluent. Point defect compensators in the low doped absorption region are 

controlled to ≤1017 cm-3 by chemical potential control (where the formation energies of the 

compensating defects are increased by tuning the metal and nitrogen chemical potentials in the 

growth environment and this requires intermediate N richness by V/III = 2250 under H2 
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diluent).36,193 For high conductivity, n-AlGaN contact layer was grown under more N poor (V/III 

= 700) conditions.193 TDD-related compensation89,90 and dislocation mediated leakage is 

practically negligible when grown on single crystal AlN with TDD <103 cm-3.22,23 Further details 

of the growth, epitaxy quality, and composition measurement techniques are provided 

elsewhere.71,193,200–202 Hence, APD is designed as a hole multiplication device with the absorption 

region serving as a charge separation region, providing only holes toward the multiplication region. 

Since screw dislocations have been demonstrated to be a source of leakage in gallium nitride p-n 

junctions,188,189 employing foreign substrates such as sapphire resulting in threading dislocation 

densities >1010 cm-2, which may only be reduced to a still significant and deleterious ~109 cm-2 by 

employing various methods of dislocation reduction,203–206 is not sufficient to achieve high 

performance APDs. TDD-related compensation89,200 and dislocation mediated leakage is 

practically negligible when grown on single crystal AlN with TDD < 103 cm-2.22,23 

The thickness of the “p” region, where most of the photon absorption occurs, was 500 nm, 

which is thick enough for >99% of light absorption. The p-n multiplication region was designed 

to be 50 nm/50 nm with a doping of 2×1018 cm-3 in the n-region and 2×1019 cm-3 in the p-region, 

with a narrow (~10 nm) undoped i-region between the doped layers. Finally, a thin p-GaN ([Mg] 

~ 2×1019 cm-3) layer was employed as a contact layer. APDs were fabricated on insulating AlN 

substrates consisting of quasi-vertical structure with mesa-etched, beveled (~20º) sidewalls. 

V/Al/Ni/Au-based Ohmic contact metallization scheme was used for the n-contact,192,207,208 and 

the contact anneal was performed using rapid thermal anneal (RTA) at 850 ºC for 1 minute under 

N2 ambient. Due to absorption in AlN substrates,117,209–211 the APD was designed for front 

illumination. Ni/Au Ohmic contact rings were deposited on p-GaN, and the contact was annealed 

at 600 ºC for 10 minutes in air ambient.212 Device fabrication was realized with a laser lithography 



 143 

process and a chlorine-based ICP-RIE. Contact metallization included e-beam evaporation and 

lift-off processes. A schematic of the fabricated AlGaN APD is shown in Figure 5.10(a). The 

thicknesses, composition, and doping of different layers were verified by SIMS and are shown in 

Figure 5.10(b). 

 

Figure 5.10. (a) A schematic of the fabricated APDs and (b) SIMS analysis showing 

the Mg and Si doping and Al/Ga composition of all the layers of the APD. 

5.3.3. Results and discussion 

We identify the key APD performance metrics for operation in the deep UV regime as (a) 

room temperature operation, (b) solar blindness and ambient light rejection capability, (c) low dark 

current, and (d) high gain. Accordingly, we characterized the fabricated APDs at room temperature 

under dark and illuminated conditions with ambient room lighting and white LEDs. The 

characterized APDs demonstrate an excellent ambient light rejection capability with no 

perceivable increase in the reverse current under illumination either by white LED array or by 

room lighting. The low bias dark current (Id) was observed to be <0.1 pA (the ammeter limit) 

shown in Figure 5.11(a). The dark current increases at high reverse bias, shown in Figure 5.11(b), 
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indicating the single carrier multiplication in Al-rich AlGaN, which was theoretically predicted by 

Bellotti and Bertazzi182 in Al-rich (x > 0.6) AlxGa1-xN and is corroborated by the strongly 

temperature activated dark current (Figure 5.11(b)). It has been shown previously that hexagonal 

hillock features seen after AlGaN epitaxy on AlN substrates originate from threading dislocations 

in AlN.213 Since the density of hillocks was comparable with the TDD at ~103 cm-2, the devices 

with hillocks exhibited threading dislocations and those without hillocks had a high chance of not 

exhibiting threading dislocations. Since hillocks are visible, they allow the characterization of the 

influence of threading dislocations. Figure 5.11(c) shows reverse characteristics for devices with 

and without hillocks and consequently with and without threading dislocations. Threading 

dislocations increase the reverse leakage and hence dark current and results in poor APD 

performance, and it supports our hypothesis that threading dislocations were responsible for the 

limited performance of APDs on sapphire. The APDs were then characterized under illumination 

using a xenon lamp attached to a monochromator for wavelength selection. Under illumination, 

there is a clear increase in the reverse current relative to the dark current, as shown in Figure 

5.11(a), where the illumination was at 255 nm and 90 pW of incident optical power. From the 

photocurrent (Ip) and known intensity of light as a function of wavelength at low bias (< 5 V), the 

charge collection quantum efficiency (h) was determined as a function of wavelength for the APD. 

As expected for a direct bandgap semiconductor with a bandgap of 4.9 eV (Al0.65Ga0.35N), the 

efficiency was maximum at 4.9 eV (l = 255 nm) at ~30%, corresponding to a response of ~0.06 

A/W.  
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Figure 5.11. (a) The dark and photocurrent (for l = 250 nm) for Al0.65Ga0.35N based 

APD (25 000 µm2), (b) the temperature dependence of dark current, and (c) the impact 

of hillock (or threading dislocations) on the dark current. 

The spectral dependence of the efficiency and response are shown in Figure 5.12(a). As 

will be discussed later in this work, efficiency increases with the increase in reverse bias, and the 

reported efficiency is the “low bias” efficiency. Further, efficiency is lowered due to the thin region 

of absorbing p-GaN contact layer in the top-illuminated APD where ~40% of the incident optical 

power is absorbed. The absorption in the ~25 nm of p-GaN layer was estimated using Beer-

Lambert law from an absorption coefficient of ~2×105 cm-1 at wavelength of interest (~250 nm).214 

This reduced the efficiency by ~20%. The APD response (Figure 5.12(a)) was found to be 

immeasurable for l = 280 nm. Hence, the solar blind rejection ratio (R255 nm/R280 nm) and 

UV/visible rejection ratio (R255 nm/R400 nm) is >1800 and >12000, respectively, assuming that the 

visible and 280 nm response are lower than measurement noise in the dark current. Further, the 

solar blindness of the APD is apparent from Figure 5.12(b) showing the APD response and solar 

spectrum; SiC APD response is included for comparison (from ref. 215). 
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Figure 5.12. (a) The charge collection quantum efficiency and response as a function 

of wavelength. (b) A comparison of normalized spectral response of Al0.65Ga0.35N- 

and SiC-based (Ref. 215) APDs with the solar spectrum (Reference AM1.5 spectra 

from ASTMG173-03 tables). 

We finally characterized the ionization gain of the APD. The illumination was at 255 nm 

and 90 pW of incident optical power. The dark and photocurrents are shown in Figure 5.13(a). 

Note that the current is limited in the µA range by a protection circuit involving a series resistor. 

The gain is high at voltages >340 V, when the current is limited by the series resistance with 

technology computer-aided design (TCAD) simulations with ATLAS framework by Silvaco, 

indicating corresponding parallel plane fields ~9 MVcm-1. Further, TCAD simulations predicting 

the ionization integral employing the ionization coefficients predicted by Bellotti and Bertazzi for 

Al0.6Ga0.4N [ionization coefficient for electrons is 6×108 (cm-1)exp(-6×107 MVcm-1/E), and for 

holes, it is relatively low 2×105 (cm-1)exp(-3×107 MVcm-1/E), where E is the applied electric field] 

resulted in a breakdown voltage of ~340 V in reasonably good agreement with our experimental 

results indicating the importance of high quality (low threading dislocation density) epitaxy for 
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achieving the theoretical limits of the nitride system. The ionization integral is shown in Figure 

5.13(b) as a function of applied voltage. 

 

Figure 5.13. (a) Photocurrent (at 250 nm) and Dark current under reverse bias 

conditions in the tested APD structure. The left inset shows the circuit diagram with 

series protection resistance and the right inset shows the current in a linear scale. (b) 

The simulated ionization integral as a function of applied reverse bias. (c) The APD 

signal (difference in the dark and photocurrent) and the corresponding signal gain. 

The difference between dark and photocurrent is defined as APD signal and is plotted in 

Figure 5.13(c). The similarity in the signal function and photocurrent indicates an ionization gain 

that modulates any current flowing through the device. The gain is defined as216 

𝐺𝑎𝑖𝑛 = -&(/)(-'(/)

-&(/()(-'(/()
, 

where V0 is the reverse voltage, where gain is 1 (assumed for < 5 V) and is shown in Figure 5.8(c). 

We report a maximum gain of ~100 000 at an input power of 90 pW (<1 µW cm-2). Further, the 

breakdown voltage exhibited a positive temperature coefficient of ~0.04 V/K as shown in Figure 

5.14(a) confirming the avalanche nature of breakdown. It must be noted that the unity gain 

photocurrent, where the efficiency is calculated and employed as a reference for calculation of 

gain, is not clearly defined and varies in literature. Increasing the reverse bias extends the depletion 
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region into the absorption region producing the electric fields required to separate the generated 

electron-hole pairs.185 Hence, efficiency increases with increased reverse bias.185 However, 

ionization gain may also be introduced, resulting in overestimation of efficiency albeit with an 

underestimation of gain. Consequently, the product of gain and efficiency as a figure of merit 

(FOM) representing the ratio of electrons or holes collected per unit time to number of photons 

incident per unit time is employed to provide a better comparison among the different groups. The 

maximum FOM was calculated to be ~30, 000. Note that in this case, the gain was limited by series 

protection resistance with higher currents resulting in a destructive breakdown. Finally, a 

compilation of FOMs from reported gain and efficiencies by different groups on AlxGa1-xN APDs 

with x > 0.4 is shown in Figure 5.14(b). The combination of point defect and dislocation density 

management results in vastly improved performance even for large area APDs necessary for 

practical applications. 
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Figure 5.14. (a) The avalanche breakdown region as a function of temperature. (b) A 

comparison of FOM obtained in this work on AlGaN grown on AlN single crystalline 

substrates with those obtained on AlGaN grown on sapphire as a function of APD 

area as reported in the literature.184–187 

5.3.4. Conclusions 

Al-rich AlGaN-based avalanche photodiodes (APDs) grown on single crystal AlN 

substrates were fabricated and demonstrated to operate with a maximum signal gain of 100 000 at 

90 pW (<1 µW cm-2) with very low dark currents (<0.1 pA) at room temperature under ambient 

light. The high gain is attributed to the high breakdown voltage of 340 V, corresponding to very 

high breakdown fields >9 MVcm-1 as a consequence of a low threading and screw dislocation 

densities < 103 cm-2. The maximum charge collection efficiency of ~30% was determined at 255 

nm, corresponding the bandgap of Al0.65Ga0.35N, with a response of 0.06 A/W. Further, no response 

was detected for l > 280 nm, establishing the solar blindness requirement.  
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5.4. Summary and outlook 

In this chapter, III-nitride-based high-power (i.e. GaN-based PN diode) and optoelectronic 

(AlGaN-based APD) devices were fabricated and characterized. The results from this work suggest 

that the material quality (e.g. point defect control, native substrates, etc.) and the technology (e.g. 

selective area doping, etc.) are both improving rapidly. As to the next steps, it will become 

increasingly important to further develop the steps necessary for selective area doping in the III-

nitrides. For example, determining the material and process for creating masks (i.e. sacrificial 

layers) that are required to realize complex selective area doped regions. Furthermore, there is still 

work required to obtain better Ohmic contacts on these devices.  
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Chapter 6: Conclusions and Outlook 

6.1. Conclusions 

Ion implantation has and continues to be a fundamental process for realizing complex 

device structures in a wide range of semiconductor materials. This dissertation develops part of 

the engineering toolbox that is required to effectively make ion implantation a useful process for 

selective area doping into GaN, AlN, and their ternary alloys. As such, significant progress was 

made (a) to realize technologically useful free electron concentrations in Si implanted AlN by 

controlling the formation of the Si DX- behavior and compensating defects (i.e. VAl-nSiAl and CN 

complexes) and (b) to realize the highest reported free hole concentration in Mg implanted GaN 

via ultra-high pressure (1 GPa) annealing process. Furthermore, a GaN-based PN diode with the 

ability to block >1 kV in the reverse bias was realized by Mg implantation into GaN and a solar 

blind AlGaN-based APD with a maximum signal gain of 100 000 at 90 pW (<1 µW cm-2) with 

very low dark currents (<0.1 pA) at room temperature under ambient light. The following sections 

provide a brief synopsis to chapters 3-5 with an additional section dedicated to discussing the 

outlook and future work for this dissertation. 

6.2. Si implantation into AlN 

Si implantation into AlN studies were implemented to understand the damage and recovery 

process using a range of ion doses and annealing conditions. The effect of ion dose and its impact 

on the lattice damage was investigated via HRXRD and PL. These characterization techniques 

were effective techniques for tracking the material before and after ion implantation, and then once 

more after undergoing a series of annealing conditions. As expected, the strain in the lattice caused 

by the high energy implantation process increases as the ion dose was increased. Interestingly, 

despite using a relatively high ion dose, 1×1015 cm-2, the amorphization limit was not realized for 
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Si implantation into AlN. Using an annealing temperature and time of 1200ºC and 120 minutes, 

respectively, was effective in removing nearly all of the lattice strain (i.e. lattice damage) in the Si 

implanted (ion dose ~1×1014 cm-2) AlN film. This same annealing procedure was not nearly as 

effective in removing the lattice damage when the ion dose was increased (>5×1014 cm-2). 

 From this work, we demonstrated relatively lower annealing temperatures (1200ºC) which 

was sufficient for removing lattice damage that results from the high energy implantation process. 

Furthermore, by utilizing the lower annealing temperature resulted in higher electrical conductivity 

at room temperature and a significant reduction of the ionization energy (~70 meV). Increasing 

the annealing temperature to 1500ºC for the same dwell time, the room temperature conductivity 

was considerably lower, and the ionization energy was high. These results are characteristic of the 

DX- behavior that is typically observed in Si doped AlN grown by MOCVD. This suggests that 

the non-equilibrium nature of ion implantation and the activation annealing process may provide 

the “control knobs” to kinetically inhibit the implanted Si atoms from relaxing into the deep DX- 

state.  

Despite the higher conductivity at room temperature, the maximum free electron sheet 

concentration that was measured at elevated temperatures was nearly an order of magnitude lower 

than the Si implantation dose. In addition, significant deep defect luminescence was observed via 

room temperature PL, which can be primarily attributed to VAl-nSiAl. These results are indicative 

of compensation, in the form of point defects, being introduced into the material during the 

activation annealing process. In this direction, we hypothesized that defect-quasi Fermi level 

(dQFL) control can be an effective tool for suppressing the formation of these compensating point 

defects during the activation annealing. Exposing the material to above bandgap illumination 

during the activation annealing resulted in nearly full activation of the Si atoms and the highest 
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room temperature n-type conductivity in AlN (>1 Ω-1cm-1). This work demonstrates the prospect 

of realizing the ability to effectively dope AlN and obtain technologically pertinent free carrier 

concentrations.  

6.3. Mg implantation into GaN 

This dissertation also investigated Mg implantation into GaN, motivated by the necessity 

to demonstrate effective p-type selective area doping for complex device GaN-based high-power 

devices (e.g. junction barrier Schottky (JBS) diodes and junction field effect transistors (JFETs)). 

Unlike previous attempts which were attempted using sacrificial capping layers (i.e. SiN, SiO2, 

AlN, etc.) and/or complex annealing procedures, this work utilizes ultra-high pressure annealing 

(UHPA) to extend the thermal budget that can be investigated for the damage recovery and dopant 

activation annealing process while preventing the GaN film from decomposing. In this work, we 

demonstrated that 1 GPa N2 overpressure was suitable for annealing up to temperatures >1400ºC 

while preserving the GaN surface. The damage and recovery process was tracked via HR-XRD 

and PL, where it was observed that annealing temperatures >1000ºC are required to repair the 

crystal lattice after ion implantation.  

Interestingly, despite recovering the lattice damage at relatively lower annealing 

temperatures and times (1200ºC for 10 minutes) where the Mg activation is promoted via short-

range diffusion, the film is still highly resistive, and no free hole concentration was measured. This 

motivated the need to utilize even higher annealing temperatures and times, where long-range 

diffusion is observed, to reduce the compensating defects and led to nearly complete “activation” 

of Mg with a high sheet concentration (>1013 cm-2) and a low effective activation energy (~115 

meV).  
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A “diffusion budget” term, related to the diffusion length, is introduced in this work as a 

convenient engineering parameter for comparing samples annealed at different temperatures and 

for different times. While larger diffusion budgets are required to reduce the compensation that is 

attributed to implantation induced damage, resulting in an increased effective Mg activation, 

arbitrarily increasing the diffusion budget led to Mg accumulating at the sample surface. These 

results present a significant challenge in achieving shallow Mg implants due to partial Mg (NA) 

loss towards the surface and Mg driving deeper into the film. Finally, it was observed that the Mg 

that accumulates at the surface, readily reacts and forms a thin MgO layer at the top of the GaN 

epitaxial film, which can severely hinder the formation of ohmic p-type contacts.  

6.4. Design rules for III-nitride-based devices 

Although chapters 3 and 4 are dedicated to understanding the challenges of ion 

implantation into the III-nitrides from a material science perspective, chapter 5 continues towards 

gaining a practical understanding of utilizing ion implantation for fabricating both high-power and 

optoelectronic devices. A strong motivation for selective area p-type doping in GaN is the desire 

to demonstrate a GaN-based junction barrier Schottky (JBS) diode which provides the benefits of 

a lower turn-on voltage compared to a traditional GaN-based PN diode but the improved blocking 

characteristics (i.e. lower leakage currents and higher breakdown voltages) compared to a 

traditional Schottky diode. The challenge that remains is realizing selective lateral n- and p-type 

regions. Demonstrating the ability to successfully implant the GaN film with Mg+ ions, remove 

the parasitic lattice damage, and activate the Mg atoms for a PN diode would be the first step. 

Thus, by utilizing the results discussed in chapter 4, GaN-based PN diodes were designed and 

fabricated by forming a p-type region via Mg implantation into a MOCVD grown GaN film (~7 

µm) on top of a conducting GaN substrate. The sample was then introduced to the UHPA process 
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using an annealing temperature and time of 1300°C for 100 minutes, respectively. Processing and 

lithography steps were used to create a bevel edge and deposit contacts on the top and bottom of 

the vertical device structure. Interestingly, the I-V characteristics demonstrate that a GaN-based 

PN diode was formed with a breakdown voltage >1 kV. The technology computer-aided design 

(TCAD) simulations suggest that the maximum critical electric field at a reverse bias of 1 kV was 

~3.35 MV/cm, while the maximum electric field in the bulk was ~2.75 MV/cm. These results 

suggest that ion implantation may be a suitable technique towards obtaining selective area p-type 

doping, which may open an avenue for realizing GaN-based JBS diodes. 

The remaining portion of chapter 5 is dedicated to discussing efforts to realize a solar blind 

avalanche photodiode (APD). There are four key APD performance metrics that one should 

consider for operation in the deep UV regime: (a) room temperature operation, (b) solar blindness 

and ambient light rejection capability, (c) low dark current, and (d) high gain. Using these metrics 

as a guideline to follow, an AlxGa1-xN (x > 0.6) APD structure was realized on top of a single 

crystal AlN bulk substrates. The APDs structures that were grown and fabricated for this work 

were operated at room temperature and exhibited solar blindness (rendering no response for λ > 

290 nm), meeting the first two requirements. In addition, these devices were recorded to have 

relatively high gains (~100,000) in devices that were ~25,000 µm2 in size, with low bias leakage 

(dark) currents < 0.1 pA and a low voltage external quantum efficiency of 0.3 for unity gain. The 

relatively lower threading and screw dislocations that were realized in these device structures (<103 

cm-2) were critical for going to high breakdown voltages (~340 V), corresponding to very high 

breakdown fields (>9 MV/cm), and ultimately demonstrating the desirable high gain in these 

devices. 
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6.5. Outlook 

6.5.1. p-type selective area doping in AlN 

In chapter 3, Si implantation was demonstrated to be a promising technique for realizing 

selective area n-type doping due to the ability to suppress the formation of the deep DX- center 

(i.e. Si remains a shallow donor) by controlling the kinetic process during the high temperature 

activation annealing process. To realize complex and desirable AlN-based high-power and 

optoelectronic devices, p-type selective area doping is also required. Thus, a similar implantation 

and annealing study as described in chapter 3 should be performed using known p-type dopants 

(i.e. Mg, Cd, etc.). In addition to controlling the damage and recovery process via the activation 

annealing conditions (annealing temperature and time), dQFL should be utilized to suppress the 

formation of compensating point defects. 

6.5.2. Controlling and modeling the diffusion processes in Mg implanted GaN 

Although a high Mg activation (nearly 100%) and an optimal diffusion budget was 

determined for Mg implanted GaN using the ultra-high-pressure (UHP) annealing process, 

significant Mg diffusion was also observed. Typically, the ion implantation conditions (ion energy 

and dose) are manipulated to realize a predetermined doping profile with a predictable ion range 

(junction depth, xj). Ideally, the activation annealing process should promote short-range diffusion 

to repair the lattice damage and the substitution of Mg atoms into the acceptor lattice sites, while 

keeping the original doping profile the same. The SIMS results presented in chapter 4 suggests 

that there is significant Mg drive-in at the higher diffusion budgets (DB ~ 0.2) which were 

determined to be necessary to fully activate the Mg atoms and obtain higher hole concentrations 

(> 1´1017 cm-3). Thus, this motivates future work to understand and model the diffusion processes 

during the UHPA process, in an attempt to either predict a desirable doping profile (Mg drive-in 

process) or determine a technique to prevent the diffusion during activation annealing. 
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6.5.3. Suppressing the formation of MgO on GaN surface during UHPA 

Interestingly, in chapter 4 we observed high concentrations (> 1020 cm-3) of Mg and O at 

the GaN surface via X-ray photoelectron spectroscopy (XPS). These results suggest that there may 

exist a thin resistive layer that forms on the GaN surface. These observations were later related to 

the poor “Ohmic” contact formation and the increased turn-on voltage (> 15 V) in the forward bias 

that was observed in the GaN-based PN diode that was fabricated using Mg implantation and 

UHPA. Studies should be performed to understand the driving force for the Mg and O atoms to 

accumulate near the surface and develop a process to prevent and/or remove this resistive layer 

from the GaN surface. Although, the use of thick capping layers (i.e. AlN, SiO2, Si3N4, etc.) has 

been demonstrated with limited success for preventing GaN decomposition, a thin layer (< 5 nm) 

of Si3N4 may be sufficient to suppress the Mg and O from accumulating near the surface during 

the UHPA process. Contacts can then either be deposited on top of the Si3N4 or the Si3N4 can be 

removed via a wet etching process.  

6.5.4. Determine a suitable sacrificial layer for implantation mask 

In chapter 5, a GaN-based PN diode was demonstrated by Mg implantation, which provides 

the motivation needed to pursue a GaN-based JBS. To create the necessary lateral stripes of n- and 

p-type regions that are necessary for the JBS device, a blocking (or sacrificial) layer is necessary. 

A sacrificial layer is typically deposited on top of the film to be implanted via a lithography 

masking process to block certain regions of the device from ion implantation. The required 

thickness of this sacrificial layer depen ds on the maximum ion energy that is used and can be 

simulated by the stopping and range of ions in matter (SRIM) program. The criteria for selecting 

a suitable material to act as an implantation blocking layer should be compatible with traditional 

lithography processing and easily removed by some wet or dry etching process. Photoresist and 

silicon dioxide are two materials that should be considered.  
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