
 

 

 

ATOM PROBE TOMOGRAPHY STUDY OF 

WIDE BANDGAP SEMICONDUCTOR 

MATERIALS 

 

by 

NABIL FARAH DAWAHRE OLIVIERI 

PATRICK KUNG, COMMITTEE CHAIR 
SEONGSIN MARGARET KIM 

ARUNAVA GUPTA 
SERGEY MIROV 
HUNG-TA WANG 

 

A DISSERTATION 

 

Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy 

in the Department of Electrical and Computer Engineering 
in the Graduate School of 

The University of Alabama 

 

 

TUSCALOOSA, ALABAMA 

 

2015 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Copyright Nabil Farah Dawahre Olivieri 2015 

ALL RIGHTS RESERVED



 

 ii 

 

 
 
 

ABSTRACT 

 This dissertation focuses on developing atom probe tomography (APT) for 

semiconductors. APT is quickly gaining interest in the field of material characterization because 

of its unique ability to provide 3D nanoscale studies. APT has been widely used in metals and 

conductive materials but design changes in the tool in recent years have made atom probe a 

suitable tool for semiconductor analysis. Because research in atom probe tomography of 

semiconductors is still in its infancy, it is still unclear whether this characterization method is 

suitable for semiconductor and how the added knowledge can be different than other accessible 

tools. 

 This work will utilize APT as a characterization tool for wide bandgap semiconductors, 

specifically ZnO nanowires and GaN-based epitaxial sample. Wide bandgap semiconductor 

materials have attracted considerable attention in recent years because of the practical 

applications such as green and blue light emitting and laser diodes, solid-state lighting, 

photovoltaics, RF and microwave electronics, and gas sensors. Although silicon has remained 

the industry standard for many of these applications, its limitations have made way into the 

research of wide bandgap semiconductor materials, such as zinc oxide (ZnO) and gallium nitride 

(GaN). Because of their large direct bandgap, these materials show excellent promise in the field 

of optoelectronics, high frequency, high temperature and high power applications.  

 First, we understand the behavior of the material to achieve field evaporation under APT 

conditions and the mechanisms behind, as well as ways to overcome the different artifacts 

introduced during sample preparation and data collection. Following this understanding, we can 
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begin to apply APT to device structures to understand the effects of radiation on materials at the 

atomic scale, as well as the cluster formation of some of the elements along the material. At the 

conclusion of this dissertation, APT will deliver the results necessary to maximizing device 

efficiency as well as build the pathway for future APT analysis. 
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CHAPTER 1  

INTRODUCTION 

 For many years, silicon (Si) has been an industry standard for semiconductor application. 

However, the limitations of Si, especially for optical devices, have fueled research in other 

semiconductor materials, such as wide bandgap (WBG) semiconductors with a bandgap energy 

much larger than that of conventional silicon (1.1eV) or gallium arsenide (1.4 eV) 

semiconductors.1 WBG are promising for optoelectronic, high frequency, high temperature 

and/or high power applications.1 This dissertation will focus on two of the main families of 

WBG semiconductors: zinc oxide and gallium nitride. 

1.1. Zinc Oxide Semiconductors and Nanowires 

 Zinc oxide (ZnO) is a II-VI semiconductor material that has a wurtzite crystal structure 

and a direct wide bandgap of 3.37 eV.2 Some of its attractive physical properties include a large 

exciton binding energy ~ 60 meV, large piezoelectric effect, room-temperature ferromagnetism, 

and magneto-optic effects, which enable its use in many applications such as photodetectors, 

solar cells, light emitting diodes and lasers, RF and microwave electronics, photovoltaic devices, 

transparent electronics, chemical sensors, etc.2-6 The physical properties of ZnO are summarized 

in Table 1.2 by comparison to Si and GaAs. 
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ZnO2, 7 GaN1, 8-10 AlN8, 10 Si8, 10 GaAs8 

Bandgap (eV) 3.37 3.40 6.2 1.12 1.42 

Lattice Constant (Å) a = 3.252    
c = 5.213 

a = 3.189    
c = 5.185 

a = 3.112    
c = 4.982 a = 5.43 a = 5.653 

Crystal Symmetry Wurtzite Wurtzite Wurtzite Diamond 
Cubic 

Zinc 
Blende 

Dielectric Constant (ε) 8.49 8.9 9.14 11.7 12.9 

Piezoelectric Constant d33 
(pm/V) 10.0 9 3.4 - 5.6 11.8 12.8 

Effective hole mass                   0.78 m0 ** 1.4 m0** 3.53 m0 ** 0.49 m0 ** 0.51 m0 ** 

Effective electron mass 0.23 m0 0.2 m0 0.33 m0 0.98 m0 0.063 m0 

Bulk electron mobility                
(cm2 /V s) 205 1300 300 1350 6000 - 

8500 
Bulk hole mobility                

(cm2 /V s) -- 350 14 450 400 

Breakdown Voltage (MV/cm) -- 4.0 - 5.0 1.2 – 1.8 0.25 0.4 

Table 1.2. Physical properties of common semiconductors. ( **heavy hole) 

 Nanowires (NWs) have attracted tremendous amount of interest due to their one-

dimensional (1D) nature that allows their electrical, optical and mechanical properties to be 

controlled by size and geometry, and have been realized from Si11, 12, GaAs,13, 14 GaN,15, 16 and 

ZnO.4, 17 These nanostructures are expected to exhibit enhanced luminescence efficiency, 

thermoelectric properties, and mechanical strength.18-21 The potential applications of ZnO NWs 

devices strongly depend on a fundamental understanding of their electrical properties. As a 

semiconductor material, undoped ZnO often shows an n-type behavior due to its intrinsic defect 

such as oxygen vacancies and zinc interstitials,2 although intentional n- or p- type doping have 

also been reported.22-25 One of the most important properties of ZnO is its piezoelectricity, the 
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highest piezoelectric tensor among the tetrahedrally bonded semiconductors.26 This makes it 

highly promising for nano electromechanical systems, piezoelectric sensors, and energy 

conversion from mechanical to electricity.27 This property comes from the lack of center of 

symmetry in ZnO, combined with the large electromechanical coupling.27 The effective 

piezoelectric coefficient d33 for a ZnO nanostructure is approximately 26.3 pm/V, a value much 

larger than that of bulk ZnO of about 10 pm/V.27 

 So far, significant progress has been made in ZnO NW research in terms of material 

synthesis.4, 17, 28 However, before being able to maximize the material’s potential, we must first 

gain the necessary understanding of the chemical composition, defect distribution and impurity 

incorporation of the nanowire at the atomic scale. Currently, conventional transmission electron 

microscopy has been the only primary method used to assess the chemical composition profile 

with high level of resolution, but it only provides a limited one-dimensional average of the 

chemical composition and not a true 3D mapping. Overcoming these material analytical 

challenges will prove beneficial for improvements of devices in the field of optoelectronics. 

1.2. Gallium Nitride Semiconductors 

 Gallium nitride (GaN) is another III-V semiconductor material with a wurtzite crystal 

structure and a direct wide bandgap of 3.4 eV.  Its properties are often considered similar to 

those of ZnO.1 The physical properties of GaN are summarized in Table 1.2 by comparison to 

ZnO, Si and GaAs. GaN has become one of the leading modern semiconductor materials for 

device applications.  It was first synthesized in 193229,  but it was not until the mid-1980s that it 

gained significant importance following the demonstration of successful high crystal quality and 

p-type doping.30-36 Today, light emitting diodes and laser diodes based on GaN materials are vital 
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optoelectronic components that have had a significant impact in enabling energy efficient 

lighting, optical communications, industrial processes.37-41 

 Through alloy compounding with Al and/or In, the GaN based family of semiconductors 

can reach a tunable bandgap between 0.7 and 6.2 eV, which makes them the leading 

optoelectronics material for devices such as blue and green lasers, ultraviolet-blue-green-amber 

and white light emitting diodes, as well as the next generation RF-microwave devices, power 

amplifiers and high temperature electronics.9, 42-44 

 Doping is also an important facet of GaN material engineering for devices. N-type doping 

is most commonly done with Si and can be easily achieved in common epitaxy growth 

techniques.45-47 P-type doping has, however, proved to be quite difficult to successfully 

incorporate. Magnesium is on the most common dopants used, however, this still required post-

growth annealing in order to activate the acceptors.32-36 

1.3. Gallium Nitride Based High Electron Mobility Transistors 

 High electron mobility transistors (HEMTs) are unipolar transistor structures that can be 

used for high frequency and high power applications. It generally consists of a heterojunction, 

such as the one shown in Figure 1.1, which combine two semiconductor materials of different 

compositions. A two-dimensional electron gas (2DEG), a confined sheet of electrons, is formed 

at the junction interface between the two materials of different bandgap, such as an AlGaN 

barrier layer on a GaN buffer, or an AlInN barrier layer on a GaN buffer. Using such GaN 

semiconductors is advantageous to realize transistors that can withstand high current densities 

and temperatures, suitable for high speed and high power operations.42, 48, 49 Furthermore, it is 

also ideal to endure harsh environments due to its chemical and mechanical hardness.50, 51 
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Figure 1.1 AlxGa1-xN/GaN heterojunction band diagram schematic showing the 2DEG. 

 In GaN based HEMT structures, the characteristics of the 2DEG are determined by the 

AlGaN or AlInN alloy compositions and layer thicknesses, which influence the net polarization 

in the heterostructure. There exist two types of polarizations: a spontaneous polarization and a 

piezoelectric polarization, with directions shown in Figure 1.2.52 The spontaneous polarization 

(PSP in Figure 1.2) arises from the intrinsic polarization that already exists in the free-standing 

bulk material when it is at zero strain when the GaN materials are deposited on their (0001) 

crystallographic planes.53 AlGaN, AlInN and GaN all exhibit a spontaneous polarization on their 

own, with the AlGaN polarization being much higher. The piezoelectric polarization (PPE in 

Figure 1.2) is created as a result of the tensile strain formed when growing epitaxial AlGaN on a 

relaxed GaN layer, where no piezoelectric polarization exists for the lattice matched case of 

AlInN/GaN. The spontaneous and piezoelectric polarizations are generally oriented in the same 

direction parallel to each other.54 This combination enhances the 2DEG density in this confined 

sheet. The net polarization is therefore controlled by strain, and therefore the composition and 

thickness of the heterojunction materials in contact. 
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Figure 1.2. Piezoelectric polarization in AlGaN/GaN heterostructure; the piezoelectric (PPE) and the 
spontaneous (PSP) polarization both point in the same direction. 

 The polarization that is therefore naturally present at the AlGaN/GaN and AlInN/GaN 

heterojunction interfaces leads to a large 2DEG density, such that it is not necessary to introduce 

dopants in the barrier layer. This has been shown to result in higher performance devices than its 

AlGaAs/GaAs counterparts.55 To date, 2DEG electron concentrations in GaN based HEMTs 

have been reported to be as large as 1013 cm-2,56  while electron mobility were near 2019 cm2/V.s 

room temperature and increased to 10250 cm2/V.s at temperatures below 10 K.57 Nowadays, 

GaN based HEMTs are starting to be used for high-frequency applications such as X-band radar 

in the 8-12 GHz range, with reports of devices capable of operating up to 518 GHz.58-61 

 However, further and novel device development can only be achieved with a better 

understanding of the GaN based semiconductor materials used in these devices and the interfaces 

at the nanoscale. In particular, one interesting characteristics of such materials is their higher 

radiation tolerance compared to other conventional electronic materials, which makes GaN ideal 

for space applications. Its high bond strength and small lattice parameters was reported to lead to 

high displacement energies for the Ga atoms, Ed = 19.2 ~ 20.5 eV.62, 63 

1.4. Dissertation Organization 

 The objective of this dissertation is to explore if atom probe tomography is a suitable 

material characterization technique to investigate the nanoscale properties of wide bandgap 

  AlGaN         PSP PPE 

2DEG 
GaN Buffer PSP 
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semiconductors and structures. With the ability of nanoscale characterization and 3D capabilities, 

atom probe tomography (APT) could be used to study the effects of radiation on device 

structures and clustering analysis. Before this type of analysis can be achieved, we must fully 

understand the mechanisms of field evaporation of semiconductors in APT; as well as gaining 

fundamental understanding of atom probe tomography and developing means to overcome its 

limitations in the context of these materials. The author’s experience with material 

characterization and atom probe tomography was very limited. A big part of the project was an 

introduction to the different techniques, specifically atom probe tomography, presented in this 

report as well as an extensive review of material properties and material characterization. Atom 

probe tomography of semiconductors, in specific wide bandgap, was, at the beginning of the 

project, something very new with less than 100 peer reviewed articles on the topic. Furthermore, 

the experience at The University of Alabama with this topic was non-existent. Therefore, it 

proved to be a challenge to be able to overcome the limitation presented by these materials 

without a solid foundation laid. 

 Chapter 2 summarizes the conventional characterization techniques employed in this 

work alongside atom probe tomography. Chapter 3 provides a brief review of atom probe 

tomography, including a short history of field evaporation and how the current state-of-the-art 

was attained. It will also give the fundamental information on how the system operates and how 

the data is collected. Chapter 4 presents our atom probe results for ZnO nanowires, which 

already have an appropriate geometry. The work involved developing suitable data analysis 

methodology to overcome measurement artifacts and achieve correct material stoichiometry, as 

well as the detection of impurities in the nanowires.  Chapter 5 discusses research carried out to 

develop the atom probe tomography technique beyond nanowire to epitaxial films and 
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heterostructures based on GaN semiconductors. Both laser and voltage modes of operation have 

been successfully employed, which has proved a daunting specimen preparation task due to 

quasi-insulating nature of the material. The pros and cons of each method are discussed and 

compared. In laser mode, the research has involved overcoming a series of artifact issues in order 

to achieve proper data analysis. Chapter 6 expands on the idea of field evaporation of gallium 

nitride and discusses how the evaporation mechanism occurs as a two-step process, and how sub-

bandgap absorption can be achieved. 

 Finally, in Chapters 7 and 8 we use the knowledge gained from tom probe tomography of 

a homogeneous binary compound, such as GaN, and expands into ternary and quaternary 

heterointerface structures. In Chapter 7, we focus on ternary epitaxial nitrides grown on gallium 

nitride and the interface study where the 2DEG is located. This includes study of the diffuseness 

of elements across the interface and the use of isosurfaces to study changes in interface 

roughness as a function of different radiation doses. In the next chapter, we move to more 

complex quaternary structures and discuss the implications behind clustering and how it can be 

analyzed using binomial distributions in APT. 
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CHAPTER 2 

METHODOLOGY 

2.1. Introduction 

 In this chapter, we discuss the methodology involved in the growth and some of the 

characterization techniques presented in this work (Atom probe tomography will be discussed in 

the proceeding chapter). The ZnO nanowires were grown using a standard vapor-liquid-solid 

(VLS) procedure. The GaN, AlInN and AlGaN epitaxial samples were grown using a metal-

organic vapor phase epitaxy (MOVPE). Their nanocrystalline structure was studied via electron 

scanning microscopy (SEM) and transmission electron microscopy (TEM). Standard atomic 

force microscopy (AFM) procedure was used to study the surface morphology of the sample. 

The conductive properties of the materials were measured using standard Hall measurements. 

2.2. Material Growth 

 Chemical Vapor Deposition Growth of ZnO Nanowires 2.2.1.

 The ZnO nanowires were grown in a three-zone tube furnace using a ZnO (99.5% purity) 

and graphite powder mixture as the source material. The gas flow of the carrier gas argon 

(99.999% purity) was regulated by mass flow controllers. Likewise, additional oxygen was 

introduced along with the carrier gas from either a 20:80 O2/Ar or a 20:80 O2/N2 mixture at a 

flow rate of 1 sccm. The ZnO nanowires were grown on c plane sapphire at atmospheric pressure. 

In order to grow well-aligned nanowires, a modified wet chemistry process was used to coat the 

substrate with ZnO seed by decomposition of zinc acetate (Zn(Ac)2) nanocrystals.17 In this 
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process, a drop of zinc acetate solution with a concentration of 0.0005mol/L in ethanol was 

dropped on the substrate. This procedure was repeated 10 times before the substrate was baked in 

air for 20 minutes at 350 °C. This process was repeated once more to ensure the substrate is well 

coated. In order for the reduction of ZnO to occur via a carbo-thermal process, a temperature of 

900 °C was used during the growth with carrying deposition times between 15 and 30 minutes. 

The schematic of the three-zone tube furnace is shown in Figure 2.1. 

 

Figure 2.1. Schematic diagram of the three-zone tube furnace with the location of source material and 
substrate. 

 Metal Organic Vapor Phase Epitaxy Growth 2.2.2.

 MOVPE is a common synthesis procedure in III-Nitride semiconductors growth. In this 

process, gaseous precursor molecules are transported into a heated substrate where they react to 

form an epitaxial matching crystalline film on a substrate.64 For the purposes of our studied III-

Nitride compounds, the most common metal-organic precursors used are trimethylgallium (TMG, 

Ga(CH3)3), trimethylaluminum (TMA, Al(CH3)3) and trimethylindium (TMI, In(CH3)3). These 

metal-organics are stored in bubblers where the temperature is precisely selected to control the 

vapor pressure over the source material.64 A carrier gas, most often nitrogen or hydrogen, flows 

through the bubbler, saturates the metal precursor and transports it to the reactor chamber where 

the substrate is located. In the reactor chamber, the metal gas reacts with a nitrogen source, 

usually ammonia (NH3). Although the mechanisms of the growth go beyond the scope of this 

work, below is the common chemical reaction that occurs to form crystalline GaN: 

Source SubstrateCarrier gas
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Ga(CH3)3(g) + NH3(g) à GaN(s) + 3CH4(g) 

 In order to achieve the desired final structure, parameters in the MOVPE system can be 

controlled including: substrate temperature, reactor pressure, flow rate of the gases into the 

chamber, ratio of the partial pressures of the gases. The sapphire substrate is the most commonly 

used due its maturity in the growth development and accessibility. 

2.3. Atomic Force Microscopy 

 Atom force microscopy (AFM) is a tool used to produce a height mapping of the sample 

surface with high vertical resolution. A tapping mode is used to scan a small tip over a surface to 

give detailed information on the morphology of the sample surface. The tip is located on the end 

of a microcantilever, which is deflected as the tip approaches and raster scans the surface at a 

specified frequency. The tip-sample interactions include Van der Waals forces, dipole-dipole 

interactions, Coulomb forces, etc. The deflections in the cantilever are measured with a laser that 

reflects off the cantilever surface to a detector. The signal from the laser is driven back through a 

feedback loop that controls the piezoelectric actuator in order to maintain constant tip-surface 

interaction. In this work, we use tapping-mode on Dimension 3000 by Digital Instruments AFM 

to study the structural surface quality of the samples. Figure 2.2 shows the schematic of our 

AFM setup.65 

 



 

 12 

 

Figure 2.2. From Xie65, schematic diagram of the AFM set up. A cantilever tip scans the surface of the 
sample, while a laser reflects from the back of the cantilever to a detector. Meanwhile, a feedback system 
runs between a computer and the XYZ piezotube scanner to continuously adjust the height of the tip so 

that the amplitude of oscillation of the cantilever remains constant. 

2.4. Scanning Electron Microscopy 

 In scanning electron microscopy (SEM), a small electron beam is scanned across a 

sample and the electron–material interaction produces a series of signal that can be detected and 

contain information about the sample’s surface topography and composition. The fine electron 

probe is generated by an electron gun, either with a thermionic or field effect source, and 

converged using a series of electromagnetic lenses. Several types of signals result from the 

interaction between material and electrons; as summarized in Figure 2.3.66 In this work, the 

secondary electron (SE) signal is most often used to generate the image; although, in some 

instances, the backscattered electron or X-ray signal is also used. The images shown in this 

report were taken with either a JEOL 7000 Field Emission SEM or an FEI Quanta 3D Dual 

Beam FIB/SEM with varying probe sizes and accelerating voltages between 5 and 30 kV.  
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Figure 2.3. Representation of the different signals, and their energies, generated from the interaction of 
the electron beam and the sample in SEM. 

 The resolution of the SEM image depends on the interaction volume from which the 

signal is generated. This volume is dependent mostly on the size of the probe, energy of the 

incident electrons and the type of signal used. The higher the energy of the incident electron 

beam, the deeper the interaction volume penetrates. In comparison, backscattered electrons 

(BSE) consist of high-energy electrons that are reflected or back-scattered out of the specimen 

interaction volume by elastic scattering with the specimen atoms. Depending on the atomic 

number of the elements, heavier elements will backscatter electrons stronger than lighter 

elements, and thus the heavy elements will appear brighter in a BSE image. Here, we will use 

BSE imaging to differentiate regions of different elements within an image.  

 Another signal of interest, X-rays, is generated from the sample when the electron beam 

interacts with a ground state electron in the inner shell. The excited electron gets ejected from the 

shell and creates an empty space where the electron was. An electron from an outer, higher-

energy, shell fills the empty space left behind and the difference in energy between the higher-

energy shell and the lower energy shell produces a characteristic X-ray. This characteristic X-ray 

can be classified and quantified and can identify which element the X-ray is coming for, thus 

Sample	  Surface 

Electron	  Beam	   
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keV	   
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giving chemical composition of the material. This method is known as Energy Dispersive 

Spectroscopy (EDS). 

2.5. Transmission Electron Microscopy 

 Another microscopy technique that is extensively used to analyze structural 

characteristics of materials is transmission electron microscopy (TEM). The information that can 

be obtained from this tool includes structural, compositional and electronic properties. The 

information originates from the inelastic and elastic interactions between high-energy electrons 

(100 – 200 keV) and a sample that has been thinned to the point where it is electron transparent 

(~ 100 nm thick). Images in a TEM are obtained as electron beams passes through the sample 

and are scattered by Bragg diffraction. One or more of these diffracted beams can be selected in 

the back focal plane using an objective aperture, which forms the image.67 In this work, we 

consider two TEM modes of operation in order to obtain either (i) a bright field (BF) image or 

(ii) a High-Resolution TEM (HRTEM) image using an FEI Tecnai F-20 TEM with an 

accelerating voltage of 200 kV.  

 When only the transmitted beam is selected, blocking all the other beams, then a BF 

image is formed, as seen in Figure 2.4. In BF images, features in the sample that diffract the 

beams, such as defects, will show up darker. 

 

Figure 2.4. Bright Field TEM Image of a multilayer sample. 
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 In order to truly observe atomic-scale microstructural defects, we employ HRTEM 

imaging. This method allows us to observe lattice fringes within a small region. The lattice 

fringes originate from the interference between the direct beam and one or more beams diffracted 

within the sample.67 Each imaging electron will interact independently with the sample. As the 

beam of electrons penetrates the sample, each electron is attracted by the positive atomic 

potentials of the atom cores, and channels along the atom columns of the crystallographic 

lattice.67 As a result of the interaction between the electrons and the crystalline sample, the 

generated wave as a function of spatial coordinates, called the electron exit wave, is a 

superposition of a plane wave and a multitude of diffracted beams with different in-plane spatial 

frequencies. The exit wave now passes through an imaging system of the microscope where it 

undergoes further phase change. An example of a resulting HRTEM image is shown in Figure 

2.5. Here, the lattice fringes of a homogenous ZnO nanowire are shown. This particular 

arrangement of the fringes is expected from a single crystal. It is important to note that the 

recorded image is not necessarily a direct representation of the sample crystallographic structure 

at the atomic level. This is to say that high intensity points may or may not indicate the presence 

of an atom column in that precise location because essentially the image is a representation of the 

contrastive/destructive interference between the plane wave and most of the diffracted waves. 

 

Figure 2.5. High Resolution TEM Image of a ZnO nanowire. 
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2.6. Focused Ion Beam 

 The focused ion beam (FIB) uses an ion beam (gallium ion source) to serve two purposes, 

imaging such as in an SEM and precise machining and milling at high rates. The generation of 

Ga ions is similar to generation of electrons in a thermionic source SEM; in this case the 

generation comes from a liquid metal source. This ion beam is focused into a beam using 

electromagnetic lenses. The use of a heavy element ion, such as Ga, allows for easy milling of 

most materials since the high momentum from the ions will collide with an atom on the surface 

and sputter the material away. Most FIB tools are equipped with an alternate SEM beam that 

uses only electron as the imaging source, in order to monitor the milling procedure. The use of 

electrons to image will cause minimal visible damage to the sample compared to imaging with 

the ion source. In this system, the addition of a Gas Injection System (GIS) and an Omniprobe™ 

nanomanipulator facilitate the preparation of samples. The GIS system will introduce a metal-

organic compound ((CH3)3(CH3C5H4)Pt)68 into the FIB chamber, that upon interaction with the 

ion source will result in the metal staying on the sample surface and the organic portion being 

removed by the vacuum. This way, a metal can be deposited and is suitable to serve as a glue to 

attach a piece of material to another, or as a protective layer. It is important to note that this ion 

beam deposited Pt is truly about half Pt and half impurities such as carbon, oxygen, gallium, 

etc.68 In this work, the accelerating voltage of the ion beam varied between 5 kV and 30 kV, with 

the lowest accelerating voltages being used for the most detailed milling. 

2.7. Hall Effect Measurement in Semiconductors 

 In general, Hall effect refers to the voltage that can be generated in a material in a 

direction transverse to the flow of current when a magnetic field 𝐵  is applied. When a current 



 

 17 

is applied, the free electrons and free holes in the sample experience a force given by the Lorentz 

equation: 69 

𝐹 = 𝑞 𝑣×𝐵       (2.1) 

Where q is the charge of the free carrier and 𝑣 is their velocity. This force will create an excess 

negative charge on one direction transverse to the field and an excess positive charge on the 

opposite side. This distribution of charges creates an electric field (Hall field), that serves the 

purpose of (a) balancing the Lorentz force in order to keep current flowing, and (b) yields a 

voltage difference called the Hall voltage (VH).69 This behavior is summarized in Figure 2.6. The 

sign of voltage difference will depend strongly on whether the charge carriers are predominantly 

positive or negative. This allows us to determine whether the material is p-type or n-type. 

Furthermore, knowing this relationship can lead to further investigation of material parameters 

such as carrier mobility and carrier concentration. In this work, the Hall measurements were 

taken using a Van de Pauw Ecopia HMS-3000 Hall Measurement System at room temperature. 

 

Figure 2.6. Schematic diagram of the Hall effect principle.  
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CHAPTER 3 

 ATOM PROBE TOMOGRAPHY 

3.1. Introduction 

 Atom Probe Tomography (APT) has been used to study a wide variety of materials, from 

conducting metals to non-conductive oxides and biological samples.70-75 Combined with other 

characterization techniques such as TEM and AFM, APT has the ability to fill in the gaps of high 

sensitivity and low resolution left behind by other conventional tools. This chapter will begin 

with a brief introduction of the history of the tool from its beginning in Field Ion Microscopy 

(FIM) in the 1950’s to its modern day capabilities. We will briefly discuss the principle of data 

collection and mode of operations as it pertains to field evaporation and desorption, 

distinguishing between metals and non-conductive materials. 

3.2. History of Atom Probe Tomography 

 APT draws its beginning from Erwin W. Müller’s field ion microscope in 1955. The idea 

came about from developing a tool that would be able to create an electric field on the surface of 

a metal tip, powerful enough to form a beam of emitted electrons (later on ions) from a 

material.76 In FIM, a sharp sub-micron metal tip is placed in an ultra-high vacuum chamber and 

an imaging gas, such as He or Ne, is introduced into the chamber. The tip is cooled to cryogenic 

temperatures and a positive voltage in the 5 – 10 kV range is applied to the tip, which creates a 

large electric field between the tip and a detector plate at a small distance away. The strong 
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electric field causes the gas atoms adsorbed on the tip to be ionized, becoming positively charged 

and being repelled from the tip onto the detector.  

 At the time of Müller’s experiments, achieving the large field proved to be rather difficult. 

However by reducing the diameter of the tip to approximately 100 nm, the local field is 

enhanced and a natural magnification occurs as the ions leave the tip and hit the detector. 

Eventually this stream of ions hitting a fluorescent detector formed crystallographic images of 

the material and allowed the observation of atoms for the first time.77-79 This FIM technique 

produced solely an emission of gas ions on the surface. It was quickly realized that as the electric 

field is increased, meaning the voltage bias is increased, atoms belonging to the material at the 

surface begin to ionize and emit. This quickly turned the tool from an imaging gas tool to an ion 

emission technique. The next step came in finding a way to identify the ions hitting the detector, 

which was resolved using time-of-flight (TOF) spectroscopy. TOF required a pulsed field 

evaporation event in order to know when the atom left the tip and therefore measure the time it 

took to reach the detector; this was then used to calculate the mass of the ion arriving at the 

detector. The time that the specimen spends in a state of high ionization probability (during the 

ionizing pulse or shortly after) is very short (100 – 400 ps)76 so that the time of departure of the 

ion is known with great accuracy. A particle, of mass m, under an electric field will contain 

kinetic and potential energy described by Equations (3.1) and (3.2) respectively: 

𝐸! =
!
!
𝑚𝑣!      (3.1) 

𝐸! = 𝑞𝑈      (3.2) 

Where q is the charge of the particle and U is the applied voltage. From these two equations, we 

can develop the relation between the time (t) the particle takes to a travel a known distance (d) 
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and its mass-to-charge ratio (m/q), as seen in Equation 3.3. This allows the APT technique to 

provide a mass-to-charge ratio spectrum from the collected time-of-flight data. 

𝑞𝑈 = !
!
  𝑚 !

!

!
→ 𝑡 = !

!!
!
!

                                                (3.3) 

 The mass-to-charge spectrum has high resolution and is able to determine different 

isotopes of the same element as well as higher charge states (+2, +3, etc). The ability to identify 

all elements and compounds in the mass spectrum can prove to be challenging, however, 

software aid can be used to determine possible combinations for compounds and their expected 

isotope distribution. 

 APT is based on the idea of field evaporation where a high field is applied to a needle-

shaped tip; this induces ionization of atoms at the surface (i.e. either from an external imaging 

gas and/or the tip material itself) that can then desorb. Originally, the pulse evaporation event 

was triggered by a pulsed voltage train. The first implementations of the new Atom probe field 

ion microscope (APFIM) were reported in 1968 by Müller et al. and had the ability to resolve Fe 

and some of its different isotopes, 56Fe+ and 57Fe+.80 The challenge remained in turning this 

instrument from being a 1D spatial technique to a full 3D tool by adding depth resolution. This 

challenge was overcome in the 1980s and 1990s by the Groupe de Physique des Materiaux under 

the leadership of Alain Menand by the introduction of a multi-anode position sensitive detector. 

However, the field of view was limited to 15 nm and collection rate took days to collect useful 

amounts of information. In 1996, T.F. Kelly et al.81 introduced the local electrode to the 

conventional atom probe in order to reduce the required field and thus bring about two main 

improvements: (i) the local electrode would lower the necessary voltage to induce field 

evaporation and increase the collection rate, (ii) the reduced voltage would decrease the energy 

spread and be able to achieve high mass resolution.  
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 Another milestone improvement came with the introduction of the short pulse laser. Up 

to this point, the tool used voltage-based pulses to generate the field evaporation but 

developments in laser technology around the same time allowed for the introduction of a short 

pulse laser as an alternative to using a voltage pulse to induce the field evaporation. This 

expanded the materials that could be analyzed in APT from generally conductive materials such 

as metals and highly doped semiconductors (conductivity > 102 S/cm) to other less conductive 

materials such as semiconductors, oxides and insulators.  

 Müeller’s studies in 1956 of the mechanisms of field desorption viewed the process as a 

thermal activation of an ion, over a potential barrier known as a Schottky saddle.82 In the absence 

of an electric field, the energy needed to create an ion in free space can be derived by 

considering a Born-Haber energy cycle and is represented in Equation 3.4.83 This consists of 

three parts: (i) the energy corresponding to the binding energy of the atom from its site (EB), (ii) 

the energy needed to ionize the atom (Σ!𝐼!), minus (iii) the energy corresponding to the n 

electrons that are returned to the material after ionization, represented by 𝑛𝜙!", where 𝜙!" is 

the emitter work function. This lead to the net energy required:83 

𝑄! = 𝐸! + Σ!𝐼! − 𝑛𝜙!"       (3.4) 

 However, in the presence of an electric field (F) the overall energy is proportionally 

lowered. The new overall potential required must also include the potential introduced by the 

field. This potential introduced by the field is a superposition of two separate potentials present; 

first, the potential of the applied field, and second is the potential due to the imaging factor.83 In 

order for the atom to be ionized and repelled from the surface, it must cross the Schottky saddle, 

which becomes a field dependent barrier 𝑄! 𝐹 . This represents the activation energy in the 
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case of field evaporation. Therefore, the overall potential required to field desorb an atom under 

the presence of an electric field is: 

𝑄! 𝐹 = 𝑄! − (𝑛𝑒)!/! 𝐹       (3.5) 

 This theoretical model is exemplified in the schematic in Figure 3.1. Following this 

potential curve, it is noted that inside the hump the atom is essentially neutral. The transition 

from neutral to ion occurs around the potential hump. 

 

Figure 3.1. Potential energy diagram representation of the mechanisms of field evaporation and 
ionization under the presence of an electric field. The x coordinate refers to the distance from the surface. 

 In our Local Electrode Atom Probe (LEAP) setup, a 532 nm laser, with a short pulse          

( < 50 ps), with adjustable energies (0.1 – 2.0 nJ per pulse), is focused down to a spot size < 10 

µm, which allows a very small volume of specimen to be heated.  

3.3. Principle of Atom Probe Tomography and Data Collection 

 The size of the data set collected from APT is typically up to several millions of data 

points with information on position and type of ion detected (m/q) for each data point. These 

allow elemental concentrations to be derived over any volume by simply counting atoms within. 
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Concentration profiles can be calculated along any direction in space. Isoconcentration surfaces 

can also be generated from a data set. Due to the high resolution and low sensitivity, the 

instrument provides a great analysis technique for cluster formation, dopant distribution, 

diffusion and early stages of precipitation. 

 A schematic of the process in our LEAP 3000X Si set up is shown in Figure 3.2. A 

requirement for LEAP specimen is that it has a needle-shape geometry with an average diameter 

~ 100 nm and a low shank angle (< 12°) containing the region of interest we would like to 

analyze, this is realized using FIB unless already in that shape. The specimen is then placed into 

an ultra high vacuum (~10-11 Torr) and cooled to cryogenic temperatures (20 – 80 K). During the 

data collection, a positive electrical potential is applied to the specimen, while the local electrode 

is either grounded or negatively biased. Then either a voltage pulse, or a picosecond laser pulse 

is applied in a known periodic manner corresponding to the two modes of operation used to 

trigger the field evaporation and be the reference for the time-of-flight measurement. The 

position sensitive detector records the exact location of each individual ion hit. The resulting 

image is a planar projection of ions evaporated from the 100 nm diameter tip onto a 100 mm 

diameter detector, which makes the projection magnification approximately 1,000,000 times. At 

this magnification, lattice distances of approximately 0.2 nm result in a distance of 0.2 mm in the 

detector, which is easily resolved with modern day detector technology.76 This allows the spatial 

resolution of the tool to be in the sub-nanometer range. For the depth profile of the image, the 

sequence of hits on the detector at the same spot are translated into ions at different depth 

because it is assumed that only surface atoms evaporate. This makes the depth resolution of the 

LEAP to be also sub-nanometer. However, the resolution can diminish as clustered molecules 

evaporate due to the penetration depth of the field, meaning one hit on the detector may actually 
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represent information from 2 or 3 vertically adjacent planes. As the sample is evaporated, the 

element’s x-y position is determined by the hit position on the detector, while its z-position is 

determined by the sequence of evaporation events, and the combination of all the x, y, z data 

coordinates allow the formation of a 3D image. 

 

Figure 3.2. Schematic representation of our Local Electrode Atom Probe System (LEAP 3000X Si). 

 As the ions evaporate and the image is formed, the tip becomes more blunt and the 

diameter begins to increase. This will cause the applied voltage to increase in order to maintain a 

specified evaporation rate. However, the acquisition rate is typically kept low (probability of 1 

ion for every 100 pulses) in order to lower the formation of multiple simultaneous hits and 

minimize the stress places on the tip, which could lead to fracture.76  

 The local electrode (LE) is of importance in APT because of the many enhancements it 

provides to data collection. The geometry of the LE is a funnel-shaped counter electrode with an 

aperture that measures ~ 40 ± 10 µm in diameter. The LE is used to create and enhance the 

electric field in order to promote the ionization. The electric field on the surface of the tip will 

depend on whether the field can penetrate the tip or not. In a metal structure, the field penetration 
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can be neglected; but for a semi-insulating material the field penetration will vary significantly 

on the material. 

3.4. Atom Probe Tomography Field Evaporation Process  

 As previously mentioned, APT bases its mode of operation on the idea of field 

evaporation of single and molecular atoms to remove them at the apex of a needle-shaped 

specimen. Field evaporation begins by first ionizing these surface atoms; afterwards, they are 

subjected to an electric field force that causes them to accelerate towards a detector along a pre-

determined path. This evaporation event follows shortly after the ionization event, which is 

induced by a combination of the standing electrostatic field (DC voltage) and either a voltage or 

laser pulse. Field evaporation is defined as the removal of an atom from its lattice via an induced 

field, and it involves a combination of ionization and desorption of the atom from the surface 

after it has been subjected to a very intense electric field.84 When the electric field is sufficiently 

intense, the atom is pulled away from its location while one of its electrons is drained into the 

surface. The newly created ion is accelerated towards the detector with the aid of the electric 

field. This is the basic operation mechanism for FIM. 

 The magnitude of the electric field, F, is proportional to the voltage applied, U, and a 

certain distance, r, between the center of the tip apex and the bounding counter electrode as 

shown in Equation 3.6. The schematic of the field-material interaction is summarized in Figure 

3.3. 

𝑭 = !
!"

       (3.6) 

 Where k is a parameter called the k-factor, which accounts for the fact that the field is 

reduced in the presence of a shank-angle (an increasing radius).76 The k-factor value is meant to 

increase for tips that have a large shank angle, thus quickly reducing the field strength as the 
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material field evaporates. Equation 3.6 uses a variable r and not the actual distance between tip 

and electrode (RLE). Although it will not be discuss in great detail in this work, it proved almost 

impossible to assure that the tip is located at the exact same distance away from the local 

electrode due to experimental constraints. This is because the electrode used was not always the 

same nor was the geometry of the electrode always the same. Moreover, the position and 

geometry of the tip can vary as it is done visually by the user. Therefore, RLE is always different. 

However, we do know that the RLE is much larger than a different value, r, which we defined as 

the distance from the center of the tip apex to the bounding counter electrode; so it is acceptable 

in our calculations of the field to consider the distance to be the value defined as r.76 It must be 

also noted that the field is highly enhanced, perhaps by as much as a factor of 3, at step sites and 

above individual metal atom facets.85 

   

Figure 3.3. From Larson76, schematic representation of a metallic tip with radius R and a shank angle α 
with a counter electrode at a distance RLE. The electric field, F, is normal to the surface of the tip and is 

dependent on r (not to scale). 

 In metals, the field penetration tends to be very small (< 0.1 nm), and can be essentially 

screened on a distance much smaller than the size of a single atom.84 Hence in metals, only the 

surface atoms are affected by the field, and the removal of surface atoms occurs almost atom-by-

atom and atomic-layer after atomic-layer. However for non-metallic materials (semiconductors, 
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insulators and oxides), the field penetration is deeper and can reach multiple atomic layers.84 

This is believed to be the reason behind the increased probability of evaporation of complex 

structures (molecular compounds), since more than one atomic layer is affected by the field.84 

This reduces the depth resolution of APT in non-metallic materials. 

3.5. Summary 

 In this chapter, we have given a quick introduction of the principal characterization 

technique in which this project centers its objective. The history of APT is discussed, starting 

with experiments done by E. W. Müller in 1955 into the current state of the art. A brief review of 

the ionization process is discussed, and a short introduction on the field evaporation process is 

provided.  
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CHAPTER 4 

 ATOM PROBE TOMOGRAPHY OF ZINC OXIDE NANOWIRES 

4.1. Introduction 

 In this chapter we discuss the development of APT as an important complimentary tool to 

analyze material properties of zinc oxide nanowires. This includes a novel way of separating the 

nanowires from an array and mounting them for atom probe tomography, we will also discuss 

how to overcome challenges encountered in the process of maximizing successful sample 

experiment efficiency. We compare field evaporation data for ZnO nanowires using LEAP under 

both voltage and laser assisted modes, and discuss proper data analysis to minimize analysis 

artifacts.  

4.2. Nanowire Sample Preparation for Atom Probe Tomography 

 Nanowires present a great opportunity for analysis since their geometry is ideal for APT. 

The nanowires grown in this report can be seen in Figure 4.1.a. The nanowires were grown on c 

plane sapphire and have a diameter near 100 nm, a length between 5 – 10 µm and no shank 

angle; this geometry meets the requirements for APT.  

 Specimen preparation began by first separating the nanowires from the substrate. In order 

to do this, the nanowires were removed first and sonicated in an alcohol solution for 10 seconds. 

Drops of the sonicated solution were deposited on a 2000 mesh TEM Cu Grid, which is ideal to 

support the wires since it has a mesh hole width ~ 7.5 µm, so the wires remain suspended on the 

grid hole without the use of an adhesive carbon film. Additionally, a custom APT mounting grid 
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is fabricated using a 200 mesh TEM Cu grid and cutting it in half. This provides a series of 

rectangular Cu post, Figure 4.1.b, with spacing around 90 µm between posts. Both grids can be 

mounted inside the FIB where the nanomanipulator is used to lift out single nanowires from the 

2000 mesh grid and transport it to the mounting grid (Figure 4.1.b). The nanowire is then 

attached to the Cu post using platinum to weld, resulting in what is seen in Figure 4.1.c. The 

grids can be mounted on a TEM Tomography holder made by Hummingbird Scientific to allow 

for easy transfer out of the FIB and into the LEAP. 

 

Figure 4.1. SEM images of the nanowire before, during and after mounting for APT. (a) SEM image of the 
ZnO nanowires with a diameter ~ 100 nm grown on c axis sapphire. (b) SEM of a single nanowire 

separated from the array using the nanomanipulator and then (c) mounted on a half-cut TEM Cu grid. 

 Because of their small diameter (< 100 nm), ZnO nanowires are extremely susceptible to 

damage by overexposure to the ion beam. We found it best that using a combination of 

minimizing our imaging with the ion beam as well as use low accelerating voltages (10 – 20 kV) 

and small current beams (4 – 20 pA) when doing the Pt deposition and manipulation of the wires, 

would result in single straight wires ideal for APT. If the nanowires are exposed to large 

accelerating voltages and current, or even if an extended period of time is used even under small 

voltages, visible damage still occurs. Figure 4.2 shows a nanowire that has been damaged during 

the mounting process such that it no longer remains straight but rather begins to curve upon itself. 

1 µm 10 µm 5 µm 

a) b) c) 
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Figure 4.2. ZnO nanowire that has been damaged by excessive exposure to the ion beam. 

4.3. Local Electrode Atom Probe Analysis of Zinc Oxide Nanowires 

 First, we compare voltage and laser assisted APT of ZnO nanowires. Figure 4.3 shows 

the mass-to-charge spectra for ZnO nanowires ran under the two methods of operation for the 

LEAP: laser assisted and voltage assisted APT. In voltage mode (Figure 4.3.b), the peaks are 

poorly resolved and difficult to label with their correct chemical identity. In these spectra, the 

identification process allows us to label some peaks corresponding to Zn and O; however, many 

peaks remain unaccounted for in this spectrum. Additionally, the peaks are broader and less 

intense compared to laser mode, indicating there were a large number of multiple hits and very 

few single hits. The spectrum’s largest peak is located at mass-to-charge ratio 24, which is not 

related to any Zn or O compound molecule and would most likely be a carbohydrate compound 

evaporating from the gases in the chamber located near the surface of the tip. These artifacts on 

the voltage spectrum significantly diminish the ability to achieve a true reconstruction and make 

data analysis more difficult. The inability for the ZnO nanowires to cleanly evaporate under 

voltage pulses most likely comes from the low electrical conductivity on the nanowires. It is 

therefore preferable to use a different method to encourage the field evaporation that does not 

rely on the electrical properties of the nanowires. The laser assisted evaporation spectrum in 

Figure 4.3.a shows a much cleaner result. The observed peaks could be easily identified as the 

10 nm 
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elements corresponding to ZnO, such as: Zn+ (mass-to-charge ratio 64), Zn++ (m/q 32) and O+ 

(m/q 32); a few molecular species were also observed: O2
+ (m/q 32), Zn2O++ (starting at m/q 72) 

and ZnO+ (starting at m/q 80). These are consistent with those seen in laser ablation reports 

elsewhere.74 No carbon-related peaks could be detected, which suggests that the carbothermal 

reduction growth process preserves the purity of the ZnO nanowires and does not contaminate 

them, as measured within LEAP detection limits. When considering molecular peaks, the proper 

distribution of peaks and their intensities must match the natural isotope ratio distribution. For 

example, Zn+ has 5 separate isotopes at masses 64, 66, 67, 68 and 70 and O+ has 3 isotopes at 

masses 16, 17, and 18; their combination in ZnO+ would produce 7 different peaks with 

appropriate intensity according to their isotope distribution taking into account the overlapping 

peaks.  

 

Figure 4.3. Mass-to-Charge spectra of ZnO nanowires using laser-assisted (a) and voltage-assisted (b) 
modes of field evaporation. 
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 The isotope distribution intensity behavior was observed for all the peaks except for the 

peaks starting at mass-to-charge ratio 32. A closer look at the spectrum in Figure 4.4 confirms 

that the expected isotope distribution is not what is observed in the experimental data. If the peak 

at m/q ratio 32 would be solely labeled as Zn++, the bulk atomic composition would have been 

Zn:O = 1:0.27, which would mean the material would be an amorphous alloy and not crystalline 

ZnO. The natural isotope distribution of the Zn isotopes: 64Zn:66Zn:67Zn:68Zn:70Zn, is 

approximately 49:28:4:18:1 respectively. From the spectrum in Figure 4.4, if the 64Zn++ peak 

where to match the 0.49 ratio vs. the rest of Zn++, its peak height would approximately match the 

red dashed line. This distribution is not reflected in the spectrum. The extra contribution of 

counts comes from O2
+ ions, which also has a mass-to-charge ratio of 32 (O also has two other 

isotopes at 17O and 18O but both are well below 0.3% abundance so their contributions to the 

Zn++ peaks at m/q 33 and beyond is minimal). We can deconvolute the peak at mass-to-charge 

ratio 32 as contributions from 64Zn++ and O2
+. The process of deconvoluting the peaks begins by 

first labeling the necessary number of counts in the m/q 32 peak such that the proper isotope 

ratio of Zn isotopes is preserved. The remaining counts in that peak are attributed to O2
+ ions. 

When the right compositional analysis is performed, the bulk atomic composition of Zn:O = 

1:1.04. Thus, confirming the validity of this deconvolution process. We have verified the 

homogeneity and crystallinity of the nanowires using HRTEM 
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Figure 4.4. Close up look at the region of the spectrum where the Zn++ isotopes occur. The dashed line 
(red) shows where the peak height should be for the 64Zn++ isotope; however, a much higher intensity is 

observed. This indicates an additional element or molecule is included in this peak (O2+). 

4.4. Impurity Incorporation Studied via Atom Probe Tomography 

 Most of the ZnO nanowires were grown using a mixture of Ar/O2 as the source of 

additional oxygen in the chamber; however, some nanowires were grown using a mixture of 

N2/O2 for the source of additional oxygen. Both methods are commonly used in nanowire growth 

and produce nanowires that appear identical under most characterization techniques. TEM 

analysis of both nanowires showed high crystalline quality with similar geometry and diameter 

around 100 nm (Figure 4.5.a). Furthermore, XRD confirmed that the nanowires are aligned along 

the c axis direction (Figure 4.5.b), and room temperature photoluminescence (PL) showed a main 

peak around 380 nm corresponding to the bandgap of 3.27 eV of ZnO, with nearly no emissions 

around 500 nm which is typically associated with defects and oxygen vacancies (Figure 4.5.c). 

The summary of the TEM, XRD and PL is shown in Figure 4.5. 
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Figure 4.5. Summary of the (a) HRTEM image of a single ZnO nanowire with the selected area diffraction 
pattern shown in the inset, as well as the (b) XRD and (c) PL spectrums for the nanowire. 

 Figure 4.6.a shows the mass-to-charge spectrum of the ZnO nanowires grown using the 

N2/O2 mixture. The spectrum shows a very similar behavior as the one seen in Figure 4.3.a 

except for a peak at mass-to-charge ratio 14, which is related to N+(Figure 4.6.b). This indicates 

that nitrogen has incorporated itself into the nanowires as an impurity when nitrogen is present 

during growth. The measured level of presence for nitrogen is approximately 0.03 at. %. This 

level is well below the level of detection of EDS, thus this detection could only be reached via 

APT. 
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Figure 4.6. (a) Mass-to-charge spectrum of the ZnO nanowires grown using the N2/O2 mixture. The 
spectrum shows very similar to the one shown in Figure 4.3.a except that these nanowires show the 

inclusion of N (seen in the inset). 

 In order to understand how nitrogen could incorporate, we consider the three principal 

forms nitrogen atoms can be present in ZnO: substitutional atomic (N)O, substitutional molecular 

(N2)O on an oxygen site, or interstitial molecular N2.28, 86-89 From the three possibilities, 

interstitial molecular N2 is least likely to be the form of incorporation since it would have either 

been pumped away during specimen loading on the LEAP (10-10 to 10-11 Torr vacuum), or 

remain electrically neutral during field evaporation as it is not bonded to the wurtzite lattice, thus 

being undetected by the LEAP due to its lack of charge. Substitutional atomic NO would lead to 

N+ ions field evaporating, which have a mass-to-charge ratio of 14, while substitutional N2
+ has a 

mass-to-charge ratio of 28. Figure 4.6 shows no ion counts occurring at mass-to-charge 28, 

which would suggest that the nitrogen in the ZnO is occurring as substitutional (N)O and not 

molecular (N2)O. 

 At first, the incorporation of nitrogen as a single ion may seem surprising since the 

growth process does not involve any metal catalyst or a plasma source, which could dissolve or 

break the N2.90 Pseudopotential calculation performed by Lee et al.88 (Figure 4.7) show that 

substitutional atomic (N)O is possible when using a normal N2 gas source. Additionally 

according to the calculations, it is the dominant nitrogen related defect in ZnO when low 
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concentrations of nitrogen are incorporated. The mechanism for this incorporation of atomic 

nitrogen from an N2 source is explained by Zou et al.89 In our case, we believe N2 is first 

incorporated at oxygen vacancies in the ZnO lattice to form substitutional molecule (N2)O, and 

once at the elevated growth temperature ( > 900 °C) it transforms into substitutional (N)O. The 

substitution of nitrogen at an oxygen site is feasible since both elements have similar atomic size 

(covalent radius for O = 66 pm and N = 71 pm)91 and electronegativity (O = 3.44 and N = 3.04)91, 

this would limit the excess strain on the wire lattice from the defect, which would have been 

visible by HRTEM. 

 

Figure 4.7. From Lee et al.88, defect concentration as a function of the concentration of nitrogen for a 
normal gas source. The highest defect in single nitrogen substitutional defect. 

 The 3D reconstruction of a ZnO nanowire grown under the N2/O2 conditions is shown in 

Figure 4.8.a, with the blue and gray colors representing the Zn and O atoms respectively. The 

nitrogen atoms are shown in red and have been enhanced for a better view. Figure 4.8.b shows a 

selected area inside the 3D reconstruction where single nitrogen atoms can be identified 

(enhanced in red). The complete reconstruction shows that the Zn and O atoms are distributed 

along the length of the wire uniformly without forming any grain boundaries or clumps, which 

achievable under each stoichiometric condition. We find that
the N doping is inefficient under O-rich conditions because
the total amount !N" of incorporated N impurities is below
8!1012 cm"3, which is too small to obtain sufficiently high
hole densities. As going to the Zn-rich limit, since the for-
mation energy of NO decreases significantly, both the hole
and N concentrations increase. When the total N concentra-
tion lies in the range of 1015–2!1017 cm"3, which is
achievable under Zn-rich conditions with ##0.15–0.28, the
most abundant donor defect is VO

2$ . Since the concentrations
of split-interstitial Oi , Zni , and ZnO are relatively low, VO is
the dominant compensating species among the donor defects.
In this case, the concentration of (N2)O is lower by an order
of magnitude than that for Zni . For high doping levels $!N"
%2!1017 cm"3 or #&0.15), the concentration of
(NO-ZnO)$ is similar to that of NO

" due to the large binding
energy. Thus, NO-ZnO is the most efficient compensator
among the N-acceptor–native-defect complexes in N-doped
ZnO. Similarly, previous calculations suggested that N ac-
ceptors are compensated by NSe-VSe and NSe-Zni complexes
in ZnSe.11 Because of the acceptor compensation, we find
that the hole carrier density is saturated to about 2
!1015 cm"3 for N concentrations of 1015–2!1017 cm"3,
while it decreases as !N" increases further.
We can control the total N concentration by varying %N ,

with keeping the Zn-rich condition of ##0.1; the total N
concentration can increase up to 1019 cm"3. We find that the
hole carrier densities are much smaller than for N acceptors
due to the compensation by VO , as shown in Fig. 5, and
eventually saturated to about 5!1014 cm"3 when the con-
centration of NO-ZnO is close to that of NO . This behavior is
very similar to the results obtained by varying # . Thus, we
conclude that VO and NO-ZnO are the dominant compensat-
ing species for low and high doping levels, respectively.
We investigate the p-type doping efficiency for a more

active N2 source using a radio frequency or an electron cy-
clotron resonance plasma. In ZnSe, this doping technique has
been very successful in increasing the hole carrier density, as
compared to the normal N2 gas source.8,9 When an active N2
source is used, the N solubility increases greatly under
O-rich conditions, where native defects and N-acceptor–
native-defect complexes are rarely formed; thus, the doping
efficiency is expected to increase. To simulate theoretically
the active N2 source, we choose %N , which is higher by
about 1.5 eV than that for N2 molecules (%N2/2). This N
chemical potential is determined by assuming that equal

FIG. 4. Defect and hole concentrations as a function of the total
N concentration for a normal N2 gas source. The N concentration is
controlled by varying the stoichiometric parameter # , keeping the N
chemical potential in the extreme N-rich limit (%N#%N2/2).

FIG. 5. Defect and hole concentrations as a function of the total
N concentration for a normal N2 gas source. The N concentration is
controlled by varying the N chemical potential %N , maintaining
stoichiometric condition of ##0.1.

FIG. 6. Defect and hole concentrations as a function of the total
N concentration for a plasma N2 gas source. The N concentration is
controlled by varying the N chemical potential %N , maintaining a
stoichiometric condition of ##0.6.
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confirms the single crystal nature of the nanowires that had been previously seen under TEM. 

The nitrogen atoms are also distributed uniformly in all direction and do not appear to be 

clustering at a specific location.  

 

Figure 4.8. (a) Complete reconstruction of an N2/O2 grown ZnO nanowire showing all ions (zinc: blue, 
oxygen in gray, and nitrogen atoms have been enhanced and are shown in red). (b) Selected area view of 
the distribution of the N atoms (red) in the nanowire (shown on black background to enhance the contrast 

with the other colors). 

4.5. Summary 

 In this chapter we have discussed atom probe tomography of ZnO nanowires. We have 

shown the usefulness of the LEAP to detect low levels of contamination or incorporation and 

gain an understanding of how it can be incorporated into ZnO. We have discussed how the 

nitrogen detected was in the form of substitutional atomic nitrogen (N)O in the lattice instead of 

(N2)O, correlation to the thermodynamic calculations of defects. This ability of LEAP technique 

to investigate the incorporation of nitrogen in ZnO can potentially assist future efforts towards 

better understanding of impurity incorporation and doping mechanisms in materials.  
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CHAPTER 5 

ATOM PROBE TOMOGRAPHY STUDY OF BINARY  
GALLIUM NITRIDE EPITAXIAL MATERIALS 

5.1. Introduction 

 When trying LEAP of gallium nitride (GaN) epitaxial material, we are faced with 

significant challenges in specimen preparation, which did not exist for previously discussed ZnO 

nanowires. In this chapter, we begin by discussing the method for preparing epitaxial samples for 

APT and present necessary modifications we developed to overcome the issues specific to GaN 

and similar semiconductor materials. Field evaporation of GaN in laser-assisted and voltage-

assisted modes are presented, with voltage assisted mode being reported for the first time.92 We 

also present the first field ion microscopy (FIM) image of GaN and discuss what can be learned 

from its study. Finally, we consider laser mode APT of GaN and compare and contrast APT data 

for undoped and doped GaN, and develop a method for proper peak identification. 

5.2. Sample Preparation of Gallium Nitride Epitaxial Samples 

 Sample preparation can be extensive and presents a series of obstacles due to the 

geometry of the region of interest and/or the sample characteristics. Here, we will begin by 

discussing the standard common procedure used for preparing TEM samples from epitaxial 

materials using a focused ion beam (FIB), due to its similarities with APT sample preparation. 

TEM requires the sample that is to be analyzed to be electron transparent, meaning it is to have a 

thickness of approximately 100 nm. Such thinning was performed using a focused ion beam to 

mill a lamella out of the sample containing the region of interest and thinning it down. Normally 
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the size of this lamella is about 15 µm x 3 µm, a very small region to characterize a whole 2-inch 

wafer of material, which makes it easy to deduce wrong information about the whole sample 

from such a small region. Therefore, it is important to verify conclusions drawn from TEM 

images using complimentary characterization techniques.  This is one of the major reasons APT 

presents such a unique opportunity to be coupled with characterization techniques of similar 

resolution. 

 The “lift-out” procedure for sample preparation involves removing an electron 

transparent membrane from the epitaxial sample and mounting it onto a pre-fabricated TEM 

sample holder. It starts by first defining the region of interest and depositing a thin (~ 1 µm 

thick) platinum layer. This Pt cap serves as a protective layer from damage induced by the ion 

beam. A large stair-step trench is milled with the FIB on one side of the capping layer and a 

rectangular trench is cut out on the other side (Figure 5.1.a). The specimen is thinned out to 

electron transparency using the ion beam (Figure 5.1.b), taking into account smaller beam 

currents are used for thinner milling to minimize damage and implantation. Finally the 

membrane can be removed from the sample by first making a cut on one side of the membrane 

(Figure 5.1.c) and attaching the lose end to the nanomanipulator to be lifted out.93 The lifted out 

membrane is then mounted on a pre-fabricated Omniprobe™ Lift Out Grid (Ted Pella) where it 

can be easily loaded into the TEM. 
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Figure 5.1. Modified from Giannuzzi,93 diagram of the FIB lift out technique for TEM sample 
preparation. 

 For the APT sample preparation, a similar procedure that uses the FIB is used. When the 

region of interest is located near the top of the sample and the analysis is to be done in a vertical 
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define the region of interest but also to protect it. Once the region of interest is defined by the Pt 

bar, the trench milling using the ion beam follows. The first mill is a rectangular cut along the 

length of the Pt bar at an angle of 30°, with respect to the surface of the sample. The dimensions 

of the rectangular cut are ~ 17 µm long (such that is extends slightly on each side of the Pt bar) 

by 400 nm wide. The depth of the rectangular cut will vary depending on the required depth 

needed; we found that on averages a depth of 5 – 6 µm was sufficient. The same is done on the 

opposite side of the Pt-bar by compucentrically rotating the sample 180°. At the end, two cuts 

3.2. Plan view method

The preparation of plan view specimens is similar to that
for cross-section specimens (Anderson and Klepeis, 1997).
The plan view method essentially requires that the bulk
sample be oriented so that planar interfaces are positioned
parallel to the ion beam. For the preparation of TEM plan
view specimens, the top edge of the specimen that contains
the region of interest is polished (or cleaved) and the bulk
sample is cut and/or polished to size using the same techni-
ques mentioned previously. The mounted sample is then
positioned into the FIB so that the plane of interest is paral-
lel to the ion beam. An electron transparent membrane is
then FIB milled in a similar manner for the preparation of
cross-section specimens.

4. The FIB “lift-out” technique

The lift-out technique requires little or no initial specimen
preparation (Overwijk et al., 1993; Leslie et al., 1995;
Herlinger et al., 1996; Stevie et al., 1998; Sheng et al.,
1997; Giannuzzi et al., 1997a,b). The only requirement for
the lift-out technique is that the bulk sample must fit inside
the FIB specimen chamber. Insulating materials are some-
times pre-coated with carbon or chromium to prevent char-
ging. In the lift-out technique, the electron transparent thin
membrane is actually removed from the bulk specimen and
analyzed directly by TEM. A metal line is usually deposited
over the area of interest as in the conventional FIB method.
A large stair-step FIB trench is cut on one side of the area of
interest and a rectangular FIB trench is cut on the other side

of the area of interest (Fig. 4(a)). Prior to final thinning, the
sample is tilted to!45" and then the bottom, left side, and a
portion of the right side of the specimen is cut free
(Fig. 4(b)). Then the sample is tilted back to its starting
position and the specimen is thinned to electron trans-
parency as mentioned earlier (Fig. 4(c)). If the specimen
is to be used for high resolution electron microscopy
(HREM), a final FIB cut is performed !1–2" with
respect to the plane of the specimen surface. In this
manner, the thinnest portion of the specimen lies in
the area of interest required for HREM analysis as illu-
strated in Fig. 4(d) (Giannuzzi et al., in press). The
remaining right side of the specimen is milled free
leaving the electron transparent membrane lying in the
cut trenches. Plan view specimens may also be prepared
with the lift-out technique (Stevie et al., 1998).
The bulk sample is removed from the FIB vacuum cham-

ber and is then viewed using a light optical microscope that
has an objective lens with a large working distance. A solid
glass rod pulled to a sharp tip (!20–30 !m) is inserted into
the arm of a hydraulic micromanipulator. Using the micro-
manipulator, the electron transparent membrane is “lifted
out” of the bulk sample and is then positioned onto a carbon
or formvar coated Cu TEM mesh grid. Electrostatic forces
allow the membrane to be lifted out by means of the glass
rod. The specimen is ready for TEM analysis. Lift-Out TEM
specimens may be prepared within 3 h. FIB instruments that
employ large beam currents (i.e., tens of nA) allow for faster
milling of bulk trench cuts and have reduced the overall
milling of a lift-out (or conventional) specimen to #1 h.
In our lab, we have maintained a lift-out success rate that
exceeds 90% for hundreds of samples.
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are done alongside the length of the Pt-bar and the schematic of this is seen in the cross-section 

schematic in Figure 5.2.b.  

 The sample is then tilted back to 0° and two more cuts are done at the short end of the Pt 

bars, one cut is made to completely detach the wedge from the sample while the other cut is done 

slightly below the surface such that a small amount of the wedge is still attached to the rest of the 

sample (Figure 5.2.c). If the wedge is detached on all three sides, it will create a cantilever-like 

effect when downward pressure is applied near the loose end. This serves as a good way to test if 

the wedge can be removed or if it needs to be milled more on some of the sides. In order to 

remove the wedge from the sample, the nanomanipulator is attached using Pt to weld it to the 

loose end of the wedge, and once attached the wedge can be removed by milling it from the 

sample as seen in Figure 5.2.d. Once the wedge is removed from the sample, it remains inside 

the FIB under vacuum, where it can be mounted on a pre-fabricated silicon microtip post94. An 

SEM image of the post is shown in Figure 5.2.e. The next step in the mounting procedure is 

shown in Figure 5.2.f, which starts by centering the wedge to the top base of the post and using 

Pt to attach the wedge to the post such that it fills in the gap between the wedge and the post. 

Once the wedge is secure, the ion beam can be used to mill and separate the mounted portion 

from the rest of the wedge. This process is repeated on other empty posts until the wedge is 

completely consumed. An initial wedge of about 15 µm long should produce approximately 5-6 

samples. The final step consists of rotating the post 180° and filling Pt in on the backside of the 

wedge/microtip gap. This will strengthen the adhesion between the two as well as provide 

greater stability during the next milling procedure and APT analysis and also improve electrical 

and thermal contact. Figure 5.2.g shows an SEM image with the final wedge mounted on the 

post with the Pt attachment weld on both sides. 
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Figure 5.2. Step by step description of the lift-out procedure for APT sample preparation. (a) First, a FIB-
deposited protective layer of Pt is placed covering the region of interest. (b) This schematic shows where 
the two mills are done on each of the long side of the Pt capping layer at 30° away from the ion beam. (c) 

Two more mills are done on the short sides of the Pt capping layer such that it creates a cantilever like 
effect with only one small portion of the wedge still attached to the sample. The nanomanipulator is 

attached to the wedge and once attached it can be completely removed from the sample (d). The sample is 
the mounted on a pre-fabricated Si post with a top base diameter of ~ 2µm (e), (f). A Pt weld is used to 

attach the sample to the post on both sides (g), such that it creates a strong weld and adds stability during 
the next milling process. 

 Once the sample has been mounted and secured on the posts, the specimen is milled into 

the required cone-like shape needed for APT with a final diameter under 100 nm and a low 

shank angle, below 15°. The small diameter will considerably affect how the material field 

evaporates; for example, the smaller the diameter the larger the field at the tip apex will be. 

Likewise, the shank angle will also affect the evaporation process since a shallow angle will 

reduce the ability for the material to dissipate heat and increase the chances of material failure 

during analysis. However, the counter effect of a shallow angle is that as the material evaporates, 
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the diameter begins to quickly increase, leading to a reduction of the electric field at the apex. 

Therefore, this forces a rapid increase in the voltage needed to maintain constant evaporation.  

 The appropriate tip shape is obtained by applying a sequence of annular mill patterns 

using FIB, where the outer diameter of the pattern remains constant and the inner diameter is 

continuously reduced until the desired diameter is obtained. Figure 5.3.a and b are back-scattered 

electron (BSE) images taken during the milling process. Normally, the SEM is used during the 

milling process in order to constantly monitor how the tip is shaping and to make sure the region 

of interest is not milled. But, if the SEM has a BSE detector, then it can be used to give a better 

visualization of how the milling is progressing and how much material remains. The use of BSE 

is essential as it provides compositional information about the material, not normally seen if a 

secondary electron signal is used. As we can see in Figure 5.3.b, this tip contains 4 distinct layers 

with the bottom bright region being the Pt weld that attaches the tip to the post. In order to 

minimize the amount of damage caused by the high-energy ion beam. Implementing a low 

energy (5 kV) cleanup process is commonly used after the desired shape is achieved. This 

process should also help eliminate some of the implantation along the sidewalls. 

 

Figure 5.3. BSE images of the annular milling process. (a) A large inner radius is used to give the 
cylindrical shape and remove a good portion of the material. (b) Shows the resulting tip after all the 

milling and the low-energy clean up is done. The desired diameter (< 100 nm) and low shank angle is 
achieved. 
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 Modification to the Sample Preparation Method 5.2.1.

 In this work, the previously described general specimen preparation steps were modified 

in order to maximize the rate of successful APT experiments. First, because the FIB uses a high 

energy Ga+ beam in order to do the milling, damage is expected to occur when using an ion 

beam for imaging the sample. To evaluate the extent of the Ga implantation damage, Stopping 

and Range of Ions in Matter (SRIM) calculations have been performed.97 Figure 5.4 shows the 

penetration depth of Ga ions in 5 different materials (Si, GaN, Al2O3 and Pt, Cu) as a function of 

the accelerating energies. This shows that the penetration of a Ga+ is much higher in Si than in 

GaN at all voltages. Likewise, Pt, such as the one used for protective purposes, provides very 

high protection against Ga+ beam damage with minimal penetration. Although the penetration 

appears low (200 Å) for GaN at 30 keV, this depth is significant enough to cause damage over a 

region of interest that may be located near the top of the sample (i.e. within the top 15 nm). 

Therefore, it is necessary to provide as much protection to the top as possible since damage from 

the ion beam can become detrimental during sample preparation. The Pt capping layer is one 

way of protecting the top, however this method still requires the use of the ion beam to perform 

the deposition, which does not completely eliminate the possibility of ion beam damage. 

Furthermore, the FIB Pt deposition process results in a film that is not a homogeneous metal bar 

but also filled with impurities such as C from the chamber and Ga impurities from the ion beam. 

This makes using the FIB-deposited Pt an inefficient way to provide complete protection to the 

structures and must be complemented with a separate protection method. To overcome this 

challenge, we found that depositing the Pt or another metal using a conventional evaporation 

technique would result in less physical damage to the sample and more uniform and dense film 

coverage. 
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Figure 5.4. SRIM calculations of the penetration depth of Ga ions as a function of its accelerating voltage 
in different materials. The non-shaded portion contains the accelerating voltages used in our FIB setup.  

 Besides top down damage, we must also consider damage along the sidewalls of the tip 

due to Ga+ penetration during annular milling. In the case of the old atom probe configuration 

with a narrow field of view, this problem is not seen in the reconstruction since the damaged 

areas around the sidewalls of the specimens are not collected.94 However, since our current APT 

configuration is a wide field of view thanks to the local electrode, these damaged sidewalls are 

being collected. In order to minimize this damage, we apply a low acceleration (5 kV) final 

milling process after the final sharpening step. This eliminates any implantation along the 

sidewalls by milling it away; while causing minimal to no top down damage to the sample since 

the energy is not high enough to mill away the e-beam deposited metal. 

 Besides the precautionary preparation method mentioned above, an extra step can be 

taken after APT data collection during the data analysis to ensure the data from the sidewalls is 

not taken into account. This would involve considering the data only in the region of interest 

from the inner portion of the reconstruction while excluding sidewall information. This is 
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implemented by defining a cylindrical region of interest centered at the center of the APT tip 

with a radius ~ 30 nm, such that the great majority of the sample is contained within. 

Furthermore, the FIB at The University of Alabama uses a mono-isotopic ion source, which 

means that only 69Ga+ are used to mill, whereas all of our Ga-based structures were grown using 

a gallium source with the natural distribution ratio of its two isotopes (69Ga:71Ga of 60.11:39.89). 

Therefore, distinguishing between gallium from FIB and gallium originally in the material can be 

done by only considering its 71 isotope.  

 Difficulty also arises from the sapphire substrate when it comes to milling and imaging in 

the FIB/SEM. Sapphire has a resistivity above 1014 Ω/cm, which makes it difficult to obtain 

clean images in the SEM due to charging. This is because when a beam of electrons hits a 

material that is not conductive, it cannot transfer the electrons along its path down to the metal 

sample holder. The static electric charges are accumulated on the sample leading to charging of 

the material, which results in many problems.  For example, negative charges on the sample 

would repel the electrons from the surface.98 The negative charge accumulation would also 

reduce the energy of the incoming electron from the SEM column, thus increasing the field 

between the surface and the secondary electron detector.99 The same phenomena would occur 

with the ion beam, which would lead to the ion beam drifting causing the ion beam milling to be 

uneven or incomplete; it will also cause difficulty trying to image the sample during the milling 

process. Furthermore, sapphire substrate is also very difficult to mill away since it has a value of 

9 in the Mohs scale; compared to other common substrates, such as Si that has a value of 6.5. 

When milling using the FIB, specifically for TEM sample preparation, we must be sure that we 

mill into the substrate. This requires the use of a very large ion beam in order to mill away the 

sapphire. Thankfully, with the use of the metal protective layer, we can minimize damage to the 
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top while also milling away the sapphire with high energy. In the case of APT sample 

preparation, it is not required to mill into the substrate; however in certain instance, when the 

buffer layer is not thick enough, we may be required to reach it or at least get as close to it as 

possible to maximize the survivability of the tips prepared. Although issues arise with sapphire 

as the substrate, we are able to tune the sample preparation to work with this substrate. 

 Defect Formation on Gallium Nitride via Focused Ion Beam 5.2.2.

 The interaction between a material and a radiation source (Ga ions) will lead to the 

production of Frenkel defects such as vacancies, interstitials, and color centers. This damage can 

be caused by a radiation source such as the FIB, and we must consider the possibility of this 

damage affecting our sample. It has been suggested, specifically in alkali halides, that the 

generation of color centers are not primarily generated from the head-on collision during the 

radiation but also from an excitonic recombination mechanism.100 In the literature, the suggested 

method describes a process by which the radiation generates a dihalide molecule that upon 

molecular dissociation can plausibly account for generation of vacancies and interstitials.100 

Although this process is only understood in a first approximation manner, the generation of these 

color centers is believed to be an excitonic relaxation mechanism similar to this process. The 

Frenkel defect created via self-trapped exciton recombination comes from the relaxation of the 

lattice in which the electron and the hole are converted into spatial separated defects.101 Such 

relaxation is a non-elastic collision mechanism and comes about only if the interaction of the 

electron and hole with the surrounding lattice is stronger the intrinsic interaction of the crystal 

atoms. 

 The key part of the suggested mechanism comes from the dissociation of an exciton pair, 

which is temporarily present while a crystal is being irradiated. This can provide the momentum 



 

 48 

necessary to produce Frenkel defects after irradiation by shifting an atom from its node in the 

crystal to an interstitial location leaving behind a vacancy. The generation of the exciton pair can 

be achieved, as explained in literature pertaining to alkali halides,101 via irradiation with charged 

particles, leading to the generation of excitons with various excitation energies.  

 For semiconductors, the creation of these color centers is only possible if the excitons are 

self-trapped and if the energy of the exciton (Eex) exceeds the energy required to create a defect 

(Ed, also known as the displacement energy). Recent reports on dielectric defect formation 

showed that dielectrics without self-trapped states have a small probability for Frenkel defect 

creation and that these materials are therefore radiation resistant, this is the case for example in 

Zinc Oxide.102-104 Unlike self-trapped excitons, free excitons migrate quickly through the lattice 

(that is to say the period of the lattice vibration is much larger than the decay time of the exciton), 

so they interact weakly with lattice vibrations and obviously cannot directly create Frenkel 

defects.104 If the energy of the self-trapped exciton is smaller than the energy required for defect 

creation, as in the majority of semiconductor with bandgap < 4 eV, the Frenkel defect creation 

from a single exciton recombination is not possible. For the case of GaN, the self-trapped exciton 

usually has energy ~ 3 eV, slightly below the bandgap, and GaN has displacement energy near 

19 eV.62 Nonetheless, defects can still be created by a superposition process of multiple single 

exciton recombinations. Although this multiple exciton recombination process has been seen in 

various dielectrics and semiconductors,103, 105 the efficiency of Frenkel defect creation by 

collective electronic excitations is smaller than by the decay of single self-trapped excitons.101   

 For GaN epitaxial samples exposed under the Ga ion beam from the FIB, we can consider 

the majority of the interaction between the material and the beam to be dominated by head-on 

collisions. Therefore, the generation of Frenkel defects will mostly be caused by the head-on 
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collision of the ion with the material. In terms of the energy threshold for shifting the anion from 

its node into the interstitial position and thus forming a color center, it is believed this value to be 

near the displacement energy (Ed = 19 eV).62 Transport of Ions in Matter (TRIM) calculations 

can be performed at different accelerating energies of the radiation source to evaluate the 

formation of vacancies in GaN.97 Figure 5.5 shows this relationship at three separate accelerating 

energies, (a) 27 eV, an energy value near the expected threshold value, (b) 5 keV, the lowest 

value of the ion beam, and (c) 30 keV, the most common value used for sample preparation. We 

see a number of vacancies created at 30 keV and 5 keV near the top surface, within the first 30 to 

10 nm from the top respectively. While almost none are created near the threshold value of 

Frenkel defect formation. This information matches what had been reported earlier that TEM 

sample preparation via FIB with a 5 kV ion beam will produce a surface damage layer of less 

than 5 nm in thickness.106 This concludes that the generation of vacancies is primarily a head-on 

collision process dependent on the accelerating energy of the ion particle and is mostly located 

near the top of the surface, with almost no damage to the material (APT tip) being generated via 

exciton recombination due to its low energy. After we consider this possibility of damage, we 

conclude that the current method of sample preparation will not induce an artifact in the sample 

analysis. The damage here is minimal and mostly located near the edge of the tip and we will 

employ adjustments in the analysis portion of APT data reconstruction to completely eliminate 

this. 
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Figure 5.5. TRIM calculations of the number of vacancies formation per Angstrom-Ion as a function of 
different ion beam accelerating energies (a) 27 eV (b) 5 keV (c) 30 keV. 

5.3. Voltage and Laser-Assisted Mode Atom Probe Tomography of Gallium Nitride 

 First, we compare voltage- and laser-assisted APT of GaN epitaxial samples. Figure 5.6 

shows the mass-to-charge spectra for GaN under (a) laser and (b) voltage assisted APT. All the 

constituent atomic elements are observed with relative peaks associated with their natural isotope 

ratio for N+ (m/q = 14), Ga++ (m/q = 34.5), and Ga+ (m/q = 69). We also see some molecular 

species also associated with GaN: N2
+ (m/q = 28), N3

+ (m/q = 42), GaN++ (m/q = 41.5), GaN3
++ 

(m/q = 55.5). These are congruent with those reported elsewhere.107, 108 Although field 

evaporation of GaN was achievable using only voltage pulses, a larger number of unidentifiable 

peaks are visible in the voltage-assisted spectrum, primarily occurring between mass-to-charge 

80 and 95. This makes proper identification of peaks in voltage mode difficult for certain wide 

band gap semiconductors. By comparison, laser mode yielded a cleaner spectrum with fewer and 

narrower peaks all of which could be properly identified. This is believed to be an effect of the 

different field evaporation mechanisms involved in the two modes.109  

a) b) c) 
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Figure 5.6. Mass-to-Charge spectra for a GaN epitaxial material. The APT spectrum was acquired using 
(a) laser and (b) voltage pulses. 

 Similar to our previous ZnO APT work,71 the laser mode spectrum shows sharper peaks 

with less tailing than in voltage mode, as clearly seen in Figure 5.7. The tailing is a phenomenon 

of the conductive nature of the material, which is much lower than metals; therefore, we expect a 

voltage drop between the base of the sample and the tip apex. Because the mass-to-charge 

spectra is generated from time-of-flight data, the detection of ions in the tail part of the peak 

simply means ions are taking slightly longer to reach the detector, which is due to the voltage 

drop within the semiconductor material because the ions would have a lower energy, and would 

therefore appear as if they had slightly larger mass. Although there are issues in the mass-to-

charge spectrum and in the proper identification of peaks, voltage mode APT remains an 

important tool to have in semiconductors as it eliminates any reconstruction artifacts brought by 
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the laser-tip interaction. These include surface diffusion of atoms, incorrect compositional 

characterization, and excessive heating of the tip that leads to sample failure. Ultimately, voltage 

mode can be used to obtain a good 3D reconstruction with high crystallographic information. 

 

Figure 5.7. Mass-to-charge spectra comparison for the Ga+ peaks in laser and voltage mode. 

 Coincidently, our data collected from the inner portion of the reconstruction matches the 

expected ratio and we do not see an increase in the concentration of the 69Ga over the 71Ga. 

Figure 5.8 shows a temperature distribution of the density of gallium atoms in GaN. As we can 

see, the density of gallium is much larger around the sidewalls and near the top as compared to 

the center of the reconstruction. However as expressed previously, a combination of a low 

energy clean up milling and the use of low currents towards the last steps of milling will 

minimize the implantation and damage caused by the ion beam. 
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Figure 5.8. Temperature distribution of the Ga atom density in a cross section slice of an APT 
reconstruction of GaN. The sidewalls and top of the reconstruction show a higher density of Ga atoms 

compared to the center of the reconstruction. (Red indicates regions of higher gallium concentration, blue 
shows regions of low concentration) 

 Voltage Mode Field Evaporation Analysis of Gallium Nitride 5.3.1.

 Voltage mode analysis is still interesting to achieve as it allows us to obtain considerable 

information not attainable with the laser mode field evaporation. As we will discuss later, the 

conservation of stoichiometry concentration in GaN-based semiconductors is extremely 

important and can be subject to artifacts when a laser is used to induce ion field evaporation. 

Furthermore, the absence of a laser will diminish any surface artifacts, which allows us to obtain 

crystallographic visualizations of the material as it evaporates.  

 A definite answer on why we achieve field evaporation using only voltage pulses remains 

unclear, but we can speculate on some of the reasons behind it.  It has been reported in by E. P. 

Silaeva et al., that the high electric field in APT affects not only the surface but that it also 

penetrates deep into the sample.110 This modifies the electronic structure of the material 

significantly near the surface, such that locally the surface approaches that of a conductor. For an 

insulating tip, it can be assumed that the number of carriers at the surface is low because the 

experiment is performed at cryogenic temperatures. At the macroscopic scale, the equation for 

the field in a semiconductor is divided by the dielectric constant, producing a large voltage drop 

at the tip apex. However, experimental measurements show that the voltage drop can be 

10 nm 
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calculated by solving the Poisson equation coupled with the transport equation for the free 

carriers, taking into account the dielectric of the material.110 The voltage drop across the material 

is then lower than the calculated at the macroscopic level, and becomes dependent on the field 

penetration into the material. This field penetration will affect the electrical properties of the 

material and allow for field evaporation in voltage mode and also allow for FIM. Figure 5.9.a is 

the detector histogram of GaN as it evaporates from the tip. Here we see areas of low density 

along a 6-point star previously seen in similar reports of GaN nanowires.108 This density 

concentration reveals the crystallographic pole and 6-fold symmetry in agreement with 

stereographic projection along the [0001] direction of the wurtzite hexagonal crystal structure of 

GaN. The schematic representations of this hexagonal symmetry can be found in Figure 5.9 (a) 

and (b). We can use this information to verify proper evaporation.  

 

Figure 5.9. (a) Detector histogram of GaN showing the six fold crystallographic symmetry of the 
hexagonal structure. (b) and (c) are schematic representation of the tip showing the hexagonal symmetry. 

 Field Ion Microscopy of Gallium Nitride 5.3.2.

 Because we were able to successfully obtain field evaporation using only voltage pulses, 

our next step was to try to achieve field ion microscopy (FIM) of GaN, which is useful in 

determining how the surface of the tip apex behaves under the large electric field as well as 
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imaging any possible surface atom migrations. Figure 5.10.a shows a collection of overlapping 

images of the GaN surface, as it is field evaporating. The figure shows a 6-point star indicative 

of a six-fold symmetry related to the GaN tip having its (0001) axis aligned with the LEAP 

detector axis. Furthermore, the collection of images show very little surface diffusion of atoms 

under FIM conditions. This is exemplified by having full circular rings (schematic on Figure 

5.10.b) around the center of the tip. If atoms were diffusing along the surface the rings would be 

skewed or difficult to make out. This confirms once again the importance of having successfully 

achieved field evaporation of a wide bandgap semiconductor without the use of a laser, since it 

eliminates issues such as surface diffusion that make data analysis difficult under laser mode. We 

also performed FIM experiments at different temperatures and confirmed that the evaporation 

mechanism occurring is in great part thermally dependent since when the temperature of the 

specimen chamber was lower; the quality of the FIM image was great reduced. 

 

Figure 5.10. (a) Field Ion Microscopy Image of the (0001) pole of GaN at 40 K. (b) Schematic of the even 
circular rings, representative of a FIM image with little surface diffusion. 

a) b) 



 

 56 

 Laser Parameter Effects on Atom Probe Tomography Analysis 5.3.3.

 Following proper identification of a species in the laser mode mass spectrum, we found a 

strong dependence of the material detected stoichiometry with the laser energy. Figure 5.11 

shows the concentration of gallium and nitrogen elements in GaN for different laser energies 

ranging between 0.14 to 2 nJ per pulse. Quickly, we are able to see that the closest value to 1:1 

stoichiometry is obtained at the lowest laser energy allowed by our system (0.14 nJ). As the laser 

energy begins to increase, the proportion of nitrogen detected quickly drops. Such artifact of 

APT has been observed before for other binary III-V compounds such as GaAs and InAs.72, 111, 

112 These reports speculated that the decrease in the Group V element at higher laser energies is 

associated with phenomena such as surface diffusion and electronic excitation effects of weakly 

bonded atoms. When higher laser pulse energy is used during APT of GaN, it increases the 

probability of molecular species, such as N2, forming at the surface. These molecules arise from 

the recombination of atomic nitrogen diffusing on the tip surface as a result of the high laser 

energy. These newly formed electrically neutral N2 molecules are not detected in the LEAP and 

are simply pumped away by the vacuum, which offsets the detected stoichiometry. This is not 

expected to occur under voltage mode APT of GaN, which is exactly what we found out, because 

voltage mode analysis leads to a Ga:N ratio of 52:48. This is extremely close to the value 

obtained when using the lowest 0.14 nJ laser energy. Therefore, as a result we run GaN-based 

materials in APT at really low energies in order to preserve stoichiometry and minimize 

compositional artifacts. However, because we are working at the lower limit of the laser, it may 

not be stable and be affected by noise level. 
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Figure 5.11. Atomic Composition for Ga and N as a function of laser pulse energies ranging between 0.14 
to 2 nJ. The voltage mode composition is shown at the 0 nJ value. 

  Proper Peak Identification in Gallium Nitride 5.3.4.

 In the previous material stoichiometry discussion (Section 5.3.3), we assigned the peak at 

m/q = 14 in Figure 5.6.a to monoatomic nitrogen (N+). The question now arises for the 

concentration discrepancy as to whether this peak should belong to N+ or to N2
++. We will try 

here to justify why this peak should be assigned to N+ in our work, as it is still an ongoing debate 

in the literature.107, 108, 112 It has been reported in other semiconductor materials under atom probe 

analysis, that different charge states can be evaporated from different parts of the tip.113 This 

report suggests that, in silicon, the +1 charge state will evaporate mostly from the illuminated 

side (the side that is hit directly by the laser) while the +2 charge state will evaporate from the 

dark side (the side not hit directly by the laser).113 To investigate this possible phenomenon, we 

decided to look at the impact position on the detector of the atoms at m/q ratio 14 and 28 to be 

sure that it does not correspond to the same specie with different charge states (i.e. N2
++ and N2

+). 

Figure 5.12 shows a uniform distribution of all the ions, (a) N+ (m/q = 14) and (b) N2
+ (m/q = 28), 
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with respect to the location on the detector. Because both ion histograms show a homogeneous 

distribution, it suggests that there is no dependence in the laser hit position and the charge state 

evaporating. 

 

Figure 5.12. Comparison of the detector histogram of the a) N and the b) N2 ions. No preferential location 
of the ions is noticed in the detector of where the laser hits the tip. 

 Similar work done by Koelling et al. shows the expected behavior of the evaporation as 

the ions hit specific parts of the detector.113 In their work, a silicon tip is field evaporated under 

similar conditions as ours except for they use a low energy UV wavelength laser. Their results, 

summarized in Figure 5.13, show a much higher concentration of single charge silicon (Si+) 

appearing at the illuminated side (laser side). Their explanation focuses on the fact that using a 

stronger laser (higher absorption from the shorter wavelength) will require a much smaller field 

to induce the field evaporation. In the case of Si, a weaker field will favor evaporation of a 

specific charge state over another. The figure summarizes that a large fraction of single charged 

ions is a result of a high impact of the laser.  

a) b) 
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Figure 5.13. From Koelling et al., distribution of single charge Si species on the detector.113 

 Digging further into the consideration of different evaporation behavior from the laser 

illuminated side vs. the dark side, Bachhav et al. suggested a lateral heat distribution on the tip, 

which results in different evaporation mechanisms from the illuminated vs. the dark side.114 The 

authors conclude that there is some confined absorption of the laser energy that results in larger 

full width at half maximum (FWHM) from the ions collected in the dark side. We performed a 

similar analysis where we considered the ions coming from the bright and dark side. Figure 5.14 

shows the comparison between the ions collected on the bright and the dark side. Unlike the 

before mentioned publication, we do not see a widening of the peaks here and a dependence on 

the location on the tip, this suggests that there is no difference in the evaporation behavior in the 

different locations, while the only difference between the evaporation behavior between the two 

sides is the delay in lateral heat dissipation. Thus concluding that this is not a factor in the lower 

amount of nitrogen detected at higher laser energies in our experiment. 
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Figure 5.14. FWHM Comparison of ions selected between the laser illuminated side and non-illuminated 
side. 

 It is worth noting that other researchers have seen and identified the peak at m/q 14 as 

N2
++,112 and there is more work left to do to gain a better understanding of laser assisted APT of 

GaN when it comes to peak identification. For this last consideration, we must discuss is whether 

the peaks in the mass-to-charge spectra match what we would expect from an N+ or an N2
++ 

specie at m/q 14. As shown in Figure 5.15, we did not see a peak at m/q 14.5, which would have 

been expected for the (14N15N)++ isotope of N2
++. This allows us to conclude that the peaks near 

m/q 14 are most likely singly charged nitrogen.  
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Figure 5.15. Mass-to-charge spectrum near m/q 14 showing the theoretical possible positions of peaks 
associated with nitrogen. The absence of a peak at 14.5 suggests that the peaks experimentally observed 

correspond to N+ and there is no measureable contribution from N2++. 

5.4. Dopant Visualization of n-type Gallium Nitride Using Atom Probe Tomography 

 One of the most advantageous characteristics of APT is the ability to identify low level 

doping content over a small area with 3D imaging capabilities. In order to increase the electron 

concentration in undoped GaN, Silicon is a common dopant used to make the material n-type.115 

Two separate samples, undoped GaN and Si-doped (n-type) GaN, were studied and a portion of 

their spectra is shown in Figure 5.16. Si atom identification in APT can be difficult for GaN 

materials because Si+ and N2
+ both share the same mass-to-charge value at 28. One method to 

distinguish them is to use their different isotope masses and abundances. Nitrogen has two 

isotopes at a.m.u. 14 and 15 with an abundance of 0.9964 and 0.0036 respectively. Therefore, 

N2
+ would have a total of three possible isotopes at 28N2

+, 29N2
+ and 30N2

+ with probabilities 

around 0.9927, 0.0073 and 0.000012 respectively (the latter one being close to the detection limit 

of the LEAP). This is shown in the undoped case in Figure 5.16.a, where we clearly see the two 
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main peaks of N2
+ with the third peak (m/q = 30) making a very small contribution, consistent 

with the probability of abundance. Si, on the other hand, has three main isotopes 28Si, 29Si and 

30Si with abundances around 0.9222, 0.0469 and 0.0309 respectively. The spectrum in Figure 

5.16.b is the mass-to-charge spectrum for the Si doped GaN. Clearly we see a significant 

increase in the number of counts for the value at m/q ratio 30 as compared to the undoped case, 

indicating that this peak can be identified as 15N2
+ and 30Si+. Si will also contribute to the other 

two peaks but since the level of doping is low, we expect a small contribution relative to the 

large size of the peaks.  

 

 

Figure 5.16. Mass-to-Charge spectra for (a) undoped GaN and (b) n-type GaN, the portion of the 
spectrum shown is where the dopant (Si) would appear. 

 Three-dimensional characterization of the location of the Si atoms can become difficult 

since the majority of the Si will come from its most abundant isotope, and we are not able to 

properly deconvolute the 14N2
+ peak and the 28Si+ peak, both at m/q ratio 28. We are able to 

identify the location of the 30Si+ ions and see that they are evenly distributed along the GaN with 

no cluster formation (Figure 5.17). Because the Si source used (SiH4) contains all isotopes with 

their expected distributions, we can conclude that we would also expect a similar behavior for 

the other isotopes, as we consider that one isotope is not more likely to cluster over another. 
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Figure 5.17. 3D reconstruction of n-type GaN with the Si ion highlighted in red. (Gallium atoms in 
orange and nitrogen in green) 

 Furthermore we are able to observe the effects of the higher electrical conductivity of n-

type GaN on the APT evaporation process. Figure 5.18 shows the voltage histogram for the two 

samples studied while maintaining the same evaporation rate and the same position. The shape of 

both curves is very similar, confirming that the tip shape of both tips is very similar with 

comparable shank angles (slope of voltage progress). The voltage required to achieve field 

evaporation (turn-on voltage) is much higher for the undoped sample by approximately 1000 V 

(~ 30 % increase). This can be explained by the higher electrical conductivity of the doped 

sample, which does not need as high of an applied voltage to achieve the same evaporation rate 

because of the higher conducting nature of the doped sample. 

5 nm 
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Figure 5.18. Voltage Histogram comparing undoped and n-type GaN. The voltage required to achieve 
consistent field evaporation of n-type is much lower than that of undoped GaN. 

5.5. Summary 

 In this chapter, we have presented successful field evaporation of GaN using voltage and 

laser assisted APT. We have discussed the advantages of either mode of operation as well as 

discussed artifacts brought about in both. Also, the field evaporation behavior of GaN under sub-

bandgap laser was discussed. This analysis constitutes the basis of APT of more complex 

materials and device structures based on GaN. 
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CHAPTER 6 

FIELD EVAPORATION BEHAVIOR OF WIDE BANDGAP SEMICONDCUTORS IN 
LASER ASSISTED ATOM PROBE TOMOGRAPHY 

6.1. Introduction 

 Although APT of GaN was achieved using both voltage and laser assisted field 

evaporation, the mechanisms behind this phenomenon remain unclear. It is not quite certain how 

the absorption of sub-bandgap laser is achieved in GaN and how the evaporation of charged 

particles occurs. In this chapter, we begin with a brief introduction on the interaction between 

laser and materials, and then move into the specific behavior of GaN by studying the time-of-

flight spectrum. By studying this, we are able to observe that the evaporation occurs in a two-

step process and thus gain a further understanding of the material behavior under APT. 

6.2. Atom Probe Tomography Field Evaporation Process 

 Laser-Material Interaction: The Metal Case 6.2.1.

 In the case of metals, the interaction of the laser with the nanometer-sized tip as a 

function of the laser wavelength, energy and polarization is understood well and can be 

interpreted by ultra fast heating and cooling on a Müller emitter after the laser excitation.116 The 

model for evaporation (K) can be described as an Arrhenius behavior by equation 6.1. 

𝐾 ∝ 𝑒𝑥𝑝 !!!
!!!

      (6.1) 

 Where Qn is the activation energy barrier for field evaporation, kB is the Boltzmann 

constant and T is the specimen temperature during field evaporation. Here, K may be pulsed by 
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either modulating the temperature or the energy barrier. Pulsing of the temperature is known as 

thermal pulsing and is achieved by increasing the temperature of the tip specimen as a function 

of time. Although this thermal process is believed to be dominant, an athermal activation process 

can still be discussed. 

 If the pulse induces a sudden increase in evaporation pulse without increasing the 

specimen temperature, it is deemed to be an athermal process.117 This can be achieved by the 

lowering of the activation barrier (Schottky saddle) towards a zero-Qn.117 By definition, any 

athermal pulse should yield elevated evaporation rates only during the duration of the pulse 

(laser or voltage), because the Schottky saddle would only be reduced during the duration of the 

pulse. In current ATP technology, these pulses tend to be short (pico- or femtosecond length). 

The best atom probe position sensitive detector instrumentation achieves about an 80 ps timing 

resolution overall (based on 40 ps timer chips).117 If the field evaporation occurred solely as an 

athermal process, all peaks in the time-of-flight spectrum would be Gaussian in shape and have a 

full width at half maximum (FWHM) of approximately 80 ps, the timing accuracy of the detector. 

The finest peak collected to date is approximately 115 ps from an ideal aluminum specimen.117 

The data collected in this report exhibits, at best, a FWHM around 400 ps with most data falling 

under 800 ps. Therefore, an athermally dominated process can be ruled out in both metals and 

non-conducting samples analyzed via ATP because the data collected shows a different trend. 

 Direct photo-ionization of atoms has also been suggested as a possible mechanism for 

field evaporation, and although this is a mechanism viable in semiconductors and dielectrics, it 

does not occur in the case of metals. It would make sense that direct photoionization on the 

surface of a specimen under high electric field would lead to field evaporation. However, the 

lifetime of a metal ion is approximately 30 fs, which under a 1010 V/m field, it would move 
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approximately 0.001 nm.118 Therefore, field evaporation can be considered a solely thermal 

process that occurs from the heating of material via the interaction of electrons and the laser 

pulse. 

 During the first few femtoseconds of the laser pulse, the electrons will absorb the pulse 

via electron-photon interaction. At this exact time, the lattice can be considered frozen with no 

temperature increase. The metal tip is therefore, considered at two separate temperatures; a hot 

one for the electron cloud warmed by the photon absorption and a cold one for the lattice. The 

hot electrons will thermalize with the lattice, creating phonons. This transfer of energy has a 

characteristic time called the electron-phonon coupling time.84 This time is of the order of a few 

hundreds of femtoseconds to a few picoseconds for most metals.119-121 During this time, the hot 

electrons may also travel in the material a distance described by the diffusion length of the 

material.122 After thermalization, the specimen apex region will be warmer and this subsequent 

increase in the thermal agitation of the surface atom then leads to field evaporation. Heat flow by 

conduction down the shank of the specimen cools the specimen within nanoseconds of the pulse, 

leaving enough time for the tip to return to its base temperature before the next pulse arrives 

(normally the pulse frequency was 200 kHz). 

 For femtosecond laser pulses, the warming up of the lattice will occur after the laser pulse 

due to the time scale of the electron-phonon coupling time. However, for laser pulses longer than 

this coupling time (i.e. picosecond pulses), the electron cloud and the lattice become coupled 

during the laser pulse, such that the lattice can acquire energy directly from the laser and not 

through transfer from the electron. This leads to a very rapid temperature increase on the tip 

during laser exposure.84 The maximum temperature reached by the sample is dependent on the 
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material, tip geometry and laser parameters: laser wavelength, pulse duration, focusing condition, 

energy, and laser position on the tip apex. 

 Laser Material Interaction: The Non-metallic Case 6.2.2.

 In the non-metallic case, the process of ionization is considered. Tsong et al. proposes 

three mechanism that lead to the photon-assisted field ionization and field evaporation of surface 

atoms.118, 123 The first process is described as an electron from the surface atom directly 

tunneling into a vacant bulk state. In the second process, the electron from the surface atom is 

excited by the resonant absorption of one or more photons. The third process involves the 

absorption of photons by the electrons in the material, creating holes inside the valence band, 

which gives rise to an electron from the surface atom to tunnel directly into the valence band for 

recombination. In the case of semiconductors, the atomic electron will make a direct transition 

from the atomic state to a vacant conduction band state by absorption of a photon or it will tunnel 

into a vacant valence band state.83 

 When the laser illuminates the tip analyzed, electrons in the specimen will absorb the 

photon, as expected by the optical properties of the material. This initial absorption can be 

localized, either at the surface or in the bulk depending on the properties of the interaction.124 If 

the photons are absorbed by the surface electrons, ions are then generated at the surface in a 

process known as photo-ionization; however, this process is only feasible if the lifetime of the 

surface ions is equal or longer than the vibration time of the crystal.74, 118 In fact, their lifetime is 

related to the time necessary for other electrons in the material to neutralize the newly created 

ion. In semiconductors, ions created via direct absorption of the photons are likely to evaporate 

before being neutralized.125 When the photon energy is larger than the energy bandgap, the 

absorption coefficient is high and a uniform absorption over all the tip volume is expected.126 
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When the photon energy is lower than the energy bandgap, as is the case for the scope of this 

dissertation, the process of absorption becomes more complex and is aided by external factors 

such as the standing electric field. The optical properties of bulk semiconductors are affected by 

the presence of a strong electric field.127, 128 The field can modify the band structure of the 

material,129 thus reducing the bandgap, or bending the bands.130 Material defects can also aid in 

the absorption of sub-bandgap laser. For example, structural vacancies can create electronic 

levels in the bandgap, thus allowing the absorption of the photons. Moreover, surface states have 

been reported to present an electronic structure different from that of the bulk, characterized by a 

lower bandgap.126 

 After the photo-ionization process, the excited electrons decay down to lattice phonons 

increasing the material temperature, in what can be considered a thermal process, analogous to 

that of metals. The evaporation process can be similarly described by Equation 6.1, with the 

temperature being time dependent. Calculations done by Vurpillot et al. show that the 

temperature distribution reached by the specimen is a function of time and can be calculated 

using the Fourier equation of thermal transport for a semi-infinite, one dimensional wire; a 

geometry comparable to that of an APT tip.124 The author considers an instantaneous heating at 

the nanosecond scale with a Gaussian shape, where the FWHM of the Gaussian is represented as 

𝜎!!"#. The first approximation of the variation of the temperature as a function of time results in 

the maximum temperature, 𝑇!"#$ as represented in Equation 6.2.124 

𝑇!"#$   𝑡 = 𝑇! +
∆!!"#$

!! !!!!
!!!"#
!

     (6.2) 

 Where T0 is the base temperature of the sample before heating, ΔTrise is the increase in 

the temperature induced by the laser-material interaction, and αT is the thermal diffusivity of the 
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material. The cooling time of the material 𝜏!""#$%&  is described by the heated zone 𝜎!!"#  and 

the thermal diffusivity coefficient 𝛼! , such that the above equation can be rewritten as: 

𝑇!"#$   𝑡 = 𝑇! +
∆!!"#$

!! !!
!!""#$%&

     (6.3) 

 By combining Equations 6.1 and 6.3, we can develop a model of the evaporation 

behavior of the material in APT as a function of the thermally activated process. The model of 

the temperature progression is shown in Figure 6.1 as a function of a different temperature rise, 

with base temperature (T0) of 63 K. 

 

Figure 6.1. Model of the Temperature progression on a nanometer size tip after laser excitation. Trise 
represent the initial temperature increase due to the excitation pulse. 

 Field Evaporation Mechanism in Gallium Nitride Using 532 nm Laser 6.2.3.

 In the case of GaN, it is not immediately clear why it could be possible to achieve field 

evaporation using a 532 nm laser when the material has a bandgap much larger than that of the 

laser photon energy (2.33 eV). Some possible mechanisms that can be suggested are surface 

photo-resonant ionization at low laser energies or two-time scale evaporation for higher 
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intensities and certain wavelengths.74, 131 However, two mechanisms pertaining specifically to 

our materials are discussed here and a combination of these two mechanisms is likely to take 

place and aid in the absorption of 532 nm laser by gallium nitride. 

 The first mechanism is that of band bending under the condition of APT. In the presence 

of a high electric field, the surface band structure of a semiconductor-vacuum interface bends 

upward leading to high surface hole density.130 In fact, calculations done on Si and MgO show 

that the HOMO-LUMO gap (band gap in the case of semiconductors) decreases sharply as the 

field is increased, as seen in Figure 6.2.110 This phenomenon has strong implications for the case 

of sub-band gap absorption in GaN.  

 

Figure 6.2. HOMO-LUMO gap for Si and MgO as a function of standing electric field, from E.P. Silaeva 
et al.110 

 The second mechanism comes from the non-linear optical properties of GaN based 

semiconductors, which leads to two-photon absorption,132-134 especially when ultrafast lasers, 

such as the one used in out LEAP system, are used. This two-photon absorption means that GaN 

would absorb two photons simultaneously, which in the case of a 532 nm laser would result in 

sufficient energy to overcome the bandgap of GaN. Overall these two mechanisms, band bending 
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under the presence of an electric field and two-photon absorption, would allow for the absorption 

of 532 nm laser. 

 Non-hemispherical Tip Shape Formation and Heat Propagation Under Laser Exposure 6.2.4.

 One of the difficulties encountered using laser-assisted APT is the non-uniform tip 

formation. Figure 6.3 shows SEM images of a tip that has been run under laser mode. The tip 

exhibits a phenomenon where a non-hemispherical shape has formed depending on where the 

laser hits the tip. It is easy to see that one side has been flattened down, resulting in a much larger 

local radius on that side. Taking circular measurements, it is revealed that there is a change of 

diameter between 94 nm to 149 nm between each side of the tip. The side of the tip where the 

flattening occurs is the same as the side where the laser hits. This can be interpreted as a higher 

evaporation happening on the side where the laser directly hits the tip. It has been suggested that 

a laser impinging on a tip can be absorbed by a semiconductor material, however, this absorption 

can be strongly one sided.113 Computer modeling of one-sided absorption performed by Koelling 

et al. show that this type of absorption results in non-uniform heating that leads to the non-

hemispherical tip shape.113 The same phenomenon is likely occurring in GaN, which would lead 

to reconstruction artifacts because the analysis software assumes symmetric evaporation. 

 

Figure 6.3. SEM Images of a GaN tip after laser assisted analysis. For visual enhancement, (b) and (c) 
are the same image as (a) to make the measurement clearer. 
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 Because APT is a position sensitive measurement, we should be able to see a difference 

between the ions coming off the illuminated and non-illuminated side. Being able to observe a 

difference between the two, leads to the conclusion that absorption is happening on the surface at 

the illuminated side. In the case of GaN, where the thermal conductivity is poor, if the light 

absorption is localized at the surface, a nonhomogeneous heat distribution on the tip surface is 

generated during the first moments of evaporation. This would indicate that the laser side is 

hotter immediately after the laser pulse. We can take sampling data from each side of the 

detector and compare their time-of-flight spectra as seen in Figure 6.4.a. The time-of-flight 

corresponding to ions coming from the laser-side show a fast rising edge, whereas the ions 

coming from the dark side of the tip show a slower rise time. In addition, the peak on the dark 

side (supposedly the peak temperature) occurs about 0.37 ns later. Knowing the thermal 

diffusivity (αT) of GaN to be 0.43 cm2/s,10 we can calculate the diffusion length (d) of heat over 

that time frame using Equation 6.4.  

𝑑 = α!𝜏        (6.4) 

 Where τ is the time difference between the different spectra. This leads to a diffusion 

length of approximately 120 nm, which is within the range of diameter of the tip. Note that this 

diffusivity value is for GaN at 300 K, and this value would most likely decrease slightly at lower 

temperature thus leading to a more accurate diffusion length representative of the tip diameter. 

Therefore, it does make sense that the absorption of the laser is initially on the surface and it 

diffuses towards the dark side of the tip over a distance similar to that of the tip diameter, as 

summarized in the schematic on Figure 6.5.b.  
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Figure 6.4. (a) Time-of-flight spectrum for the 69Ga+ ion as measured by their position on the detector, 
laser illuminated side (red) and dark side (black). (b) Flow model of the heat diffusion from the 

illuminated side to the dark side. 

 Two-step Evaporation Process and Evaporation Model 6.2.5.

 As described previously, the process of laser absorption occurs mostly at the surface and 

is primarily one sided, while the evaporation process occurs in two steps. The atoms being 

directly hit by the laser will evaporate before those that are not due to the time necessary for heat 

diffusion from one side of the tip (illuminated side) to the other (dark side). The two evaporation 

mechanisms involved here are: first, the photo-ionization of the surface states during the laser 

illuminated process; second, the thermal assisted field evaporation. Evidence of these processes 

can be obtained by studying the time scale of the evaporation rate. Analyzing the time-of-flight 

spectrum will allow us to see that the photo-ionization process will correspond to a very fast 

evaporation process below the detection accuracy of the position-sensitive detector, while the 

thermal assisted field evaporation occurs on a much longer scale compared to the detector 

accuracy. This allows us to differentiate between fast and slow evaporation processes. 
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 Bulk GaN samples were analyzed under similar conditions but with different laser 

energies, 0.2 nJ and 2.0 nJ. Their time-of-flight spectra for one of the 69Ga+ ion is shown in 

Figure 6.5. In this spectrum, we begin to see a difference between the decays after approximately 

500 ps. This time frame is longer than the expected photo-ionization lifetime. The behavior of 

this peak before 500 ps can be neglected due to it being a factor of the poor position sensitive 

detector accuracy, so we were unable to evaluate the behavior of the atoms in the photo-

ionization regime. We must then consider anything after approximately 500 ps as the thermally 

activated process. 

 

Figure 6.5. Time-of-flight spectrum for the 69Ga+ ion at different laser energies, 0.2 nJ and 2.0 nJ. 

 Using a combination of Equations 6.1 and 6.3, we can fit both of the curves in Figure 6.5 

and obtain important parameters. From fitting these curves, we can gain a better understanding of 

the field evaporation barrier (Qn), the temperature rise (Trise) and the cooling time after the laser 

pulse (τcooling). The barrier height depends on the material properties and is a function of the 

standing field. Because the applied voltage in both instances is very similar, and likewise the 

geometry of both tips, we can assume the barrier height to be constant in both instances. The 

second parameter that also remains similar is the cooling time. This characteristic time is highly 

100 

10-1 

10-2 

10-3 



 

 76 

dependent on the material’s ability to dissipate heat, and can therefore be considered the same in 

both cases since it is the same GaN sample. Furthermore, Vurpillot et al. argues that the cooling 

rate becomes dependent on the tip geometry, specifically the shank angle of the tip.135 However, 

the variation in the time remains small for very small angles and since the milling procedure has 

been streamlined, we believe the two tips are essentially identical. Selecting the right values to fit 

can become a very arbitrary process since it becomes fitting 3 separate parameters to an 

exponential decay curve. Therefore, we follow previous literature on semiconductor materials to 

set limits for the value of the barrier height and the cooling time, and note that is a first level 

approximation to the discussion of the complex evaporation behavior under APT.73, 136 

 Figure 6.6 shows a set of curve fits performed for each of the spectra and exhibit that the 

higher laser energy does have a higher temperature rise. It is important to note that the curve fits 

can only be done approximately 500 ps after the data collected, as shown in the Figure. 

Furthermore, the accuracy of the fit to the actual time-of-flight spectrum was enhanced by 

minimizing the root mean squared of the difference between the fit and the original TOF. The 

resulting temperature rise for the 0.2 nJ and the 2.0nJ spectrum are 123 K and 182 K, 

respectively. The higher laser energy exhibits a higher temperature most likely due to the larger 

number of photons per area. The higher temperature rise is expected because the higher laser 

energy results in higher laser intensity on the cross section of the laser. Thus, leading to more 

excitation of the electronic states. This further confirms the absorption of the laser by the 

material via the two methods previously described. A lot can be gained from this fitting method 

as it provides a way to understand how different materials behave under APT conditions, 

specifically the laser-material interaction side of APT. 
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Figure 6.6. Curve fits performed for the (a) 0.2 nJ and the (b) 2.0 nJ time-of-flight spectra. The higher 
laser energy shows a large temperature rise. 

 We can discuss our fitting method further by looking at the heat capacity model of GaN 

and using it to fit time-of-flights at different temperatures. The heat capacity of a material is a 

measure of its ability to store heat and described by the ratio of the energy transferred to a 

substance to raise its temperature by a specific amount. However, from the Debye model, at low 

temperatures similar to those in APT, the heat capacity becomes proportional to the cubed ratio 

of the temperature. We can use the Debye law to discuss how the temperature rise can be 

predicted between fits of experiments ran at different base temperatures. In this experiment, the 

TOF was obtained for a GaN tip using three separate experiment base temperatures (T0 = 44 K, 

T0 = 60 K and T0 = 87 K). The first constraint in this model is that the Trise value must fall in line 

the Debye law and be a cubed ratio of the temperatures. This means that one of the values of the 
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Trise values has been fitted; the next one is proportional to the cubed ratio of the base 

temperatures. Using this constraint, we find that the curves fit very well for each of the three 

different temperatures, first by fitting the low temperature TOF (44 K, Figure 6.7.a) with a Trise 

of 280 K, then determining the Trise values for the next two temperatures (Figure 6.7.a and b).  

 

Figure 6.7. Curve fits for a GaN at three different APT base temperatures (a) T0 = 44 K, (b) T0 = 60 K, 
and (c) T0 = 87 K using constant barrier height and cooling time in all three instances but with different 

Trise values following the heat capacity model. 

 However, we must consider a second constraint, which is that the majority of the 

evaporation should occur during the photo-ionization process (i.e. during the pulse). If we 

consider that the highest value for Tapex (Equation 6.3) occurs within the first 15 ps (essentially 

t=0 ns), therefore we expect the majority of the evaporation to come at this time. We can 

determine the percentage of evaporation events occurring during the pulse and long after pulse 
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by considering the ratio of the evaporation events at the maximum value (Tapex = T0 + Trise) and 

the minimum value (Tapex = T0). Equation 6.5 represents this ratio for the T0 = 44 K sample with 

a Trise = 280 K. 

𝐾 =
!"# !!!

!! !!  !!!"#  !

!"# !!!
!! !!  !

              (6.5) 

 For the low temperature model, this ratio gives us that the majority of the evaporation 

events occur during the pulse, as expected. However, for the middle temperature TOF (T0 = 60 

K), we calculate with the Debye model Trise that only half of the ions evaporate during the pulse. 

Furthermore, for the high temperature TOF (T0 = 87 K) the majority of the evaporation occurs 

after the pulse. These two latter cases we believe to not be true. Therefore, this shows that there 

are issues with this model and further work is needed to verify if this model does not work, 

perhaps at higher temperatures. From these fits, we may be able to tell that the parameters are not 

correct and we require more control over some experimental variables such as: the laser, the 

geometry of the tip, and the position of the tip. A different approach would be by determining 

some of the parameters without the need for the fit. One of the methods of achieving this is 

summarized by Vurpillot et al.135 as an autocorrelation procedure to determine the cooling time. 

This procedure measures variations of the evaporation rate delay using separate pulses. The 

evaporation rate can then be measured by varying the delay of the pulses. And the authors 

determine that using this procedure, the cooling time measurement is less sensitive to errors from 

other parameters.135 If we can determine some of the parameters via a separate method, we can 

minimize the arbitrariness of the fitting procedure. 
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6.3. Summary 

 In this chapter we have discussed how the absorption of 532 nm laser is possibly by GaN 

in the APT conditions of low temperature and high electric field that cause band bending. 

Furthermore, we have studied the evaporation under APT as a two-step process, beginning by 

photo-ionization of the surface atoms during the laser pulse followed by a thermally assisted 

evaporation process. The latter was consistent with observations of non-symmetric evaporation 

between illuminated and non-illuminated side and quantitatively with the TOF. 
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CHAPTER 7 

ATOM PROBE TOMOGRAPHY STUDY OF TERNARY STRUCTURES 

7.1. Introduction 

 In the previous chapter, we discussed APT of GaN epitaxial materials. Building on this 

binary compound, we now shift our focus to more complex ternary nitride-based heterointerfaces, 

such as lattice-matched (LM) AlInN/GaN and strained AlGaN/GaN for use in high power and 

high frequency transistors. APT can be used to study heterointerfaces in a way that other 

techniques cannot. This chapter begins by first considering the current preparation method, and 

making the appropriate changes to minimize sample damage and maximize successful atom 

probe experiments. We then focus on the APT analysis of the two heterostructures mentioned 

above, expanding beyond what we have discussed so far on APT analysis. Finally, we conclude 

with an APT study of the effects of radiation on the material performance and on the quality of 

the 2DEG channel. 

7.2. Modifications to the Sample Preparation Technique 

 For such heterointerfaces, the proximity of the 2DEG to the surface (normally 10-25 nm) 

makes FIB-related damage a major concern. We have seen from previous SRIM simulations that 

the damage could be as deep as 15 nm in GaN for a 30 keV ion beam. Therefore, the 2DEG 

region, located within the top 10 nm, could be easily damaged prior to depositing the protective 

Pt bar; this became our first challenge. This new structure required modifications to our 

preparation procedure. Previously, the tip could be located anywhere within the 2 µm GaN bulk. 
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With this new schematic, our challenge arose in that we are limited in the location of the tip to be 

precisely near the surface or at least within 5 nm of the top in order to capture enough of the 

ternary. This required an efficient capping protection layer and precise annular milling to 

maintain a high experiment success rate. 

 We saw previously, that depositing a thin film of metal using an electron beam deposition 

procedure could eliminate damage. The metal requirements would be that it needed to be highly 

conductive and have a low evaporation field. The metal we chose to deposit was Cu (Alfa Aesar, 

99.5% purity). The damage induced during the e-beam deposition is minimal, and it provides 

sufficient protection from FIB damage (Figure 5.4). SRIM calculations show a damage depth 

below 10 nm at 30 keV for Cu under our ion beam conditions. A deposition of over 200 nm thick 

would provide enough top down protection. The e-beam deposition was done using a Denton 

Vacuum E-Beam Unit Explorer with a deposition rate of 1.9 Å/s and a chamber pressure around 

10-6 Torr. Using the BSE detector on the SEM during the milling process, we can make sure that 

only a very small amount (5 – 10 nm) of Cu remains on the tip prior to APT analysis. During the 

data processing portion, the Cu data collected can be easily removed so it does not interfere with 

the analysis of the heterostructure material. For the purposes of sidewall damage, it is difficult to 

eliminate it during the milling. However, during the post-LEAP data analysis process, we still 

only consider data from the center of the tip and eliminate the outer portion, which may contain 

information affected by the milling process. 

 By considering a material without gallium, such as a thick layer of AlInN, we have the 

opportunity to evaluate the quality of our protection and milling method against ion damage, 

since any detection of gallium would be from the FIB process. Figure 7.1.a shows a 

reconstruction of a 30 nm AlInN layer (top) on GaN (bottom). Note that the slanted interface 
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between the two is a result of the mounting procedure and that the sample growth axis was not 

aligned with the post. We can use APT to display only certain atoms, such as the Ga atom in the 

full structure. As we can see in Figure 7.1.b, the Ga atom (orange) are present, as expected, in the 

GaN region, but are very sporadic in the AlInN layer. It can be said that the distribution of these 

atoms is consistent with the noise level in an APT 3D reconstruction. To quantitatively measure 

the possible concentration of Ga, we employ isosurface reconstructions. Isosurfaces are 3D 

surfaces representing a point of constant concentration. The first step in creating an isosurface is 

defining the concentration; this serves a point of reference for the software to begin building the 

volume isosurfaces around that concentration. The voxel size is important as this essentially 

determines the spacing of the sampling data. We should point out that it is important to choose a 

voxel size smaller than that of what a cluster would measure, this would allows the measurement 

to rule out any irregularities from small clusters. Once the concentration is defined, the software 

builds the solid volumes around the concentration point such that the isosurface forms. 

 The isosurfaces shown in Figure 7.1.c represent Ga at a ratio of 0.10. The figure shows an 

isosurface located near the interface, as it is part of the gradient from a region with no Ga into 

GaN, and an irregular region near the surface of the top. The lack of a consistent Ga 

concentration near the top or along the sidewalls indicates that the metal capping procedure 

implemented provides adequate protection. Furthermore, the milling procedure of using low 

accelerating energies near the final steps aids in this process. 
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Figure 7.1. Reconstructions of a thick layer of AlInN on GaN; (a) is the complete 3D reconstruction 
showing all the ions, (b) shows the location of all the Ga ions (orange), and (c) highlights a 0.10 atomic 

fraction isosurface of Ga. (Aluminum = blue, indium = purple, gallium = orange, nitrogen = green)  

7.3. Modifications to the Sample Analysis Procedure 

 One of the large issues brought about during the analysis is the different evaporation 

requirements of each of the materials. Previously, we dealt with a single compound of 

homogeneous distribution such that once it turned on and started to field evaporate no other 

changes were required. In the case of a heterostructure, the field evaporation requirements will 

vary depending on the material because of the crystal structure, band gap and bond energy will 

vary between materials, and therefore a different field will be required to break the bonds and 

field evaporate single ions from the lattice. This transition point can easily lead to sample failure. 

Figure 7.2.b shows the voltage profile of an AlInN/GaN sample, while maintaining constant 

evaporation rate. The voltage required to evaporate the ternary is much higher than the voltage 

required to evaporate the GaN. Therefore, as we see in the spectrum, a sudden drop of voltage 

occurs when transitioning from the ternary to the GaN. From the sample’s point of view, the 

GaN gets immediately exposed to a very large voltage once all the ternary is evaporated this can 
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lead to favorable evaporation on the surface of the tip. We see evidence of this in the 

reconstruction (Figure 7.2.b), represented by regions of low density near the edges of the tip just 

below the interface where evaporation is not occurring. Although this is a physical phenomena 

occurring at the tip, the software is unable to differentiate and fix this preferential evaporation. 

This preferential evaporation could easily lead to sample failure and inaccurate analysis of the 

interface. In order to overcome this challenge, selecting a higher collection rate at the start of the 

GaN region can be used to minimize the voltage drop between samples. However, this may also 

lead to a large ratio of complex molecules evaporating and bring about other reconstruction 

issues. Although this challenge presented some problems while field evaporating the materials, 

adjustments such as changing the evaporation rate, minimized sample failure. Furthermore, 

during sample analysis, taking data from the center of the tip eliminates any artifacts created by 

these voids. 

 

Figure 7.2 (a) Reconstruction of a multilayer sample with voids created on the edge of the sample near 
the interface due to the large field evaporation requirements between the two semiconductors, as seen in 

(b) the voltage profile. (Aluminum = blue, indium = purple, gallium = orange, nitrogen = green) 
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7.4. Atom Probe Tomography of Aluminum Indium Nitride on Gallium Nitride 

 Figure 7.3 shows the mass spectrum for the specimen shown in Figure 7.1.a. All the 

principal atomic species were identified corresponding to their natural isotopic distribution, 

along with a few molecular species (N2
+, GaN++, GaN3

++) similar to the previous spectrum of 

GaN. If we consider the ternary region only, we would see that Al and In primarily evaporate as 

single elements (In+, In++, Al+, Al++, Al+++), with only AlN++ evaporating as the only molecule 

from the ternary. Although InN may evaporate as a molecule as well, (InN++ m/q = 64.5) it 

would probably not be enough to be above the noise level as the ratio of Al:In is about 5:1. 

 

Figure 7.3. Mass-to-charge spectrum of an AlInN layer on GaN. 

 For multilayer samples presented in this study, we employ a 1D concentration profile 

along the direction of growth with a 1.5 nm step size (see Figure 7.5 inset). In order to avoid the 

possible damages introduced by the preparation method, we designate a cylindrical region of 

interest located at the center of the tip, as seen in Figure 7.4. The radius of this region of interest 

is roughly around 30 nm such that at least 50% of the inner portion of the data collected is 

considered. This value represent a good approximation for the whole tip, furthermore, it also is 
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separated enough from the edge such that no FIB-related damages are present, as it compares 

with the SRIM measurements on penetration depth. 

   

Figure 7.4. Cylindrical region of interest at the center of the APT reconstruction. (Aluminum = blue, 
indium = purple, gallium = orange, nitrogen = green) 

 For LM AlInN/GaN, as is the case in this sample, the composition ratios grown are 

normally around Al:0.83 and In:0.17. This is a similar composition that we see in Figure 7.5. The 

spectrum has been normalized to Group-III elements only, so that we can make the appropriate 

relation to the growth conditions, and also eliminate any possible issues from the evaporation of 

neutral N2 that goes undetected. From this profile, we can assess the sharpness of the interface 

for all the constituent atoms and the diffusivity of the elements across it. We can measure the 

sharpness of the interfaces by taking the distance that it takes for the composition of the elements 

to go from 10% to 90% of each element’s maximum value. From the data, we see that the 

aluminum and gallium interface expand over a region of 6 nm, while the indium goes over 9 nm. 

This shows that the interface is sharper for Al and Ga, and scattered for In. 
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Figure 7.5. 1D concentration profile of a 25 nm thick LM-AlInN layer on GaN. 

7.5. Atom Probe Tomography Study of High Electron Mobility Transistor Structures 

 As discussed in the introduction, high electron mobility transistors (HEMTs) are formed 

by heterojunctions between AlInN or AlGaN and GaN. They are primarily characterized by the 

high carrier density region, known as the 2DEG, formed by discontinuity between the bandgap 

of the two materials. There are primarily two basic structures we will discuss, one for AlInN-

based HEMTs and the other for AlGaN-based HEMTs; the schematics for both are summarized 

in Figure 7.6. 

 

Figure 7.6. Schematic of the HEMT structures studied via APT for (a) lattice matched AlInN/GaN and (b) 
AlGaN/GaN. 
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 Study of Aluminum Indium Nitride Based High Electron Mobility Transistor Structures  7.5.1.

 The mass spectra and reconstructions for the AlInN based HEMT is very similar to those 

shown in Figure 7.3 and Figure 7.1.a respectively, with the only difference being that a very thin 

layer of GaN exists at the very top of the reconstruction. This top GaN layer is still difficult to 

see visually in the 3D reconstruction unless the picture is enhanced. Therefore, we must take a 

closer look at the 1D concentration profile done along the direction of growth. Figure 7.7 shows 

the expected concentration of Group-III elements for the HEMT structure. The upper GaN layer 

shows approximately 2 nm thick region before it begins to decrease and give way to a 10 nm 

thick Al0.83In0.17N layer, followed by GaN. Although this method of performing analysis leads to 

good conclusion, we can still take advantage of the nanometer scale resolution of APT to look at 

the interface behavior. 

 

Figure 7.7. Concentration profile of the lattice matched AlInN/GaN HEMT structure. 

 Once the interface can be established by the concentration profile, it is possible to study 

the characteristic of the interface such as diffusion of elements across it. For this type of interface 

analysis, we perform a proxigram analysis. We can take advantage of the fact that in an APT 

data set, we have 3D position information about every single atom. Therefore, we can measure 
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the shortest distance from each atom to the interface and plot its frequency. A proxigram is 

defined as a proximity histogram of the compositions as a function of its proximity to a pre-

defined interface.137 This method of implementation is more accurate to discuss interface 

analysis, as it is not affected by the interface roughness. The reason we would like to 

differentiate between interface roughness and diffusion is because we can consider an interface 

that is abrupt, that is to say it is not diffused, yet its position varies at different points in the 

sample and it is therefore rough. Figure 7.8 shows the proxigram analysis for the gallium atoms 

as a function of their proximity to their respective region. The dashed line represents the Ga 

diffusion from the ternary into the bottom layer, while the solid line represents the Ga diffusion 

from the bottom layer into the ternary. As it is shown, gallium diffusion at the bottom 

GaN/AlInN interface is much sharper than top GaN/AlInN one. This could be an issue stemming 

from the growth conditions and the difficulty arising from growing a smooth 3 nm thick GaN 

buffer layer. This could lead to a higher diffusion of the ternary materials into the upper GaN 

region and vice versa. These similar diffusion issues were observed previously in InGaN/GaN 

multi-quantum wells and have been suggested as a possible mechanism for carrier 

localization.138  
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Figure 7.8. Proxigram analysis of the Ga ions as function of their proximity from the top of the ternary 
(solid line) and the bottom of the ternary layer (dashed line). 

 Study of Aluminum Gallium Nitride Based High Electron Mobility Transistor Structures 7.5.2.

 AlGaN/GaN is a different HEMT structure also studied in this report. The ternary layer 

ratio concentrations are Al:0.25 and Ga:0.75, however, this structure is not lattice matched. This 

mismatch will add an additional piezoelectric polarization that will aid in the increased numbers 

of carriers at the 2DEG, as discussed in the introduction. The m/q spectrum (Figure 7.9.c) shows 

a very similar spectrum to the one seen previously for LM-AlInN/GaN structure, with the main 

difference being that there is no presence of indium. Figure 7.9.a shows a cylindrical inner region 

of the reconstruction of the structure. The bottom layer shown is GaN, while the top layer is 

AlGaN; similar to the structure shown in Figure 7.6.b. Although difficult to see due to the low 

counts and color contrast, there is a small accumulation of GaN near the top, representing the 

capping GaN layer. This can be further evaluated using the concentration profile in Figure 7.9.b. 

From this profile, we can more accurately measure layer thickness, and can confirm the three-

layer assembly of the structure studied. The top GaN region measures approximately 2.5 nm, 

followed by a 25 nm Al0.25Ga0.75N on top of GaN. As discussed in the previous section, we once 
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again see a difference in the interface sharpness from the top of the ternary layer to the bottom of 

the ternary layer. This then gives stronger base to the conclusion that this is a growth defect. 

 

 

Figure 7.9. APT analysis of an AlGaN/GaN HEMT structure. A selected area showing the three regions is 
shown in (a), with the corresponding concentration profile (b), and the mass-to-charge spectrum (c). . 

(Aluminum = blue, gallium = orange, nitrogen = green) 

7.6. Gamma Radiation Studies of Ternary Structures 

 Gamma Radiation of Lattice Matched AlInN/GaN 7.6.1.

 One of the main advantages of APT is its ability to achieve atomic scale resolution 

analysis. We can take advantage of this capability by studying crystal defects induced by 

radiation. Total dose 60Co γ-irradiation of AlInN/GaN 2DEG structures was conducted at room 
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temperature, with the total dose being approximately 6 Mrad(Si). A rad is defined as a 

deprecated unit of absorbed radiation dose, 1 rad = 0.01 J/kg. Starting out with low dose gamma 

radiation allowed us to set a base for further studies in proton radiation of different structures. 

Room temperature Hall measurements were carried out before and after irradiation and the 

results are summarized in Table 7.1 

LM AlInN/GaN ns (cm-2) µ (cm2/V s) ns x µ/1013 (V-1 s-1) 

Unirradiated 2.69 x 1013 660 1775 

60Co at ~ 6 Mrad (Si) 2.17 x 1013 759 1647 

Table 7.1 Room temperature Hall measurements for AlInN/GaN structure before and after 60Co radiation. 

 In the case of AlInN/GaN, a 20% reduction in carrier density was observed, which 

exceeds the measurement error tolerance of ~ 5%. Simultaneously, the electron mobility in the 

channel increased, which led to an overall ~ 8% reduction in the ns x µ product. The reduction in 

the carrier density can be explained by the formation of defects that act as electron traps. We can 

attribute the small increase in mobility to the partial screening by the scattered electrons.  

 Recall that APT has the unique ability to study roughness near the interface with high 

spatial resolution, therefore, it serves the purpose of AFM to study the roughness of a surface, 

but it goes beyond to study buried interfaces in heterostructures without having to stop the 

growth procedure to expose the surface. To perform a roughness analysis, we generate 3D iso-

concentration surfaces for the elements in question and can easily estimate the rms roughness of 

these surfaces using the LEAP software. We selected isosurfaces for these elements at 

composition ratios of approximately 0.31 for Al, 0.02 for In, and 0.67 for Ga (Figure 7.10). 

Before exposure to γ-irradiation, the roughness for the isosurfaces of Al and Ga were 0.403 and 

0.325 nm, respectively. The roughness of the indium isosurface was difficult to calculate, as it is 
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already quite rough. After 60Co irradiation, the values of the roughness increased to 0.465 and 

0.585 nm, for the Al and Ga respectively. The isosurface of In shows a larger scattering as an 

effect of the radiation exposure and therefore could not be measured. An increase in the 

isosurface roughness is an indication that the ternary alloys become spatially less uniform near 

the channel after irradiation. As a result, we expect local changes in the energy band alignment 

as well as the potential formation of charge carrier traps, both of which can scatter carriers out of 

the channel. 

 

Figure 7.10. Isosurface reconstructions for AlInN/GaN (a) before and (b) after 60Co irradiation exposure 
at 6 Mrad (Si). The top blue isosurface corresponds to Al (ratio composition 0.31), the center violet ones 

corresponds to In (0.02) and the bottom gold isosurface corresponds to Ga (0.67). 

 Gamma Radiation of Strained AlGaN/GaN 7.6.2.

 In the case of strained AlGaN/GaN, a similar study was performed under gamma 

irradiation exposure and the Hall measurements are summarized in Table 7.2. However, unlike 

the previous case of AlInN, there was at most a 1% reduction in the carrier density and mobility; 

this value is within the ~ 5% measurement error. This shows that the electronic properties of the 

2DEG at the AlGaN/GaN interface were radiation tolerant under the gamma exposure. This is 

b) a) 



 

 95 

consistent with reports of AlGaN/GaN transistor device characteristics showing little 

measureable change in DC performance for doses lower than 300 Mrad(Si)139 and passivated 

devices up to 1000 Mrad(Si).140 We attribute this to the existence of a strong piezoelectric field 

near the 2DEG that can lead to scattered carriers being reinjected into the 2DEG.141 This is not 

the case in the lattice matched AlInN/GaN. 

Strained AlGaN/GaN ns (cm-2) µ (cm2/V s) ns x µ/1013 (V-1 s-1) 

Unirradiated 1.06 x 1013 1395 1478 

60Co at ~ 6 Mrad (Si) 1.05 x 1013 1385 1454 

Table 7.2 Room temperature Hall measurements for AlGaN/GaN structure before and after 60Co 
radiation. 

 We can still perform a similar analysis as done for the lattice matched case and study the 

roughness fluctuations of the isosurfaces at the interface as a function of the radiation. Figure 

7.11 shows the isosurface reconstruction before and after radiation. We can see in the case of the 

non-irradiated reconstruction (Figure 7.11.a), that there is a scattering portion around the edges. 

This is most likely due to issues from the difference in evaporation field as it transitions across 

the heterointerface. In order to avoid this artifact, the edge region was excluded during the RMS 

roughness measurements. The Al isosurfaces were performed at a composition ratio of 0.09, 

while the Ga composition ratio was done at 0.91. Before exposure to γ-rays, we found the 

roughness for Al and Ga to be approximately 0.21 nm and 0.42 nm, respectively. After the 

irradiation, the values of roughness increased slightly to 0.29 and 0.41 nm for Al and Ga, 

respectively. Although, the Ga roughness decreased after exposure, a value of 0.01 nm difference 

is within the error bar for these measurements so we can determine that no change occurred in 

the roughness. 
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Figure 7.11. Isosurface reconstruction for AlGaN/GaN (a) before and (b) after 60Co irradiation exposure 
at 6 Mrad(Si). The top blue isosurface represents aluminum (0.09) while the bottom gold corresponds to 

gallium (0.91). 

 A further approximation examination of the HEMT structure can be accomplished by 

carrying out proxigrams near the interface before and after irradiation. Figure 7.12 shows the 

proxigrams for the Al and Ga across the interface before and after irradiation. Here, the graph is 

centered at the interface and does not appear to show any diffuseness of the elements. This is 

shown by the lack of change in the rising/decaying slope across the interface. 

 

Figure 7.12. Proxigrams before (solid blue line) and after (dashed red line) irradiation, for Al and Ga 
centered at the interface. 
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7.7. Proton Radiation Damage of High Electron Mobility Transistor Structures via Atom Probe 
Tomography 

 Proton radiation exposure of the two HEMT structures was performed simultaneously at 

room temperature with varying doses and different energies. Two different energies were used, 

0.5 MeV and 2 MeV. The lower energy value was done with a dose of 1015 cm-2, while the high 

energy ones were done at various doses (1.00E+14, 1.00E+15 and 1.00E+16 cm-2). The 

summary of the samples irradiated is described in Table 7.3. Room temperature Hall 

measurements were carried out in order to obtain the effects of mobility and carrier concentration 

on the irradiated sample. 

AlGaN/GaN 

 

AlInN/GaN 

Energy Dose (cm-2) 

 

Energy Dose (cm-2) 

0.5 MeV 1.00E+15 

 

0.5 MeV 1.00E+15 

2MeV 

1.00E+14 

 2MeV 

1.00E+14 

1.00E+15 

 

1.00E+15 

1.00E+16 

 

1.00E+16 

Table 7.3. Summary of radiation energies and doses applied on AlGaN/GaN and lattice matched 
AlInN/GaN HEMT structures. 

 Radiation Damage Studies of Strained AlGaN/GaN HEMTs. 7.7.1.

 Figure 7.13 shows the carrier concentration measurements as a function of proton 

radiation dose. This graph shows two regimes of the measured carrier concentration, in one, the 

carrier concentration stays nearly constant for fluences < 1015 cm-2, then it begins to decrease for 

fluences larger than 1016 cm-2. It has been shown that in AlGaN/GaN there is a large amount of 

strain due to the difference in lattice constants between the ternary and the buffer layer. This 
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biaxial stress and strain associated with the mismatch generates a piezoelectric polarization. This 

polarization points in the direction of the substrate and compensates for the dissipation of carriers 

caused by the radiation back into the 2DEG channel,52 up to a certain threshold value where the 

reinjection cannot compensate equally the scattering and the carrier concentration begins to 

decrease. 

 

Figure 7.13. Carrier concentration measurements for AlGaN/GaN as a function of proton radiation dose. 

 In the case of same sample shown above, the mobility is described in Figure 7.14 and we 

observe an immediate decrease of almost 70% in mobility at the highest dose. References have 

suggested that interface roughness has a very strong effect on 2DEG mobility and it is believed 

that roughness scattering is the principle reason for lower mobility in the channel.142, 143 This 

would suggest that the roughness measurements would show a significant increase in the 

interface roughness near the 2DEG channel.  

 Using the APT analysis software, Al isosurfaces were created near the 2DEG similar to 

those created in Figure 7.1.c. Essentially the isosurface creates a chemical makeup fluctuation 

map around a specific composition. We can then measure this average fluctuation over an 

isosurface and determine it to be the interface roughness. Although multiple measurements and 
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samples were analyzed, very little change in the measured roughness is seen in both the 

aluminum and gallium isosurfaces as a function of radiation dose (Figure 7.14.b). Therefore, it 

suggests that a different mechanism besides interface roughness is causing the decrease in 

mobility. This ability that APT has allows for the study of buried interfaces by looking at their 

chemical composition fluctuation and roughness. 

 

Figure 7.14. (a) Carrier mobility for AlGaN/GaN as a function of proton radiation dose, and (b) the 
corresponding RMS roughness for the aluminum isosurface. 

  Radiation Damage Studies of LM-AlInN/GaN HEMTs. 7.7.2.

 If we look at similar mobility and interface roughness measurements in lattice matched 

AlInN/GaN HEMTs, it is difficult to see a relationship between the two. Figure 7.15.a shows the 

mobility measurements and again we see two regimes, constant values for doses < 1015 cm-2 and 

a decrease for doses higher than that. If we look at the isosurface roughness in the 2DEG channel 

in the samples radiated, shown in Figure 7.15.b, it confirms that there is no relationship between 

changes in roughness and the varying mobility measurements, specifically at high radiation 

doses (> 1015 cm-2).  
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Figure 7.15. (a) Carrier mobility and (b) buried interface roughness of the LM-AlInN/GaN as a function 
of proton irradiation dose. 

 Finally, measurements shown in Figure 7.16 describe a decreasing trend in the carrier 

concentration as a function of increasing dose. This suggests that carriers are being scattered out 

of the 2DEG by space charges inserted by proton radiation. Unlike AlGaN/GaN HEMTs, there is 

no piezoelectric field in AlInN/GaN to counteract the expulsion of carriers from the channel; 

therefore, it is understandable to see a decrease in the carrier concentration as carriers are being 

scattered out of the channel. 

 

Figure 7.16. Carrier concentration of the AlInN/GaN HEMT structure as a function of proton dose. 
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7.8. Summary 

 In this chapter, we have expanded our knowledge of APT of wide bandgap 

semiconductors into complex heterostructures such as AlInN/GaN and AlGaN/GaN. We have 

shown the usefulness of APT to detect compositional make-up with high accuracy, and invoking 

the proxigram tool we can determine small level fluctuations in the composition. Furthermore, 

we have investigated the effects of gamma and proton irradiation on the heterostructures as 

correlated between Hall measurements and APT. 
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CHAPTER 8 

ATOM PROBE TOMOGRAPHY STUDY OF QUATERNARY STRUCTURES  

8.1. Introduction 

 In response to the growing interest in GaN based HEMTs, there has been an increased 

focus on the development of normally-off (or enhancement-mode) HEMTs, which could 

simplify circuitry and reduce power consumption.144, 145 A novel approach to this problem would 

be using an appropriately engineered quaternary AlInGaN on GaN channel such that the total 

polarization at the hetero-interface and the formation of a 2DEG are eliminated. Despite 

tremendous research in the device area, fundamental understanding of the interfacial 

characteristics of the AlInGaN/GaN channel region needs to be further investigated, especially in 

terms of indium distribution in the AlInGaN and across the hetero-interfaces.146 TEM can be 

considered as a method to study these fluctuations of indium. However, TEM studies did show 

that strain contrast caused by indium composition variations increased with increasing exposure 

to the electron beam.147, 148 This showed that the identified In-rich regions were largely due to the 

exposure of the electron beam and not clusters in the original specimen. We hope to provide the 

answers about indium distribution that are missing from other conventional tools. This chapter 

focuses on the APT study of quaternary structures for the purposes on HEMT device 

implementation, and we also discuss the implications for clustering analysis that can be 

performed in APT as a manner to solve the issues to this approach. 
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8.2.  Atom Probe Tomography Study of Aluminum Indium Gallium Nitride Structures 

 The constraints for sample preparation remain the same in this type of heterostructure as 

they did in the previous sample. The region of interest is still located within 50 nm from the top, 

making milling a precise task. We implemented the same procedure as previously by using a 

thick (> 200 nm) Cu layer deposited via e-beam deposition to eliminate any kind of damage 

caused by the ion beam. Furthermore, the annular milling was done at different accelerating 

voltages and was precisely timed so that most of the Cu layer would be removed prior to field 

evaporation.  

 Successful APT analysis of quaternary structures with different mole fractions were 

performed and the results are summarized in Figure 8.1. The mass-to-charge spectrum (Figure 

8.1.a) shows the similar behavior we have seen so far in this report. The primarily element peaks 

were identified with their respective natural isotope distribution, while similar molecular 

compounds like we saw in other III-Nitride based materials keep reoccurring. The schematic of 

the structure analyzed is summarized in Figure 8.1.b. This structure is similar to the ternary-

based HEMT structures, with the distinction that the capping GaN layer and the quaternary layer 

are thicker, 30 nm and 35 nm respectively.  In Figure 8.1.c, we present the complete 3D 

reconstruction of the layer with expected thicknesses, while also highlighting some of the 

isosurfaces at the interface. 
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Figure 8.1. Complete data set for a quaternary structure sandwiched between two thick GaN layers, as 
seen in the structure in (b). The mass spectrum (a) shows a similar behavior to the previous III-Nitride 
HEMT structures studied in this report, while the reconstruction (c) highlights the two interface 

isosurfaces formed by the quaternary layer at Al concentration ratio of 0.15. (Aluminum = blue, indium = 
purple, gallium = orange, nitrogen = green) 

 Interface Analysis Using Atom Probe Tomography 8.2.1.

 As previously discussed, APT can be used to study the quality of buried interfaces 

without the need to stop the growth process. This becomes an important technique as interface 

quality is closely related to device efficiency and performance in HEMTs. Figure 8.1.c shows 

isosurface reconstructions performed for Al fractions of 0.15. This value shows interfaces at both 

the top and the bottom of the quaternary layer. We can measure the RMS roughness values as 
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done previously, only taking into account the inner portion of the reconstruction, and see that the 

top layer is approximately two times rougher than the bottom layer. Although this was observed 

and discussed in the previous chapter and correlated to growth conditions, having a thicker GaN 

layer allows us to investigate this phenomenon further and speculate for the reasoning behind 

this. 

 A closer look at the concentration profile confirms a different behavior occurring 

between the top and bottom layer; not only is the decay different but there also an increase of 

aluminum near the top of the quaternary. The concentration profile shown in Figure 8.2 shows a 

series of characteristic differences between the top and bottom interface that may lead to reasons 

for the increased roughness at the top interface. The first observation is that the same behavior 

occurs as it did for the ternary layer, when talking about the rate of decay of the elements across 

interface. The bottom interface seems sharper than the bottom. Our second observation is on the 

difference between when the aluminum deposition stops versus the Indium deposition. From the 

profile, it can be seen that the concentration of indium drops to zero approximately 7 nm before 

the growth of Al is stopped. This is further illustrated by the sudden increase of Al for those 7 

nm where no In is present. Originally, we considered this as the possibility of a thin AlN layer 

grown at the top, but upon further consideration, this was not intentionally grown to have this 

structure. What we are seeing from the data collected is that there exists a thin layer between the 

quaternary and the top GaN that is Al rich. Although not intentionally nor seen via TEM, this 

could be an effect of the growth transition between the AlInGaN and GaN. Residual Al in the 

chamber could be depositing as the growth temperature changes between growing the quaternary 

into the GaN. The indium would most likely not deposit because its deposition conditions are not 

met, however, the aluminum conditions are met. Using APT allows us to investigate, in detail, 
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the behavior of the material as a result of changes in the growth conditions, specifically at the 

interface, which becomes a critical point. This behavior is perhaps not seen in the previous 

ternary structures because the top GaN is only 2 nm and such issues may not arise in such a thin 

layer. Although some Al may be depositing in the top, 2 nm may not be enough to qualitatively 

observe. 

 

Figure 8.2. 1D concentration profile of the quaternary structure placed between two GaN layers 

 Interface Analysis of Quaternary Structures via Proxigram  8.2.2.

 Similar to the previous interface analysis in ternary structures, we can employ a 

proxigram analysis to evaluate the diffusivity of elements along a specific interface. The first 

consideration must be if there is a difference or an increase in the atom distribution at either one 

of the interfaces, specifically indium atoms. We can perform 2D maps of the concentration of 

indium in a thin region close to either interface, and the results can be plotted using a contour 

plot as seen in Figure 8.3.a. In both cases, the distribution seems most homogeneous ND very 

little can be said towards the clustering of indium near the interface. It appears as though the 

distribution is even with peaks and valleys in the concentration expected for a random alloys 

distribution. We can still consider the diffusivity of the elements as they transition across the 
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interface. As in the case in the ternary, the proxigram in Figure 8.3.b shows the gallium ions 

highly diffusing from the quaternary into the top GaN, whereas the interface between the 

quaternary and the bottom GaN is very sharp. Previously, we had suggested that this may be an 

effect of the inability to grow a good quality thin GaN. However, for the quaternary, the top GaN 

is thick enough that it should be good crystalline quality. In this case then, we must consider the 

growth conditions as being a factor for the diffusivity. The growth requirements for GaN are less 

rigorous than for the quaternary layer. Therefore, when transitioning from GaN to the quaternary 

(bottom interface), it takes some time for the system to reach the required parameters and begin 

deposition. In the case of the upper interface, the conditions are most likely already met by the 

time the system stops the flow of the Al and In precursor. This is further confirmation of what 

was discussed in the previous section with regards to Al rich regions near the top of the interface. 

This study can provide excellent information regarding the growth procedure of wide bandgap 

semiconductors grown via MOVPE. Currently, TEM and SEM do not provide an accurate 

description of the interface behavior like APT does. This ability to observe buried interface 

behavior can lead to a better understanding of how the growth process can be improved and be 

related to device diminishing performance. 
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Figure 8.3. Interface analysis of the quaternary layer interface. (a) 2D composition maps of the indium 
atoms near the interface, (b) proxigram of the gallium atoms going into the quaternary layer from the top 

and bottom GaN buffers. (Aluminum = blue, indium = purple, gallium = orange, nitrogen = green) 

 Alloy Clustering Analysis Via Atom Probe Tomography 8.2.3.

 In these types of structures, carrier localization due to defects induced during the growth 

has been a huge concern.107 One of the major proposed mechanisms for carrier localization is 

indium clustering. This model discusses carrier localization as non-random variations in the In 
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distribution on the order of 5 nm; this is considered “indium clustering”. A 100 atom cluster 

would have a real space linear dimension of approximately 3– 4 nm, which is the approximate 

size of clusters reported via TEM.138 In this section we briefly discuss two methods by which 

APT can be used to study non-homogeneous distribution of the alloys in a predefined volume 

that could be considered as clustering. 

 The first method we consider is a visual 2D composition map over the quaternary region. 

This is performed by taking several x-y cross-sectional slices along the z-direction, each slice 

with a thickness of 5 nm, as seen in Figure 8.4.a. This region of interest is repeated at 5 nm 

intervals for the thickness of the quaternary layer. For each 5 nm cross section, we obtain a 2D 

grid of blocks in the lateral plane (x-y plane) with a pre-defined spacing between each block of 1 

nm. Each one of these blocks will contain density fluctuations of an element over the rest of 

them. This data can be averaged over the thickness of the quaternary region (~ 35 nm) and 

plotted on a contour map. Figure 8.4.b shows the 2D map of indium composition over the 

thickness of the quaternary layer. There are discrete regions of relatively high concentration of In, 

along the quaternary structure. However, a look at the scale bar shows that the fluctuation is 

approximately 2%, which is expected from random alloy distribution, thus leading to no visible 

clustering. The 2D distribution shows a good visual approximation evaluating the presence of 

element clustering. 
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Figure 8.4. 2D composition distributions of In elements over the whole quaternary region; (a) shows a 
sample of the 5 nm thick sampling region performed for each of the maps, and (b) is the average 

distribution for indium atoms in the quaternary region averaged over the length of the region. 

 A quantitative approach can still be considered in order to evaluate the deviation in 

indium concentrations in a volume. Statistically, a binomial distribution is defined as a 

probability of getting X successes in N trials in a completely random environment. Therefore, it 

is expected that composition fluctuations in a homogeneous material should follow a binomial 

distribution for any random alloy centered around the expected composition. Similarly to the 

previous approach, the region of interest (the quaternary layer) was divided into predefined size 

voxels and its concentration measured. In this case, the complete quaternary layer was divided 

into voxel sizes of 5 nm x 5 nm x 5 nm cubes; a volume large enough to contain the necessary 

number of In atoms to deviate from random distribution. A series of quaternary samples grown at 

different temperatures were studied using the binomial distribution method. The reasoning 

behind using different growth temperatures was in order to accommodate for different fraction 

compositions of the Group III elements. A summary of the 5 different samples studied including 
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the expected compositions and the growth temperatures used is summarized in Table 8.1, and 

more information about the growth procedure can be found elsewhere.149, 150 

  Group III % Composition 

Sample Name Temperature Gallium Indium Aluminum 

T1 786 °C 38 6 56 

T2 741 °C 33 14 53 

T3 699 °C 30 25 45 

T4 654 °C 25 41 34 

T5 622 °C 20 45 35 

Table 8.1. Summary of quaternary sample growth conditions. 

 Figure 8.5 shows the different frequency distribution obtained for the composition of 

indium within the quaternary layer of each sample. For the majority of the samples, the data 

behaves similar to a binomial distribution centered on a value similar to the expected indium 

composition (In the Figure, the center of each peak is identified as c). For the first 4 samples (T1 

– T4), the data can be fitted to a binomial distribution fit with different FWHM. The data 

confirms that the ideal conditions for In deposition require a high growth temperature, as in the 

case of samples T1 and T2. As the growth temperature is decreased, the composition of In begins 

to strongly fluctuate and no longer becomes homogeneous through out the layer. This could lead 

to indium clustering and inhomogeneity. In fact, preliminary results of clustering analysis done 

using the software capabilities of the APT show there are volumes similar to the ones in which 
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the measurement was done that show larger than expected atom counts. This method provides a 

more accurate representation of the distribution of indium than the previous visual 2D map. 

 

Figure 8.5. Frequency distribution of the indium concentrations within the quaternary layer for the 5 
different samples discussed (T1 – T5). The first four samples have been fitted to a binomial distribution 

and the center of the fit is identified as c in each of the insets. Sample T5 was unable to be properly fitted 

8.3. Summary 

 In this chapter, we have summarized our results for APT analysis of quaternary structures. 

We have developed a way of cluster analyzing both visually and quantitatively. In both cases, the 
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quaternary layer is reduced to array of smaller voxel sizes such that individual compositions of 

the elements can be investigated. By developing a frequency distribution of the composition in 

each voxel, we observe the amount of deviation that may exist from the theoretical random alloy 

distribution. We also discuss differences in evaporation behavior between the top and bottom 

layer of GaN as a function of the cooling time. As expected, the quaternary layer located below 

the top GaN will increase the cooling time of the material after laser pulse. Finally, discrepancies 

between the expected growth conditions and the actual sample are considered as we see an 

increase in the aluminum composition between the quaternary and the GaN. Since no intentional 

AlN layer is grown in this region, we consider this to be a defect generated by the changes in 

growth conditions between layers. 
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 CHAPTER 9

CONCLUSION 

 In summary, this work utilizes APT as a characterization tool for wide bandgap 

semiconductors, specifically ZnO nanowires and GaN-based epitaxial sample. However, because 

research in atom probe tomography of semiconductors is still in its infancy, it is still unclear 

whether this characterization method is suitable for semiconductor and how the added 

knowledge can be different than other accessible tools. 

 First, we provided a short introduction of the APT technique and its mode of operation. 

Because the tool uses a pulse to serve as the timing mechanism for the time-of-flight 

measurement, there are two modes that APT can operate in, voltage and laser-pulsed mode. In 

voltage mode, a series of voltage pulses are used to provide enough thermal excitation to break 

the atom from its lattice and ionize it. In laser mode, the theory behind ionization becomes more 

complex. Specifically in wide bandgap semiconductors, it is a mixture of photo-ionization and 

thermal activation that allow for the atom to become ionized and be field evaporated. A brief 

introduction of the laser-material interaction is also presented for the case of metals and non-

metals (semiconductors and insulators). After the tool was introduced, this report continues onto 

the APT of different wide bandgap semiconductor structures. 

 The material properties of ZnO nanowires were analyzed using APT. The method for 

mounting these nanowires was quite different from what had been reported up to that time in the 

literature due to the geometric feasibility of the nanowires. The geometric requirements for APT 

call for the region of interest to be analyzed to have a needle-like shape with a diameter ~ 100 
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nm and a low shank angle. The ZnO nanowires studied were a perfect fit for these constraints. 

Voltage and laser mode APT is presented for the nanowires, and in this case laser mode proved 

to be the preferred method of operation due to its cleaner spectrum and high signal-to-noise ratio. 

A method for proper peak labeling was also discussed in the case of ZnO, where Zn++ and O2
+ 

have the same mass-to-charge value and therefore the peak must be deconvoluted into two 

separate peaks in order to attain the correct expected chemical composition of the nanowires. 

Finally, the incorporation of the carrier gas as an impurity in the nanowires was discussed, and 

APT was the only tool able to detect, with great chemical composition accuracy, its presence. 

Furthermore, the thermodynamics of the inclusion of atomic nitrogen vs. molecular nitrogen (N2) 

as the impurity were discussed. 

 Gallium nitride became our second focus material of the project, and the work on this 

binary compound set the foundation for future study of more complex III-Nitride materials. The 

preparation method followed closely the one that had been previously reported in the literature. 

However, due to the limitations of GaN-based materials, changes to this procedure were applied. 

These included the use of different ion beam sizes during the annular milling and consideration 

for different thickness of the protective capping layer. Because the ion beam can be considered a 

low energy radiation source, we must take into account the possibility of defect formation from 

the interaction of the beam and the material. We perform a short literature survey on the 

formation of Frenkel defects due to exciton recombination. We conclude that the majority of the 

interaction between the material and the ion that lead to ion displacement is due to head-on 

collision. This is confirmed by TRIM simulations that showed the generation of vacancies using 

similar conditions as our FIB system. As in the case of the ZnO, voltage and laser mode were 

performed on GaN epitaxial materials and once again laser mode showed the preferred 
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evaporation. However, in this case, voltage mode and FIM was used to study crystallographic 

behavior and the material response under the presence of no laser. As we have presented in the 

work, the interaction with the laser will induce surface diffusion of atoms and skew the detected 

chemical composition of the material. Therefore, having the ability to run APT without the 

presence of a laser adds a new dimension to the analysis work.  

 Laser-mode APT of GaN is thoroughly studied. First, by looking at how the absorption of 

a sub-bandgap laser is possible under the presence of a high electric field, then the evaporation 

mechanism is considered. It is revealed that the evaporation of ions in GaN occurs as a two-step 

process. The first step can be considered a photo-ionization process and the second one is a 

thermally activated process. It remains difficult to truly understand the photo-ionization process 

in our equipment, since the time scale of the process falls below the timing accuracy of the APT 

detector. The thermally activated process can be modeled by using an Arrhenius exponential fit 

of the time-of-flight curve of each ion. The fit allows us to extract relative parameters of the 

materials such as the temperature increase and the cooling time after laser exposure. Finally, the 

effect of laser energies is studied by observing a decrease in the detected chemical composition 

of nitrogen with increasing laser energy. This decrease can be attributed to the higher probability 

of formation of neutral species (N2) at higher laser energies that would go undetected. 

 The major focus of the project was understanding APT for wide bandgap semiconductor. 

This understanding included tuning the user-controlled parameter in atom probe, such as laser 

energy, pulsing mode, etc., so that we could maximize sample experiment and gain a better 

understanding of the material properties and APT. By also studying the absorption and 

evaporation behavior, it gave us a better understanding of how the material is expected to behave 

under APT conditions.  
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 After gaining this understanding, we were able to move on to APT analysis of wide 

bandgap semiconductors beginning with a simple binary compound, gallium nitride. This 

material provided the unique opportunity to do all the studies mentioned above. GaN dopant 

visualization was achieved using APT, and we were able to confirm the homogenous distribution 

of the dopant Silicon.  

 We also considered more complex structures such as lattice matched AlInN/GaN and 

AlGaN/GaN for applications in high electron mobility transistors. APT tomography extends 

beyond chemical compositional maps and proper peak identification. One of the main tools it has 

is its ability to study interfaces; this is done via proxigram analysis and isosurface roughness 

measurements. In the case of the ternary structures, the diffusion of a material across an interface 

has been studied in both cases and showed that in the current growth conditions, it is difficult to 

grow a pure thing layer without contributions for the layer below. Furthermore, the effects of 

radiation on the 2DEG channel were studied by forming a relationship between the RMS 

roughness value of the interface and the carrier concentration and mobility values for the 

structure. This work also dug deeper into the analysis by looking at ways clustering analysis can 

be performed as it pertains to deviations in chemical composition within a quaternary structure. 

Two methods were evaluated; one involved a binomial distribution and gave us an accurate 

representation of how much deviation exists from expected composition, while the second one 

gave us a visual map of the x-y plane distribution averaged over the growth direction. In both 

cases, we were able to determine that very little clustering of indium is observed. 

9.1. Future Work 

 For future work, we would like to truly understand the evaporation behavior of wide 

bandgap semiconductors and expand on what was discussed in section 6.2.5. At this point, the 
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curve fitting fails to meet some of the constraints and further investigation is required to discuss 

how the parameters should fit the curve. It has been suggested to use an autocorrelation method 

to determine some of the parameters and reduce the number of fitting parameters. LEAP presents 

multiple variables to which the user has very little control; this leads to a lot of arbitrariness and 

lack of reproducibility in experiments to allow for concise conclusions. The use of multilayer 

samples added a new concern for APT analysis, which was the difference in evaporation 

requirements between the different layers. Often times, this was a point of failure during analysis. 

Furthermore, it presented issues during analysis as the layer no longer evaporates homogenously 

but rather at preferential locations. 

 As APT gains popularity, it is expanding into new materials and new changes to the laser 

parameters.  This includes expanding to shorter laser pulses, from picosecond to femtosecond, 

and shorter wavelengths. Furthermore, the energy spread is dropping into the pico-joule range 

for newer APT equipment. This new facet of laser may lead the pathway to a better 

understanding into the laser-matter interaction for a nanometer tip. 
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APPENDIX A 

INTEGRATED VISUALIZATION AND ANALYSIS SOFTWARE 

 The summary presented below is a quick overview of the analysis software, Integrated 

Visualization and Analysis Software (IVAS), used to process all the data. The IVAS software 

has a Calibration/Reconstruction Wizard that takes the user through the reconstruction procedure 

to obtaining the complete data set. This appendix will contain highlights of this reconstruction 

wizard that are of interest. 

 After all the data has been collected, the first step is taking the raw data contained in 

the .RRAW file and turning it into a .ROOT file. The first step is to select a subset of the 

complete data set from which the reconstruction will be generated. Figure A.1 shows a 

screenshot from the IVAS software showing the selection progress. The user is given a 

histogram of the voltage progression vs. the ion sequence; this way the user can select which 

ions to include in the reconstruction. From this voltage histogram we can also determine the 

shape of the tip, since the rate of increase of the voltage is proportional to the shank angle of the 

tip. Furthermore, we can also investigate where interfaces may occur. Usually transitions 

between different layers will require an increase or decrease in the voltage due to the different 

evaporation field required. Therefore, a spike or drop in the voltage histogram along the ion 

sequence hints towards the location of an interface. 
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Figure A.1. Screenshot from the subset selection process. The user sees a voltage progression as a 
function of ions collected in order to make the selection of which subset of the data to use for the 

reconstruction. 

 After the proper calibration and mass-to-charge spectrum are generated, the next major 

point is selecting the appropriate material and spatial parameters to obtain the correct 3D 

reconstruction. A screenshot of the parameter selection step on the IVAS software is shown in 

Figure A.2. Some material parameters such as “Initial Tip Radius (nm)” and “Estimated Shank 

Half Angle (deg.)” can be easily obtained from TEM and SEM measurements. Furthermore, as 

the sample preparation becomes more streamline, these values for the radius and shank angle 

become more consistent, thus eliminating the need for SEM and TEM measurements prior to 

LEAP. The remaining three parameters: Evaporation Field, k-factor and Image Compression 

Factor (ICF), will vary depending on the type of material and our best way of understanding the 

correct range of values to be selected was to create a multi-variable table where each parameter 

was varied accordingly until the expected reconstruction was obtained. This was done for every 

different material analyzed in the LEAP, especially with materials that had layers with different 

evaporation behavior where these parameters become complex. 
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Figure A.2. Screenshot of the reconstruction parameter the user will choose before obtaining the 3D 
reconstruction of the evaporated material. Highlighted in red are the parameters that are discussed. 

 In a point projection, the magnification (M) is defined by the distance between the 

sample and the detector (L) divided by the radius of curvature of the specimen (R). However, ion 

trajectories from a needle (meaning not an isolated point in space) are affected by what is known 

as the image compression factor (ICF, ξ) as seen in Equation A.1.  

𝑀 = !
!"

          (A.1) 

 It is generally accepted that a value between one and two is an accurate approximation of 

this value that reduces the magnification of the ion. In our case, we found that values ranging 

between 1.45 – 1.65 gave the most accurate reconstruction for multilayered samples. Larson et 

al.76 provide more extensive reading and approximations at the nature of this compression factor. 

 The next parameter of importance is the evaporation field (F). If the material is 

homogenous over the length of the reconstruction, then the evaporation field is constant 
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throughout the data collection. However, it is often the case, like in ours, that the material 

contains multiple layers so the evaporation field will vary accordingly. It is therefore best suited 

to select an evaporation field that matches the expected reconstruction. Figure A.3 shows a series 

of reconstructions from the same data set but with different evaporation fields used. Our method 

of approach was that of a trial an error of different evaporation values until we achieved a flat 

interface, as expected from the growth conditions. Although the number has free range, since this 

is a group III based structure, we expect the value to be near that of the evaporation fields for that 

group, which falls between 10 – 20 V/nm. Reconstructions of the same data set were done using 

different evaporation fields and the results are summarized in Figure A.3. A value of 17 V/nm 

show an almost flat interface (Figure A.3.c), but value too low of 6 V/nm (Figure A.3.a) or a 

value too high of 22 V/nm (Figure A.3.b) for the evaporation field will result in a curved 

interface that is not realistic from MOVPE growth conditions. 

 

Figure A.3. Three different reconstructions of the same data set using different evaporation fields. 
Reconstruction (a) uses a low evaporation field of 6 V/nm but it shows a concave-like interface. Likewise, 
a large evaporation field of 22 V/nm (b) shows some improvement but still has some curvature near the 

end. (c) Shows a flat interface when a value of 17 V/nm is used for the reconstruction. 

 Finally, the k-factor takes into account the geometric considerations of the tip such as the 

shank angle and the distance between specimen and the local electrode.151 This becomes useful 

in order to estimate the initial radius as a function of the voltage and field generated at the tip. 

Although these parameters can be calculated, the insight to the mechanism of field evaporation 

a) b) c) 
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of complex heterostructures is limited. Therefore, it is best suited to try to match the parameters 

with the expected reconstruction as the most efficient way to determine the evaporation field, k-

factor and ICF rather than defining the initial radius and the shank angle.  
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APPENDIX B 

TABLE OF COMMONLY USED ELEMENTS AND THEIR RELATED PARAMETERS 

 

Element Isotope Mass 
(a.m.u)

Abundance 
(%)

Charge 
State

Evaporation 
Field (V/nm)

14N 14.003 99.636
15N 15.000 0.364
16O 15.995 99.757
17O 16.999 0.038
18O 17.999 0.205

+ 19
++ 35
+++ 50

28Si 27.977 92.22 + 45
29Si 28.976 4.690 ++ 33
30Si 29.974 3.090 +++ 60
46Ti 45.953 8.250
47Ti 46.952 7.440
48Ti 47.948 73.72
49Ti 48.948 5.410
50Ti 49.945 5.180 +++ 43
58Ni 57.935 68.077
60Ni 59.931 26.223
61Ni 60.931 1.140
62Ni 61.928 3.635
64Ni 63.928 0.926 +++ 65
63Cu 62.930 69.15 + 30

++ 43
+++ 77

64Zn 63.929 48.268
66Zn 65.926 27.975
67Zn 66.927 4.102
68Zn 67.925 19.024
70Zn 69.925 0.631 +++ 84

+ 15
++ 39

71Ga 70.925 39.892 +++ 56
+ 12
++ 31

115In 114.90 95.71 +++ 46
190Pt 189.96 0.014
192Pt 191.96 0.782
194Pt 193.96 32.967
195Pt 194.96 33.832
196Pt 195.96 25.242
198Pt 197.97 7.163

53

Zinc

+

++

33

39

Gallium
69Ga 68.926 60.108

Indium
113In 112.90 4.29

Platinum

+

++

+++

Copper 65Cu 64.928 30.85

63

45

41

26

Nickel

+ 35

++ 36

26.982 100.00

Silicon

Titanium

+

++

Nitrogen -- 17

Oxygen -- --

Aluminum 27Al


