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ABSTRACT OF THE DISSERTATION 

 

Selective Area P-type Doping in Gallium Nitride Using Ion Implantation for High Power 

Applications  

 

by 

 

Yekan Wang 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2022 

Professor Mark S. Goorsky, Chair 

 

Magnesium ion implantation and subsequent activation annealing shows promise as an effective 

p-type doping method in Gallium Nitride (GaN). This dissertation relates implant-induced defects 

and the electrical performance. The implantation process introduces an elastic strain purely 

orthogonal to the (0001). Complete strain recovery is achieved by annealing at 1300 °C for 10 min 

(one GPa N2 overpressure) for dose level up to 1×1015 cm-2. However, extended defects such as 

stacking faults, dislocation loops, and inversion domains form during the anneal. Critical extended 

defects in the form of inversion domains were found to contain electrically inactive Mg after 

annealing at temperatures of 1300 °C (one GPa N2 overpressure), which results in a low dopant 
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activation efficiency.  A key finding of this work was to demonstrate that annealing at temperatures 

above 1300 °C eliminates the presence of the Mg-rich inversion domains. While other residual 

defects, such as dislocation loops, still exist after annealing at and above 1400 °C, chemical 

analysis shows no sign of Mg segregation at dislocation loops or other defects. Meanwhile, an 

overall decreasing trend in the dislocation loop size and density is observed after annealing at the 

higher temperatures and longer times. Electrical measurements show that annealing at 1400 °C 

leads to a dopant activation efficiency that is an order of magnitude higher than that observed at 

1300 °C, which points to the benefits, in terms of defect density and p-type dopant activation, of 

using higher temperatures ( ≥ 1400 °C) annealing cycles to activate Mg acceptors. Novel 

characterization methods combining high resolution x-ray scattering and transmission electron 

microscopy were developed to understand the implant-induced strain recovery process and the 

evolution of extended defect structures after the dopant activation anneal. It was found that 

homoepitaxial GaN on high quality native substrates is necessary for clearly assessing the implant-

induced defects by separating them from the pre-existing intrinsic defects.   Results from this work 

are expected to bring the understanding of the key processing steps to achieve high activation 

efficiency selective area p-type doping for vertical GaN device structures in a scalable framework.    
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Chapter 1 Introduction 
 

1.1 Introduction of Power Electronic Devices  

In modern society, the development of science and technology highly depends on the usage 

of fossil and renewable energy resources, which are converted into the most common energy 

source: electricity. According to the US Department of Energy, electricity accounted for ~40% of 

primary energy consumption in the United States in 20151. Power electronics devices that convert 

electricity into a form that is more useful to a given device, are projected to play a significant and 

growing role in the delivery of this electricity. It has been estimated that as much as 80% of 

electricity could pass through power electronics between generation and consumption by 2030. In 

contrast, just 30% of electrical energy passed through power electronics converters in 20051. 

Technical advances in power electronics promise enormous energy efficiency gains throughout 

the economy. Achieving high power conversion efficiency in these systems, however, requires 

low-loss power semiconductor switches.  

Silicon, the most studied and developed in terms of mass production, has been the material 

of choice for power electronics ever since the 1960s. Several novel structures based on Silicon 

have been demonstrated and later commercialized in the powder industry to enhance power 

conversion efficiency, such as Silicon controlled rectifier (SCR)2,3, bipolar junction transistor 

(BJT) 4 , insulated gate bipolar transistors (IGBTs) 5 , 6 , and super-junction metal oxide 

semiconductor field effect transistors (MOSFETs)7. However, in the past two decades, the power 

demands are increasing drastically. Popular applications such as the electric automotive industry 

and giant data centers for cloud computing have advanced by leaps and bounds. The conventional 

Si-based devices are running into the material limits, resulting in the saturation trend of power 

density. To overcome the limits, wide bandgap semiconductor materials such as GaN have 
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emerged to be the successor of Si to enable higher voltage powder devices with dramatically 

improved efficiency as well as reduced form factor.  

 

1.2 Material Properties of GaN 

GaN is a compound semiconductor material with a much larger bandgap (3.4 eV) than Si 

(1.12 eV). The key materials properties related to power device design of GaN compared to Si are 

shown below in Table 1. The Baliga’s figure of merit (BFoM), for unipolar devices with a planar 

junction, is defined as the product of permittivity (εr), carrier mobility (mostly electrons), and the 

cube of the critical field 8.  The resultant BFoM of GaN is more than 3 orders of magnitude higher 

than that of Si. Owing to the exceptional material properties, the power switches based on GaN 

offer noticeable advantages over Si and can be summarized in five main categories, as shown in 

Figure 1-1. Besides improving the breakdown field drastically, the large bandgap of GaN and high 

potential barrier also increased the allowable operating temperature of the GaN device (300-

400 °C)9. 

  

Table 1. The key material properties considered in power applications: GaN vs Si. 
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On the other hand, due to high electric filed and saturation velocity, the GaN-based switches can 

operate at a high frequency 10. Taking advantage of these, GaN-based power switches are expected 

to deliver high efficiencies and very low losses. 

 

Figure 1-1 The overall performance of GaN-based power devices compared to traditional Si-

based devices. 

 

1.3 Overview of GaN-Based High Power Electronic Devices 

In General, GaN power devices can be divided into two categories based on the device 

architecture: lateral devices and vertical devices. The most popular GaN device today is the lateral 

High Electron Mobility Transistor (HEMT). The development of HEMT started over 20 years ago 

11, 12. GaN-based HEMT uses substrates such as Si or sapphire, and grow GaN and AlGaN on top 

of these foreign substrates. A schematic showing the general structure of a HEMT is shown in 
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figure 1-2a. Due to spontaneous and piezoelectric polarization, electrons accumulate at the 

AlGaN/GaN interface, forming a two-dimensional electron gas (2DEG) with high mobility (> 

1200 V/cm2) 13, 14. The lateral HEMT devices have small on-resistance and small gate charge, 

which is beneficial to enhancing the switching frequency. The lateral GaN HEMT power switches 

have shown performance, in the low-medium voltage range (< 600 V), that can rival traditional 

Si-based transistor switches such as IGBTs and MOSFETs 15.  

 

Figure 1-2 (a) device structure of a lateral GaN HEMT; (b) device structure of a vertical GaN p-i-

n diode. 

However, the lateral device architecture also has some limitations. Firstly, since it used 

heteroepitaxy on a foreign substrate, there are a relatively high amount (>108 cm-2) of defects 

existing in the GaN and the AlGaN, which increases the chance of device failure under operation 

16, 17. Secondly, to withstand a high voltage, lateral devices need careful management of the electric 

field. The lateral dimension (drain-source distance) of the lateral device has to be extended to allow 

high breakdown voltage 18, which reduces the effective current density and increases footprints. 

Meanwhile, thermal management in lateral devices is complicated. The thermal conductivity of 

GaN (1.3 W/cmˑK) is similar to that of Si (1.5 W/cmˑK). However, the current flow in lateral 

devices is confined to the thin channel near the surface. Therefore, it is difficult to extract the heat 
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19. To overcome these limitations, and with the more readily available high-quality bulk GaN 

substrate, the vertical device architecture has attracted more attention in the past decade. For 

example, the device structure of a vertical GaN p-i-n diode 20 is shown figure 1-2b. The vertical 

GaN device architecture allows current to flow vertically across the device and the electric field 

spreads more. On the other hand, device cooling is more straightforward as heat is transferred 

through a homoepitaxial system and directly to the package lead frame. Bulk GaN substrate also 

has low dislocation density (<106 cm-2) 21, 22 which should improve the long-term reliability of the 

vertical GaN devices. Lastly, the vertical structure can deliver higher breakdown voltage by 

increasing the thickness of the drift layer without increasing the footprints, which is particularly 

suitable for applications that require a high breakdown voltage (> 1200 V) 23.  

 

1.4 Development of Bulk GaN Substrate  

As discussed in the previous section, the development of vertical GaN power devices 

depends heavily on the availability of large size bulk GaN substrate. Due to the high melting point 

(>2500 °C) of GaN and high equilibrium nitrogen pressure necessary for congruent melting of 

GaN, it is difficult to grow GaN substrate from a melt-growth approach, such as the Czochralski 

method. Therefore, GaN substrate is grown by other techniques that require lower pressure and 

temperature. So far, the best quality GaN substrate is produced by using the ammonothermal 

method. The ammonothermal growth approach is an analog of the hydrothermal method, used in 

the industrial production of quartz. A schematic showing the growth setup is shown in figure 1-3 

24. Briefly, during growth, GaN sources crystals are dissolved in supercritical ammonia in a reactor 

(hundreds of MPa). The solution is then transported to another chamber, where the solution is 

supersaturated and crystallization of GaN occurs on top of GaN seed crystals. To facilitate 



6 
 

ammonothermal growth, there needs to be an appropriate temperature gradient between the 

dissolution and crystallization zones. The typical growth temperature is in the range of 400–750 °C 

22. Some mineralizers are added to ammonia in the dissolution zone to enhance the solubility of 

GaN. Depending on the mineralizers, the growth can be proceeded in a different environment: 

basic 25, 26 or acidic 27. The growth rate of ammonothermal GaN is on the order of tens of μm/day, 

which is relatively slow. However, it produces GaN substrate with the lowest defect density (on 

the order of 104 cm-4) from any bulk GaN substrate 22. 

 

Figure 1-3 A schematic representing the ammonothermal bulk growth method 24. 
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Part of the work (Ch. 4 and Ch. 5) presented in this thesis takes advantage of the low defect density 

in ammonothermal GaN to get a high-quality homoepitaxial structure, to help separate the 

processing-induced (such as ion implantation and dopant activation anneal) defects, from the pre-

existing intrinsic defects. Figure 1-4 shows a comparison of TEM images between heteroepitaxial 

GaN grown on sapphire and homoepitaxial GaN grown on ammonothermal GaN substrate. The 

GaN/sapphire interface is highly defective and quite a few threading dislocations propagate all the 

way to the surface. In comparison, the GaN/GaN interface is not visible under TEM (indicative of 

a high-quality interface) and no threading dislocation is observed under the same field of view.   

 

Figure 1-4 A comparison of TEM images between heteroepitaxial GaN grown on sapphire 

substrate and the homoepitaxial grown on ammonothermal GaN substrate. 
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1.5 Selective Area Doping Using Ion Implantation 

Doping refers to the process of changing the electrical properties of semiconductor material 

by introducing impurities into the crystal lattice. Depending on the valence electron state of the 

impurities, the host semiconductor material can be doped to either n- (if the impurities have more 

valence electrons than the host) or p-type (if the impurities have fewer valence electrons than the 

host). The ability to create n- and p-type semiconductors is necessary for building a p-n junction, 

the fundamental chassis for most power electronic devices. Ion implantation is a universal method 

for doping semiconductors and has been widely used in the electronic industry for decades 28, 29. 

It uses accelerated charged particles (ionized dopant atoms) and physically embed them into the 

semiconductor (target). Ion implantation can provide precise control of the dopant profile (depth 

and concentration) and achieve selective doping at the interested area with appropriate masking. 

However, the ion implantation process generally produces lattice point defects originating from 

the displacement of host atoms by direct collisions with the incident ions as well as secondary 

collisions with recoiling atoms. For dopant species to contribute to conduction, dopant activation 

involving both the removal of point defects and the movement of the dopant species onto proper 

substitutional lattice sites must occur. Thermal annealing is the most common method used to 

supply the energy necessary for dopant activation. 

Ion implantation and subsequent activation annealing have shown promise in GaN, 

especially for n-type doping. Studies have shown that Si-doped GaN with appropriate annealing 

could achieve higher than 50% donor activation30,31. However, on the other hand, p-type dopant 

activation remains a challenging task. One fundamental limitation is the lack of shallow accepter 

in GaN. The ionization energy for p-type dopants in GaN is much higher than for Si and standard 

III-V materials. For example, ionization energies for acceptors in Si and GaAs are on the order of 
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30-40 meV.  This means that nearly all (> 99% at room temperature) of the dopant atoms on 

substitutional sites will contribute holes and produce p-type material. In comparison, Mg is 

currently the most promising p-type implanted dopant with an ionization energy of ~200 meV. At 

a such deep level, the fraction of ionized acceptors is significantly less (~10% at room temperature) 

than the near unity values observed with other semiconductors.  For example, using the Mg dopant, 

one needs to introduce a concentration on the order of 1018 cm-3 to achieve a carrier concentration 

of ~1017 cm-3. The amount of lattice distortion introduced is proportional to the dose, meaning that 

a much greater level of lattice distortion is introduced to produce a certain carrier concentration in 

GaN. This requires annealing at a higher temperature to remove the lattice distortions and activate 

the dopants.  

 

1.6 Novel Dopant Activation Annealing Methods 

The targeted annealing temperature for GaN, based on the experience from other 

semiconductors, is ~ 2/3 the melting point (~1500 °C). An important issue in the post-implant 

annealing of GaN is that GaN decomposes at around 840 ֯C under room pressure 32, which is well 

below the temperatures expected to be required to achieve high dopant activation. The GaN 

desorption increases N vacancies, which is a compensating donor and could reduce the free hole 

concentration 33. Methods have been developed to overcome the GaN decomposition issue. One 

approach is to deposit a capping material (such as AlN) to protect the surface 34, 35, 36. However, 

those caps typically only preserve the GaN surface for a short time (a few minutes) at elevated 

temperatures. Therefore, annealing must be done with a rapid heating-cooling recipe to keep the 

overall time at elevated temperature short. Niwa et al, used conventional rapid thermal annealing 

(RTA) to activate Mg acceptors after implantation and were able to achieve a maximum activation 
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efficiency of 2.3% at 1250 °C for a single annealing cycle of 20s 37.  It was speculated that if 

multiple annealing cycles were performed, an accumulation effect would result in higher dopant 

activation efficiency. Based on this idea, the U.S Navy Research Lab (NRL) has developed the 

Multicycle Rapid Thermal Annealing (MRTA) method 38, 39, 40. The technique uses a thin (4 nm) 

AlN capping with a moderate N2 overpressure (~20 Bar), and a fast ramp rate (500 °C/s) so that 

the effect of annealing is accumulated after each cycle while the total time at elevated temperature 

is kept low. An example of the temperature profile of MRTA is shown in figure 1-5. Anderson et.al 

showed that MRTA using a series of short time spike anneals at temperatures up to ~ 1400 °C can 

achieve ~8% doping activation (close to the 10% limit) 38.  

 

Figure 1-5 Temperature profile of the Multicycle Rapid Thermal Annealing (MRTA) method 38. 

An alternative solution is to perform ultra-high N2 pressure post-implantation annealing 

(UHPA), which suppresses GaN decomposition even in the absence of a capping layer. It was 

found that by applying an ultra-high N2 pressure of 1 GPa, the annealing temperature can be 

increased to 1500 °C without showing any sign of GaN decomposition 41, 42. The temperature 

profile of UHPA is shown in figure 1-6. Since it is a conventional annealing with a slow ramp rate 

(40 °C/min), the total time at a high temperature can also be as long as ~hours under certain 
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conditions. Recently, Sakurai et al have demonstrated successful p-type acceptor formation (with 

over 50% activation at 500K) in Mg-ion implanted GaN using high pressure (N2 1 GPa, 1380 °C, 

5 min) annealing 43. Another study from Breckenridge et al. reported the electrical data showing 

that annealing at 1400 °C under similar conditions leads to even higher dopant activation, ~10% 

at room temperature, and ~100% at 500 °C 44. 

 

Figure 1-6 Temperature profile of the Ultra High-Pressure Annealing (UHPA) method. 

 

1.7. Extended Defects Formation During Dopant Activation  

Post-implantation annealing removes the lattice strain produced by recoil damage as well 

as promotes movement of the Mg dopants to lattice sites 45. The lattice strain originates from the 

implanted species as well as the subsequent knock-on of host atoms. These species then intercalate 

into the lattice and cause lattice expansion.  However, to be an active acceptor for conduction, Mg 

must replace Ga in the lattice. At elevated temperature, the relationship between the dopant 
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activation and defect evolution is not very well understood in GaN. It was found that, in many 

semiconductor systems, the implant-induced point defects might coalesce, and form extended 

defects such as stacking faults or dislocation loops 46 ,47 ,48 . With this coalescence, it becomes 

extremely difficult to remove the extended defects as they are somewhat stable against further 

annealing 49, 50. This phenomenon has been previously noted for p-type dopant activation of GaAs 

51, 52 as well as in earlier work on implantation in silicon 53. Boron implant in Si has been well 

studied to show an anomalous characteristic, as shown in figure 1-7, with three stages. Stage I 

shows the annealing of point defect disorder and is accompanied by a rapid increase in activation. 

After that, extended defects start to form and dopant atoms are trapped in these defects, causing a 

decrease in activation. Eventually, after 700 °C, extended defects are removed, and B dopants are 

free to get back to substitutional for Si in the lattice and become active. On the other hand, for 

carbon implanted GaAs 51, 52, triple axis x-ray scattering measurements showed that the initial 

implant produced an elastic strain in the lattice. After rapid thermal annealing, the implant-induced 

strain was relieved. However, the activation efficiency was initially below 40% at 700 °C. X-ray 

reciprocal space maps (RSM) showed broadening in the in-plane direction, indicating the 

formation of extended defects that introduce localized tilts in the lattice. After annealing at higher 

temperatures (> 1000 °C), not only is the elastic strain relieved, and the in-plane broadening is also 

minimized, indicating that the crystal shows no signs of the formation of extended defects. This 

was confirmed by a high activation efficiency (>95%). These earlier works in studying the p-type 

dopant activation in Si and GaAs provide a useful framework in understanding structural 

information during the post-implantation annealing.  
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Figure 1-7. The annealing of Boron in Si after implantation 53.  
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1.8 Motivations 

The goal of this work is to provide a fundamental understanding that relates defects and 

performance. In the current literature, there remains a lack of understanding of the relationship 

between processing methods (such as annealing temperature and time), the nature of the extended 

defects formed after annealing, and their impacts on the ultimate dopant activation efficiency. 

Meanwhile, it remains a question whether Mg in GaN exhibits similar 3-stage characteristic like 

B in Si, nor do we know the exact time and temperature required to remove all the extended defect 

in GaN. Therefore, a systematic study that directly links the structural defects with the electrical 

performance is very demanding. The work presented in this dissertation can be very important in 

guiding the selection of optimal processing parameters for dopant activation annealing and 

improving the ultimate device performance. 

 

1.9 Dissertation Outline 

In this thesis, the introduction of GaN-based power devices and the general background of 

selective area doping using ion implantation are discussed first in Chapter 1. Chapter 2 presents 

the characterization techniques/methods used to understand the defect structures and electrical 

performance of devices fabricated using ion implantation of Mg into GaN. Chapter 3 shows the 

study of defect characterization in Multicycle Rapid Thermal Annealing processed heteroepitaxial 

GaN after Mg implantation. Chapter 4 focuses on implant-induced strain recovery and post-

annealing defects in homoepitaxial GaN implanted with single-step Mg implant and annealed 

under ultra-high N2 (one GPa) pressure at temperatures up to 1300 °C. Chapter 5 is an extension 

of chapter 4, using homoepitaxial GaN implanted with a multi-step box Mg profile and annealed 
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under ultra-high N2 (one GPa) pressure at temperatures up to 1500 °C. In Chapter 7, the 

conclusions of this research and future work are provided.  
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Chapter 2 Characterization Methods 

 

2.1 X-ray Scattering Techniques 

X-ray scattering techniques have been widely used as an effective non-destructive 

characterization method for studying structure imperfections in semiconductor materials. The x-

ray scattering techniques used in the dissertation can be split into two aspects: diffraction and 

imaging using topography. Both techniques are based on the fundamental Braggs law, 

𝜆𝜆 = 2𝑑𝑑 sin𝜃𝜃   (1) 

where λ is the wavelength of the radiation used, d is the plane spacing and θ is the Bragg angle. 

The wavelength of X-rays (for example, λCu kαI =1.5406 Å) is on the same order as the plane 

spacing. Therefore, the Bragg angle is very sensitive to the change in plane spacing d. Structure 

imperfections that distort the lattice structure of the crystal will have an impact on the Bragg angle 

and can be analyzed using x-ray scattering techniques. Details about each technique are described 

in the next couple of sections. 

 

 2.1.1 Triple axis X-ray diffraction 

As discussed in the previous chapter, the developments of GaN bulk growth have 

drastically improved the crystalline quality of both the GaN substrate and homoepitaxial GaN films. 

To precisely characterize the defect structures, high resolution triple-axis X-ray diffraction (TAD) 

is employed. A schematic showing the setup of the TAD measurements is shown in Figure 2-1. 

After the X-ray comes out from the tube, it reaches a graded mirror to produce a parallel beam. 

The beam is further collimated by a two-bounce Si (220) channel cut monochromator before 
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hitting the sample. The diffracted beam passes through a two-bounce Si (220) analyzing crystal 

and finally is captured by the detector.  

 

Figure 2-1 System setup for triple-axis X-ray diffraction measurements. 

Both line scans and reciprocal space maps are measured using the triple-axis setup. TAD line scans 

are obtained in two scan directions. First is a coupled scan, ω:2θ scan, in which the detector angle 

2θ is moved at twice the rate as the rotation of the sample stage (ω). The two angles are labeled in 

figure 2-1. The ω:2θ scan shows planes with different spacing (in other words, Bragg angle) but 

with the same amount of tilt. For implantation, ω:2θ scan is very useful for studying the implant-

induced strain. The implant species and the atoms knocked off stretch the lattice and result in a 

slight increase in the plane spacing in the implanted region. In the ω:2θ scan, this is reflected by 

an excessive intensity (or sometimes a side peak) to the left of the main peak. An example is given 
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in figure 2-2 where the red scan shows (0004) ω:2θ scan for GaN before Mg implantation and the 

blue scan corresponds to the same sample after Mg implantation without annealing.    

 

Figure 2-2 (0004) ω:2θ scan for GaN before Mg implantation (red) and after Mg implantation 

(blue). 

The second type of line scan is the rocking curve, in which the detector angle is fixed at the Bragg 

condition, and the sample stage rocks around ω as the scan goes. It measures the mosaicity and tilt 

in the material. Structural defects such as dislocations introduced local lattice tilt and will result in 

a broadening in the rocking curve. Both symmetric (0004) and asymmetric (1014) rocking curves 

are measured to account for dislocations with different Burgers vectors. A list of typical 
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dislocations with their corresponding Burgers vectors is listed in table 3. For example, pure edge 

dislocations have Burgers vector of 1/3<1120>, which is perpendicular to the (0004) planes and 

therefore do not affect the (0004) rocking curve width. To observe the effect of such dislocations, 

an asymmetric rocking curve measurement is necessary.  

 

Table 2 Typical dislocations in GaN and their Burgers vectors b 54.  

The reciprocal space map collects a series of ω:2θ scans with different ω offset and provides useful 

information about the strain direction and relaxation state. As shown in figure 2-3, in general, two 

reciprocal space maps are measured with a symmetric reflection (such as 0004) and an asymmetric 

reflection (such as 1014). If the implant-induced strain is pseudomorphic (with respect to the 

unimplanted material), the reciprocal lattice point (RELP) from the unimplanted GaN and the 

RELP from the implant-induced strained layer will be aligned vertically (in the Qz direction) in 

both maps, indicating that both have the same in-plane lattice parameter. Otherwise, due to the in-

plane relaxation and lattice mismatch, the RELPs from (1014) map from the unimplanted GaN and 

the implant-induced strained layer no longer align in the Qz direction. Schematics showing both a 

pseudomorphic structure and a structure with in-plane relaxation are shown in figure 2-3.  
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Figure 2-3 Reciprocal lattice points from GaN and two schematics showing both a pseudomorphic 

structure and a structure with in-plane relaxation. 

       

2.1.2 Double Crystal X-ray Topography 

X-ray topography (XRT) is a nondestructive characterization technique for imaging the 

defects and show contrast due to the long-range distortion fields and/or the strain fields associated 

with lattice deformations. XRT is a very powerful tool for characterizing crystal and thin-film 

growth and processing. Double crystal X-ray topography (DCXRT) setup uses reflection-

diffraction geometry. A schematic showing the DCXRT setup is shown in figure 2-4. The incident 

X-ray beam, a synchrotron x-ray source with a photon energy of 8.05 keV, is expanded by a Si 

(333) first crystal. The sample (2nd crystal) was oriented for diffraction of the (1124) reflection. 

XRT images were taken by exposing the Agfa Structurix D3 X-ray films at multiple positions on the 

rocking curve and recorded separately on different films (hereinafter referred to as single exposure 

images). For an ideal wafer, there is no defect and the radius of curvature is infinity. The (1124) 
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rocking curve for an ideal wafer is a sharp single peak. Single exposure XRT image will show the 

entire wafer, as shown in figure 2-4a.  

 

Figure 2-4 . Schematics showing the double crystal x-ray topography setup and the single-exposure 

x-ray topography from an ideal wafer with no defects (a), and for real wafer with defects (b) and 

(c) exposed at different positions on the rocking curve. 

For a real wafer, due to the presence of finite lattice curvature and defects, the (1124) rocking 

curve may show a broad peak or multiple peaks. As a result, diffraction is obtained only from a 

region or “stripe” of the wafer that satisfies the Bragg condition, as shown in figure 2-4b. A 

different stripe of the wafer is brought into diffraction conditions upon rotation of the crystal to a 
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different ω position. Also, there are some conditions where diffraction occurs outside the “stripe” 

as shown in figure 2-4c. These regions are typically materials that are misoriented (due to the 

presence of defects) with respect to a previous “stripe” but have similar orientation as the current 

“stripe”. The local misorientations can be quantified by knowing the rotation angle Δω between 

the two exposures. Previous work that employed DCXRT to analyze a wide roster of materials 

such as Si 55, 56, SiC57 , and InP 58 have demonstrated that a lot of information can be extracted 

from X-ray topography images, which includes distinguishing tilt differences among misfit 

dislocations, quantifying the tilt magnitude in tilt boundaries/domains, and identifying whether the 

diffracted area shapes are due to tilt and/or strain. In this dissertation, DCXRT will be employed 

primarily to examine the defects before and after the dopant activation annealing in Mg implanted 

GaN. 

 

2.2 Electron Microscopy Techniques 

Post-implantation annealing is necessary to remove implant-induce lattice strain and 

promote dopant atoms to move to desired lattice site (for example, Mg on Ga site) to be active for 

conduction. This process, however, is accompanied by the formation of extended defects. 

Understanding the nature of these extended defects and how they affect dopant activation is critical 

for improving the ultimate performance of the devices.  This cannot be achieved without using 

electron microscopy techniques. This work employed a number of different advanced electron 

microscopes to help understand the structural and chemical nature of the residual defects after 

different annealing conditions. 
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2.2.1 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a very powerful material characterization 

method for studying atomic structures and defects in semiconductor materials. It uses a beam of 

electrons that are generated by a field emission gun operated under high voltage (80-300 kV).  A 

schematic showing the working principle of the TEM is shown in figure 2-5 on the left. The beam 

is focused with magnetic lens (condenser lens) before hitting the sample. TEM samples are 

typically less than 100 nm to allow electron to pass through. The transmitted beam is focused by 

the objective lens and an image is generated on a CCD camera.  

 

Figure 2-5 Schematics showing the working principle of TEM (left) and STEM (right). 

When electrons penetrate through the thin sample, the scattering of the incident beam by the 

sample generates a series of contrasts. For example, thick layers/heavier materials scatter electrons 

more than thin layer/low mass materials. This type of contrast is often referred to as mass-thickness 
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contrast. The second type of contrast is diffraction contrast. For a single crystalline material, the 

lattice shows a specific crystallographic orientation. The atomic planes scatter electron at the angle 

that satisfies the Bragg condition. However, if the material is polycrystalline, electrons that are 

scattered by grains with different orientations show contrast differences. The third type of contrast 

is phase contrast, which is the primary contrast in high-resolution transmission electron 

microscopy (HRTEM). Phase contrast comes from the phase differences in electron waves. In 

general, for a single crystalline material, the periodic lattice generates phase difference between 

the transmitted beam and the diffracted beam. After passing the objective lens, these two beams 

interact and recombine to show interference pattern that reveals the periodic nature of the sample. 

The capability of resolving lattice structure and disorder makes HRTEM a popular method for 

studying material interfaces and defects. To order to better show the lattice distortions, special 

processing of the HRTEM image using inverse Fourier transform filtering can be used. Details of 

the filtering technique will be discussed later in chapter 3. Here, an example is given in figure 2-

6. The original HRTEM image is given and a section from the HRTEM image (yellow box) shows 

clear lattice structure. Normally, images with clear lattice structure will be considered to represent 

materials with high crystalline quality. However, after applying the filtering process, the inverse 

Fourier transform filtered HRTEM image gives a better visualization of the lattice distortions that 

are otherwise difficult to see in the original image.  



25 
 

 

Figure 2-6 Example of an HRTEM and the corresponding filtered image showing the lattice 

distortions introduced by the extended defects such as dislocations.   

Theoretically, the resolution of a TEM is related to the wavelength of the electron (< 1Å). However, 

aberration factors limit the resolution (a few Å) of TEM and result in image deterioration. The two 

types of aberrations that can affect TEM image quality are spherical aberrations and chromatic 

aberrations 59. Spherical aberration occurs due to the increased refraction at the edge of the lens 

versus the center and results in rays not converging on the same focal point. On the other hand, 

chromatic aberrations stem from the fact that the electron beam is not perfectly monochromatic. 

The degree to which the lens refracts the beam depends on the wavelength of the beam. It is 

difficult to make the beam converge at the same point. In this dissertation, the lattice structure of 

post-annealing extended defects is investigated by using the Argonne Chromatic Aberration-

corrected (ACT) TEM, which is an FEI Titan TEM equipped with a CEOS Cc/Cs corrector on the 

imaging side of the column to correct both spherical and chromatic aberrations. The Cc/Cs 
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corrector provides greatly improved resolution and is extremely helpful for understanding the 

defect structures.   

 

2.2.2. Scanning Transmission Electron Microscopy 

Scanning Transmission Electron Microscopy (STEM) operates under a different mode 

compared to conventional TEM. As shown in figure 2-5 on the right, unlike the TEM where the 

electron beam exposes the whole sample, the electron beam in STEM is focused by the condenser 

lens to a small spot on the sample. The beam is then scanned across the sample, scattered, and 

detected by different detectors such as bright field (BF), and high angle annular dark field 

(HAADF). Previously, it is discussed that the diffraction contrast in TEM relies on the 

misorientation between grains. Similarly, defects such as dislocations in the sample also scatter 

electron more compared to the neighboring defect-free materials. Since the BF detector collects 

beams with a small scattering range, the defect-free materials will show bright contrast and the 

dislocations will show dark contrast in the STEM BF image. Based on the Burgers vectors, a 

specific dislocation will not show contrast in the STEM BF image if the sample is tilted to a certain 

diffraction condition. This phenomenon is known as the contrast invisibility criterion, where 

dislocations are completely invisible when the Burgers vector (b) is orthogonal to the diffraction 

vector (g) (i.e. g∙b = 0) [28]. For example, pure edge dislocations possess a Burgers vector of 1/3 

<1120> and would not show contrast if the diffraction vector g equals <0002>. While pure screw 

dislocations possess a Burgers vector of <0001> and would not show contrast if the diffraction 

vector g equals <1120>. Figure 2-7 shows an example of the STEM BF images with g = <0002> 

and g = <1120> from the Mg implanted GaN after annealing at 1300 °C for 10 minutes. The 

method of taking STEM images by tilting the sample to achieve a specific diffraction condition is 
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often referred to as two beam condition STEM imaging.  In this dissertation, two beam condition 

STEM imaging is employed to categorize the post-annealing residual defects based on their nature 

of screw, edge, or mixed behavior.  

 

Figure 2-7 STEM BF images with g = <0002> and g = <1120> from the Mg implanted GaN after 

annealing at 1300 °C for 10 minutes. 

On the other hand, STEM mode also allows chemical analysis as the microscope is usually 

equipped with energy dispersive X-ray spectroscopy (EDX). When the focus high-energy electron 

beam hits the sample, it ionizes the inner shell electron from the atoms in the sample and creates a 

vacancy. Since the inner shell is at a lower energy level compared to the outer shell, the high-

energy electron on the outer shell tends to fill in the vacancy and release energy (emitting 

characteristic X-rays) as it relaxes. The energy of the emitted X-ray from the transition process is 

unique to each element and can be used to identify the elements that are present. In this dissertation, 



28 
 

EDX spectra is generated to understand the interaction between the Mg dopants and the post-

annealing residual defects. Eliminating defects that passivate Mg from being electrical active is 

important for improving the dopant activation efficiency and ultimately the device performance.  

 

2.3 Electrical Characterization Techniques 

After Mg dopant activation, metal contacts are deposited on the samples to fabricate 

devices for electrical characterization.REF NRL  For semiconductor devices, the device 

performance largely depends on properties such as resistance, carrier concentration, and mobility. 

These properties also help to justify the effectiveness of the doping process. The Hall effect 

measurements in combination with current-voltage (I-V) measurements are the most common way 

to accurately determine those properties and are also universally utilized in the semiconductor 

industry. 

 

2.3.1 Hall Effect Measurements 

To observe the Hall effect, a sample is subjected to a magnetic field that is orthogonal to 

its surface in z-direction, as illustrated in Figure 2-8. A current is applied to the sample 

perpendicular to the magnetic field and the charged carriers move in the x-direction. The moving 

charge carriers will deflect due to the magnetic field, which is along the y-direction.  
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Figure 2-8 Schematic of the theory behind the Hall effect. 

The moving charges will be deflected in opposite directions along the y-axis. Positively charged 

particles (holes) move to one edge, and the negatively charged particles (electrons) move to the 

opposite edge. An electric field (E) is created due to the charge separation and is inducing another 

force on the moving carriers in the direction opposite to the magnetic force. The net force 

experience by the charged carriers is Lorentz force (F), given by the following equation: 

𝐹𝐹 = 𝐸𝐸𝐸𝐸 + 𝑣𝑣𝐸𝐸 × 𝐵𝐵  eq.  (2) 

Where v is the drift velocity of the charge carriers, B is the magnetic field and q is the elemental 

charge (1.6×1019 C). At equilibrium, Lorentz force is 0 so that: 

𝐸𝐸 = −𝑣𝑣𝐵𝐵 → 𝑉𝑉𝐻𝐻 = 𝑣𝑣𝐵𝐵𝑣𝑣 (3) 
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The current density J can be written as  

𝐽𝐽 = 𝑛𝑛𝐸𝐸𝑣𝑣 (4) 

Where n is the charge carrier density, q is the elemental charge and v is the drift velocity. 

If one substitutes v with J into the previous equation, it will end up with: 

𝐸𝐸 = − 𝐽𝐽𝐽𝐽
𝑛𝑛𝑛𝑛

  (5) 

Finally, the Hall coefficient (RH) is defined as: 

𝑅𝑅𝐻𝐻 = 1
𝑛𝑛𝑛𝑛

=  𝑉𝑉𝐻𝐻𝑑𝑑
𝐽𝐽𝐵𝐵

 (6) 

The magnitude of the Hall voltage is inversely proportional to the carrier concentration and the 

sign of this voltage indicates the dominant carrier type. For electron conductivity, the Hall 

coefficient is negative, and the coefficient is positive for hole conduction. The Hall coefficient, 

along with the resistivity ρs of the material, is needed to determine the carrier concentration (n) 

and mobility (μ): 

𝑛𝑛 = 1
𝑛𝑛𝑅𝑅𝐻𝐻

 (7) 

𝜇𝜇 =  𝑅𝑅𝐻𝐻
𝜌𝜌𝑠𝑠

 (8) 
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Chapter 3 Mg Implantation into Heteroepitaxial GaN with Activation Using Multi-Cycle 

Rapid Thermal Annealing 

 

3.1 Motivation 

This chapter provides an initial assessment of the defect evolution during the Multi-Cycle 

Rapid Thermal Annealing (MRTA) process, in order to understand the difference in carrier 

mobility found in electrical measurements from the two samples despite showing the same 

activation efficiency with different MRTA process parameters (cycle time, peak temperature etc.). 

A systematic characterization method with a combination of high-resolution x-ray scattering and 

transmission electron microscopy is developed. The presence of the extended defects after the 

MRTA sequence is revealed and their characteristics are analyzed. High-resolution x-ray 

diffraction together with dynamical simulation provides quantitative information on the implant-

induced strain. X-ray-based reciprocal space map confirms that the elastic strain caused by 

implantation is purely along the implant direction ([0001] direction). Inverse Fourier transform 

images were used to provide direct visualization of extended defects at different depths from the 

two samples, which shows direct correlation with the difference in mobility observed in the 

electrical measurements. 

 

3.2 Experimental Details  

2-μm (0001) oriented unintentionally doped GaN layers were deposited on a-plane (1120) 

sapphire. The GaN epi-wafers were capped with a thin MOCVD AlN layer. Multiple energy 

implants were chosen so that an approximately flat profile is generated over the depth of 0.4 μm 

with a total dose of 7*1014 cm-2. The intended Mg implant profile matches that from Stopping and 
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Range of ions in Matter (SRIM) 60 implant simulation software. After implantation, wafers were 

annealed using two variations of the MRTA technique in N2 at 20 bar. Two samples (µ20 and µ40, 

as related to the mobility achieved for each annealing condition) studied in this work were both 

initially annealed at 1000 °C for one hour, in order to remove a part of the implantation damage 38. 

After that, sample µ20 utilized MRTA with fifteen cycles of 3.87 s at a peak temperature of 1420 

°C (total time 58.7 s above 1340 °C), while sample µ40 was subjected to thirty cycles at 0.24 s 

each with a peak temperature of 1341 °C (total time of 7.2s above 1340 °C). Standard electrical 

measurements had previously been performed to assess the properties of the ion implanted and 

annealed layers 38. As noted in that earlier study, both samples showed high activation efficiency 

(~8%) but sample µ40 exhibited a mobility of 40 cm2/(V⋅s) while sample µ20 exhibited a mobility 

of 20 cm2/(V⋅s). Here, the structural characterization was performed using high-resolution x-ray 

scattering and transmission electron microscopy (TEM). The triple-axis x-ray measurements used 

a Jordan Valley (Bruker) D1, with an incident beam mirror to produce a parallel beam (Cu kα1 

radiation) as well as a Si (220) channel cut collimator. The scattered beam optics included a Si 

(220) channel cut crystal. Cross section TEM samples were prepared using Focused Ion Beam 

(Nova 600 SEM/FIB). TEM/STEM images were produced using a Titan S/TEM (FEI) system at 

300 kV.  

 

3.3 Results and discussion 

High-resolution x-ray diffraction was performed to non-destructively assess the defect 

evolution in the implanted samples. Figure 3-1 shows a triple-axis scan for the as-implanted sample 

and the annealed samples. The measurements were performed in the ω:2θ mode tracing along the 
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c-axis perpendicular to GaN (0004) peak in reciprocal space. The peak to the left of the main peak 

in Figure 3-1a corresponds to a layer with a tensile elastic strain along the [0001] direction. This 

results from elastic lattice distortions induced by intercalation of the implanted Mg and target (Ga 

or N) atoms knocked off lattice sites by the high energy ion beam during implantation.  

 

Figure 3-1 High-resolution x-ray diffraction ω:2θ scan near the GaN (0004) peak for (a) the as 

implanted sample, (b) the sample μ20, and (c) the sample μ40. The as-implanted sample shows 

satellite peak corresponding to implant-induced strained layer. 

The fact that no satellite peak is observed in Figure 3-1b and Figure 3-1c indicate that implant-

induced elastic strain has been relieved after the MRTA processes. X-ray reciprocal space maps 
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were used to further confirm the extent of this lattice distortion. Figure 3-2a and 3-2b show the 

symmetric reciprocal space map of GaN (0004) and asymmetric reciprocal space map of GaN 

(1014) respectively. In both maps, the point at (0, 0) corresponds to the GaN 0004 substrate 

reciprocal space lattice point (RELP) and the point at around (-20, 0) is from the implant-induced 

strained layer. The two RELPs are aligned vertically in both maps, indicating that both have the 

same in-plane lattice parameter, i.e., the strained layer is pseudomorphic with respect to the 

substrate within the resolution of these measurements - on the order of less than 0.04% difference 

in the in-plane lattice parameters of the implanted region and the underlying, unimplanted GaN.  

 

Figure 3-2 X-ray reciprocal space map for the as-implanted sample showing (a) the GaN (0004) 

RELP, and (b) the (1014) RELP. 

Therefore, it is concluded that the elastic strain is purely along the [0001] direction. In effect, the 

intercalated species expand the lattice, but the thick substrate (un-implanted GaN and the sapphire) 

constrains the implanted region such that there is only an out-of-plane, pseudomorphic 

deformation, in the same manner as an epitaxial layer is pseudomorphically strained with respect 

to the substrate with a different lattice parameter. X-ray dynamical simulations using Bruker RADS 

software provide quantitative information about the strain-inducing implant species and the elastic 



35 
 

deformation of the lattice during implantation. The experimental XRD data and the simulation 

from RADS are shown in Figure 3-3a. A good fit in the ω:2θ scan was achieved and the elastic 

strain corresponding to the fit is plotted in Figure 3-3b together with the SRIM implantation recoil 

damage as well as the ion concentration as references. The strain distribution shows higher strain 

at above 2000 ppm in the first 300 nm but drops to below 500 ppm at a depth of 500 nm and closely 

follows the implant recoil damage profile, which supports the contention that the intercalated, 

implanted and knocked-on species are the primary contributors to the as-implanted strain 

formation.  

 

Figure 3-3 (a) High-resolution x-ray diffraction ω:2θ scan fitted with dynamical simulation 

software Bruker RADS. (b) Simulated strain profile plotted with SRIM ion concentration and 

recoil damage profiles. The ion concentration and recoil damage are normalized to the strain for 

convenience. 

The change in the implant-induced strain with the MRTA process is also demonstrated using 

reciprocal space maps. Figure 3-4a and 3-4b show the (1014) reciprocal space maps for the as-

implanted case and for µ40, including the sapphire (2246) RELPs. Figure 3-4b, after the MRTA 
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annealing, shows the (1014) GaN reflection of µ40 with only the strain-free GaN remaining, the 

strain has been removed from the implanted region. This GaN peak is in the same location (with 

respect to the sapphire (2246)) as the unstrained portion of the GaN in the as-implanted case, 

confirming that the GaN lattice parameters have not changed with respect to the sapphire lattice 

due to the MRTA annealing process. 
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Figure 3-4 (a) RSM for as-implanted sample showing the (1014) GaN RELP as well as the (2246) 

sapphire RELP (b) RSM for sample μ40 showing the (1014) RELP for GaN as well as the (2246) 

RELP for sapphire. 
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X-ray rocking curves under triple-axis conditions were then obtained to provide information 

about the evolution of defects. The full width at half maximum (FWHM) as well as full width at 

0.01 maximum (FW0.01M) is typically used as a measure of the defects in such structures 51, 52. 

As shown in Table 3, a decrease in both the FWHM and the FW0.01M is observed after the MRTA 

annealing process compared to implanted, un-annealed material (as well as non-implanted, non-

annealed material which was the same as the as-implanted, un-annealed case). It shows that the 

widths even after annealing is still broad. The difference between the as-implanted sample and the 

two annealed sample is within the step size of the measurement (40 arcsecs). 

 FWHM (arcsec) FW0.01M (arcsec) Mobility (cm2/V∙s) 

As-implanted 329 1390 N/A 

Sample µ20 303 1210 20 

Sample µ40 298 1130 40 

Table 3. FWHM/FW0.01M extracted from the triple-axis rocking curve results and the mobility 

measurement results from earlier studies 38. 

Unfortunately, besides implant-related defects, the material system (GaN on sapphire) used here 

also possesses a great number of intrinsic defects that can also affect triple-axis rocking curve 

width. Implantation into high-quality substrates or homoepitaxial layers on such high-quality 

substrates would better distinguish the change due to implantation and annealing from that due to 

an initially high concentration of heteroepitaxial defects. The quality of free-standing GaN 

substrate has improved drastically over the past few years. Homoepitaxial film on high-quality 

GaN wafers contains much fewer intrinsic defects. Rocking curves from these structures are 

expected to show relatively narrow initial width. As a result, peak broadening due to the implant-

induced defects can be better extracted and the effect of annealing on the crystalline quality is more 
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conspicuous. On the other hand, eliminating the heteroepitaxial defects is conducive to the 

reduction of post-annealing remnant defects and therefore, improving the mobility.  

To better understand the microstructural evolution and assess whether there are quantitative 

defect differences in µ20 and µ40, transmission electron microscopy (TEM) is employed to 

determine the nature of the extended defects. In TEM, based on the contrast invisibility criterion, 

dislocations are completely invisible when the Burgers vector (b) is orthogonal to the diffraction 

vector (g) (i.e. g∙b = 0) 31. Pure edge dislocations possess a Burgers vector of 1/3 <1120>, pure 

screw dislocations have a Burgers vector [0001] and mixed dislocations exhibit a Burgers vector 

of 1/3<1123> 61 . Figure 3-5 shows cross-section TEM bright field images with Figure 3-5a 

depicting g = <0002> for µ20; Figure 3-5b shows g = <0002> for µ40; Figure 3-5c is g = <1120> 

for µ20 and Figure 3-5d has g = <1120> for sample μ40. These images show two highly defective 

regions, one near the GaN/sapphire interface and the other one within the top 500 nm region, which 

corresponds to the implant recoil damage region. The GaN/sapphire interface shows a high density 

of dislocations to compensate for the lattice mismatch between those two during the MOCVD 

growth. A few inclined black features are observed which correspond to threading dislocations 

associated with the epitaxial GaN deposition. Figure 3-5a and 3-5b (0002) show circular features 

in the top 500 nm region in both sample µ20 and sample µ40. The depth of these features matches 

the depth of the Mg implant recoil damage region. These circular defects are not present in 

implanted, un-annealed structures; therefore, these are post-annealing extended defects. As 

reported by other groups, these extended defects are relatively stable and very difficult to remove 

49, 50. In 5c and 5d (1120), however, the extended defects are not observed. For both samples, 

extended defects are observed when g=<0002>, but absent when g=<1120>. The invisibility of 

extended defects under g= <1120> suggests that the Burgers vector for post-annealing extended 
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defects are orthogonal to <1120>, indicating they have an observable screw component. 

 

Figure 3-5 Cross-section TEM two beam condition bright field images with different diffraction 

vectors, (a) sample μ20, g = <0002> (b) sample μ40, g = <0002>, (c) sample μ20, g = <1120>, (d) 

sample μ40, g = <1120> 

To better quantify the residue defect concentration and reduce the sample bending contrast 

observed in the images in Figure 3-5, scanning transmission electron microscope (STEM) mode 

250 nm250 nm

a b

250 nm250 nm

c d
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was employed. The (0002) STEM images are shown in Figure 3-6 and these images were taken 

near the implantation region with the same diffraction vectors as above. The depths lines in figure 

3-6a and 3-6b indicate 3 regions: the center of the implanted region (200 nm), the edge of the 

implanted region (500 nm), and the non-implanted region (800 nm). Localized defect information 

can be extracted with Fourier filtering technique (shown in figure 3-8). The defect density 

measurement was performed using the intersection method 62 with five different measurements for 

each sample. The defect densities of both samples are on the order of 1010/cm2 but sample µ20 has 

an average concentration of 3.5x1010 cm-2 while µ40 has a lower content of approximately 2.6x1010 

cm-2. This difference, albeit small, further supports the relationship among MRTA process 

conditions, defect densities, and p-type carrier mobility.   

 

Figure 3-6 Cross-section STEM two beam condition bright field images taken near the implanted 

region, and the three depths indicate where the images in figure 3-8 are obtained, (a) sample μ20 

with g = <0002>, (b) sample μ40 with g = <0002> 

Another technique based on the electron microscopy measurements was employed to reveal 
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the presence of the defects at different depths. This technique utilizes inverse Fourier transform 

TEM images to help visualize the presence of remnant defects 63 . The process starts from a 

conventional high-resolution TEM lattice image (Figure 3-7a) to which a Fast Fourier Transform 

is applied (Figure 3-7b). Mask filtering technique is used to select certain spatial frequencies 

(circles in 3-7b) in reciprocal space before reconstructing a real space lattice image using the 

Inverse Fourier Transform (Figure 3-7c).  
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Figure 3-7 (a) High-Resolution TEM lattice image of the implanted region, (b) FFT of (a) before 

applying the mask (circles), (c) Inverse Fourier transform lattice image. 

Figure 3-8 show residue defect characteristics using Fourier filtering in the 3 regions shown in 

figure 3-6a and 3-6b. The Figure 3-8a and 3-8d show the (0001) inverse Fourier transform images 

of sample μ20 and sample μ40 at the depth of ~200 nm. According to the TEM results, the area 

belongs to the implant-induced highly defective region. As a result, both samples show a large 
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number of extended defects. Figure 3-8b and 3-8e show the (0001) inverse Fourier transform 

images of sample μ20 and sample μ40 deeper into the sample at ~500 nm. According to the SRIM 

implantation profile and TEM images, the location is close to the edge of the implantation zone.  

 

 

Figure 3-8 (0001) inverse Fourier transform TEM images revealing post-annealing extended 

defects at different depths for sample μ20, (a) inside the implantation zone (~200 nm), (b) the 

edge of the implantation zone (~500 nm), (c) outside the implantation zone (~800 nm) and for 

sample μ40, (d) inside the implantation zone (~200 nm), (e) the edge of the implantation zone 

(~500 nm), (f) outside the implantation zone (~800 nm). 

In general, a clear decrease in defect density was observed. Both samples show lower defect 

density at 500 nm when compared to that at 200 nm depth. Furthermore, sample μ20 possesses a 

higher density of such extended defects than sample μ40 which is nearly defect-free at this depth. 
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Figure 3-8c and 3-8f show the (0001) inverse Fourier transform images outside the implantation 

zone, at ~800 nm for the two samples. They show there is no extended defect existing. The inverse 

Fourier transform images show clear differences near the edge of the implantation zone. The 

difference in defect density correlates to the XRD rocking curve results, confirming that sample 

μ40 shows better quality than µ20. Considering the two samples were annealed using very different 

recipes, the total time that sample μ20 was held at elevated temperature is much longer (58.7s vs 

7.2s). It is speculated that this temperature difference promotes the coalescence of implanted point 

defects to form extended defects, which later impacts the hole mobility. Although the MRTA 

process achieved a high dopant activation efficiency, post-annealing extended defects still remain, 

indicating that further improvements in the MRTA parameter time distribution can be achieved. 

Both cycle period and peak temperature can be optimized to reduce the number of extended defects, 

which is expected to have a significant impact on further improving device performance.  

 

3.4 Summary  

In conclusion, x-ray scattering and electron scattering techniques are used to assess the 

implant-induced defects in GaN/sapphire heterostructure after the MRTA process. High-resolution 

x-ray diffraction together with dynamical simulation provides quantitative information on the 

implant-induced strain across the GaN thickness. X-ray-based reciprocal space map confirms the 

elastic strain caused by implantation is purely along the [0001] direction and is later removed 

during the MRTA process. Two beam condition TEM/STEM images reveal that the post-annealing 

extended defects are circular defects with an observable screw component. Inverse Fourier 

transform images provide direct visualization of extended defects at different depths from HRTEM 

measurements and suggest the defect density is affected by the MRTA cycle parameters. Even 
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given the high activation efficiency achieved, extended defects are still present after the MRTA 

process. Further study on reducing the extended defects through MRTA optimization is expected 

to further improve the p-type conductivity for the development of high-performance GaN p-n 

junction devices. To better understand the defect evolution during the dopant activation anneal, a 

high-quality homoepitaxial GaN structure is necessary. 
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Chapter 4 Strain Recovery and Defect Characterization in Mg Implanted Homoepitaxial 

GaN with Ultra-High-Pressure Annealing 

 

4.1 Motivation 

As discussed in the previous chapter, Mg implanted GaN/sapphire structures possess a high 

intrinsic defect density (>108 cm-2) 64 , 65 . Using high-quality GaN substrates can promote 

homoepitaxial GaN film growth with a much lower intrinsic defect concentration (< 106 cm-2) and 

is anticipated to further improve device performance as well as the ability to separate implant-

induced defects from those in the pre-existing hetero-epitaxial structure. This chapter demonstrates 

the study of implant-induced strain recovery and post-annealing defect evolution in Mg implanted 

homoepitaxial GaN grown on high-quality ammonothermal GaN substrates with ultra high-

pressure annealing (UHPA). The relaxation process of the implant-induced strain was investigated 

by quantifying the residual strain as a function of annealing temperature and annealing time. Post-

annealing extended defects were further characterized. Understanding the nature of the extended 

defects as well as the change of their density and configurations due to the annealing process is 

expected to help improve the electrical performance. 

 

4.2 Experimental Details  

In this study, high-quality (0001) GaN substrates grown by the ammonothermal method 

were used. GaN epitaxy films with a thickness of 1.5 μm were grown via metal organic chemical 

vapor deposition (MOCVD) on high-quality ammonothermal GaN substrates. The magnesium 

ions (2⋅1014 cm-2 dose) were implanted at room temperature at an angle of 7° and at an accelerating 

voltage of 100 keV.  Using the SRIM simulation software 60, the peak concentration was calculated 
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to be 1.6⋅1019 cm-3 at a depth of ~100 nm. Post-implantation annealing was performed at three 

different temperatures (700 °C, 1000 °C, and 1300 °C) for 10 min and 100 min. A high N2 pressure 

of 1 GPa was applied to prevent GaN from decomposition without using a dielectric cap. 

Structural characterization was performed by a combination of x-ray scattering and 

electron scattering techniques. The lattice distortions and crystalline quality were assessed by 

High-Resolution X-ray Diffraction (HRXRD) and X-ray topography (XRT). Triple axis X-ray 

measurements used a Jordan Valley (Bruker) D1 diffractometer, with an incident beam mirror to 

produce a parallel beam (Cu kα1 radiation), followed by a Si (220) channel cut collimator. The 

scattered beam optics included a Si (220) channel cut crystal. Synchrotron double crystal x-ray 

topography measurements were performed at the 1-BM Beamline of the Advanced Photon Source, 

Argonne National Laboratory with a photon energy of 8.05 keV. The first crystal was a highly 

asymmetric Si (333) beam expander and the sample (2nd crystal) was oriented for diffraction of 

the (1124) reflection. Detailed information of the post-annealing defects was obtained using 

Transmission Electron Microscope (TEM). TEM samples were prepared using Focused Ion Beam 

(Nova 600 SEM/FIB). Scanning Transmission Electron Microscope (STEM) images were taken 

using a Titan (FEI) system at UCLA. High-Resolution TEM images were taken using the Argonne 

chromatic aberration-corrected TEM at the Center for Nanoscale Materials, Argonne National 

Laboratory.  

 

4.3 Results and discussion 

X-ray reciprocal space maps (RSM) show that satellite peaks were observed at lower angles 

of the substrate GaN peak, indicating expansion perpendicular to the surface. Figures 4-1a and 4-
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1b show the symmetric reciprocal space map measured near GaN (0004) reciprocal space lattice 

point (RELP) and asymmetric RSM measured near GaN (1014) RELP.  

 

Figure 4-1 X-ray reciprocal space map for the as-implanted sample showing (a) the GaN (0004) 

RELP, and (b) the (1014) RELP. 

In both maps, the point (0, 0) corresponds to the position of the underlying, unimplanted GaN 

substrate RELP. The implant-induced strained layer RELPs extend to (0, -50).  The presence of 

the intensity at these lower angles is indicative of lattice distortion as a result of the implantation-

induced strain 66, 67, 68. In both maps, RELPs of the implant-induced strained layer are aligned 

vertically with the RELP of the underlying unimplanted GaN. This confirms that the implant-

induced strain is only along the vertical ([0001] direction) and the strained layer has a larger c-

lattice parameter than bulk GaN. This is due to the intercalation of implants and target atoms 

knocked off lattice sites expanding the lattice. However, the a-lattice parameter is constrained by 

the thick unimplanted GaN; therefore the implant-induced strain is pseudomorphic. The results are 

consistent with the study of Mg implanted GaN on sapphire shown in chapter 3 65, as well as the 

earlier studies on implanted GaAs 51, 52. To quantify the elastic strain, Bruker RADS software 69 is 
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employed to model the strain profile. The triple-axis ω:2θ line scan near GaN (0004) peak of the 

as-implanted sample is shown in Figure 4-2a. A simulated ω:2θ scan is superimposed over the 

experimental result in Figure 4-2a.  ω:2θ scans from the 700 °C samples that were annealed for 10 

min or 100 min are plotted together in Figure 4-2b (with the as-implanted sample included as a 

reference). After annealing at 700 °C for only 10 min, the position of the satellite peak shifts toward 

the main peak.  

 

Figure 4-2 (a) Triple axis XRD ω:2θ scan of the as-implanted sample and simulated scan using 

RADS software. (b) Triple axis XRD ω:2θ scans after annealing at 700 °C for 10 min and 100 min. 
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(c) Triple axis XRD ω:2θ scans after annealing at 1300 °C for 10 min and 100 min. (d) Simulated 

strain profile before and after annealing. No residue strain after annealing at 1300 °C for 10 min 

and 100 min. 

Qualitatively, this indicates a significant reduction of the implant-induced elastic strain as 

the lattice parameter of the strained layer gets close to that of the unimplanted GaN. Quantitatively, 

it is observed that ~2/3 of the initial strain was recovered by ten minutes, as shown in Figure 4-2d 

with a reduction in the maximum stain from 0.375% to 0.116%. The strain profiles for simulations 

of all the annealed samples are also determined and shown in Figure 4-2d. The same process was 

applied to all the subsequently annealed samples to understand the influences of annealing 

temperature and time on the elastic strain recovery. However, annealing at 700 °C for a longer 

time (100 min) reduced the strain further by only a small additional amount. The strain profile 

shows an additional small amount (0.012%) of strain was recovered – about 0.104% remains, 

corresponding to the small additional shift in the satellite peak.  This suggests that the point defect 

reconfiguration exhibits an initial fast transient, followed by a continued slower change in the 

implant-induced strain.  A recent study suggested that using electrical measurements, annealing at 

700 °C for a few minutes modified the electrical performance of their p-n diodes and suggested 

that this change was due to the reduction of implant-induced point defects 70. My results support 

the notion that some of the implant point defect concentration is reduced, but not all of it as some 

strain remains.  Annealing at 1000 °C led to greater initial, but also not complete, elastic strain 

recovery. As shown in Figure 4-2d, approximately 0.023% and 0.0135% still remained after 

annealing for 10 min and 100 min. This is evidenced by the presence of the “shoulder” on the left 

side of the main peak in the ω:2θ scans and again suggests a rapid initial strain recovery/defect 

reconfiguration with little additional change after a longer time. Complete recovery of the elastic 
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strain was observed both after annealing at 1300 °C for 10 min and 100 min, and only the (0004) 

GaN peak was observed, as shown in Figure 4-2c. This indicates the complete recovery of the 

strain, which corresponds to the displaced atoms moving back to their lattice sites or forming 

extended defects after annealing.  

To assess the extent to which extended defects form due to annealing, triple-axis x-ray 

rocking curve measurements were performed using the (0004) and (1014) reflections. The full 

width at half maximums (FWHM), as well as the full width at 0.01 maximum (FW0.01M) of the 

rocking curves, are summarized in Table 1.  

FW0.01M 

(FWHM) 

[arcsec] 

Unimplanted 700 °C  

10 mins 

1000 °C  

10 mins 

1300 °C  

10 mins 

1300 °C  

100 mins 

(0004) 46 (14) 51 (14) 61 (20) 74 (14) 74 (25) 

(1014) 45 (12) 43 (14) 66 (14) 156 (71) 66 (15) 

Table 4. FW0.01M (FWHM) from the triple-axis rocking curve scans.  

These peak widths are typically used as a measure of the crystalline quality of the GaN. FWHM 

and FW0.01M both reflect the amount of distortion caused by lattice imperfections/defects in the 

materials. However, when assessing the crystalline quality for high-quality structures, the FWHMs 

can be indistinguishable while the FW0.01M differences are more profound, as demonstrated in 

an earlier study evolving hydrogen implanted Si 71 as well as for misfit dislocations in InGaAs 

/GaAs structures 72. The FWHM of both (0004) and (1014) of the unimplanted sample is among 

the smallest that has been reported in the literature, showing the homoepitaxial GaN has very high 

crystalline quality. It should be noted that even after annealing at 1300 °C, the crystalline quality 

is still higher than what is observed in implanted and recovered heterostructures as the 
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FWHM/FW0.01M is an order of magnitude lower than the implanted and annealed GaN/sapphire 

heterostructures [14]. On the other hand, a clear increase in FWHM/FW0.01M is noted in the (1014) 

ω scans, particularly for the 1000 °C 10 min sample and the 1300 °C 10 min sample. This is 

indicative of an increasing amount of lattice distortion in the form of extended defects. Moreover, 

it is observed that the (1014) FWHM and FW0.01M of the 1300 °C 100 min sample are much 

smaller than those of the 1300 °C 10 min sample. This is particularly interesting as it indicates an 

improvement in the crystalline quality after annealing at 1300 °C for an extended time. Wider 

range scans from these two samples are shown in Figure 4-3 for a detailed comparison.  

 

Figure 4-3 (1014) triple-axis XRD rocking curves for samples annealed at 1300 °C for 10 min and 

100 min. 
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For the 1300 °C, 100 min annealed sample, the main peak is narrower than the sample annealed 

for 10 min; however, a stronger diffuse scattering was found, particularly at ~400-800 arcsecs to 

the left of the peak. The differences are possibly due to continued evolution of the defect 

configurations such that there is a change in defect density and morphologies. To investigate this 

further, double crystal x-ray topography (XRT) – which is highly sensitive to lattice imperfections 

with an angular resolution on the order of arcsec was used 73. Synchrotron double crystal XRT 

images at (1124) reflection of the unimplanted sample, the as-implanted sample, and the 1300 °C 

100 min sample are shown in Figure 4-4.  

 

Figure 4-4 Synchrotron double crystal x-ray topography (1124) images for (a) the unimplanted 

sample and (b) the as-implanted sample, both show a uniform contrast and the dot features 

corresponding to individual dislocations with a density of ~106 cm-2; (c) the 1300 °C annealed for 

100 min sample, shows large non-diffracting regions (arrows); the thin orthogonal lines and circles 

are from the metalization pattern on the sample surface. 

For a perfect crystal, the XRT would be uniformly grey across the whole image. However, 

individual dislocations induce local lattice distortions and result in small dot-like bright, non-

diffracting features, as shown in Figure 4-4a and 4-4b. After annealing at 1300 °C for 100 min, the 

XRT image (Figure 4-4c) shows features that exhibit strong contrast and large (tens of microns) 
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non-diffracting regions were observed. Thus, these features are associated with extended defects 

formed after annealing. These extended defects cause a large amount of tilt/misorientation in the 

lattice such that Bragg condition was not satisfied over wide areas. Of course, the defects 

themselves may not be so large, but the distortions they create extend over length scales (tens of 

microns) far larger than the defects themselves. Similar concepts have been demonstrated in earlier 

studies on the misfit dislocations in Si using XRT 55, 56. Note the presence of some orthogonal lines 

and circular features in Figure 4-4c, which are due to metallization on the sample surface.  

 

Transmission Electron Microscope was employed to further investigate the nature of these 

extended defects. Two beam condition STEM bright field images with the diffraction vector g 

equal to<1120> or<0002> are shown in Figure 4-5a and Figure 4-5b for the 1300 °C, 10 min 

sample. Extended defects were observed to a depth of ~200 nm (which corresponds to the straggle 

around the projected range) and consist of three different morphologies: lines, dots, and loops. 

Small line shape defects oriented parallel to the sample surface (highlighted with small arrows in 

Figure 4-5a) were identified to be basal plane stacking faults (BSFs). BSFs have a Burgers vector 

g of 1/3 <1010> and therefore is only visible under <1120> two beam condition. BSFs have been 

previously observed in implanted GaN as well as in other wurtzite III-V semiconductors 74,75,76. 

The formation of BSFs in GaN is equivalent to eliminating one basal plane, followed by a lattice 

translation along 1/3 <1010>. As a result, a strip of GaN with cubic stacking (ABCABC) is 

surrounded by the GaN with wurtzite stacking (ABAB) 77. High-resolution TEM image of the 

BSFs in 1300 °C, 10 min sample is shown in Figure 4-6 in which a cubic phase was observed 

within the hexagonal phase.  
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Figure 4-5 Cross-section STEM two beam condition bright field images with different diffraction 

vectors: (a) 1300 °C annealed 10 min sample, g = <1120> with the arrows showing the basal plane 

stacking faults; (b) 1300 °C annealed 10 min sample, g = <0002>; (c) 1300 °C annealed 100 min 
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sample, g = <1120>;  (d) 1300 °C annealed 100 min sample, g = <0002> ; (e) as-implanted sample,  

g = <1120>; (f) as-implanted sample, g = <0002>. In (c) and (d), the arrows show beam damage. 

 

Figure 4-6 HRTEM image at the implanted region in 1300 °C 10 min sample. Magnification of 

the image shows the lattice fitted with ball and stick models and confirms a change in the stacking 

sequence in planes from ABAB (wurtzite) to ABCABC (zincblende). The two circles highlight 

regions with Moiré fringes.    

Magnification of the images in these highlighted regions shows the lattice fitted with ball and stick 

models and confirms a change in the stacking sequence in planes from ABAB (wurtzite) to 

ABCABC (zincblende). The two phases are orientated such that the zinc blend [111] is parallel to 

the wurtzite [0001]. In fact, for SiC, the formation cubic phase inside hexagonal phase during the 
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post-implantation annealing had been investigated. Pezoldt et al. reported the formation of 3C-SiC 

clusters after annealing of 6H-SiC (implanted with Si) 78 . They concluded that lattice 

rearrangement such as the generation of partial dislocations and stacking faults can lead to 

formation of cubic phase SiC. This is consistent with my results suggesting that a similar process 

also exists in GaN. Apart from that, the high-resolution TEM image in Figure 4-6 also showed 

some Moiré fringes. They are formed by the superposition of two lattice planes that are similar in 

d-spacings but slightly misoriented 79. In this sample, the fringes could be generated by other 

extended defects, such as dislocations, causing local distortions in the lattice. In addition, loop-

shaped defects were also observed for the g = <1120> diffraction conditions (Figure 4-5a), but not 

for the g = <0002> condition (Figure 4-5b). These defects are identified to be dislocation loops on 

the prismatic planes. In the literature, prismatic loops are commonly found in hexagonal materials, 

for example, SiC 80 and ZnO 81, 82. The average diameter of the prismatic loops observed here is 

~30 nm. For the small dots that have dark contrast in both Figure 4-5a and 4-5b, I consider these 

to be defect clusters as they were observed under both <0002> and <1120> diffraction conditions. 

For the 1300 °C, 100 min sample, the same set of STEM image conditions are shown in Figure 4-

5c and 4-5d. Note that there are regions with uniform dark contrast (marked with arrows) which 

were caused by TEM beam damage. Interestingly, it was found that a reduction in the total number 

of extended defects compared to the case for annealing at 1300 °C; 10 min. The defect density was 

measured to be 3⋅107 cm-2 in the 1300 °C, 100 min sample, which is about an order of magnitude 

lower than the 1300 °C, 10 min sample (4⋅108 cm-2).  Also, the BSFs were absent, indicating that 

they were removed during the annealing from 10 min to 100 min. The prismatic loops are also 

fewer (4⋅106 cm-2 for 100 min vs 1⋅107 cm-2 for 10 min), but the average diameter is larger (~60 

nm). For comparison, the two beam condition STEM bright field images for the as-implanted 
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sample are shown in Figure 4-5e and 4-5f. No extended defect structures were observed This is 

different from the two annealed samples where extended defects such as stacking faults or 

dislocation loops were observed under g = <1120> (5a, 5c). Therefore, the conclusion is that the 

extended defects were formed after annealing the implanted sample. The TEM results are in good 

agreement with the XRD rocking curve results, suggesting an evolution in the crystalline quality 

as the annealing time increases at 1300 °C, which would presumably extend up to 1400 °C and 

above.  The decrease in FWHM/FW0.01M is associated with the reduction in the overall extended 

defect density. However, the growth of the prismatic loops and the formation of new edge-type 

linear dislocations are likely related to the diffuse scattering observed in the (1014) XRD rocking 

curve. Previous studies using heteroepitaxial GaN on sapphire structure showed there is a 

correlation between the remnant defect content and the device performance. A high remnant defect 

density would lead to reduced carrier mobility [9, 14]. However, it had not been resolved in that case 

if the defects that contributed to the reduced mobility were implant-induced or related to the high 

initial mismatch between GaN and sapphire. Using high-quality homoepitaxial GaN eliminates the 

influence of mismatch, thus any remnant defects are dominated by the implantation/annealing 

process. The recent study on electrical properties which employed a similar annealing technique 

(1GPa N2, 1380 °C, 5 mins) achieved p-type acceptor formation with over 50% activation at 500K 

using Mg implanted homoepitaxial GaN structures 43 (but only ~1.6% acceptor activation at room 

temperature)  due to the deep acceptor level which is similar to previous reports 38, 65. The room 

temperature mobility reported is comparable to that of MOVPE p-GaN. Unfortunately, there was 

no structural analysis in that study. This work complements those electrical measurements by 

showing the defect evolution after the high-pressure annealing step and is expected to improve the 

performance of GaN-based vertical power devices. 
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4.4 Summary  

Mg implanted homoepitaxial GaN grown on high-quality GaN substrates was annealed and 

characterized. The implantation process introduced an elastic strain along the [0001] direction. 

The strain recovery process was quantified and modeled as a function of annealing temperature 

and time. Complete strain recovery was observed after annealing at 1300 °C for 10 min. X-ray 

topography and (1014) triple-axis rocking curve scans showed the lattice distortion/tilt caused by 

the formation of extended defects. STEM images revealed the nature of the extended defects after 

annealing at 1300 °C were basal plane stacking faults, prismatic loops, defect clusters and edge-

type linear dislocations. A reduction of the extended defect density between 1300 °C for 10 min 

and 1300 °C for 100 min was observed and correlated with the decrease in triple-axis XRD rocking 

curve FW0.01M. The results suggested a significant amount of defect 

reconfiguration/rearrangement occurs at 1300 °C and likely at higher temperatures as well. Further 

reduction in the extended defect density by optimizing annealing temperature and annealing time 

is expected to have a significant impact on improving the performance of GaN-based vertical 

power devices. 
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Chapter 5 Defects Evolution and Mg Segregation in Mg-implanted GaN with Ultra-High-

Pressure Annealing 

 

5.1 Motivation 

The previous chapter shows promising results of the evolution of defect structures observed 

after annealing at 1300 °C for a longer time in a Mg single implant sample. However, for real 

applications, the doping profile needs to be a box profile. Meanwhile, by applying an ultra-high 

N2 pressure of one GPa, the annealing temperature can be further increased beyond 1300 °C to 

1500 °C, which is close to the targeted annealing temperature (2/3 of the melting point of GaN) to 

activate the Mg acceptors. This chapter will focus on Mg implantation into GaN with a multi-step 

box profile and annealing at temperatures up to 1500 °C. It leverages the defect characterization 

method with X-ray scattering and electron microscopy techniques that were developed (through 

the studies shown in the previous two chapters) to assess (i) the key residual defects after annealing 

that have a significant impact on the dopant activation efficiency and (ii) how to remove them. 

These results in this chapter are anticipated to guide the key processing steps and requirements to 

achieve high activation efficiency p-type doping for vertical GaN devices. 

 

5.2 Experimental Details  

GaN epitaxy films with a thickness of 2.5 μm were grown via metal-organic chemical 

vapor deposition (MOCVD) on high-quality ammonothermal GaN substrates 83 , 44. The 

magnesium ions with a box profile were implanted at room temperature using six different 

accelerating voltages (350 keV, 200 keV, 150 keV, 100 keV, 60 keV, and 25 keV) at a total dose 

level of 1×1015 cm-2. Using the SRIM simulation software 60, the maximum concentration was 
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calculated to be 1.8×1019 cm-3 from the surface to a depth of ~500 nm. Post-implantation annealing 

was performed on the implanted wafers at temperatures of 1300 °C, 1400 °C, and 1500 °C for a 

duration of either 10 minutes or 100 minutes and so will be referred to as, for example, the 1300°C; 

10 min., sample. An ultra-high N2 pressure of one GPa was applied during the annealing sequence 

to prevent GaN from decomposition without using a cap 44, 83. 

            Structural characterization was performed by a combination of X-ray scattering and 

electron scattering techniques. The lattice distortions and crystalline quality were assessed by 

Triple-axis X-ray diffraction (TAXRD) and X-ray topography (XRT). TAXRD measurements 

were performed using a Jordan Valley (Bruker) D1 diffractometer, with an incident beam mirror 

to produce a parallel beam, followed by a Si (220) channel cut collimator (Cu Kα1 radiation). The 

scattered beam optics included a Si (220) channel cut crystal 65, 83, 84. Synchrotron double crystal 

X-ray topography measurements were performed at the 1-BM Beamline of the Advanced Photon 

Source, Argonne National Laboratory with a photon energy of 8.05 keV. The first crystal was a 

highly asymmetric Si (333) beam expander and the sample was oriented for diffraction of the 

(112�4) reflection in the glancing incidence geometry 85, 86. Topography images were taken by 

exposing at different positions on the rocking curve and recorded separately on different films 

(hereinafter referred to as single exposure images). Information of the specific post-annealing 

defects was obtained using Transmission Electron Microscope (TEM). TEM samples roughly 100 

nm thick were made using an FEI Nova 600 Dual Beam Focused Ion Beam (FIB) and further 

thinned by a gentle Ar+ ion beam with 0.3 kV incident energy to remove any FIB induced damage 

layer. Scanning Transmission Electron Microscope (STEM) images using bright field (BF) or 

high-angle annular dark field (HAADF) detectors, and High-Resolution TEM images were taken 
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using the FEI Talos and Argonne Chromatic and Aberration-Corrected (ACAT) TEM respectively 

at the Center for Nanoscale Materials, Argonne National Laboratory 87.  

 

5.3 Results and discussions 

The triple-axis X-ray ω:2θ line scans near GaN (0004) peak of all the samples are shown 

in Figure 5-1a. The presence of the intensity with fringes to the left of the main peak in the as-

implanted sample is due to lattice distortion as a result of the implant-induced point defect 

formation 67, 84, 88. After annealing, in all cases, the implantation-induced strain is completely 

relieved. Previously, it was shown that annealing under a similar condition at 1300 °C for 10 min 

removed the implantation-induced strain for a single implant (Mg: 100 keV) at a dose level of 

2×1014 cm-2
 
83. In this work, the dose level is five times of that of previous work, and the same 

annealing condition is still sufficient to relieve the strain.  Meanwhile, annealing at higher 

temperatures and longer time does not have any further impact on the strain state. Thus in all cases, 

the point defects, which were responsible for the strain have reformed into more stable 

configurations that can include extended defects. The residual defect structures after annealing 

were first screened using X-ray topography. Figure 5-1 b-e show the single exposure curves X-ray 

topography images, taken at the peak of the (1124) rocking curves, from the as-implanted sample 

and samples annealed at 1300 °C, 1400 °C, and 1500 °C. In all cases, dot-shape defects are 

observed, which correspond to individual threading dislocations. The dislocation density is on the 

order of 104 cm-2, which is consistent with the dislocation density level in ammonothermal GaN 

reported in the current literature 89. The as-implanted and the 1500 °C annealed samples show 

similar characteristics: only individual threading dislocations with no extended defects are present. 

The 1400 °C sample consists of isolated loop-shaped defects that do not diffract at the same angle 
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as the rest of the material. Separate images capture the loops diffracting at an angular difference 

of ~8 arcsec away from the bulk of the GaN, quantifying the small but measurable local lattice 

distortion at the loop defects.  
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Figure 5-1 (a) Triple axis X-ray ω:2θ line scans near GaN (0004) peak for the samples showing the 

implant induced strain was fully relieved after annealing at 1300 °C for 10 minutes and annealing 

at temperatures ≥ 1400 °C has no further impact on the strain state; X-ray topography images 

exposed at a single point along a rocking curve for:  (b) as-implanted; (c) annealed at 1300 °C for 

10 minutes; (d) annealed at 1400 °C for 100 minutes, and (e) annealed at 1500 °C for 10 minutes. 

The white dots that appeared in all 4 images (b-e) are individual dislocations, and the densities are 

on the order of 104 cm-2.   
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The amount of the local lattice distortion here is comparable to an earlier work from our group, 

using laboratory XRT equipment, to determine the localized tilt (a few arcsecs) around micropipe 

defects in SiC substrates57. The 1300 °C sample, on the other hand, exhibits large non-diffracting 

features that are not observed in the other samples; (arrow in figure 5-1c). Details of the extended 

defects were further characterized using TEM/STEM images. Figure 5-2 shows the STEM two-

beam condition bright field images taken under different diffraction conditions. Figure 5-2 a-d are 

taken under g = <0002> to show, for example, defects with a screw component and figure 5-2 e-h 

are taken under g = <1120> to show defects with an edge component. The four samples can be 

divided into two groups based on the extended defects observed. The samples annealed at 1400 °C 

and 1500 °C showed very similar defect structures. The prominent residual defects after annealing 

at and above 1400 °C are dislocation loops. These dislocation loops are prismatic loops, dominated 

by edge characteristics, and therefore show strong contrast only under Under g = <1120> (figure 

5-2 f-h). Similar prismatic loops have been observed earlier in chapter 4 from the study focusing 

on Mg implanted GaN (single implantation at 100 keV) after UPHA at 1300 °C 83.  Most of the 

loops are not completely visible. Because those loops lie on crystallographic planes that are not 

perfectly parallel to the sample orientation, i.e. {1010}, only a portion of the loop is oriented to 

show contrast, an example is given with a blue arrow in figure 5-2f. In the extreme case, when the 

loop is oriented perpendicular to the sample orientation, for example {1120}, it will show up as a 

bright line surrounded by sharp contrast on both sides, an example is given with a red arrow in 

figure 5-2f. The contrast is caused by lattice distortion near the dislocation loop.   
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Figure 5-2 Cross-section STEM two beam condition bright field images with diffraction vector g = 

<0002>, (a) 1300 °C annealed 10 min sample; (b) 1400 °C annealed 10 min sample; (c) 1400 °C 

annealed 100 min sample;  (d) 1500 °C annealed 10 min sample; and diffraction vector g = <1120>; 

(e) 1300 °C annealed 10 min sample; (f) 1400 °C annealed 10 min sample; (g) 1400 °C annealed 

100 min sample; (h) 1500 °C annealed 10 min sample. In (f), the arrows show examples of 

dislocation loops that are not parallel to the FIB cut. All images share the same scale bar shown in 

(a).           

            The 1300 °C 10 min sample exhibits an additional, different defect structure than the others. 

Triangular and trapezoidal shape defects were observed under g = <0002>, these defects did not 

exist in the three samples annealed at higher temperatures. A magnified STEM bright field image 

taken under g = <0002>  for the 1300 °C 10 min sample is shown in figure 5-3a. Examples of the 

triangular and trapezoidal shape defects are circled in red and highlighted in the blue box. The 

triangular defects showed structural characteristics similar to those of pyramidal inversion domains 

(PIDs). The base of the PIDs is along the {0001} plane and the sidewalls (highlighted with dotted 
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lines) are along the {1123} planes, inclined at ~47°, as shown by high-resolution TEM image in 

figure 5-3b. The lattice is distorted inside the PID when compared to the surrounding GaN matrix. 

An additional atomic layer (highlighted with a green box) was observed near the base of the 

pyramid (basal plane of GaN), causing lattice bending of the following ten layers. For an individual 

PID (the STEM HAADF image is shown in figure 5-3c), the Energy Dispersive X-Ray Analysis 

(EDX) map in figure 5-3d shows the Mg signal at the PID. A line profile is generated by integrating 

the intensity in the yellow box in figure 5-3d and shown in figure 5-3e. From the EDX map and 

the line profile, an increased Mg signal is observed at the base of the PID, where the extra layer of 

atoms is located, with a decrease in the Ga signal at the same position. This indicates that there is 

possibly a compound formation including the Mg and N in the PIDs.  



69 
 

 

Figure 5-3 (a) STEM image of the 1300 °C 10 min sample showing examples of pyramidal 

inversion domain (circled in red) and trapezoidal inversion domain (boxed in blue); (b) HRTEM 

image of a pyramidal inversion domain showing the {1123} facets (highlighted with dotted white 

lines) and the extra layer of atoms near the base (boxed in green); (c) HAADF image of a pyramidal 

inversion domain; (d) EDX map showing the Mg segregation in the pyramidal inversion domain 

shown in c. (e) EDX line profile generated by integrating the intensity in the yellow box in Fig. 3d 

(the arrow shows the direction of the line profile, i.e. the start is at the bottom).  

For the trapezoidal shape defects, facets along the {1123} planes on the edge were also observed, 

as shown in figure 5-4a (highlighted with orange lines). The EDX map and line profile from the 
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trapezoidal shape defects also show increased Mg signal and reduced Ga signal along the basal 

plane, shown in Figures 5-4b and 5-4c, which is similar to what was observed in the PIDs. 

Therefore, these trapezoidal shape defects were considered as trapezoidal inversion domains 

(TIDs). In fact, the center part of the largest TID consists of a series of small aligned pyramids, as 

shown in figure 5-3a. It is speculated that the TIDs are the initial stages of development and will 

eventually evolve into the PIDs. Thus, it appears that both the PIDs and TIDs defects contain 

electrically inactive Mg atoms and could be a cause of the reduction in Mg activation efficiency. 

In the current literature, PIDs with signs of Mg segregation have been observed in both highly Mg-

doped epitaxial layers with Mg concentration above the 1019 cm-3  level 90 91 92as well as in Mg 

implanted GaN after annealing at 1350 °C 93.  In MOVPE epitaxial Mg-doped p-GaN, Vennegues 

et al. hypothesized that introducing a higher level of Mg in GaN results in the formation of Mg3N2 

where inactive Mg atoms do not substitute Ga sites but are accommodated into other sites 91.  

 

Figure 5-4 (a) HAADF image of a trapezoidal inversion domain with the edge also showing {1123} 

facets (highlighted with a diagonal orange line); (b) EDX map showing the Mg segregation in the 

trapezoidal inversion domain shown in a. (c) EDX line profile generated by integrating the 
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intensity in the yellow box in Fig. 4b (the arrow shows the direction of the line profile, i.e. the start 

is at the bottom). 

Another study from Remmele et al. further characterized the PIDs produced during epitaxy 

with TEM and modeled the domain boundary along the base to follow GaNMgNGa layers in an 

abcab stacking 94. The ACAT TEM results are in good agreement with this model and show that a 

similar interaction between Mg and N occurred in Mg implanted GaN after annealing at 1300 °C. 

The base of PIDs contains a row of Mg atoms and thus prevents the Mg from becoming electrically 

active. However, in those epitaxially grown structures, it is difficult to remove the PIDs once they 

are formed. To suppress the formation of the PIDs, a low-temperature growth method is needed, 

such as metal-modulated epitaxy 95.  Unlike the case for annealing the ion implantation damage, 

the MOCVD growth temperature (~1150 °C) of highly Mg-doped epitaxial GaN is well below the 

temperature needed to deter inversion domain formation.  In the case of Mg implanted GaN, the 

current literature has not shown how to remove or avoid the PIDs. However, the PIDs and TIDs 

are not observed in any of the samples annealed at and above 1400 °C in this work. This suggests 

that the PIDs and TIDs either do not form or are dissolved at high temperatures (≥ 1400 °C) and 

are formed only at temperatures ~ 1300 °C after implantation as presented here and also described 

in works by Kumar et al.,  96 for implantation (and in works by Vennegues et al., 90, 91 for epitaxial 

structures in which high concentrations of Mg are present after epitaxial growth at ~1150 °C). This 

provides insight for improving dopant activation efficiency by annealing Mg-implanted GaN at 

temperatures above 1400 °C. Recently, Breckenridge et al 44., reported the electrical data from a 

sister set of the samples annealed up to 1400 °C under similar conditions, shown in figure 5-5. 
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Figure 5-5 Carrier concentration measured using hall measurements for Mg implanted GaN with 

UHPA at temperatures of 1300 °C and 1400 °C for 10 minutes 44. 

The results showed that annealing at 1400 °C leads to higher dopant activation (~10% at room 

temperature, ~100% at 500 °C, because the Mg level is not that shallow – at ~ Ev+ 0.2 eV),  

compared to annealing at 1300 °C (<1% at room temperature, ~40% at 500 °C). Based on the 

model from Remmele et al.,  the amount of Mg bound in the PIDs and TIDs is estimated to be 

1.6×1018 cm-3, which is ~10% of the total Mg content 94. This represents the lower bound of the 

Mg in PIDs and TIDs because the EDX clearly shows higher Mg concentrations within the entire 
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defects (for example figure 5-3d and 5-4b). The results here complement the earlier study from 

Breckenridge et al., 44 by providing the structural analysis of the residual defects and showing the 

Mg segregation in PIDs and TIDs is a key mechanism for the reduction of dopant activation 

efficiency and can be avoided if the annealing temperature is ≥ 1400 °C.  

            As shown before, the prominent residual defects after annealing at and above 1400 °C are 

prismatic dislocation loops. High-resolution TEM image from one of the small loops in the 

1400 °C 10 min sample is shown in figure 5-6a. Fast Fourier transform (FFT) patterns were 

obtained from three regions on the HRTEM image, outside of the loop (blue), near the center of 

the loop (orange), and on the edge of the loop (red), as shown in figure 5-6 b-d. FFT taken at 

regions outside of the loop (blue) and on the edge of the loop (red) show a pure hexagonal GaN 

pattern, highlighted with red circles. FFT near the center of the loop shows additional patterns, 

highlighted with yellow circles that correspond to cubic GaN, where [110] cubic is parallel to [1120] 

hexagonal. Iwata et al., have reported similar dislocation loops in Mg implanted GaN and showed 

these loops are vacancy type dislocation loops 97. The study in chapter 4 showed that during post-

implantation annealing, the removal of implant-induced strain is accompanied by lattice 

rearrangement such as the generation of stacking faults, which can lead to the formation of cubic 

phase 83. It is speculated that a similar process occurs during the formation of these dislocation 

loops. Lattice rearrangement disrupts the original hexagonal stacking and results in parts of the 

lattice exhibiting cubic stacking. On the other hand, there is an overall decreasing trend in the 

defect density after annealing at a higher temperature or for a longer time. The loop defect density 

was measured to be 3.8×109 cm-2 for 1400 °C 10 min case, 1.5×109 cm-2 for the 1400 °C 100 min 

case, and 1.1×109 cm-2 for 1500 °C 10 min case. Therefore, annealing at high temperature (≥ 
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1400 °C) showed no sign of Mg segregation and a decreasing trend in defect density, both of which 

are expected to improve device performance.   

 

Figure 5-6 (a) HRTEM image of a small dislocation loop, fast Fourier transform pattern from three 

regions (three boxes) are shown in b-d; b) FFT outside of the loop showed pure hexagonal pattern 

(red circles); c) FFT close to the center of the loop show hexagonal GaN plus additional cubic GaN 

pattern (yellow circles); d) FFT on the edge of the loop also show a pure hexagonal pattern; (e) 

HAADF image of a small dislocation loop and the (f) the EDX map showing no signs of the Mg 

segregation in the loop.   

 

5.4 Summary 

The defect characteristics in magnesium implanted homoepitaxial GaN with ultra-high N2 

pressure annealing were investigated. Annealing of Mg implanted GaN with one GPa N2 pressure 
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at 1300 °C for 10 minutes completely removed the implant-induced strain. Extended defects 

remain after annealing with both pyramidal and trapezoidal inversion domains, as well as prismatic 

dislocation loops. The inversion domains show clear Mg segregation and produce electrically 

inactive Mg that limits the dopant activation efficiency. Increasing the annealing temperature ≥ 

1400 °C under the same condition results in a decrease in residual loop defect density with no sign 

of Mg segregation at these defects. Pyramidal and trapezoidal inversion domains also do not exist 

with annealing temperatures ≥ 1400 °C.  This study provides the structural analysis of the residual 

defects, showing Mg segregation in PIDs and TIDs is one of the mechanisms for inactive Mg and 

can be avoided if the post-implant annealing temperature is ≥ 1400 °C. This work complements 

an earlier study with dopant activation efficiency data showing that annealing at 1400 °C leads to 

higher dopant activation compared to annealing at 1300 °C. Results from this work are expected 

to help achieve higher activation efficiency of p-type doping for devices including vertical GaN 

device structures. 
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Chapter 6 Conclusion and Future Work 

 

6.1 Conclusions 

This work provided a fundamental understanding of the implant-induced defects in Mg 

implanted GaN and their impacts on the electrical performance. It started by developing a 

methodology to study the structural defects associated with Mg implanted heteroepitaxial GaN on 

sapphire substrates with MRTA annealing. The implant-induced strain was quantified, and the 

direction of the strain was determined using x-ray diffraction techniques. The post-annealing 

defect characteristic was analyzed using TEM and it was found that improvements in mobility 

correlate with defect reduction in the implanted layer. However, the high intrinsic defect density 

(> 108 cm-2) that existed in the heteroepitaxial GaN makes it difficult to separate implant-induced 

defects from the pre-existing intrinsic defects. The rocking curve widths are still broad even after 

the MRTA annealing.  

Homoepitaxial GaN on high-quality ammonothermal substrate possesses low intrinsic 

defect density (~104 cm-2) and was ideal for studying the strain relaxation and defect evolution in 

Mg implanted GaN (single energy implant 100 keV) with UHPA annealing at temperatures from 

700 °C to 1300 °C. High initial point defect ‘relaxation’ was observed at all temperatures. A 

substantial amount of strain relaxation occurs within 10 minutes. An additional 90 minutes of 

subsequent anneal results only in small addition displacement reconfiguration. A complete strain 

removal (displacement reconfiguration) was achieved by annealing at 1300 °C for 10 min using 

UHPA. A significant amount of lattice rearrangement was observed after annealing at 1300 °C for 

a longer time (10 min vs 100 min) evidenced by the reduction in both the rocking curve width as 

well as the extended defect density after annealing at 1300 °C for a longer time.  
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Building upon all the valuable information obtained, this work proceeds to understand defect 

evolution at temperature ≥ 1300 °C and their impacts on the electrical performance in Mg 

implanted GaN with a box profile (more practical in real applications). Annealing Mg-implanted 

homoepitaxial GaN at temperatures at or above 1400 °C eliminates the formation of inversion 

domains and leads to improved dopant activation efficiency.  Extended defects in the form of 

inversion domains contain electrically inactive Mg after post-implantation annealing at 

temperatures as high as 1300 °C (UHPA), which results in a low dopant activation efficiency (<1% 

at room temperature, ~40% at 500 °C).  However, annealing at temperatures of 1400 °C to 1500 °C 

(also one GPa N2 overpressure) eliminates the presence of the inversion domains.  While residual 

defects, such as dislocation loops, still exist after annealing at and above 1400 °C, chemical 

analysis at the dislocation loops shows no sign of Mg segregation. Meanwhile, an overall 

decreasing trend in the dislocation loop size and density is observed after annealing at higher 

temperatures and longer times. Electrical measurements show improved activation efficiency after 

annealing at 1400 °C (~10% at RT, ~100% at 500 °C). The results provide the structural analysis 

of the residual defects and show that Mg segregation in the inversion domain is a key mechanism 

for the reduction of dopant activation efficiency and can be avoided if the annealing temperature 

is ≥ 1400 °C. Results from this work are expected to help achieve higher activation efficiency of 

p-type doping for devices including vertical GaN device structures. 

 

6.2 Future Work 

The UHPA method is a conventional annealing method with a low ramp rate (40 °C/ min). 

The time it takes to reach elevated temperature (>1300 °C) is usually long and a significant amount 

of Mg diffusion would happen during ramp up as well as the dwell time. Sakurai et al. have shown 
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that a significant Mg diffusion occurs after UHPA (one GPa N2) annealing at 1400 °C and above 

for only 5 mins 43. The post-annealing Mg extends over 500 nm deeper than the designed depth. 

As shown in figure 6-1 on the left, the SIMS data show the Mg peak concentration also dropped 

from 1×1019 cm-3 to ~2×1018 cm-3. Future work to suppress the Mg diffusion effect during dopant 

activation annealing is needed to better control the doping profile. One potential approach is using 

MRTA instead of UHPA. Earlier results show that the SIMS Mg profiles before and after MRTA 

annealing at a peak temperature <1400 °C for a total time of 5 mins are identical (Figure 6-1 on 

the right) 64. Process development of using MRTA annealing at a peak temperature >1400 °C for 

a total time of a few minutes is expected to achieve good dopant activation with less Mg diffusion 

involved but requires a series of optimization in annealing pressure, cycle time, and AlN cap 

structures.  

 

Figure 6-1 SIMS Mg profiles before and after UHPA annealing at temperatures ≥ 1300 °C for 5 

mins (left) 43, and SIMS Mg profiles before and after MRTA annealing at a peak temperature 

<1400 °C for a total time of 5 mins (right) 64.   
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