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By varying metalorganic chemical vapor deposition (MOCVD) growth conditions, 

III-nitride samples with dislocation densities ranging over two orders of magnitude were 

grown, and the effects of dislocations were studied.  Initially, a novel technique to 

determine dislocation density by high-resolution x-ray diffraction (HRXRD) was 

developed.  Results were compared to those obtained by transmission electron 

microscopy (TEM) and agreed within a factor of 1.5.  This HRXRD-based technique 

provided rapid and accurate feedback for use in growth-optimization studies; and became 

a basis for future studies of the effects of dislocation on specific phenomena associated 

with III-nitride technology.  This included a study of the effect of dislocations on 

impurity incorporation during MOCVD growth.  Dislocations were previously 

conjectured to provide energetically favorable sites for impurity incorporation, but 

experimental results did not confirm this.   

xi 



 

Finally, a novel growth technique was investigated for gallium nitride (GaN) bulk 

crystals, based on a simple dissolution/recrystallization process.  GaN was successfully 

dissolved in a molten LiCl medium, and then recrystallized on a nominally homoepitaxial 

MOCVD-grown GaN template.  This provides the basis for a potentially viable method to 

fabricate high quality GaN bulk crystals for homoepitaxial growth. 
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CHAPTER 1 
INTRODUCTION 

Background and Motivation 

 Gallium nitride (GaN) and III-nitride alloys (Al-, Ga-, In-N) demonstrate 

outstanding potential to significantly advance solid-state electronic and optoelectronic 

technologies.  Currently, solid-state electronics comprise a multi-hundred billion-dollar 

industry, and consist primarily of silicon (Si) and gallium arsenide (GaAs)-based devices.  

These materials, however, are intrinsically limited for certain applications (namely, 

high-power electronics and low-wavelength optoelectronics).  Such applications have 

far-reaching implications, with significant promise for commercial, military, and national 

security purposes.  III-nitride-based materials are ideal for these applications because of 

their favorable intrinsic electronic, structural, and chemical characteristics.  Because of 

these properties, GaN and related alloys have recently been subject to intense research; 

and scientists have made significant progress in advancing III-nitride technology.   

Electronic Properties of III-Nitrides 

 Electronically, III-nitrides have a large, direct, tunable band gap, which makes 

these materials ideally suited for many technologically important electronic and 

optoelectronic applications.  The band gap for III-nitrides ranges from 0.7 eV for indium 

nitride (InN) [1] to 6.2 eV for aluminum nitride (AlN) [2].  Alloys throughout this entire 

range are possible to achieve, depending on the composition of group III element (Al, Ga, 

In).  III-nitride materials’ large band gap gives them distinct capabilities for use in 

high-power electronic and optoelectronic applications.  The tunable nature of the band 

1 
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gap in III-nitrides provides the possibility for large band offsets, which enables greater 

control over carrier confinement, and better performance in some devices, including 

HEMTs and multi-quantum well (MQW) LEDs. 

Chemical, Structural, and Physical Properties of III-Nitrides 

 III-nitrides offer distinct advantages because of their chemical, structural, and 

physical properties.  They are outstandingly hard, corrosion-resistant in most 

environments, and remarkably stable at high temperatures.  III-nitrides exhibit the 

wurtzite crystal structure, which provides a significant spontaneous polarization field 

along the c-axis, and a high piezoelectric polarization field [3–5].  Together, these fields 

enable greater sheet charge densities in III-nitride heterostructures strained in 

compression; thus, allowing greater capabilities for III-nitride based electronic devices.   

 III-nitride materials are also significantly more thermally conductive than their 

III-arsenide counterparts and silicon, allowing for efficient heat removal.  This saves 

substantial resources by reducing the need for external cooling.  Silicon-based devices 

burn out at temperatures exceeding 140°C, necessitating the installation of powerful 

cooling fans for silicon-based devices, for high-power applications. GaN-based devices 

are operable in environments >300°C [3], so the high temperature tolerance and the 

efficient heat removal of III-nitrides make this material system ideal for 

high-temperature, high power applications.   

Suitability of III-Nitrides in Optoelectronic Devices 

 III-nitrides represent one of few known material systems that allow efficient 

emission of radiation in the green, blue, and deep ultraviolet range.  Figure 1-1 shows the 

band gap dependence on the lattice constant, and the range of achievable wavelengths for 
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III-nitride emitters.  III-nitride LEDs and LDs are exceptionally tolerant of defects, as 

they show efficient emission of radiation despite high dislocation densities (ρ = 108–1011 

cm-2).   

Because of the unique capabilities of III-nitride optoelectronic devices, they are 

ideal for commercial, military, and national-defense applications.  Commercially, 

monochromatic III-nitride LEDs are used for illumination purposes in traffic signals and 

outdoor displays.  One monochromatic traffic light saves 800 kWh/year in power, 

compared to a typical incandescent white bulb with a monochromatic shutter [6].  

III-nitride-based UV VCSELs are also being developed to pump red-green-blue (RGB) 

phosphors for significantly more efficient and cost-effective white-lighting purposes.  

This could provide energy savings estimated at $100 billion annually.  Furthermore, blue 

LDs are used commercially low-cost, ultra-high-density optical data storage in digital 

versatile disks (DVDs) [7] that can store >1 gigabit/cm2 of information [6].  Militarily, 

III-nitride photodetectors are currently being researched for use in solar blind detectors 

for missile warning systems and for malignant biological and chemical agent detection 

[8,9].   

Suitability of III-Nitrides in Electronic Devices 

 Table 1-1 shows critical electronic properties of several semiconductor materials.  

The intrinsic electronic properties of GaN and AlGaN/GaN heterostructures allow 

significantly more power output than any other known semiconductor material system.  

The large, tunable band gap of III-nitrides makes these materials ideal for use in certain 

electronic devices, such as high electron mobility transistors (HEMTs).  Breakdown 

voltage (Vb) goes as the square of the band-gap energy, giving GaN and AlN-based 
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electronic devices a distinct advantage over SiC (band gap, Eg = 3.2 eV) in terms of 

power switching, enabling a device to achieve large power density at high frequencies 

[3,7].   The theoretical maximum power output achievable is directly proportional to the 

band gap to the fourth power (Pmax ∝ Eg
4), and the saturation velocity squared (Pmax ∝ 

vs
2).  Because of the large band gap and saturation velocity, III-nitride based devices are 

ideal for high-power applications.   

 For a HEMT device, the output power is shown in Equation 1-1, where Imax is the 

maximum current possible for a particular device.   

8
maxIV

P b
out

×
=                                                        (1-1) 

Higher saturation currents are achievable with higher carrier concentrations, and the 

polarization effects of AlGaN/GaN heterostructures provide outstandingly high sheet 

densities in a two-dimensional electron gas (2DEG).  Furthermore, the polarization fields 

in GaN HEMT structures remove the need for external doping to achieve very high sheet 

densities.  This ability to operate without ionized impurities diminishes the problem of 

gate leakage in Schottky diodes [5].  Finally, for operable high-power electronic devices, 

heat dissipation is crucial, since such devices are thermally limited.  The high thermal 

conductivity of GaN enables these HEMT devices to operate more efficiently and more 

cost-effectively [3].   

 These characteristics make III-nitrides ideal for use in high-power devices for 

both commercial and military applications.  Commercially, GaN-based HEMTs can be 

used in cellular communications base stations, telecommunications, hybrid electric cars, 

and switches for high-power electric grids.  For military purposes, GaN-based HEMTs 

are candidates as amplifiers for synthetic aperture radar (SAR), smart weapons, electronic 
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warfare, and surveillance.  They will eventually replace bulky traveling wave tubes, 

enabling significantly higher output power, with added benefits of reduced mass, volume, 

cost, and cooling requirements.   

Progress in III-Nitride Material Development 

Performance of III-nitride based devices has improved by leaps and bounds in 

recent years due to growth and processing of these materials becoming more mature.  As 

growth techniques have progressed, microstructural quality of III-nitride films used in 

devices has improved; and performance of both electronic [10] and optoelectronic 

devices has improved accordingly [11].  Optoelectronically, the first nitride-based blue 

LEDs were fabricated in the 1970s, when the external efficiency hardly exceeded 0.1%.  

External efficiencies improved with novel growth breakthroughs throughout the 1980s, 

and reached 1.5% by 1992.  As growth of III-nitride films continued to mature, this value 

reached 20% by 2002 [6].  Further strides with III-nitride optoelectronic devices will be 

made as microstructural quality of III-nitride films continues to improve.  GaN-based 

electronic devices have experienced similar improvements as III-nitride technology has 

become more advanced.  The earliest reported GaN HEMT state-of-the-art was 1.1 

W/mm in 1995, and exceeded 10 W/mm by 2001 [10].  Since 2001, GaN-based 

technology has progressed rapidly, and the current state-of-the-art GaN HEMT power 

density is an astounding 32.2 W/mm [12].  Conversely, GaAs-based HEMTs have 

attained merely 1 W/mm for power density, despite the fact that GaAs-based technology 

is significantly better studied.   
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Availability of III-Nitride Based Devices 

 Considering these substantial advantages and the potential widespread use of 

GaN-based devices, commercial devices based on GaN are currently in the research 

stage.  Comprehensive studies of III–nitride materials are underway, in order to better 

exploit these materials’ advantages, where considerable growth and processing issues are 

being addressed.  The most significant of these issues involves the effects of dislocations 

on III-nitride thin films.  Because there are no commercially available substrates that 

allow for homoepitaxial growth of III–nitride thin films, these devices must be grown 

heteroepitaxially on sapphire or silicon carbide, at high lattice mismatch.  This causes 

extremely high dislocation densities (ρ=108–1011 cm-2).   

Statement of the Problem 

Currently, there is much disagreement concerning the exact effects of dislocations 

on III-nitride electrical properties and device performance.  To advance the science of 

III–nitrides, and consequently III–nitride based device performance, the precise effects of 

dislocations on electronic properties must be determined.  In other semiconductor 

material systems (such as Si and GaAs), a dislocation density of ~104 cm-2 renders a 

device inoperable.  III–nitride films with dislocation densities of ~1011 cm-2 have been 

used in operable devices with surprisingly high efficiency.  Because of this high tolerance 

for defects, some researchers have postulated that dislocations are electrically inactive in 

III-nitride materials [13].  Others, however, have indicated that dislocations have a 

deleterious effect on device performance [14–17], and will significantly affect reliability 

and scalability of these devices.  Determination of the effects of dislocation density on 
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electronic properties would greatly aid optimization of III–nitride device performance, 

especially as long as these devices are grown heteroepitaxially.   

Outline 

The remainder of this dissertation is structured as follows: Chapter 2 describes the 

growth and characterization techniques used in this work.  Chapter 3 illustrates one 

technique in depth, based on x-ray diffraction (XRD) to determine dislocation density in 

III–nitride thin films.  This method develops a theoretical model to determine dislocation 

density from XRD results; and allows for rapid, accurate feedback for dislocation density.  

This is extremely helpful in optimization studies for metalorganic chemical vapor 

deposition (MOCVD) III–nitride growth studies.  Chapter 4 describes a study on the 

effect of dislocation density on impurity incorporation in GaN films during MOCVD 

growth.  Impurities can dramatically affect electronic properties of GaN, by forming deep 

trap states and acting as scattering centers.  Understanding how dislocations affect 

impurity incorporation is critical in optimizing MOCVD growth parameters for device 

structures.  Chapter 5 describes an investigation into a novel method to fabricate III–

nitride bulk crystals.  Bulk III–nitride substrates would allow homoepitaxial growth of 

III–nitride thin films, which would minimize dislocation density for device structures.  

This would greatly enhance performance for devices for which dislocations have a 

deleterious effect.  Finally, Chapter 6 summarizes significant results and recommends 

future work for these projects.
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Figure 1-1.  Band gap engineering diagram for III-V materials.  III-nitrides are ideal 
candidates for use as green, blue, and deep-UV light emitters. 
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Table 1-1.  Electronic properties of semiconductor materials used in electronic device 
applications. 

Semiconductor Material Si GaAs SiC GaN 
Band Gap (eV) 1.1 1.4 3.3 3.4 
Saturated Electron Velocity (×107 cm/s) 1 2.1 2 2.7 
Breakdown Field (MV/cm) 0.3 0.4 2 3.3 
Thermal Conductivity (W/cm-K) 1.5 0.5 4.5 >1.7 
Bulk Electron Mobility (cm2/V-s) 1500 8500 700 1200 
Heterostructure None AlGaAs/InGaAs None AlGaN/GaN
2DEG Sheet Density (×1012 cm-2) NA <4 NA 20 

 

 

 



CHAPTER 2 
EXPERIMENTAL METHODS 

 Chapter 1 showed the technological importance of III-nitride-based technology 

and identified the fundamental problem of high dislocation density.  Chapter 2 describes 

the experimental procedures involved in growth and characterization of III-nitride 

materials used in these studies.  This includes a description of the two different 

film-growth techniques, specifically metalorganic chemical vapor deposition (MOCVD) 

and molecular beam epitaxy (MBE), followed by a description of a novel bulk-growth 

method for GaN.  The characterization techniques used are also explained. 

Growth Techniques  

Both MOCVD and MBE were used to accomplish different goals for growing 

films in this work.  Growth of III-nitride materials is relatively new, because of the lack 

of III-nitride lattice-matched substrates and the difficulty associated with incorporation of 

nitrogen.  For MOCVD, ammonia (NH3) is the most prevalent precursor; but its stability 

makes it difficult to incorporate nitrogen, and requires high growth temperatures (usually 

~1050°C).  For MBE growth of III-nitrides, the nitrogen source is a reactive nitrogen 

plasma, which consists of nitrogen gas and an electron cyclotron resonance (ECR) 

plasma source.   

Metalorganic Chemical Vapor Deposition  

MOCVD offers the following advantages over MBE: high growth rates, high 

throughput, ability to grow at high temperatures, external feeds for precursors, high 

10 
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growth pressures, and lower costs associated with this technique over MBE.  Higher 

growth rates decrease the time required to perform material optimization studies, and 

higher throughput is desirable when fabricating commercial devices, once the 

material-optimization growth studies are complete.  Growth at higher temperatures 

enables more effective cracking of nitrogen precursor to incorporate nitrogen into the 

film; which, in turn, results in higher growth rates.  The external feed lines that provide 

the precursors are advantageous, since they allow the growth chamber to be isolated 

when replacing the sources on depletion.  This is a significant advantage over MBE, since 

replacing the solid sources requires venting the growth chamber to atmosphere.  Baking 

out the impurities from this exposure can take up to 2 weeks, whereas changing group III 

gas bubblers or ammonia sources for MOCVD usually takes less than 1 hour.   

The growth pressures associated with MOCVD are relatively high (usually 40 to 

500 Torr for III-nitride growth) compared to those of MBE (<10-6 Torr).  This removes 

the need for ultra high vacuum (UHV) conditions, which require diffusion and cryogenic 

pumps.  Diffusion pumps are problematic because they are susceptible to back-streaming 

oil into the growth chamber, which may incorporate into the film.  Cryogenic pumps 

require a constant flow of liquid nitrogen (L-N2), which can be expensive, depending on 

the time and frequency of growth experiments.  Finally, for all of the advantages that 

MBE provides for devices in other material systems, MOCVD-grown III-nitride films for 

electronic devices have demonstrated superior electronic properties and device 

performance over their MBE grown counterparts [18]. 

 The MOCVD growths were performed in an EMCORE™ D-125 short jar reactor 

with the wafers placed on a silicon carbide-coated graphite rotating platen, containing up 
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to three wafers.  There are several advantages to this type of reactor.  First, it allows for a 

high degree of aluminum incorporation into films, since the short jar design significantly 

reduces the parasitic pre-reactions of the aluminum precursor with ammonia due to 

upstream heating.  Second, the multi-wafer EMCORE™ D-125 allows a greater throughput 

of device-quality films once the growth conditions are optimized.  Third, this reactor 

allows for excellent thermal control and uniformity across the platen, and therefore across 

the individual wafers.  This is especially useful when growing a film that is temperature 

sensitive.  Fourth, the rotation rate of the platen can reach 2100 revolutions per minute 

(rpm).  This allows a high degree of control over the boundary layer thickness, which 

could improve growth uniformity and growth rate.  Growth uniformity can be monitored 

in-situ, since the EMCORE™ D-125 contains three view ports where it is possible to 

monitor the film growth at different points across the wafers on the platen.  Finally, this 

reactor provides a load-lock, directly connected to a turbo-molecular pump (TMP) 

backed by a dry-scroll rough pump.  This allows the reaction chamber to remain under 

vacuum during sample exchange, which reduces the amount of contamination during film 

growth.  Figure 2-1 is a schematic of the MOCVD operation.  

The precursors used for the films are trimethyl gallium (TMG) and trimethyl 

aluminum (TMA) for gallium and aluminum respectively, and ammonia (NH3) for 

nitrogen, with hydrogen (H2) and nitrogen (N2) serving as carrier gases.  The precursors 

undergo the following reactions: 

(CH3)3Ga(g) + NH3(g)  GaN(s) + 3CH4(g) 

(CH3)3Al(g) + NH3(g)  AlN(s) + 3CH4(g)
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The solid III-nitride film deposits on the substrate, while the gaseous byproducts are 

pulled through an EBARA rough pump, and out through the exhaust.  In all likelihood, 

the reactions rarely occur as shown above, as the reactions shown above are 

oversimplified.  Many side reactions and parasitic pre-reactions complicate the MOCVD 

film deposition process; but overall, the reactions shown above are a useful 

simplification.   

The parameters that affect the growth of the film are temperature and pressure, as 

well as flows of metalorganics, ammonia, and carrier gases.  One challenge posed by the 

MOCVD growth technique is determining which parameter(s) to vary, in order to grow 

the film with the desired qualities.  Since our goal was to determine the effects of 

dislocations on electronic properties and device performance for III-nitride materials, it 

was necessary to grow films over a wide range of dislocation densities by MOCVD.  The 

MOCVD growth parameters that were varied include the type of nucleation layer (AlN 

vs. GaN), growth temperature, and growth pressure, in order to grow films of varying 

dislocation density.  To further expand this study, two different substrates were used: 

silicon carbide (SiC) and sapphire (Al2O3).  SiC has a less severe lattice mismatch than 

sapphire with III-nitrides (3.5% vs. 16% for GaN and 13.29% vs. 1% for AlN) [19–21]; 

and therefore, enables experimenters to grow lower-dislocation-density-films.  Sapphire 

is more widely used, because it is significantly less expensive; insulating sapphire wafers 

are $60 each, while device-grade SiC wafers are $5000 each. 

For growths on SiC, a 1,400 Å high-temperature (1125°C) AlN nucleation layer 

was first deposited, followed by a GaN buffer layer at 1050°C.  The pressure for these 

growths varied from 100–200 Torr.  For growths on sapphire, more variables were 
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explored.  For some films, a low-temperature (600°C) AlN nucleation layer was first 

deposited; while others had a low temperature (530°C) GaN nucleation layer, depending 

on the desired dislocation density.  The pressure of the overlying GaN layers varied from 

20–500 Torr, and the temperature of this layer varied from 1040–1060°C.  Another factor 

that affected the film microstructure was recovery time.  A fast recovery provided a film 

with a higher dislocation density, while a longer delay between the growth of the 

nucleation layer and the GaN over-layer provided a film with a higher microstructural 

quality [22]. 

By altering the growth conditions as needed, it was possible to grow GaN films 

with a very broad range of dislocation densities.  The material grown for our study ranged 

from 4.21×108 cm-2 – 1.07×1011 cm-2.  This allowed for thorough studies of the effects of 

microstructure on electronic and magnetic properties, as well as device performance and 

impurity incorporation. 

Molecular Beam Epitaxy 

Molecular beam epitaxy (MBE) is advantageous when abrupt interfaces and 

precise control of layer thickness are required.  MBE is also an inherently safer process 

when growing III-nitride films, since all precursors used in MOCVD are either toxic or 

pyrophilic; whereas none of the precursors used in MBE present such hazards.  This 

removes the need for strict engineering safety controls and gas sensors that are required 

for MOCVD.   

For our study, MBE offered a distinct advantage when growing GaN films with 

transition metal dopants and when growing oxide films.  MBE is better suited for 

transition-metal dopant growths, because of the difficulty associated with obtaining an 
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MOCVD transition-metal source that can incorporate efficiently into a III-nitride film 

and that has a high enough vapor pressure to provide a substantial molar flux in the 

carrier gas.  MBE is also better for oxide growths, because of the lack of oxygen sources 

for MOCVD.   

For the MBE growths in our study, two series of films were grown: chromium 

(Cr)-doped aluminum nitride AlN and scandium oxide (Sc2O3).  For the Cr-doped AlN 

films, the group III precursor was solid 99.99999% pure (7N) aluminum metal, the 

dopant source was 5N solid Cr, and the nitrogen precursor was 6N nitrogen gas.  To 

create reactive nitrogen radicals, the nitrogen gas was ionized by a radiofrequency (RF) 

plasma unit with a frequency of 13.56 MHz.  For the scandium oxide growths, the 

precursors were solid 4N scandium metal and 6N oxygen gas, which was ionized at 13.56 

MHz.  All of the solid sources were evaporated by resistively heating poly-boronitride 

(PBN) containers, and the atomic fluxes were controlled by adjusting the shutter 

apertures. 

Gallium Nitride Bulk Growth 

 The GaN bulk growth studies were performed in a home-built stainless-steel 

container, fitted for a 1” diameter quartz tube.  The method to grow GaN bulk crystals 

was simply a dissolution/recrystallization process of polycrystalline GaN powder in a 

molten lithium chloride (LiCl) solvent.  The chamber was resistively heated up to 

~1000°C to effectively dissolve GaN powder and maximize deposition of GaN 

crystallites. 

 Procedurally, the solubility was tested with respect to temperature.  Once it was 

determined that GaN dissolved sufficiently well at achievable temperatures, the 
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experiment was repeated to test the recrystallization of GaN on a nominally 

homoepitaxial template of MOCVD-grown GaN on sapphire substrate.  Other effects 

such as convective fluid dynamics and surface treatment were tested to maximize growth 

on the surface. 

Characterization Techniques 

After the MOCVD, MBE, and bulk growths, samples were removed from their 

respective growth chambers; and their properties were assessed using several techniques.  

Specifically, the microstructural, magnetic, and electronic characteristics were 

determined.  All of the techniques used are described in the subsections to follow. 

High-Resolution X-Ray Diffraction 

 High-Resolution X-Ray Diffraction (HRXRD) is a powerful technique that 

provides information about a material’s microstructure and lattice constant.  Our study 

used only rocking curves (ω-scans) to ascertain the microstructure of the GaN thin films.  

The microstructural quality of a thin film is closely related to the width of the diffracted 

x-ray intensity, with the full-width at half maximum (FWHM) used as the figure of merit.  

Since HRXRD is a diffraction phenomenon, its measurements must be taken with respect 

to reciprocal space, where reciprocal lattice points (RLPs) correspond to specific lattice 

planes.  If it were possible to perform HRXRD analysis on a defect-free crystal of infinite 

dimensions, the results would be a series of delta functions at every RLP.  Once finite 

dimensions and defects are imposed on the crystal, broadening can be observed and 

measured by HRXRD.  The extent to which broadening is observed is indicative of the 

microstructural quality; the higher the measured FWHM, the higher the dislocation 

density. 
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All of the HRXRD measurements were made using a Philips (Almelo, Holland) 

X’Pert MRD high-resolution triple-axis x-ray diffractometer with a sealed Cu anode 

collimated by a four-crystal Ge(220) monochromator. The Cu anode produced an x-ray 

wavelength of λ(Cukα1)=1.5404 Å. 

Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) is a universally accepted method to 

determine dislocation density in materials.  TEM operates by emitting a focused electron 

beam through a sample, into a series of magnetic lenses, and into a fluorescent screen 

detector.  It is a robust technique for determining microstructural characteristics of 

materials, since it provides high spacial resolution (with a magnification of 106×).  Using 

this technique, dislocation density is simply computed as the number of dislocations 

counted over a known measured area.  TEM is a destructive technique, since sample 

preparation requires a thickness that is transparent to the electron beam (<3000 Å).   

The microscopy was performed with a Philips CM20 instrument at 200kV.  Some 

specimens were prepared in plan-view while others were prepared in cross section.  The 

samples observed in cross-section were prepared by a focused ion beam; while those 

observed in plan-view were prepared by a traditional mechanical polishing, dimple, and 

ion mill procedure. 
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Secondary Ion Mass Spectroscopy 

Secondary Ion Mass Spectroscopy (SIMS) is a superior method to determine 

impurity concentrations with respect to film depth.  It is a destructive technique, but is 

known to provide accurate results for impurity profiles.  SIMS results are obtained by 

accelerating heavy metal ions at a target sample, sputtering off constituent atoms.  These 

atoms from the target sample become ionized, and are attracted to a charged detector.   

The SIMS work in our study was performed in a PHI Quadrupole SIMS 

spectrometer (Charles Evans and Associates, Cambridge, MA).  The sputtering ion was 

cesium (Cs+), with a primary ion energy of 4keV.  The cesium angle of incidence was 

60°, and the instrument was optimized for sensitivity for carbon, oxygen, and silicon.  

Detection limits were 1×1016 cm-3 for carbon, 5×1015 cm-3 for oxygen, and 6×1015 cm-3 

for silicon.   

Superconducting Quantum Interference Device Magnetometry 

A Superconducting Quantum Interference Device Magnetometry (SQUID) 

Quantum Design Magnetic Properties Measurement System was used to ascertain 

magnetic properties of DMS materials.  Hysteresis loops from magnetization vs. field 

measurements verify that a sample is ferromagnetic.  The second technique to determine 

magnetic properties was Field-Cooled/Zero Field-Cooled (FC/ZFC) measurement.  This 

technique involves cooling a sample to 10K under an applied field while the sample’s 

magnetization is measured (FC), and again while the sample’s temperature increases to 

room temperature (ZFC).   
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Capacitance-Voltage 

Capacitance-voltage (CV) is a non-destructive technique that provides 

information about a film’s electrical properties.  In our study, a mercury (Hg) contact CV 

was used to probe for a buried conductive layer in a nominally insulating GaN film, and 

to confirm the existence of a conductive 2DEG in a AlGaN/GaN HEMT structure.  The 

depletion region of a HEMT structure is modeled as a parallel plate capacitor, where the 

mercury droplet acts as a metal Schottky contact, and the sheet density of a 2DEG is 

given as 
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where C is the capacitance, q is the carrier charge, ε is the permittivity, A is the area of 

the mercury drop, and Vr is the reverse bias voltage.  The apparatus used for 

experimentation was an MSI Electronic Model 412-2L mercury probe, with a droplet 

diameter of 2.03×10-3 cm-2.  Electronic measurements were obtained by a Hewlett 

Packard 4284A Precision Inductance-Capacitance-Resistance meter, operating at 1 MHz.   

Inductively Coupled Plasma-Mass Spectroscopy 

Inductively coupled plasma-mass spectroscopy (ICP-MS) is a powerful technique 

to determine the existence and concentrations of trace elements.  This technique operates 

by injecting an aerosolized liquid sample into an argon plasma at a temperature of 7000 

K.  When the atoms from the sample collide with the energetic argon ions, the become 

charged.  The ions are then drawn into a high vacuum chamber with a quadrupole mass 

analyzer.  The quadrupole filters out atoms of undesired masses by alternating 
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radiofrequency (RF) and direct current (DC) fields, so that only atoms of the desired 

mass can pass into the detector.  The detector is calibrated by correlating the intensity of 

the signal created by these collisions with the detector to a set of standards with known 

concentrations.  In this study, a Perkin Elmer (Boston, MA) Elan 6100 instrument was 

used to determine the concentration of gallium and lithium in samples of GaN dissolved 

in LiCl.   

Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a useful technique to determine 

morphological information on a surface at extremely high magnifications (10–300,000×).  

SEM operates by emitting an electron beam at the sample surface in a vacuum.  When 

this electron beam hits the surface, secondary electrons are emitted and collected in a 

detector, which forms an image, giving precise topographical information.  The 

instrument used was a JEOL (Peabody, MA) JSM5800 tungsten filament scanning 

electron microscope.  The electron beam energies ranged from 5–20 keV. 

Electron Dispersive X-Ray Spectroscopy 

Electron dispersive x-ray spectroscopy (EDS) is used in conjunction with SEM to 

provide information about elemental analysis on surface features of a sample.  Other than 

emitting secondary electrons when exposed to an incident electron beam, a sample will 

also emit x-rays.  This is because, when inner shell electrons are ejected from an atom, 

electrons at high energy shells will fill the inner shell vacancy, which emits a photon.  

The energy of the photon emitted is related to the element.  EDS measures the energy and 

intensity of the emitted radiation, which provides qualitative and quantitative analysis of 
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surface impurities.  The EDS data in this study was obtained using an EDAX Phoenix 

system, fitted with a 3,000 Å window, allowing for analysis of low-Z elements. 

Auger Electron Spectroscopy 

 Auger Electron Spectroscopy (AES) was employed for surface elemental analysis.  

AES operates by emitting an incident electron beam at a sample, which causes surface 

atoms to emit electrons of an energy that is characteristic of the atom.  This technique 

operates in the following manner: an incident electron knocks off an inner shell electron 

on the sample surface, which causes an electron of higher energy to fall into this inner 

shell.  This causes emission of a photon, which is reabsorbed by the surface atom, and 

causes an outer shell electron to be emitted.  It is this emitted electron that is detected, 

and its characteristic energy is indicative of its atom.  The Auger instrument used in this 

research was a Perkin Elmer 6600, that is capable of providing compositional data for 

elemental analysis for samples of 1 atomic %.   
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Figure 2-1.  Schematic of metalorganic chemical vapor deposition operation.  Cold 
precursors and carrier gases flow over a heated substrate.  Precursor gases 
undergo a heterogeneous reaction at the substrate surface, depositing a solid 
film, while gaseous byproducts are pumped out through the system exhaust. 

 

 

 



CHAPTER 3 
DETERMINATION OF DISLOCATION DENSITY OF III-NITRIDE FILMS BY 

X−RAY DIFFRACTION 

Introduction 

There is currently no universally accepted method that allows for rapid and 

accurate determination of threading dislocation density in III-nitride thin films.  X-ray 

diffraction is a promising technique to determine dislocation density because it provides 

results quickly and nondestructively, and when modeled correctly, allows for accurate 

determination of microstructural parameters of crystalline materials.  The goal of this 

chapter is to develop a method to determine dislocation density based on x-ray diffraction 

that provides accurate results as quickly as possible.  Such a method would facilitate the 

establishment of a correlation between dislocation density and film properties.  This 

information, in turn, would allow experimenters to determine how dislocations influence 

electrical and optical properties of device layers.   

Characterization of Dislocations 

Several characterization techniques have been employed to ascertain dislocation 

density in III-nitride films, including transmission electron microscopy (TEM), atomic 

force microscopy (AFM), cathodoluminescence (CL), and high-resolution x-ray 

diffraction (HRXRD).  TEM is generally accepted as the most accurate and best 

understood method, but the sample preparation is time consuming and destructive, and 

some care must be used in how the dislocations are imaged and counted [23].  AFM has 

also been used, with the dislocations identified as slight depressions near step 
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terminations, and these depressions have been correlated to dislocations with a screw 

component [24].  Dislocations with a pure edge component are occasionally observed on 

terraces; however, the large tip radius usually precludes direct observation.  Using CL 

imaging, dark spots are observed on the GaN surface and have been correlated to the 

dislocation density in TEM samples [25].  In CL, the dislocations that act as non-radiative 

recombination are imaged as dark spots while dislocations that radiate may have the same 

intensity as the background GaN.  X-ray diffraction provides quick results that are 

correlated to the microstructure of thin films, and the microstructure is directly related to 

dislocation density.  Because of the limitations associated with TEM, AFM, and CL, 

HRXRD is an attractive alternative to ascertain dislocation density for III-nitride thin 

films.  

Previous Work 

Researchers began using XRD to study microstructures in metals as early as the 

1950s [26–29].  By comparing the angular distribution of x-ray intensity for a given 

reflection of cold-worked vs. annealed specimens (i.e., those with high and low 

dislocation densities, respectively), a correlation emerged between the XRD line width 

and the dislocation density.  Several models were proposed to calculate dislocation 

density based on the degree of diffracted x-ray scattering.  These studies provided a 

valuable theoretical and experimental foundation for determination of dislocation density 

by XRD. 

In the 1990s, these classic works were applied to heteroepitaxial GaN-based thin 

films [30–34].  These modern works accounted for line width broadening due to strain, 

coherence length, rotations of crystallographic domains, and interdependence of these 
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rotations; however, there were disagreements concerning the relative importance of each 

of these broadening effects when estimating threading dislocation density.  As a result, 

there is currently no unified analytical model from which to determine dislocation density 

based on XRD line width results.  This work resolves these differences by providing 

insight into each of the significant broadening mechanisms, concentrating heavily on 

twist and incoherence. 

Twist  

When ascertaining the crystalline quality of III-nitride films by XRD, it is crucial 

to determine the microstructural twist.  Threading edge dislocations (b = 〈11-20〉) are 

often dominant in heteroepitaxial III-nitride films, and these are directly related to 

crystallographic twist.  Recognizing this, Heying et al. [35] explicitly demonstrated the 

need for asymmetric scans in skew geometry in order to better characterize the 

dislocation character of GaN films.  Several models were subsequently proposed on how 

to best determine twist in GaN films.  Metzger et al.[30] and Kang et al.[31] proposed 

similar procedures that employ a φ-scan in order to determine twist.  However, it is not 

possible to obtain accurate results by this method with most XRD systems because the 

instrumental out-of-plane broadening of a φ–scan is ~1.5°, which corresponds to a 

dislocation density on the order of 1011 cm-2, thereby grossly overestimating the edge 

component of dislocation density based on twist. 

Srikant et al. [32] proposed a model that employs asymmetric rocking curves 

(ω−scans), and accounts for tilt and twist dependence on both inclination angle (χ) and 

measured full width at half maximum (FWHM). By treating twist as a free parameter, 

several scans at different angles of inclination are required for this method, with twist 
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being determined by optimizing the fit to the FWHM data.  This model was also the basis 

of the work of Chierchia et al. [33] and Sun et al. [34] to determine twist.  One significant 

disadvantage with this method is the necessity of performing so many scans at 

asymmetric reflections, lengthening the measurement and analysis time.   

Incoherence 

Another phenomenon often neglected when determining dislocation density by 

XRD is the effect of incoherence broadening on the measured FWHM.  The model 

proposed by Srikant et al. only considers tilt and twist contributions to broadening [32]. 

Chierchia et al. discussed broadening due to incoherence for symmetric scans, but did not 

explicitly include it when calculating dislocation density [33].  Both Chierchia et al. and 

Sun et al. [34] stated that their calculations of twist were overestimations because they 

neglected coherence length broadening upon determining twist [33].  The degree to which 

incoherence broadening affects the calculation of dislocation density, however, was never 

described in detail.  

Focus 

In this chapter, a theoretical and experimental approach is presented for using 

HRXRD to measure threading dislocation densities of III-nitride thin films in a rapid, 

non-destructive manner.  This method relates HRXRD line widths to dislocation density, 

allowing resolution of screw and edge dislocation densities from the total dislocation 

content.  The model developed in this work unifies and simplifies other proposed models 

and accounts for all significant microstructural causes for broadening.  This model was 

verified by comparing the dislocation density results obtained by HRXRD to those 

obtained by TEM on III-nitride films grown by metalorganic chemical vapor deposition 
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(MOCVD) on both SiC and sapphire substrates.  The model was further simplified by 

carefully considering the magnitudes of the contributions of each broadening term, 

leading to accurate dislocation density determinations from as few as two HRXRD 

reflections.  

Experimental Methods 

To obtain the dislocation density from the HRXRD line widths, the individual 

broadening effects from tilt, twist, and lateral coherence length were deconvolved from a 

series of symmetric ((0002), (0004), (0006)) and skew-symmetric ((10-11), (20-22)) 

rocking curves.  These reciprocal lattice points are shown in Figure 3-1.  Crystallographic 

tilt is defined as the out-of-plane rotation of adjacent domains in the crystal, as 

demonstrated in Figure 3-2, and could be determined directly from the symmetric series 

of scans.  The asymmetric reciprocal lattice points were chosen based on the significant 

twist component and the relatively high measured intensity associated with them.  Twist 

is defined as the in-plane rotation of adjacent domains (Figure 3-3).   

Measurements were made using a Philips X’Pert MRD high-resolution triple-axis 

x-ray diffractometer with a sealed Cu anode collimated by a four-crystal Ge(220) 

monochromator. The Cu anode produced an x-ray wavelength of λ(Cukα1)=1.5404 Å.  Of 

the ten samples studied by HRXRD, seven were selected for comparison with TEM over 

the widest range of dislocation density. The microscopy was performed with a Philips 

CM20 instrument at 200kV.  One specimen was prepared in plan view while the other six 

were prepared in cross section.  Three were prepared by focused ion beam, while the 

balance was prepared by a traditional mechanical polishing, dimple, and ion mill 

 



28 

procedure.  Cross-section TEM (XTEM) images of low and high dislocation density 

samples are shown in Figure 3-4 and Figure 3-5, respectively. 

To determine dislocation densities of the samples in cross section, dislocations 

were imaged and counted as usual, under two-beam bright field, dark field, and weak 

beam (Figure 3-6a) conditions and counted as usual.  Specimen thicknesses were 

determined by convergent beam electron diffraction (CBED) using a (11-20) two-beam 

condition (Figure 3-6b).  The number of parallel diffraction intensity oscillations 

(“fringes”) observed in the CBED disks is related to the extinction distance ξg and the 

specimen thickness t. Cross sectional thicknesses were assigned based on an average of 

the first two linear fits of the fringe spacings according to the formula 
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where si is the fringe spacing of the ith fringe, and nk is an integer.  For more detailed 

information on this technique, see reference 15.  

The samples were grown by MOCVD in an EMCORE™ D-125 reactor on both 

silicon carbide and (0001) sapphire substrates under a variety of growth conditions in 

order to vary the dislocation densities; the growth temperature for all films was 1050°C, 

and the precursors were trimethylgallium (TMG), trimethylaluminum (TMA), and 

ammonia (NH3) with hydrogen (H2) and nitrogen (N2) carrier gases.  The pressure was 

varied from 140 – 300 Torr.  All samples analyzed were either GaN or AlxGa(1-x)N, with 

aluminum content as high as 45%.  
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Method 

There are several challenges posed by employing HRXRD to determine threading 

dislocation density.  These involve the following:  

• Identifying the significant sources of line width broadening. 
• Formulating a model that accounts for these broadening effects. 
• Establishing a procedure using XRD scans to probe the film layers, using the 

proper geometry. 
• Determining the extent to which microstructural defects influence measured 

HRXRD line width. 
• calculating dislocation density from this information. 
 

Computation of dislocation density is important for comparison studies between 

materials.   Microstructural quality of III-nitride thin films is often reported by quoting 

the FWHM values of select reflections.  However, a simple comparison of line widths for 

particular XRD scans may be insufficient when comparing crystalline quality of thin 

films.  There are two reasons for this: first, dissimilar XRD systems may exhibit 

significantly different intrinsic broadening, which must be accounted for.  Second, 

research groups may employ any of a variety of reflections to ascertain crystalline quality 

of thin films, and these reflections are affected differently by microstructural 

imperfections.  Since there is no one universally employed XRD reflection, calculating 

dislocation density with a microstructural model is the only way to compare different 

samples conclusively. 

Sources of Broadening 

When performing HRXRD rocking curves on single crystal materials, the 

potential sources of broadening are due to:  

• Crystallographic rotations. 
• Inhomogeneous strain fields. 
• Curvature of the film. 
• Intrinsic rocking curve width. 
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• Broadening due to the monochromator. 
 

For the purposes of this study, broadening effects due to film curvature, intrinsic rocking 

curve width and the monochromator are neglected, since all of these effects are less than 

12 arc sec. [36]  

Figure 3-7 demonstrates specific broadening effects in reciprocal space and how 

the diffractometer elucidates each of these broadening effects.  Figure 3-7(a) is a view of 

the film in cross-section with the relevant broadening effects at an asymmetric reciprocal 

lattice point (RLP) in skew geometry.  Khkl is the reciprocal lattice vector between the 

origin of reciprocal space and the RLP being probed.  Its direction is related to the angle 

between the surface normal of the crystal and the normal of the set of diffracting planes, 

while its length is related to the d-spacing of the set of planes associated with the RLP.  

Rotations of crystallographic domains broaden the RLP transverse to Khkl, while 

inhomogeneous strain broadens in the direction parallel to Khkl.  Broadening due to 

incoherence occurs both parallel as well as transverse to Khkl.   

Specific broadening effects due to crystallographic rotations and incoherence are 

demonstrated in Figure 3-7(a).  Pure domain tilt and twist are observed about the Ky and 

Kz axis, respectively.  The effects of tilt and twist measured by the diffractometer are the 

projections of the rotations about Ky and Kz, respectively, on the RLP.  The extent to 

which each of these rotational broadening contributions affects the measured line width 

of a rocking curve (ω-scan) is geometrically related by χhkl, the angle between Kz and the 

RLP being probed.  Figure 3-7(a) also demonstrates broadening due to incoherence, as 

domain thickness (h) and lateral coherence length (L) are shown explicitly.  Because 

threading dislocations propagate along the growth plane normal during III-nitride growth, 
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the domain thickness is assumed to be equal to the film thickness.  The lateral coherence 

length is defined as the average distance between threading dislocations.   

The tilt, twist, and lateral coherence length all affect broadening of an asymmetric 

RLP when a rocking curve is performed in skew geometry.  Since the film thicknesses in 

this study were ≥8000 Å, vertical coherence length had an insignificant effect on 

measured broadening.  Furthermore, inhomogeneous strain broadening was neglected 

because all scans employed in this study were triple axis rocking curves, which diminish 

the observed broadening effects in the direction parallel to Khkl.  Therefore, the 

microstructural imperfections that significantly contributed to our measured values for 

FWHM were projections of rotations about both Ky and Kz (tilt and twist) on the probed 

RLP and lateral incoherence (2π/L).   

Figure 3-7(b) shows broadening effects of the skew-symmetric RLP in plan-view.  

The measured broadening (Γhkl), is the measured FWHM and broadening due to tilt, twist 

and incoherence are indicated explicitly.  These microstructural broadening effects were 

included in the proposed model that was used to calculate dislocation density. 

Model 

The following reciprocal space model describes the (hkl) dependence of the 

convolved peak-width contributions from the combined effects of tilt (Γtilt), twist (Γtwist) 

and coherence length (L) broadening:  
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The geometric dependence of tilt and twist on measured line width is apparent, and the 

observed broadening due to incoherence is inversely proportional to the magnitude of the 

reciprocal lattice vector.  The exponent, n, denotes the type of convolution of the model.   

Determination of Convolution 

One major discrepancy among previous works is the type of convolution, i.e., the 

value of n is used in the model (Equation 3-1).  The choice of n is derived from the 

best−fit function to the intensity distribution [32].  For example, for a Lorentzian 

convolution, n=1 and for a Gaussian convolution, n=2.  For symmetric scans, both 

Metzger et al. [30] and Chierchia et al. [33] assumed a Lorentzian convolution, where tilt 

and symmetric coherence length were determined from a Hall-Williamson plot.   

The results obtained in this study indicated that the lateral coherence length value 

was unrealistically high when assuming a Lorentzian convolution, and a more plausible 

value for coherence length was obtained when a Gaussian convolution was used.  For 

example, a film with a screw dislocation density of 7.7×108 cm-2 measured from TEM 

gave the following results: assuming a Lorentzian convolution, the lateral coherence 

length was ~31,000 Å, indicating a dislocation density, ρ ~1×107 cm-2.  For the same 

sample, assuming a Gaussian convolution, the lateral coherence length was 5,000 Å, 

indicating a dislocation density, ρ ~4×108 cm-2.  Similar results were reported by 

Chierchia et al.[33]. Therefore, a Gaussian convolution (n=2) was used in our analyses 

with Eq. 1, which is similar to the models of Hordon and Averbach [26] and Ayers [36].  

Figure 3-8 shows FWHM data vs. the magnitude of the reciprocal lattice vector 

(|K|hkl) for a typical sample assuming a Gaussian convolution.  Figure 3-9 shows the 

dependence of the FWHM on angle of inclination (χ) assuming a Gaussian convolution 
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for one sample of GaN on sapphire.  The Gaussian assumption of the model fits the 

FWHM vs. χ data well, and explicitly demonstrates that setting the exponent, n=2, 

provides accurate results.   

Calculation of Dislocation Density 

With the proposed model, two series of scans at different angles χ were required 

to deconvolve each individual broadening effect on the experimentally determined 

FWHM.  This deconvolution procedure involves fitting the FWHM data to the model, as 

shown in Figure 3-8, and is described in detail in the Results and Discussion section.  

From the experimentally determined values for tilt, twist, and coherence length (both 

symmetric and asymmetric), two independent methods were used to calculate dislocation 

density.   

The first method uses the tilt and twist values with the classic formulation of 

Dunn and Koch [27], where the density of dislocations, ρ, is given by ρ=Γ2/4.36b2.  

Figure 3-9 shows the mathematical and geometrical derivation upon which this method is 

based.  Here, Γ is the calculated rotational broadening effect (tilt or twist) and b is the 

applicable Burger’s vector.  With this formula, it is possible to calculate both the screw 

and edge dislocation density with the deconvolved values for tilt and twist, respectively, 

using the appropriate Burger’s vector.  It is important to note that while the coherence 

length contribution was not used explicitly in calculating dislocation density by this 

method, its broadening effect was accounted for in Equation 3-1.   

The second method employed to compute dislocation density was that proposed 

by Hordon and Averbach [26].  This method assumes that the measured value for 

coherence length equals the root mean square spacing of randomly spaced threads, where 
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the dislocation density, ρ=1/L2, as shown in Figure 3-10.  In order to compute the total 

dislocation density, the value of coherence length was L(l0-ll), the coherence length due to 

all dislocations (i.e. the coherence length as determined by asymmetric scans in skew 

geometry, since these are sensitive to both tilt and twist).  In order to calculate screw 

dislocation density, the symmetric coherence length, L(000l) was input for the value of L.  

The edge dislocation density could be resolved by taking the difference between the total 

threading dislocation density and screw dislocation density.   

Simplified Model 

It is possible to simplify Eq. 1 by neglecting lateral coherence length broadening 

in order to determine dislocation density more rapidly:     

( ) ( )222 sincos hkltwisthkltilthkl χχ Γ+Γ=Γ                                           (3-2) 
 

This modification makes it possible to determine the relative tilt and twist of the crystal 

using only one symmetric scan (e.g., (0004)) and one asymmetric scan (e.g., (10-11)) in 

skew geometry.  Eq. 2 provides an upper bound for rotational broadening effects and a 

concomitant overestimation of dislocation density.  However, Eq. 2 is useful for 

providing more rapid results to ascertain relative crystalline quality of III-nitride thin 

films.  For example, when characterizing an 8000 Å thick GaN film with a dislocation 

density ~109 cm-2, this two-scan procedure can provide results within an hour, as opposed 

to >3 hours for the full five-scan procedure required when incoherence broadening is 

included in the analysis.  This is a considerable improvement when rapid results are 

desired for growth optimization studies.  

Comparing dislocation density results determined from the full five-scan 

procedure to results obtained using this condensed model, the abridged procedure 
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provided results to within 15%.  In all samples studied, the spacing of dislocations was 

assumed to be random rather than piled-up.  A piled-up distribution of dislocations may 

affect the incoherence broadening term more significantly and must be accounted for, as 

the value for coherence length may decrease significantly for such a distribution.  

Furthermore, when the dislocations are piled up, the calculation of dislocation density 

must be performed using a different method, the details of which are described in 

Reference 8.   

Results and Discussion 

For each sample, the individual broadening effects were deconvolved using 

Equation 3-1 with the measured FWHM data.  Figure 3-8 demonstrates a fit of the model 

to the FWHM data.  From the fit of the model to the data, the magnitude of each 

broadening contribution was determined.  The three symmetric scans were employed to 

determine tilt and symmetric coherence length, as twist does not affect these data.  Once 

this value for tilt was established, twist and asymmetric coherence length were next 

determined by fitting the model to the FWHM values of the skew-symmetric reflections.  

It is important to note that coherence length for a symmetric family of planes may be 

significantly different than that of an asymmetric family of planes.   

Two independent methods were used to calculate dislocation density using these 

values for tilt, twist, and coherence length (both symmetric and asymmetric).  These 

included the formulation of Dunn and Koch [27] (ρ=Γ2/4.36b2) and that proposed by 

Hordon and Averbach [26] (ρ=1/L2).  Figure 3-12 shows the agreement between the two 

methods within a factor of 3. However, the formulation of Dunn and Koch was more 

reliable when compared to TEM results.  This was expected since the coherence length 
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broadening effect was slight compared to those of crystallographic rotations, and 

therefore, had a greater intrinsic error. 

Figure 3-13 shows dislocation densities determined by HRXRD, using the 

formulation of Dunn and Koch compared to those determined by TEM.  The values for 

dislocation density ranged from 5.4×108 cm-2 to 7.9×109 cm-2.  All of the values for 

dislocation density determined by HRXRD were obtained using Eq. 1 and the full 

five−scan procedure, for which incoherence broadening was accounted.  The values for 

dislocation density determined by HRXRD agreed with those determined by TEM within 

a factor of 1.5 for all seven samples.   

With confidence that the XRD-based method described in this chapter is accurate 

with respect to TEM, it served as a basis for all subsequent growth optimization studies 

described throughout this dissertation with respect to dislocation density.  The first such 

optimization study observed the effect of growth pressure on dislocation density.  Figure 

3-14 demonstrates these results, and exhibits that increasing the growth pressure causes a 

decrease in dislocation density.  Performing this study on so many samples using TEM 

would be impractical because of the time and cost associated with TEM sample 

preparation.  Such studies can only be performed by a non-destructive, rapid technique 

such as XRD. 

Ultimately, III-nitride researchers seek to conclusively determine the effect of 

dislocations on device performance.  Using the XRD-based method described above to 

determine dislocation density, the effect of dislocations on HEMT performance was 

ascertained with respect to electronic properties.  For the purposes of this experiment, the 

HEMT performance assumed to be proportional to the sheet density–mobility product (ns 
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× µ), widely used as the figure of merit for GaN HEMT device performance [38].  In a 

series of experiments, electronic properties obtained by Hall measurements were 

compared to dislocation density.  These results are shown in Figure 3-15.  While 

dislocations appear to inhibit room temperature mobility for a given range of sheet 

density, no trend could be concluded.  The reason is that the three samples of highest 

dislocation density were grown early in the HEMT growth optimization process, and 

other room temperature scattering mechanisms are believed to have had a stronger effect 

on these samples compared to those that exhibit higher mobility.  These scattering 

mechanisms include interface roughness and alloy disorder.  As the HEMT growths were 

optimized, higher quality interfaces with fewer variations in alloy disorder from the 

AlGaN barrier layer were most likely the cause for the improved mobility.  Further study 

is necessary to conclusively determine the precise effects of dislocations on room 

temperature mobility. 

Summary 

This chapter describes a method to determine dislocation density from measured 

HRXRD line widths.  A geometrically derived reciprocal space-based model was 

developed that allows for the determination of individual microstructural broadening 

effects in III-nitride thin films.  This model unifies previous works that employ x-ray 

diffraction to calculate dislocation density, but demonstrates distinct advantages in terms 

of simplicity, accuracy, and time efficiency.  Realizing the microstructural tilt, twist, and 

coherence length, dislocation density was calculated by two separate, independent 

methods, which agreed within a factor of 3.  The model was simplified to neglect 

broadening due to incoherence, which provided an upper bound for dislocation density 
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from only two scans.  Finally, the validity of this model was tested by comparing 

dislocation density results to those obtained by TEM, and agreement within a factor of 

1.5 was found.  These results show that the HRXRD-based method to determine 

dislocation density presented here is accurate, as demonstrated by the agreement of our 

XRD-based values for dislocation density with TEM, and time-efficient, as results were 

obtained within an hour.  Thus, this HRXRD-based method to determine dislocation 

density may provide researchers with a valuable tool for optimizing growth conditions for 

heteroepitaxial III-nitride films.  The method demonstrated in this chapter serves as a 

basis for the following chapters of this dissertation, since rapid and accurate feedback are 

required to perform intensive surveys on the effects of dislocations on electronic 

properties and device performance of GaN thin films. 
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Figure 3-1.  Schematic of reciprocal lattice points probed.  Procedurally, the reciprocal 
lattice points probed were symmetric (000l) and asymmetric (l0-ll).  Together, 
these data could be used to determine the tilt, twist, and coherence length in 
the crystal. 
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Figure 3-2.  Adjacent domains tilted with respect to one other.  The axis of rotation is 
orthogonal to the c-axis. 
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Figure 3-3.  Adjacent domains twisted with respect to one another.  The axis of rotation is 
orthogonal to the plane of the domain, parallel to the c-axis. 
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0.5 µm
ross-section transmission electron microscopy image of a low dislocation 
nsity sample.  The dislocation density for this sample is 2.1×109 cm-2. 
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0.5 µm
s-section transmission electron microscopy image of a high dislocation 
y sample.  The calculated dislocation density for this sample is 6.8×109 
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A 

                                             B 
 
Figure 3-6.  Weak beam transmission electron microscopy image and convergent electron 

beam diffraction image.  A) A sample weak beam TEM image of a film with a 
dislocation density of 2.59×109 cm-2.  B) Convergent beam electron 
diffraction image showing the oscillations in diffracted intensity.  Disks are 
the (000) and (11-20) reflections.   
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Figure 3-7.  Broadening effects demonstrated in reciprocal space.  In order to accurately 
determine twist, asymmetric rocking curves in skew geometry are necessary.  
In (a), the film is shown in cross section.  The crystallographic rotations affect 
measured broadening proportional to their projections of their respective axes 
onto the reciprocal lattice point being probed.  Broadening due to incoherence 
is proportional to 2π/L.  In (b), the measured broadening effects are shown in 
plan view.  These include tilt, twist, and incoherence. 
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Figure 3-8.  Plotted data of full width at half maximum vs. reciprocal lattice vector 
magnitude.  As |K|hkl increases, incoherence broadening diminishes.  The 
curvature of the plot as |K|hkl approaches 0 indicates the coherence length 
contribution on the measured FWHM. 
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Figure 3-9.  Fit of full width at half maximum data vs. angle of inclination.  The data 
shown are for one sample of GaN on sapphire at every observable reciprocal 
lattice point.  The fit of the data assumes a Gaussian convolution without 
accounting for broadening due to incoherence.  The data fit well, and 
demonstrate that a Gaussian convolution is acceptable.  Most of the data lie 
above the fit due to the neglecting of incoherence broadening. 
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||2ln2 bπ Γ 

Figure 3-10.  Mathematical and geometric derivation of the random distribution method 
for calculating dislocation density.  The coherence length, L, and the 
rotational broadening effect, Γ, are indicated explicitly. The opposite side of 
this right triangle was derived to be a constant multiplied by the appropriate 
Burger’s vector. 
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Figure 3-11.  Calculation of dislocation density based on values for coherence length.  
Since coherence length is defined as the average distance between 
dislocations, dislocation density is simply calculated as ρ=1/L2.   
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Figure 3-12.  Comparison of methods of determining dislocation density by XRD.  The 
agreement shown here demonstrates internal consistency from the XRD-based 
methods to determine dislocation density. 
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Figure 3-13.  Dislocation density determined by transmission electron microscopy vs. 
dislocation density determined by x-ray diffraction.  All values determined by 
XRD agreed with TEM within a factor of 1.5. 
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Figure 3-14.  Dependence of dislocation density on growth pressure.  Higher growth 
pressure causes a lower dislocation density.  Dislocation density results were 
obtained by x-ray diffraction. 
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Figure 3-15.  Effect of dislocation density on room temperature mobility of gallium 

nitride high electron mobility transistors.  No clear effect is evident. 

 
 

 

 

 



CHAPTER 4 
EFFECT OF DISLOCATIONS ON IMPURITY INCORPORATION IN METAL 

ORGANIC CHEMICAL VAPOR DEPOSITION GROWTH 

Introduction 

 Aside from high dislocation density, MOCVD grown GaN and III-nitride films 

contain extremely high concentrations of impurities.  Due to the harsh MOCVD 

conditions required for growth of III-nitride materials, typical GaN films have impurity 

concentrations ≥1016 cm-3, and sometimes as high as 1020 cm-3 [39].  These impurities 

have a profound effect on electronic properties of III-nitride thin films and make it 

difficult to optimize MOCVD growth conditions.  Impurities have also been implicated in 

providing mid-gap states and inhibiting device performance.  The most prominent of 

these impurities are silicon, oxygen, and carbon.   

Silicon 

 Silicon is a common impurity in GaN and III-nitride thin films.  It is used as an 

n−type dopant, as it acts as a shallow donor in a III-nitride lattice when it is a 

substitutional impurity on a gallium lattice site (SiGa).  The energy differential of the 

silicon donor state to the conduction band minimum (CBM) has been widely reported, 

although there is some disagreement.  Researchers have reported values of 22 meV [40], 

30.18 meV [41], 30.8 meV [42], 31.7 meV [43], and 42 meV [44].  Despite the variation 

in these reported results, all of these values are indicative of a shallow donor in GaN and 

AlGaN films, and is the dopant of choice when n-type conductivity is desired.  The 
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source of silicon in unintentionally doped (UID) III-nitride thin films is widely believed 

to be from decomposition of silicon carbide (SiC) substrates [45] and susceptors.   

Oxygen 

 Oxygen is another impurity that has been implicated as an n-type dopant when it 

incorporates substitutionally on a nitrogen lattice site (ON).  Many researchers have 

implicated oxygen as being responsible for the significant background n-type 

conductivity of UID GaN films.  Several research groups have reported that ON donor 

level states are between 32-34 meV from the CBM [40-42] while other groups have 

reported lower values.  Joshkin et al. reported a value of 23.5 meV [46], while others 

have reported values between 2-10 meV [44,47].  Despite the variance in these values, 

oxygen is widely considered a shallow donor.  Many researchers believe that oxygen 

impurities act as n-type dopants, simply because of its extra valence electron relative to 

nitrogen, while others have proposed a more complicated mechanism for oxygen 

providing the background n-type conductivity of UID GaN.  For example, Oila et al. have 

proposed that oxygen impurities promote the existence of gallium vacancies (VGa), as 

oxygen-gallium vacancy complexes (ON-VGa) are energetically stable in the GaN lattice.  

According to Oila et al., it is the gallium vacancies that provide the background n-type 

conductivity [48].  Overall, however, many researchers attribute the background 

conductivity of GaN to the presence of oxygen in the lattice, despite the disagreements in 

the proposed mechanisms. 

 The sources of oxygen include residual oxygen gas in the ammonia source [47] 

and atmospheric contamination of the growth chamber.  Aside from these sources of 

contamination, the sapphire (Al2O3) substrate [45] provides a significant source of 

 



56 

oxygen.  When sapphire is subjected to the high temperatures employed during MOCVD 

growth of in a hydrogen ambient, the sapphire surface is etched, and the oxygen atoms 

incorporate into the GaN film.  Performing electrical measurements, researchers have 

found that the GaN film is significantly n-type within ~0.4 µm of the sapphire interface, 

due to a buried conductive layer (BCL) [49–53].  This BCL is undesirable when 

attempting to grow semi-insulating GaN films, and researchers have attempted to 

compensate these residual carriers by intentionally incorporating deep acceptors, like 

carbon and iron [49]. 

Carbon 

 Carbon is another common impurity in MOCVD grown GaN films.  Carbon is an 

amphoteric dopant, as its electronic properties depend on whether it incorporates 

substitutionally on a gallium site or on the nitrogen site [54,55].  If carbon incorporates 

on a gallium site, it acts as a shallow donor, with an ionization energy of ~0.2 eV.  

Conversely, if carbon incorporates on a nitrogen site, it acts as a shallow acceptor with 

values of ionization energy reported as ~0.3 eV [55] and 34 meV [42].  If carbon 

incorporates interstitially, its energy level is mid-gap, and its donor/acceptor properties 

depend on the Fermi level.  If carbon incorporates interstitially into n-type GaN, it will 

act as a deep acceptor, but if carbon incorporates into p-type GaN, its energy state will be 

indicative of a deep donor [55].  Carbon is generally considered a deep acceptor, and 

when GaN films must be insulating, MOCVD researchers often intentionally adjust 

growth conditions to favor carbon incorporation in order to compensate the background 

n-type conductivity of UID GaN.  However, growers try to minimize carbon 
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incorporation near active regions, as it acts as a scattering center, and has been implicated 

in gate leakage and dispersion in GaN-based field effect transistors (FETs).    

 The sources of carbon in MOCVD growth of III-nitrides are the metalorganic 

group III precursors, and, to a lesser extent, SiC substrates and susceptors.  Carbon is a 

common impurity in any MOCVD growth process, and its incorporation can dramatically 

affect the film’s properties, but growth conditions can be adjusted to control the extent to 

which carbon incorporates. 

Previous Work 

 Growth experimenters have demonstrated that MOCVD growth conditions have a 

significant effect on impurity incorporation in GaN films.  Specifically, the effects of 

temperature, pressure, and flows of TMG, ammonia, and hydrogen on silicon and carbon 

incorporation were studied in-depth [39].  A correlation between resistivity, dislocation 

density, and carbon concentration in GaN films has also been established, indicating that 

threading edge dislocations and/or carbon act as compensating centers [56].  

Furthermore, threading edge dislocations have been shown to provide energetically 

favorable sites for impurity incorporation, due to the miscoordinated atoms along 

extended line defects [57,58] in other material systems.  Studies on growth of III-nitrides 

have only investigated the effects of growth conditions on impurity incorporation on 

templates with nominally identical microstructures.  What is lacking to date is the effect 

of dislocations on impurity incorporation in MOCVD-grown III-nitride films [39,56].  

Both Koleske et al. and Wickenden et al. have indicated that threading edge dislocations 

facilitate carbon incorporation, but conclusive studies to confirm this have not been 

performed. 
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Focus  

 The experimentation in this chapter aims to determine the effects of dislocation 

density on impurity incorporation during MOCVD growth.  Specifically, silicon, oxygen, 

and carbon incorporation are observed with respect to growth conditions on templates of 

variable dislocation densities.  By subjecting templates with vastly different dislocation 

densities to identical growth conditions, the effect of dislocation density on impurity 

incorporation could be determined. 

Experimental Methods 

 Templates were grown by MOCVD on sapphire substrates, and dislocation 

density was intentionally altered to obtain two series of GaN films with the largest range 

of dislocation density possible.  Specifically, the growth conditions that were altered were 

growth pressure, nucleation layer, and recovery time.  Template dislocation densities 

ranged from 4.59×108 cm-2 – 8.76×1010 cm-2 for the first growth series, as shown in Table 

4-1, and 4.46×108 cm-2 – 7.6×1010 cm-2 for the second growth series, as shown in Table 

4-2.  As expected, conditions that minimized dislocation density were higher growth 

pressures, GaN nucleation layers, and delayed recoveries.  Higher growth pressures cause 

larger grain sizes during the initial stages of high temperature growth, which cause fewer 

dislocations upon coalescence [59].  GaN nucleation layers provide lattice-matched 

templates upon which to grow high temperature GaN.  Delayed recovery is believed to 

cause dislocations to propagate laterally rather than thread along the c-axis to the surface. 

 The characterization performed in this experimentation included XRD to 

determine dislocation density, using the method described in Chapter 3, and SIMS to 

determine impurity incorporation.  Two series of growth runs were performed on 
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templates of dislocation density varying over two orders of magnitude, while the only 

varied growth parameter was pressure in the overgrowth.  For both overgrowth runs, 

variable dislocation density templates were grown at 1050°C, while pressure was varied 

from 20–500 Torr, and silicon was incorporated as a marker when changing pressure.  

Impurity incorporation was measured for all three samples from both runs. 

Results and Discussion 

 The first series of SIMS data is shown in Figures 4-1 to 4-4.  In all samples, 

oxygen and silicon were at the detection limit of the instrument.  The carbon profiles 

changed in all cases, presumably due to changes in growth pressure, but this could not be 

confirmed due to the fact that the silane did not incorporate.  Another observation was 

that the radial position of the wafer had a distinct effect on impurity incorporation.  The 

profile shown in Figure 4-3 was taken from the same wafer as that of Figure 4-4, but the 

SIMS results from Figure 4-3 were obtained near the top of the wafer, while those from 

Figure 4-4 were obtained near the flat.  This demonstrates that impurity profiles are more 

pronounced near the flat part of the wafer.   

 From the results of the first series of runs, two adjustments were made: 1) all 

SIMS analysis was performed near the flat part of the wafer to obtain more distinct 

profiles, and 2) the silane source was confirmed to be online by Hall measurements of 

previous samples to ensure intentionally doped n-type conductivity.  The SIMS results 

for this second series of runs are shown in Figures 4-5 to 4-7.  Once again, oxygen 

impurities were below detection limit, which demonstrates that oxygen does not 

incorporate significantly into GaN films grown in this reactor.  Silicon was also at the 

detection limit, except when it was intentionally incorporated to indicate changes in 
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pressure.  Carbon profiles, however, changed significantly with changes in pressure for 

all samples.  As expected, carbon incorporated inversely with pressure; the maximum 

carbon incorporation occurred when the growth pressure was 20 Torr, and the minimum 

incorporation occurred at 500 Torr for all samples.  In order to determine the effect of 

dislocation density on carbon incorporation, average values of carbon concentration were 

determined for each sample at each pressure and compared.  These results are shown in 

Figure 4-8, and show that there is no clear trend confirming that dislocation density 

promotes carbon incorporation.  For all growth pressures, the template with a dislocation 

density of 5.59×109 cm-2 had the highest carbon concentration.   

Although dislocation density did not have an observable effect on impurity 

incorporation, pressure had a significant effect.  Figure 4-8 indicates that carbon 

incorporation is, to some extent, a pressure-dependent process.  At higher pressures, there 

are greater molecular interactions between carbon and hydride gases, which promote 

carbon removal from the film during MOCVD growth.  Threading dislocations, however, 

do not appear to provide significantly energetically favorable sites for impurity 

incorporation. 

In order to confirm the finding that dislocations do not promote incorporation of 

impurities (specifically carbon) during MOCVD growth, two series of experiments are 

proposed.  First, a similar series of experiments could be performed varying parameter of 

growth temperature.  It is possible that the carbon removal mechanism at high pressures 

is significantly different than that of higher temperature, so dislocations may have an 

observable effect on carbon incorporation by altering temperature.  Second, a similar 

series of experiments could be performed with broader range of dislocation density 
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templates.  This could be achieved by growing templates employing unconventional 

methods to minimize dislocation density, including epitaxial lateral overgrowth (ELO) or 

cantilever epitaxy (CE).  These techniques essentially filter dislocations and have been 

used to grow GaN films with dislocation densities below 107 cm-2.  This would provide a 

broader range of dislocation densities for the templates for the purpose of this 

experimentation. 

Summary 

 The effect of threading dislocation density on impurity incorporation was 

investigated in this chapter.  Oxygen and silicon were at the SIMS detection limit in all 

cases (except when silane was intentionally flowed into the growth chamber to indicate 

pressure changes), indicating that an insignificant amount of oxygen and silicon 

incorporated into the GaN films.  Carbon incorporation depended heavily on pressure, 

and higher growth pressures caused significantly less carbon to incorporate into the films.  

Dislocation density, however, had no observable effect on carbon incorporation.  This 

result indicates that threading dislocations do not provide significantly energetically 

favorable sites for impurity incorporation in MOCVD grown GaN films.  The carbon 

incorporation in this experiment was pressure-driven by a mechanism dependent on 

molecular interactions. 
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Figure 4-1.  Impurity profiles for low dislocation density at the top.  The impurities under 
study were silicon, oxygen, and carbon for the first series of overgrowth 
studies.  The dislocation density of the template is 4.59×108 cm-2.  The SIMS 
sample was taken from the top part of the wafer. 
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Figure 4-2.  Impurity profiles for mid dislocation density at the top.  The impurities under 
study were silicon, oxygen, and carbon for the first series of overgrowth 
studies.  The dislocation density of the template is 6.66×109 cm-2.  The SIMS 
sample was taken from the top part of the wafer. 
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Figure 4-3. Impurity profiles for high dislocation density at the top.  The impurities under 
study were silicon, oxygen, and carbon for the first series of overgrowth 
studies.  The dislocation density of the template is 8.76×1010 cm-2.  The SIMS 
sample was taken from the top part of the wafer. 

 



65 

1E+14

1E+15

1E+16

1E+17

1E+18

1E+19

1E+20

1E+21

0 2 4 6 8 10
DEPTH (microns)

C
O

N
C

EN
TR

AT
IO

N
 (a

to
m

s/
cc

)

1E+00

1E+01

1E+02

1E+03

1E+04

1E+05

1E+06

1E+07

1E+08

C
ou

nt
s 

Pe
r S

ec
on

d

O

Ga->

C

Si

 

Figure 4-4.  Impurity profiles for high dislocation density at the flat.  The impurities 
under study were silicon, oxygen, and carbon for the first series of overgrowth 
studies.  The dislocation density of the template is 8.76×1010 cm-2.  The SIMS 
sample was taken from the flat part of the wafer. 
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Impurity Depth Profile, ρ = 4.5x108 cm-2
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Figure 4-5.  Impurity profiles for second series of overgrowths for low dislocation density 
at the flat.  The impurities under study were silicon, oxygen, and carbon.  The 
dislocation density of the template is 4.46×108 cm-2.  
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Impurity Depth Profile, ρ = 5.6x109 cm-2 
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Figure 4-6.  Impurity profiles for second series of overgrowths for mid dislocation 
density at the flat.  The impurities under study were silicon, oxygen, and 
carbon.  The dislocation density of the template is 5.59×109 cm-2.   
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Impurity Depth Profile, ρ = 7.6x1010 cm-2
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Figure 4-7. Impurity profiles for second series of overgrowths for high dislocation 
density at the flat.  The impurities under study were silicon, oxygen, and 
carbon.  The dislocation density of the template is 7.6×1010 cm-2.   
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Carbon Incorporation vs. Pressure
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Figure 4-8.  Comparison of impurity profiles for different dislocation density templates.  
Impurity profiles for silicon, oxygen, and carbon for variable dislocation 
density templates during MOCVD growth with variable pressure are shown.  
The low dislocation density template is 4.46×108 cm-2, the mid dislocation 
density template is 5.59×109 cm-2, and the high dislocation density template is 
7.6×1010 cm-2.  The SIMS samples were all taken from the flat part of the 
wafer. 
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Table 4-1.  Growth conditions for the templates for the first series of SIMS results.  
Conditions that promote lower dislocation density are higher pressure, delayed 
recovery, and GaN nucleation layers.  Dislocation densities were intentionally 
altered to provide templates with as large of a range for dislocation density 
possible. 

Sample 
Dislocation density 
(cm-2) 

Growth pressure 
(Torr) 

Nucleation 
Layer 

Recovery 
Time 

1 4.59×108 500 GaN Delayed 
2 6.66×109 50 GaN Rapid 
3 8.76×1010 70 AlN Rapid 
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Table 4-2.  Growth conditions for the templates for the second series of SIMS results.  
Dislocation densities were intentionally altered to provide templates with as 
large of a range for dislocation density possible. 

Sample 
Dislocation density 
(cm-2) 

Growth pressure 
(Torr) 

Nucleation 
Layer 

Recovery 
Time 

1 4.46×108 500 GaN Delayed 
2 5.59×109 50 GaN Rapid 
3 7.6×1010 70 AlN Rapid 

 

 

 

 

 



CHAPTER 5 
GALLIUM NITRIDE BULK CRYSTAL GROWTH BY DISSOLUTION AND 

RECRYSTALLIZATION OF GALLIUM NITRIDE POWDER 

Introduction 
 

 Poor material quality is widely considered to be the most significant factor 

limiting GaN-based device performance, and this is primarily due to a lack of availability 

of lattice-matched substrates.  Ideally, GaN film growth would be performed on single 

crystal GaN bulk substrates, but the intrinsic properties of this material makes fabrication 

of bulk crystals difficult.  In other semiconductor material systems, such as silicon and 

gallium arsenide, bulk crystals have been fabricated from melts, where boules of high 

crystalline quality material have been achieved with dimensions as large as 12-inches × 

12 feet.  Similar methods are not feasible for GaN because the GaN dissociates prior to 

melting at atmospheric pressure.  Because of this, no commercially viable bulk growth 

method for GaN has been developed to date, despite the potential benefits of low defect 

density GaN bulk crystals. 

Previous Work 

 Researchers have demonstrated several methods to successfully fabricate GaN 

bulk crystals.  The two most prominent of these are an ultra high nitrogen pressure 

method, and an ammonothermal technique.  Both approaches offer a distinct set of 

advantages and disadvantages relative to the other. 

The ultra high nitrogen pressure technique entails subjecting a pool of liquid 

gallium metal to extremely harsh conditions in a nitrogen gas (N2) environment [60], with 
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temperatures of ~1600°C and nitrogen overpressures of ~45,000 atm.  GaN crystals are 

formed by dissolving the nitrogen gas into the gallium liquid, where N2 dissociates into 

atomic nitrogen, and bonds with the gallium.  Using this method, researchers have 

successfully fabricated crystals of GaN that are 1 cm2 × 100 µm, with extremely low 

dislocation densities (~100 cm-2).  The drawbacks to using this approach include slow 

growth kinetics, high impurity concentrations, the inability to grow boules of material, 

and the high pressure and high temperature requirements.  The GaN crystals are grown as 

a crust on the liquid gallium surface, and a 1 cm2 × 100 µm crystal is formed after ~1 

month under the extreme conditions required.  Furthermore, these crystals contain ~1018 

cm-3 oxygen impurities, which may have an undesirable effect on the electronic 

properties of the GaN crystal.  Finally, the temperature and pressure requirements add 

significant cost to this method.   

The ammonthermal technique has been demonstrated to successfully grow GaN 

bulk crystals by dissolving GaN feedstock into liquid ammonia, and precipitating single 

crystal GaN upon supersaturation [61].  This method demonstrates significant 

improvement over the high nitrogen pressure-driven process described above with respect 

to growth rate (~0.5 mm/week).  Furthermore, large area boules are possible to extract 

from a seed crystal.  The disadvantages of this method include higher dislocation 

densities (~106 cm-2) and high impurity incorporation (~1017-18 cm-3).  Moreover, this 

process also requires harsh conditions, with temperatures of ~550°C and pressures of 

~4000 atm in order to dissolve GaN into a liquid ammonia medium.   

 Although both methods of GaN bulk growth described above were significant 

breakthroughs, neither are commercially viable processes to fabricate GaN crystals.  This 
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is primarily due to the high-pressure requirement, which prevents both processes from 

being scalable and manufacturable.  If a method to fabricate GaN bulk crystals at 

atmospheric pressure were possible, this would provide a distinct advantage over other 

methods currently employed.   

Proposed Methods 

In order to develop an atmospheric pressure process to form GaN crystals, three 

series of experiments have been proposed.  The first involves electroplating of GaN using 

a gallium metal electrode and a reactive nitride ion (N3-) from a lithium nitride (Li3N) 

precursor.  A second possible technique comprises an electrochemical reduction of 

nitrogen gas (N2) to form nitride ions (N3-) that react with gallium to form GaN.  A third 

potential method is a simple dissolution/recrystallization process of GaN powder in a 

liquid medium, where the formation of GaN single crystal would be driven by a thermal 

gradient. 

Electroplating 

 Electroplating of GaN from gallium and nitride precursors could prove to be a 

promising method to form high quality GaN crystals.  The difficulty, however, was 

determining a suitable host environment in which a nitride ion could exist without 

reacting quickly and explosively.  In an unrelated series of experiments, Goto et al. 

determined that a molten alkali-halide host environment could successfully dissolve 

stable nitride ions [62].  Using this, the possibility of forming GaN crystals from gallium 

and nitride precursors was investigated.  Figure 5-1 shows a GaN crystal of macroscopic 

dimensions (0.9 mm × 0.6 mm) that was successfully synthesized using this method.  
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This result was encouraging, but the electroplating method suffered from four significant 

drawbacks:  

• Electroplating does not provide material with optimal crystalline quality. 
• The electroplating process would be very difficult to scale, in order to develop a 

controllable, manufacturable process. 
• The Li3N precursor is extremely expensive, making this process less cost-

effective. 
• The buildup of Li+ ions with GaN deposition complicates the electrochemistry 

[63]. 
 
In order to make this process more cost effective and controllable, the electrochemical 

reduction of nitrogen gas to nitride ions was investigated (1/2 N2 + 3 e-  N3-). 

Electrochemical Reduction of Nitrogen Gas 

 Goto and Ito investigated the possibility of electrochemically reducing nitrogen 

gas into nitride ions in a molten alkali-halide liquid medium [63].  Using this result, the 

possibility of fabricating GaN crystals from electrochemically oxidized gallium with 

electrochemically reduced nitrogen gas was investigated, and GaN crystals were 

successfully formed.  Using this method, bulk GaN crystals could possibly deposit on a 

seed crystal, and be extracted as a boule.  While this process offers several advantages, 

the major disadvantage is the difficulty of controlling the fluid dynamics to form the 

crystals.  Because nitride ions are so reactive, they must be separated from gallium ions 

until they reach the desired growth surface, which would be difficult to model. 

Dissolution and Recrystallization of Gallium Nitride Crystals 

 The ideal method to grow bulk GaN crystals would be based on a simple 

dissolution/recrystallization process of GaN in a liquid medium.  Using such a method, it 

would be possible to control the rate of crystal growth by controlling the temperature 
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gradient and the fluid mechanics in the growth vessel.  This process could eventually be 

used to form large GaN crystals, that could be extracted as a boule from the melt. 

Focus  

 In this chapter, a novel bulk growth method of GaN crystals is introduced, based 

on a simple dissolution/recrystallization process in a molten alkali-halide salt.  If GaN 

can dissolve sufficiently in such a medium, then researchers could develop a 

temperature−dependent, atmospheric pressure process to fabricate GaN bulk crystals.  

Such a method could prove to be a scalable and manufacturable process that could lead to 

production of commercially available GaN bulk crystals and wafers for homoepitaxial 

GaN growth.  Specifically, this chapter examines whether a molten halide medium is 

capable of dissolving GaN, and if so, whether it is possible to recrystallize GaN on a 

nominally homoepitaxial GaN template. 

Experimental Methods 

 All of the experimentation in this chapter was performed in a home-built stainless 

steel heater vessel fitted for a 1” quartz tube in a glove box with a nitrogen gas ambient.  

To determine the temperature-dependent solubility of GaN, aliquots of GaN in molten 

lithium chloride (LiCl) were taken at various temperatures with a quartz rod.  The 

solubility was determined by inductive coupled plasma-mass spectrometry (ICP-MS), 

where the ratio of the gallium to lithium concentration was calculated.  Recrystallization 

studies were performed in quartz tubes in the same stainless steel chamber, where the 

recrystallization surface was MOCVD-grown GaN on sapphire.  Deposited GaN 

crystallites were observed by scanning electron microscopy (SEM) and elemental 
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analysis on these crystallites was performed by energy dispersive spectroscopy (EDS) in 

order to determine the extent to which GaN recrystallized on the wafer surface. 

Results and Discussion 

 In order to grow GaN crystals at a fast enough rate to be commercially viable, it is 

necessary to dissolve a relatively high concentration of GaN into solution.  If the 

solubility is found to be sufficiently high, it would be possible to grow GaN bulk crystals 

at a reasonable rate upon supersaturation.  The basis for the experimentation 

demonstrated in this chapter is the ideal solubility curve for GaN, shown in Figure 5-2.  

This curve was calculated by the following equation [64]:   
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n                                                      (5-1) 

Under diffusion-limited conditions, a solubility of ~0.1% for GaN could provide a crystal 

growth rate of ~0.5 mm/h.  This corresponds to a temperature of ~1230°C on the ideal 

solubility curve, and since this process occurs at atmospheric pressure, these conditions 

are mild enough for a commercially viable method of GaN crystal growth.  If the selected 

solvent has favorable interactions with GaN, then experimentally, the data should lie 

above this curve, corresponding to higher solubilities, and consequently, potentially 

higher growth rates.  The first series of experiments determined the temperature 

dependent solubility of GaN powder in LiCl.   

Dissolution of Gallium Nitride in Lithium Chloride 

 The temperature dependent solubility of GaN in LiCl was experimentally 

determined by performing ICP-MS analysis of aliquots of solution at various 

temperatures.  These temperatures ranged from 750°C - 1000°C, as shown in Figure 5-3.  

The experimental data indicated that, in most cases, more GaN dissolved than was 
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predicted by the ideal solubility curve.  The scatter in the data was most likely due to the 

fact that the ICP-MS is an inorganic, water-based technique, and since GaN is insoluble 

in water, some of the crystallites may have precipitated out, and segregated.  In order to 

address this, a 2 µm filter was used to filter samples for analysis prior to injection into the 

ICP-MS.  These results, shown in Figure 5-4, represent a lower bound for solubility of 

GaN in LiCl, but they were still significantly above the ideal solubility curve.  These data 

indicate that 10-50 ppm of GaN were soluble in LiCl at temperatures ranging from 800°C 

- 950°C, corresponding to a growth rate of ~50-100 µm/h.  These values were sufficient 

to commence experimentation of recrystallization of GaN on a GaN template. 

Gallium Nitride Recrystallization 

 In order to determine whether GaN could recrystallize out of solution, a series of 

experiments was performed, where GaN powder in LiCl was heated to ~950°C, and then, 

became supersaturated upon cool-down.  This supersaturated GaN would presumably 

deposit on a lattice-matched template.  SEM images of a surface not exposed to the melt 

(Figure 5-5) were obtained and compared to one that was (Figure 5-6).  Note the distinct 

differences in surface morphology.  Upon further investigation, individual features were 

observed at higher magnifications, as shown in Figure 5-7.  This feature appears to 

exhibit a hexagonal shape, indicative of the wurtzite crystal structure.   

 To further promote GaN recrystallization, another experiment was run with 

stirring at the maximum temperature (950°C), prior to cool-down.  The result of this 

experiment was that more surface features appeared.  From this finding, a third 

experiment was performed, with 1) half of the wafer surface treated with nitric acid 

(HNO3) at 50°C, and 2) constant agitation during cool-down.  The surface treatment was 
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performed in order to etch the native oxide off the growth surface, and the agitation was 

performed in order to provide forced convection, and greater recrystallization.  This 

provided two interesting results.  First, more features were formed on the wafer surface.  

Second, the features that formed on the treated surface tended to be different from those 

on the untreated surface.  On the treated surface, there was a high density of patchy 

features, shown in Figure 5-8, whereas, the untreated surface had a high density of 

needle-like features, shown in Figures 5-9 to 5-11.   

 In order to determine the chemical composition of the two observed features, 

elemental analysis was performed by EDS.  The EDS results for a needle structure is 

shown in Figure 5-12, and strongly indicate that this structure is comprised of etched 

quartz, as evidenced by the heavy silicon and oxygen concentrations as well as the 

gallium void indicated.  Elemental analysis of a patch structure is shown in Figure 5-13, 

and is indicative of GaN; the gallium and nitrogen concentrations are high, and silicon 

and oxygen are practically nonexistent.  Another interesting finding is that silicon oxide 

(SiOx) preferentially deposited on the untreated surface, which presumably contained the 

native oxide, whereas GaN preferentially deposited on the treated surface. 

 A cross-sectional view of the patch demonstrated in the SEM image in Figure 

5-13 is shown in Figure 5-14.  From the scale shown, this GaN crystallite is ~5 µm in 

thickness, which indicates that the growth rate in this experiment was ~2.5 µm/h; this is 

significantly higher than any other bulk growth technique.  Furthermore, the depth of 

field of the EDS instrument is shown in Figure 5-15 for the highest power used in this 

study.  Since the feature probed is ~5 µm, and the depth of the instrument is ~1600 nm, 

this further supports that the crystallite is that of pure GaN.   
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 While the experimentation described in this chapter is relatively unrefined, and far 

from optimized, it demonstrates that a simple dissolution/recrystallization process is a 

potentially viability one for the fabrication of GaN bulk crystals from a molten 

alkali−halide medium.  The results were encouraging, and could provide a first step in the 

development of a novel method for growing GaN crystals.  Significant improvements 

could be made to the process, including solvent optimization, greater purity of reagents, 

greater control over the fluid dynamics, and using a true seed crystal on which to 

crystallize GaN from the molten solvent.  Eventually, using this method, researchers 

could potentially develop a commercially feasible, rapid growth rate process to fabricate 

high crystalline quality GaN boules for homoepitaxial GaN growth. 

Summary 

 An ideal solubility curve was calculated for GaN with respect to temperature, 

based on intrinsic thermodynamic parameters.  The solubility of GaN in LiCl was 

experimentally determined, and demonstrated that GaN was more soluble than the ideal 

curve indicated.  From these results, a GaN template was placed in a LiCl medium 

containing GaN powder, which was heated to ~1000°C, and then cooled.  Deposition was 

observed on the GaN template surface by SEM.  Further experimentation demonstrated 

that GaN crystallites deposited at a higher rate after pretreatment of the GaN template 

surface in an acid solution, and with constant fluid agitation during cool-down.  

Elemental analysis determined that patchy structures as thick as 5 µm were, in fact, GaN.  

These crystallites formed after merely 2 hours, indicating an extraordinarily high growth 

rate, relative to other GaN crystal growth techniques.   
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 Potential improvements to this experimentation include  

• More sophisticated equipment to allow greater control over thermal gradients and 
fluid dynamics. 

• Use of higher purity reagents. 
• More comprehensive studies optimizing GaN solubility. 

   Use of a true seed crystal upon which to deposit dissolved GaN. 
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Figure 5-1.  Gallium nitride crystal with dimensions of 0.9 mm × 0.6 mm.  The bulk 
  growth technique to form this crystal was electrodeposition. 
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Figure 5-2.    Ideal solubility of gallium nitride.  The data for this curve were determined 
    by Equation 5-1. 
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Figure 5-3.  Experimentally determined solubility of gallium nitride in lithium chloride 
  compared to the ideal solubility curve.  These data points were obtained 
  without the use of a filter. 
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Figure 5-4.  Experimentally determined solubility determined after employing a 2 µm 
  filter.  These data represent a lower bound for solubility of gallium nitride in 
  lithium chloride. 
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Figure 5-5.  Scanning electron microscopy image of a bare gallium nitride surface.  The 
  morphology is smooth. 
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Figure 5-6.  Scanning electron microscopy image of a gallium nitride surface exposed to 
  gallium nitride-in-lithium chloride melt.  The morphology is noticeably 
  rougher than the bare, untreated surface. 

 



88 

 

Figure 5-7.  Close-up scanning electron microscopy image of a gallium nitride crystallite.  
  Note the hexagonal structure. 
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Figure 5-8.  Scanning electron microscopy image of a treated gallium nitride surface after 
  exposure to the gallium nitride-in-lithium chloride melt.  Note the prevalence 
  of patchy structures. 
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Figure 5-9.  Scanning electron microscopy image of an untreated gallium nitride surface 
  after exposure to a gallium nitride-in-lithium chloride melt.  Note the 
  prevalence of needle-like structures. 
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Figure 5-10.  Scanning electron microscopy image focusing on needles on the untreated 
    gallium nitride surface at 750×.  Note the prevalence of needle structures on 
    this part of the wafer. 
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Figure 5-11.  Scanning electron microscopy image focusing on needles of the untreated 
    gallium nitride surface at 1900×.  The structures appear to have a hexagonal 
    structure and exhibits columnar growth. 
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Needle 

Figure 5-12.  Election dispersive spectroscopy images for elemental analysis on needle 
    structures.  Note the high concentrations of silicon and oxygen. 
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Figure 5-13.  Electron dispersive spectroscopy images of a patch on the gallium nitride 
    surface.  Note the high concentrations of gallium and nitrogen, and low 
    concentrations of silicon and oxygen. 
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Figure 5-14.  Scanning electron microscopy image of a deposited gallium nitride 
    crystallite with a thickness of 5 µm.  This crystallite was formed after 
    approximately 2 hours. 
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Figure 5-15.  Electron dispersive spectroscopy instrument depth calibration.  This 
    represents a Monte Carlo simulation for the highest voltage used (15keV). 

 

 

 

 

 

 

 



CHAPTER 6 
SUMMARY AND FUTURE DIRECTIONS 

 In this dissertation, specific effects of dislocations in III-nitride materials are 

investigated.  Samples of a wide range of dislocation density were grown by MOCVD to 

determine their specific effects.  In order to enable run-to-run feedback for growth 

optimization studies, a method to determine dislocation density based on HRXRD results 

was developed.  This method allows researchers to obtain results for dislocation density 

within one hour, and was shown to be accurate by its agreement with TEM results within 

a factor of 1.5 for all seven samples analyzed.  This XRD-based method provided the 

foundation for subsequent research investigating the effects of dislocations on electronic 

properties and impurity incorporation of GaN films during MOCVD growth. 

 Further study of this technique should be performed to investigate its accuracy 

with respect to dislocation type.  Screw dislocations are considered to have a different 

effect on electronic properties than edge dislocations, and determining the density of 

dislocations with a screw component could be essential for further growth optimization 

studies.  The method shown in Chapter 3 is accurate for dislocation density with an edge 

component, but has not been shown to be accurate with respect to dislocations with a 

screw component.  In the MOCVD films grown, the edge-type dislocation density was 

greater than the screw-type dislocation density by approximately an order of magnitude 

in all cases.  Inaccuracies for screw dislocation density would be suppressed, since edge 

dislocation density is significantly higher.  For more conclusive results, a similar series of 

experiments should be performed studying the accuracy of the technique compared to 
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TEM results for dislocations with a screw component.  Furthermore, the technique should 

be investigated for samples of relatively low dislocation densities (ρ ≤ 107 cm-2).  As 

growth optimization and III-nitride bulk crystal development continue to progress, 

samples of lower dislocation density will be grown, and this technique’s accuracy should 

be confirmed for higher quality III-nitride crystals.  Furthermore, in samples grown by 

cantilever epitaxy (CE) and epitaxial lateral overgrowth (ELO), the distribution of 

dislocations may be piled-up rather than random, so the method to calculated dislocation 

density proposed in Chapter 3 may need to be modified to account for this.  Finally, the 

effect of film thickness on XRD line width must be ascertained.  Currently, the model 

does not account for broadening due to strain.  For samples of low thickness (<4000 Å), 

strain broadening has a noticeable effect on measured XRD line width, providing 

anomalously high results for dislocation density when using the model in Chapter 3.  

Determining the thickness where strain broadening must be accounted for would be 

useful, and including strain broadening into the model for thin samples could provide 

benefits for growth optimization studies.  Therefore, further studies are required to 

include broadening due to strain for thinner films. 

 For the growth studies investigating impurity incorporation into GaN films, more 

experimentation is necessary to conclusively determine whether threading edge 

dislocations provide energetically favorable sites for carbon incorporation during 

MOCVD growth.  One possible series of experiments involves the measurement of 

carbon incorporation on variable dislocation density templates as temperature is varied.  

It has been shown that subjecting templates to lower growth temperatures causes more 

carbon to incorporate.  Repeating the experimentation described in Chapter 4 with respect 
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to temperature could provide more insight on the effect of threading edge dislocations on 

impurity incorporation.  Impurities may incorporate by a different mechanism with 

respect to growth temperature, as opposed to growth pressure.  The proposed mechanism 

with respect to pressure is one that involves molecular interactions between carbon on the 

growth surface and the hydride gases in the ambient.  The carbon removal mechanism 

was proposed to be one that involves carbon reacting with hydrides to form methyl 

radicals, which are subsequently removed from the growth surface and pumped out 

through the exhaust.  Varying temperature while pressure is held constant could provide 

insight on whether threading edge dislocations provide energetically favorable sites for 

carbon incorporation.  Furthermore, samples over a broader range of dislocation density 

would be desired for this study.  It is possible that the effect of threading edge 

dislocations (if any) is different for lower dislocation density samples.  Growing on CE 

samples, where dislocation density, ρ ~106 cm-2, could provide further insight on 

potential mechanisms for impurity incorporation.   

 Where dislocations demonstrate a deleterious effect on III–nitride films and 

III−nitride based devices, III-nitride bulk crystals are desired.  In order to further 

investigate the possibility of depositing GaN bulk crystals, the research from Chapter 5 

should be continued to optimize the dissolution/recrystallization process demonstrated.  

This includes performing solubility studies with a wide variety of alkali-halide salts in 

order to determine which best dissolves GaN.  Once this is determined, deposition 

optimization studies should be performed.  This includes gaining better control over the 

fluid dynamics and thermal gradients, in order to maximize the rate of GaN crystal 

formation.  More sophisticated equipment will be required for this, such as a multistage 

 



100 

heater and higher purity reagents.  Moreover, similar experimentation could be performed 

to ascertain the possibility of fabricating AlN, InN, bulk crystals as well as alloys of bulk 

III-nitride crystals. 

If no solvent is deemed to be suitable for a commercially viable process to extract 

bulk GaN (or bulk AlN, InN, or III-nitride alloy) crystals, the solubility results could still 

prove to be beneficial, even if this dissolution/ recrystallization method is not ultimately 

used.  The method based on electrochemical generation of precursors could be employed, 

where knowing the solubility would be beneficial since it would indicate the extent to 

which liquid phase pre-reactions of Ga3+ and N3- ions must be minimized.  Using such a 

method, the growth rate of a GaN bulk crystal would be controlled by fluid dynamics, but 

developing a process where pre-reactions are minimized could be difficult, due to the 

highly reactive nature of N3- ions.   

Finally, if this electrochemical generation of precursors method provides growth 

rates that are too low to be a commercially viable process, then electro-deposition of GaN 

films could be further optimized.  While this technique for fabricating high quality bulk 

crystals demonstrates several difficulties, a process could be developed where single 

crystal GaN wafers could be formed and extracted from solution by employing fluid 

dynamics to ensure uniform N3- coverage over a liquid gallium electrode.  The reactive 

N3- ions would react with Ga3+ ions at the gallium liquid interface, forming a single 

crystal crust of GaN that could be extracted.  Using such a method would remove the 

need to cleave a boule of bulk GaN, as such a process would produce individual GaN 

wafers.  Optimization of the electro-deposition process could then be scaled to produce 

wafers of desired dimensions.   
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