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As the interest for Gallium Nitride based materials and devices expand, focus on 

controlling the quality of material is becoming a priority.  In this study, the focus of GaN growth 

upon a lattice tunable oxide is investigated.  The oxide utilized is MgCaO.  This oxide has the 

unique feature of maintaining single phase as the metal ratios are varied.  Lattice parameter of 

the oxide is therefore able to be changed and matched to that of GaN.  With a matched substrate, 

the subsequent GaN growth has less strain which results in decreased level of defects in the film, 

which would normally lead to degraded performance and early device failure.  Higher quality 

material lends itself to further applications.  Applications such as nanobar fabrication and oxide 

etching resulting in GaN film transfer to other substrates. 

Another issue encountered in the expansion of GaN devices is heat generation.  Heat 

buildup in high-power RF devices has been the crutch for most material systems.  Having the 

ability to dissipate heat from the device permits greater performance at higher operating loads 

and longer device lifetime.  Therefore, to transfer GaN onto high thermal conductivity substrates 

would warrant a greater range for device operation, as the heat is more efficiently dissipated 

through the substrate.  The MgCaO substrate can be easily etched away while leaving 
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overgrowth nitride intact, lending itself to the concept of lift-off or pick-and-place.  Transfer of 

GaN onto diamond substrates or other comparable materials would enable the high thermal 

conductivity and would facilitate the GaN devices to work at higher temperatures and power 

loads.  The substrate transfer could be accomplished after the material growth or after the device 

fabrication was complete. 

 In this work, the growth and characterization of single crystal MgCaO epitaxial films 

have been demonstrated.  This has been demonstrated on single crystal GaN epifilms grown on 

sapphire, but SiC can be employed as well, eliminating the underlying GaN epifilm.  Oxide 

thicknesses over 100nm with surface RMS roughness of less than 0.5nm have been achieved and 

employed as a successful substrate for nitride based overgrowth. 
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CHAPTER 1 
INTRODUCTION 

Motivation 

With today’s need for high speed and high power electronics, the role of material quality 

is of utmost importance.  The presence of defects in the semi-conducting material leads to 

degraded performance and early device failure.  The III-nitride semiconductors have advantages 

over standard silicon devices in this high power field.  Advantages which include operation at 

higher temperatures for longer durations, larger power density, and many other benefits for the 

electronics field. 

 The III-nitride of focus for this research is Gallium Nitride (GaN.)  With a large direct 

bandgap, GaN is suitable for both power applications and optical applications.  Since the 

demonstration of GaN-based violet LEDs in 1970s, gallium nitride and other III-nitrides have 

been researched for many devices including HEMTs and Laser Diodes.  Unfortunately, the 

potential of the III-nitride semiconductors has yet to be reached.  The speed and power capability 

of devices have been hindered by the defects associated with the growth of the material.   

At first glance, growing films on foreign substrates may seem quite straightforward, but 

heteroepitaxy has its complications.  The largest issue encountered with epitaxial growth is 

minimizing the strain between the starting substrate and the growing material.1,2  This strain is 

greatly based on the lattice of the two material systems.  If the lattice parameters are too 

different, strain develops at the interface which results in misfit.  This strain results in the 

possibility of film cracking or buckling under the stress.  Finally, the strain may hinder epitaxy 

and promote 3D growth resulting in a very rough surface morphology.  Until heteroepitaxy 

growth can result in low-defect material, the full potential of Gallium Nitride will be hindered.  
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Another issue with growth of different materials is the thermal expansion differences.  

When the materials have large expansion variances, strain will develop at different temperatures.  

This strain can result in defect formation in the growing material.3,4 

Large GaN substrates for homoepitaxial growth are not refined and therefore result in a 

very poor quality template for further growth.  The cost of free-standing GaN substrates also 

limits their use, as a single 2” wafer costs nearly $10K.5  At the present, heteroepitaxy is the 

method used for most all of today’s commercial and research applications.  With the ability for 

the starting substrate to be selectively removed, the GaN can be transferred onto a substrate with 

more desirable properties.  To remove this substrate without damage to the top GaN material and 

to make this process rapid and technically simple would be very beneficial to multiple high 

power applications.  This is the main application for this research. 

Dissertation Outline 

 The objective of this study was to grow a lattice matching oxide to gallium nitride that 

could in turn be used as a template for further gallium nitride growths.  The study also included 

complete characterization of the oxide for use in for MOSFET technology. 

 The background for this research which includes a literature review of pertinent research 

is contained within Chapter 2.  It also contains general information on the growth of gallium 

nitride and material characteristics.  Along with the properties, information on the defects 

normally present in the material is examined.  Chapter 3 discusses the experimental approach 

and instrumentation utilized throughout the course of the research.  Moving to Chapter 4, the 

growth of MgCaO by molecular beam epitaxy is examined.  Within Chapter 4, the lattice 

matching criteria and the methods for the successful lattice matching of oxide to gallium nitride 

are presented.  Within Chapter 5, the lattice parameter of MgCaO is adjusted to match that of the 

GaN substrates.  The reason for this shifting based on the ratio of the binary oxides, MgO and 
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CaO, is explained with supporting characterization.  Chapter 6 includes the stability of the oxide 

in the sense of wet and dry etching and the resultant morphology of the surface after various 

etchings.  Next, Chapter 7 covers the growth of gallium nitride on MgCaO by molecular beam 

epitaxy.  The MBE growth of GaN is supported by references to other MBE GaN experiments.  

The MOCVD growth of gallium nitride is presented in Chapter 8.  The multiple variations of 

substrates treatments and growth methods are described and thoroughly examined.  The results 

of bad growths are examined and some interesting results were investigated.  Moving to Chapter 

9, the experiments involved in the transfer of the top GaN onto a new substrate via the removal 

of the oxide is presented.  This culmination of freely released GaN reveals the ultimate 

application of this research which is the transfer of the GaN onto a more desirable substrate.  

Finally Chapter 10 concludes the research with some final remarks and thoughts for future works 

and applications. 
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CHAPTER 2 
LITERATURE REVIEW AND BACKGROUND 

Substrate Issues 

 At first glance, growing films on foreign substrates may seem quite straightforward, but 

heteroepitaxy has its complications.  The largest issue encountered with epitaxial growth is 

minimizing the strain between the starting substrate and the growing material.  This strain is 

greatly based on the lattice of the two material systems.  If the lattice parameters are too 

different, strain develops at the interface which results in misfit.  These misfit dislocations 

propagate through the material in the growth direction to minimize the strain energy associated 

with the atom spacing.  This strain also lends to the possibility of film cracking or buckling under 

the stress.  Finally, the strain may hinder epitaxy and promote 3D growth resulting in a very 

rough surface morphology. 

 Until heteroepitaxy growth can result in low-defect material, the full potential of Gallium 

Nitride will be hindered.  Large interest has been focused on this strain relaxation arena.  The 

concept of growing buffer layers of various materials before the main GaN growth has been 

utilized for some time, the most prominent being Aluminum Nitride (AlN). Yet, these buffer 

layers are at times, unwanted variables in the final device.  Therefore, to grow the GaN on a 

lattice-matched, abrupt interface would result in a leap in the direction of low-defect material.   

III-Nitride Crystal Structures 

The III-nitrides crystallize in two phases, hexagonal wurtzite (α-phase) and cubic 

zincblende (β-phase) polytypes.  The wurtzite phases of AlN, GaN and InN have direct bandgaps 

of 6.2, 3.4, and 0.9eV respectively.  The cubic zincblendes have smaller bandgaps of 4.9, 3.2, 

0.9eV respectively.  Hexagonal wurtzite phase is the most thermodynamically stable structure 

and therefore, almost all scientific research as well as commercial devices, are based on this 
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polytype.6  The wurtzite structure consists of two interpenetrating hexagonal close packed 

sublattices.  One lattice consists of nitrogen and the other contains the group III atom.  The two 

sublattices have an offset along the c axis by 5/8 the cell height.  Finding a matching substrate 

for growth has been investigated, leading the research to various oxides. 

 Previous published oxide substrates for GaN growth include Gadolinium Oxide (Gd2O3), 

Zinc Oxide (ZnO), Lithium Gallate (LiGaO ), and2  Lithium Aluminate (LiAlO ).  Each substrate 

has specific advantages and disadvantages, with some similarities.   

2

Current Alternate Substrates 

 Throughout the years of gallium nitride advancements, research has replaced the normal 

sapphire substrate for many others.  The constant desire for less strain between the substrate and 

the growing film has lead researchers to try more other crystalline substrates.  Many of the 

experimental substrates have had marginal success but all still have drawbacks that the next try 

to overcome.  The alternative substrate properties are tabulated in Table 2-1, along with the 

standard substrates of sapphire and silicon carbide. 

Lithium Gallate 

 Lithium Gallate (LGO or LiGaO2), has been studied for piezoelectric devices since 

1965.7  LGO is an orthorhombic crystal with a, b, and c lattice constants of 5.407, 6.379, and 

5.014Å respectively.  GaN growth on LGO is reported to have better quality than when grown 

upon sapphire or SiC.  This is resultant of the fact that the average lattice mismatch between 

LGO and GaN is around 0.9%.7  This low mismatch is attributed to the hexagonal symmetry of 

the crystal which is slightly distorted from the wurtzite structure.  One issue that plagues LGO is 

the large interface roughness.  Even with the roughness, the critical thickness of GaN on this 

substrate is quite large.  Enough material for devices is able to be grown before relaxation 

occurs.  Lithium diffusion into the film has been reported to be an issue with the film growth, but 
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using a surface nitridation prior to growth limits the diffusion of both the Lithium and Oxygen.  

LGO is a polar material, therefore, resulting in the ability to grow single polarity material, 

allowing for good carrier confinement in heterointerfaces.   

 A main drawback for LGO is its reactivity.  It is highly volatile above 850°C, which may 

limit its uses for certain applications, like post-growth annealing.  Also, the as-grown wafers of 

LGO contain antiphase domains where the growth kinetics are vastly different.  These antiphase 

domains are small regions of anion terminated material on the cation terminated face.  The 

importance of these antiphase domains is that GaN will not adhere to these anion, oxygen, 

terminated regions.8 

 As far as electrical property results, they have been limited.  What is known is that 

growth upon LGO substrates results in high carrier concentrations and low mobility.9  LGO is 

also an insulator, thus allowing for device insulation with the normally required implant isolation 

step in processing.  Also, consistency in vendor manufacturing of the substrates is unreliable, 

even from the same vendor.7

Film-substrate removal has been shown to work with the LGO substrates through chemical 

means.  The film is then bonded to a host substrate.  The size of the transferred sample reported 

is 1X3mm.7

Lithium Aluminate 

Lithium Aluminum Oxide (LAO) has a tetragonal crystal structure with lattice parameters; 

a=b=5.1687Å, and c=6.2679Å.  For GaN grown by vapor-phase epitaxy, the lattice mismatch 

with LAO is -1.4% in the c-direction and -0.1% in the a-direction.10  LAO substrates are grown 

by the Crochralski method, which results in the substrate being polished instead of an epilayer 

surface. 
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The GaN films can be separated from the LAO substrate by two methods.  If the film is 

quite thick, the film will delaminate spontaneously.  Yet, for thin films, or if sidewall growth 

occurs, etching is required in heated HCl.  As can be inferred, there is measurable stress in the 

films grown upon LAO, as compared to the stress-free films grown upon LGO. 

It is reported that no surface morphology benefit accrues to the use of LAO as a template 

over sapphire substrates.10  Also, the films grown on LAO demonstrated impurity concentrations 

identical to the best films grown on sapphire.  The GaN films did exhibit lower oxygen, carbon, 

and chlorine contamination compared to films on LGO substrates under same growth conditions.  

Lithium impurities were not detected in the GaN film, indicating that LAO is chemically and 

thermally very stable.10

Gadolinium Oxide 

 Gd2O3 has a lattice constant of 3.86Å, which is larger than the GaN overgrowth resulting 

in a 20% mismatch.  Unlike GaN growth on sapphire, where a 30° in-plane rotation occurs to 

reduce the mismatch, GaN growth on rare-earth oxides are fully relaxed without rotation.11  An 

intermediate buffer layer is usually employed to minimize the defects caused by the large lattice 

mismatch.  This layer helps to reduce the density of interface traps.   

Zinc Oxide 

 Zinc Oxide (ZnO) has a wurtzite crystal structure with lattice parameter of 3.24950Å.12  

This results in a mismatch to GaN of around 1.9%.  ZnO is also transparent to visible light, and 

is able to achieve high electrical conductivity from doping.  This conductivity can be a drawback 

if an electrically insulating substrate is desired for isolation.   

It’s reported that the GaN/ZnO structure would have to be grown at temperatures less than 

800°C, or the film would peel off the ZnO single crystal substrate.13  A buffer layer of (In, Ga)N 

would be required to prevent the delamination of the film.13  Also, the ZnO substrate orientation 
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has a large effect on the crystal quality, therefore only certain crystallographic orientations 

allows for epitaxial growth of GaN. 
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Table 2-1.  Properties of alternative substrates 

 GaN ZnO LiGaO2 LiAlO2 Gd2O3 Al2O3 SiC 

Structure Wurtz Wurtz Ortho Tetrag Bixbyite Rhomb Wurtz 

Lattice Parameter 

(Ǻ) 
3.186 3.325 5.407 5.1687 - 4.758 3.076 

Atom spacing in 

(111) plane 
- - - - 3.828 - - 

Mismatch to 

GaN (%) 
- 2.4 0.9 -1.4 20.1 16 -3.5 

Melting Temp 

( C ) 
2527 1975 - - 2668 2040 2700 

Bandgap (eV) 3.4 - - - 5.3 9.5 3.26 

Dielectric 

constant 
9.5 - - - 11.4 9.4 10 

Thermal 

Expansion Coeff. 

(10^-6/K) 

6.20E-

06 

8.30E-

06 
- - - 

7.50E-

06 

1.03E-

05 

 

33 



 

CHAPTER 3 
EXPERIMENTAL APPROACH AND INSTRUMENTATION 

Materials Characterization 

The advantage of the characterization techniques required for this research is the 

availability of all the instruments.  The Surface, Chemical, and Electrical characterization 

techniques are readily available in house and access is made accessible through the Major 

Analytical Instrumentation Center and multiple research groups. 

Atomic Force Microscopy (AFM) 

 Characterization of the growth surface is pertinent to the optimization of the growth 

conditions.  The ability to visually inspect a surface reveals key aspects that lead the 

experimental approach.  AFM data allows the surface roughness and morphology to be 

determined, which is unmatched by any other imaging technique.  This data tells the crystal 

grower of the growth regime, whether by 2D or 3D growth, since an atomically flat surface 

results from 2D growth.  The method of data collection comes from a probe which senses the 

Van Der Waal forces of the surface atoms.  The probe deflection is interpreted as a height 

through the instrument and a resulting image is produced.  Roughness is then calculated from the 

height image. 

 The AFMs that will be utilized are the Veeco Dimension 3100 SPM (Figure 3-1) with the 

newest Nanoscope V controller and the Veeco Multimode (Figure 3-2) with a Nanoscope IIIa 

controller.  Tapping mode will be the primary imaging technique.  In this technique, a silicon 

probe oscillates above the surface, normally with a chosen amplitude between 20-50nm.  This 

variation can be controlled depending on the amount of power supplied to the piezo beneath the 

tip to allow for different types of samples to be scanned.  A surface that is atomically flat with 

very little surface contamination might require only 20nm of oscillation, while samples that have 
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a larger amount of contamination or surface water might need larger oscillations to avoid the tip 

from becoming stuck to the surface.  The amplitude of the oscillations then varies as the probe 

interacts with the sample surface forces.  This change in amplitude is detected and processed into 

a height signal.  The vertical resolution of the instrument is approximately 0.01Å, while the 

lateral resolution is dependant on the probe.  The probes normally utilized are Veeco’s standard 

TESP silicon tips having a tip radius between 8-10nm.  The cantilever resonant frequency is 

around 300kHz. 

 When samples with rough topographies are needed scanned, contact mode can be 

employed which can give a better image than tapping mode.  The reason behind this result is that 

the contact mode scans a silicon nitride pyramid tip over the surface which is attached to a gold 

V-shaped cantilever.  The gold has a very small spring constant which results in the tip being 

able to track large topography changes at a faster scan rate than tapping mode could give.  The 

draw-back to current contact tips are the larger tip radii of between 10-20nm.  This larger radii 

limits the lateral resolution of the scan.  

Scanning Electron Microscopy (SEM) 

 Electron microscopy has been a staple for materials characterization for decades.  The 

ability to gain topological data along with chemical analysis is inherent to the technique.  Surface 

imaging is utilized to see features like islands and defects of the material surface.  The 

instrument uses a beam of electrons emitted from a tungsten hair-pin filament, which produces 

electrons when a current is passed through the wire which heats the filament.  At the same time 

an anode applies a field at the tip of the filament which begins to emit electrons when they have 

higher energy than the work-function of the tungsten filament.  When this beam interacts with 

the sample surface, the interaction produces electrons of various energies, auger, secondary, and 

backscattered electrons.   
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 This instrument does not employ an auger detector so only the secondary and 

backscattered electrons are detected.  When the impinging electrons experience an almost elastic 

collision and escape the sample in approximately the same orientation that they entered, a 

backscattered electron is emitted and detected by a solid state detector positioned directly above 

the sample.  When inelastic collisions occur in the sample, secondary electrons are produces 

which have energies less than the source beam.  These electrons can be collected easily by an 

Everhart-Thornley detector which is a positively-biased faraday cage around a scintilator and 

then to a photomultiplier tube.  Backscattered electrons show compositional differences in the 

sample due to areas of different atomic numbers, while secondary electrons are utilized for 

topographic imaging of the sample surface.  An electron beam is rastered across the sample 

surface and the resultant secondary electrons are collected and processed into an image.  The 

ease of use and access to these microscopes allow for rapid characterization of the growth 

material. 

 A JEOL JSM 6400 SEM will be utilized in the characterization (Figure 3-3).  The 

instrument is capable of secondary and backscattered imaging under accelerating voltages 

between 0.4KV and 40KV.  Normal operation is between 7-15KV.  Magnification between 10X 

to 300,000X are capable.  Resolution for this instrument is stated to be 3.5nm, while actual visual 

inspection results in clearly defining features of approximately 50nm.  This limitation is due to 

the system vacuum and chamber isolation.  An Oxford energy dispersive x-ray detector or EDS 

detector allows for qualitative analysis of the elements present in the sample. 

 If required, sample coating is performed in house by either a carbon evaporation coater or 

a Au-Pd sputter coater.  The coatings are normally deposited to a thickness of 10nm to allow for 

adequate heat dissipation and electron grounding.  Most of the oxide samples are thin enough 
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that a coating is not required when scanning at 7KV accelerating voltage.  This is a result of the 

electron beam interaction volume can be up to a micron deep into the sample, thus most of the 

electrons are grounded through the GaN substrate which is grounded through the use of carbon 

paint on the side of the sample.  This method allows for an undisturbed surface for the most 

accurate imaging.  

 The JEOL 6400 also contains an Oxford energy dispersive x-ray (EDX) detector, also 

called (EDS).  This x-ray detector uses a liquid nitrogen cooled silicon-lithium (SiLi) detector to 

create electron-hole pairs which create a current pulse.  This magnitude of this current pulse 

depends of the energy of the incoming x-ray which can then be used to create a spectrum of 

energies versus intensity of the sample.  These x-ray energies are characteristic to the sample and 

can be used to qualify and quantify the elements present in the sample.  The imagine software of 

the instrument can be linked to this detector to create an x-ray map of the sample which indicate 

the exact location of specified elements. 

 When the features of interest become too small for the JSM 6400 to resolve, a FEI XL-40 

field-emission SEM is employed (Figure 3-4).  With a LaB6 filament, the field-emission gun 

allows for a tighter electron beam with a higher current density than the standard thermionic 

emission gun.  The instrument also uses a turbo pump resulting in a higher vacuum than the 

diffusion pump of the JSM 6400 SEM.  The higher vacuum allows for a larger mean free path 

for the electrons with less scattering and therefore a smaller probe on the surface of the sample.  

Magnifications exceeding 500,000X are capable from the increased spatial resolution of the 

more coherent electron beam. 

Cathodoluminescence (CL) 

 Cathodoluminescence is a technique that utilizes an electron beam to excite emission of 

photons from a sample.  As the electrons impinge the sample, they excite transitions that emit 
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light from the interaction volume of the electron beam.  For this work, the electron beam is 

supplied by the JEOL 6400 SEM used for the imaging and EDS analysis of the samples.  The CL 

capabilities are supplied by a Gatan MonoCL with wavelength range from 200nm to 800nm.  

The detector is linked with the instruments imaging software to allow for images of the sample 

during light emission.  This allows for defect detection and quantification within the top volume 

of the sample surface. 

Reflection High-Energy Electron Diffraction (RHEED) 

 While under the ultra-high vacuum of the growth chamber, the sample surface quality can 

be determined.  RHEED utilizes an electron gun operating between 6-10KV and a view screen 

coated in phosphor.  The electron beam is directed onto the sample surface at a glancing angle, 

normally less than 5 degrees.  The electrons are diffracted off the first few layers of surface 

atoms, onto the phosphor screen.  The patterns which are seen on the screen can indicate whether 

the sample is single crystalline, polycrystalline, or amorphous.  The surface morphology can be 

determined also, whether the surface is smooth or rough, and whether the growth is 2D or 3D.  

While an atomically smooth, single crystal surface results in a streaky pattern, while a slightly 

rougher surface shows a spotty reconstruction.  Polycrystalline samples are depicted as rings or 

arcs, and amorphous samples show almost no pattern at all shown in Figure 3-5.  RHEED is used 

to characterize the starting substrate and subsequent growths.  RHEED can also give an 

indication of the thickness of an oxide when the pattern becomes fuzzy.  This is because the 

surface will begin to charge and distort the electron beam when the film becomes thicker than the 

electrons ability to conduct into the normally conductive substrate. 

Auger Electron Spectroscopy (AES) 

 AES allows elemental analysis of samples with a higher degree of quantitative reliability 

than standard SEM.  The analysis depth is approximately the top few monolayers of material.  
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This is a result of the Auger process where a main electron beam interacts with the sample 

atoms.  The beam ejects an inner core electron from the atoms which then gets filled by an 

electron from a more outer shell.  This electron transition releases an x-ray or a low energy 

Auger electron.  Since these electrons have low energy, they have a very shallow escape depth, 

resulting in a very surface sensitive analysis.  Along with surface analysis, AES can be coupled 

with sputtering to perform depth profile elemental analysis through the use of a sputter gun.  This 

technique allows the verification of homogeneity of the growth film, showing any compositional 

changes throughout the film thickness.  Interfaces can also be characterized to locate any 

contamination or native oxide on the starting substrate.  An AES Perkin-Elmer PHI 660 

Scanning Auger Multiprobe will perform the Auger characterization (Figure 3-6).   

X-Ray Photoelectron Spectroscopy (XPS) 

 Based on the Photoelectric principle, explained by Albert Einstein in 1905, a 

monochromatic x-ray source impinges a sample, thereby creating energy transitions by releasing 

a photoelectron.  This electron is detected by a hemispherical analyzer and the energy is related 

to the binding energy of the atoms in the sample.  This binding energy is related to the 

stoichiometry of the material and can reveal what phases and oxidation states are present in the 

materials.  The analysis depth is approximately the top 1-10nm of material, since the kinetic 

energy of the photoelectrons is not large enough to escape from deeper in the sample.  Depth 

profiling is available with the use of a sputter gun to probe chemical bonding at interfaces in the 

sample.  Analysis of samples is performed by either a Perkin-Elmer XPS/ESCA PHI 5100 ESCA 

system (Figure 3-7) or a XPS tool that was built directly onto the Varian MBE (Figure 3-8).   

X-Ray Diffraction (XRD) 

 The crystalline quality of the films will be characterized through XRD.  In this method, 

x-rays are diffracted off the sample to produce characteristic peaks of atomic planes.  This 
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technique can give indication of the degree of crystallinity of the film while also indicating the 

lattice spacing of the material.  Therefore, for interests of lattice matching film to substrate, XRD 

is an easy method that requires little sample-prep.  The peaks of the substrate and film should 

overlap in a lattice-matched system.  For the GaN growth upon MgCaO, the ratio of Magnesium 

to Calcium can be adjusted to result in the lattice spacing required for GaN lattice matching. 

 This technique is based on Bragg’s Law which is stated as Equation 3-1. 

 nλ = 2dsinθ         (3-1) 

Where n is multiple of whole x-ray wavelengths, λ is the incident x-ray wavelength, d is the 

atomic spacing of the material being analyzed, and θ is the Bragg angle in degrees.  This 

equation states that constructive interference of x-rays occurs only at certain angles from the 

sample surface.  At these angles large intensity of x-rays emerge from the sample and are 

indicated by a peak in the resultant spectrum. 

 X-ray diffraction reveals the state of crystallinity of the sample, where a very sharp peak 

in the spectrum indicates a single crystalline film, whereas a very broad peak is a indication of a 

polycrystalline film, and finally amorphous materials do not result in any peaks.  A measure of 

crystal quality is through the calculation of the full width at half maximum (FWHM) of the peak.   

 For initial verification and tuning of the metal ratios of the oxide, a Phillips APD 3720 

XRD (Figure 3-9) will be utilized scanning at angle increments of 0.005 degrees.  Higher 

resolution rocking-curve analysis will utilize a Phillips MRD X’Pert system with a 5-crystal 

analyzer (Figure 3-10).  Finally, exact thermal expansion measurements can be taken with a 

Phillips 3100 high-temperature XRD instrument with a helium atmosphere (Figure 3-11).  The 

sample is heated as a spectrum is taken showing expansion of the lattice parameters.  These 

stress measurements of the films are used to determine the exact regime for optimum growth. 
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Photoluminescence (PL) 

Photoluminescene (PL) is an optical characterization technique that utilizes the principle 

of optical pumping.  Employing a laser as the light source allows for accurate luminescence data 

since the extremely narrow wavelength of laser light permits characterization of the light from 

the sample and not interference from the light source.  Utilizing a Omnichrome helium-cadmium 

ultraviolet laser (Figure 3-12) the sample is front-side illuminated with energy higher than that of 

interest.  The UV light of 325nm excites the various electronic states in the sample, including 

defects and the bang-edge.  Using this technique, samples are probed for the various types of 

defects and impurity levels.  This information is then utilized to adjust further grows.  

A monochromator is used to capture luminescence as any desired wavelength, normally 

between 350nm to 800nm.  The monochromator directs the light into a PMT (photomultiplier 

tube) that amplifies the signal and outputs the intensity versus wavelength (Figure 3-13).  

GaN samples normally have multiple emission regions.  The first is the band edge 

luminescence around 361nm which is desired to be the most intense emission from the sample.  

The second region is in the yellow/green region of the spectrum.  This yellow emission is due to 

nitrogen vacancies in the material and for high quality materials this emission is suppressed.  The 

final peak that is normally seen in spectrums from our PL setup is a duplicate peak of the band 

edge that appears at 720nm.  Again, this red peak is actually just an artifact of the scan.  As a 

standard, a piece of n-GaN from Uniroyal is scanned from 350-800nm. 

There is also a chance of a blue emission around 440nm which is indicative of oxygen 

doping.  This blue emission is seen in our MOCVD grown samples due to an overdue change on 

the gas purifiers.  The oxygen enters the system from small leaks in the nitrogen source manifold 

and over time degrades the purifiers which normally keep the oxygen out of the system.  The 

oxygen can then become trapped in the gallium bubblers and permanently contaminates the 
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gallium metalorganic.  Any other oxygen doping from either autodoping or other sources of 

contamination in the system would show as an increase to this emission. 

Contact Angle Goniometer 

 A rame-hart contact angle goniometer is used to measure the contact angle of droplets of 

deionized with a sample surface.  The water drop was dispensed with an automated dispensing 

unit, capable of dispensing down to 0.1µL of fluid per step.  The measurements were taken with 

a 1µL and 5µL drop for comparison.  The tangent angle to the contact point of the fluid and the 

sample surface is taken as the contact angle.  This angle gives relative information of the surface 

energies of the samples with a larger contact angle having a higher surface energy than one with 

a small angle. 

Hall-effect measurements (Hall) 

 Used to analyze the electrical characteristics of the grown GaN film, Hall measurements 

will be performed.  Discovered in 1879, the Hall measurements are based on the principle that 

charge carriers are affected in the presence of a magnetic field.  The material’s carrier 

concentration, type, and mobility are all determined from this technique.  

Current-Voltage Measurements (I-V) 

 To determine the quality of the MgCaO layer, an IV measurement is used to determine 

the breakdown field strength.  In this measurement, a limit to the current is set, and the voltage 

on the sample is swept from negative to positive.  The current limit is usually set quite low, on 

the order of 100nA.  The voltage is increased until the current reaches the set limit, where 

forward and reverse breakdowns are reached.  This voltage can then be divided by the film 

thickness to calculate the breakdown field strength.  A Hewlett Packard Model 4155C 

Semiconductor Parameter Analyzer will be used for the IV measurements. 
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Ellipsometry 

 Ellipsometry is an optical technique that is non-destructive which is used to measure the 

thicknesses of thin films.  The principle operation is to reflect plane-polarized light off the 

sample into an analyzer.  When the light impinges the sample, a change in polarization occurs at 

which time the phase change is detected by the analyzer.  Using silicon as the substrate, the 

reflected light can measure the thickness of the transparent film.  A Rudolph V-530044 Auto EL 

IV ellipsometer was used for this work (Figure 3-14). 

Transmission Electron Microscopy (TEM) 

 Transmission electron microscopy (TEM) uses a high energy beam of electrons to 

penetrate and pass through a thin slice of material, resulting in an image of the atoms and defects 

of that material.  Used for the analysis of the microstructure and defects within a sample, TEM 

has extremely high lateral resolution allowing for individual atoms to be seen.  Samples are 

prepared for TEM analysis through the use of a focused ion beam or FIB.  A FEI Strata dual-

beam 235 FIB was used in the sample preparation.  The samples are first coated with a thick 

layer of protecting carbon, then the FIB uses a beam of gallium ions to sputter the sample and 

mill away material until an extremely thin slice of material is left.  This thin slice is electron 

transparent which allows for the imaging electron beam to either transmit or forward scatter onto 

a detector, forming an image.  The TEM that was used almost entirely for the samples of GaN 

and oxide was a JEOL 200CX (Figure 3-15).  

Material Growth Techniques 

 Many tools have been developed for the growth of thin films throughout the decades.  

The growth techniques utilized in this research include molecular beam epitaxy and metalorganic 

chemical vapor deposition.  These tools will be used to grow oxides and nitrides for the research. 
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Molecular Beam Epitaxy (MBE) 

Molecular Beam Epitaxy (MBE) is a technique that provides extremely precise control of 

a growing film.  MBE is a great research tool because of the high level of control of the growing 

surface.  Another advantage of MBE over other growth techniques is that the growth chamber is 

under ultra-high vacuum, 10-10 Torr, which keeps the background contamination level to a 

minimum.   

 Source material comes in solid, liquid, or gas depending on the type of film to be grown.  

For this research, solid sources of magnesium, calcium, and scandium, and liquid gallium, are 

heated in Knudsen effusion cells.  The temperature of these cells will determine the vapor 

pressure of the material.  This vapor pressure causes a pressure difference in the cell and the 

chamber, creating a beam of atoms which impinges the substrate.  The flux of atoms from the 

cell is approximated by the reduced Equation (3-2)14
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Where P is the pressure in the source crucible, F is the flux, A is the area of the aperture, D is the 

distance from the sample to the aperture, M is the molecular weight of the species, and T is the 

temperature of the species.   

The substrate is held at a temperature to which supplies the impinging atoms enough 

energy to be mobile of the surface.  This mobility allows the atoms to migrate on the surface to a 

high energy site on the crystalline substrate.  This migration allows for the growing film to 

imitate the starting terraced GaN substrate.  At low temperatures, the atoms have less energy for 

migration and therefore, chances of the atoms resting where they impinge the sample is quite 

high, resulting in islands or 2D nucleation.  With this knowledge of terrace controlling growth, it 

is reasonable to conclude that the more terraces available for atom attachment, the faster the 
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growth with take place, while still in layer-by-layer or epitaxial controlled growth.  The starting 

MOCVD GaN substrates have a large amount of terraces available of oxide attachment.  This is 

a method to verify if the sample is at an adequately high temperature, by noticing that the oxide 

replicates the GaN terraces. 

The higher temperatures used for large atom migration can also be detrimental to growth, 

since the desorption rate of the impinging atoms increase.  Therefore for growth of multiple 

atomic species, this can result in a non-stoichiometric growth.  The species with the higher vapor 

pressure will be the species that desorbs at the faster rate, therefore, a balance needs to be found 

which will equate absorption / desorption rate of the different species to result in a suitable 

growth.  With that in mind, controlling the fluxes of the metals to create a lattice-matched oxide 

is not only based on temperature of the metal effusion oven, but also on the substrate growth 

temperature. 

The oxide material was grown on MOCVD GaN in a modified Riber model 2300 MBE 

(Figure 3-16).  An overpressure of elemental oxygen is supplied by an Oxford radio frequency 

plasma source operating at 13.56 MHz, keeping the chamber at pressures between 10-6 torr and 

10-5 torr.  The oxygen source is molecular oxygen of research grade.  The GaN grown on top of 

the oxide was deposited in a modified Varian Gen II MBE system (Figure 3-17).  The Varian 

system utilizes a hot-lip gallium cell to prevent gallium deposition at the end of the crucible 

which mitigates the flux.  Elemental nitrogen is supplied by an Oxford radio frequency plasma 

head in which research grade molecular nitrogen is passed. 

 The Varian MBE tool is equipt with other elements to facilitate doping experiments.  The 

chamber contains magnesium for p-type doping of the GaN, along with silicon for n-type doping.  

Both systems employ RHEED analysis to verify and observe changes in the growing film. 
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Metal Organic Chemical Vapor Deposition (MOCVD) 

Metalorganic chemical vapor deposition (MOCVD) is a growth technique that has seen 

much improvement over that last few decades.  The switch from horizontal to vertical reactors 

has allowed industrial tools to grow many wafers at a time and with great uniformity.  This work 

utilizes a Veeco/Emcore P75 TurboDisk vertical reactor handling two inch wafers (Figure 3-18).  

Being a commercial tool, the computer control and automation makes a growth run very nice.  

Yet, the principles that govern MOCVD growths are very sensitive to slight changes in growth 

conditions and can therefore require much iteration to change one variable. 

 The TurboDisk reactor has a showerhead design which allows source material to be 

injected separately onto the wafer surface.  This separation minimizes pre-reactions of the 

metalorganics before reaching the substrate.  The substrate is rotated up to 1500rpm to allow for 

good uniformity and to create a good flow profile of the gasses.  The susceptor in which the 

substrate rests, is heated through a resistance heater directly below the susceptor (Figure 3-19).  

Temperatures reached in the tool can exceed 1100C.   

 The nitrogen source is created through the decomposition of ammonia on the substrate.  

Carrier gasses of nitrogen and hydrogen are used to supply the sample with the metalorganics.  

Besides the gallium source, aluminum is available for aluminum nitride growth and also indium 

for alloying is necessary. 

The tool has two sources of gallium on the MOCVD tool, TMG (Trimethylgallium) and 

TEG (Triethylgallium).  The choice of source for GaN growth depends on the structure that is to 

be created.  TEG is mainly used for HEMT structures and other devices that need rapid changes 

to the structure.  TMG is the standard for most all other GaN material.  This is the choice source 

since TMG is less expensive than TEG and for the unintentional benefit of additional carbon 

incorporation for more insulating properties.  TMG has inherently more carbon by-products than 
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TEG from the methyl group compared to the ethyl group.  Carbon has been shown (Impact of 

carbon on trap states in n-type GaN grown by metal organic chemical vapor deposition) to help 

mitigate the doping effects from residual oxygen and other contaminates in the growth chamber.  

The carbon seems to sit in vacancies and allows for less conductive GaN material. 

 Sample growth can be monitored by emissivity compensated pyrometry.  Utilizing an 

infra-red light source of 930nm, 10nm bandwidth, reflectance off the sample surface can 

indicated the degree of roughness of the surface along with layer thickness because of 

interference with the light as the layer grows.  In addition, the same detector can measure the 

black-body radiation off the sample and give an accurate measure of the surface temperature.  

This method is superior to simple measurements by the thermo-couple as the thermo-couple is 

mounted below the heater, and based on the gas flows in the tool, the sample surface can have a 

completely different temperature than what the thermo-couple measures. 
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Figure 3-1.  Veeco Dimension 3100 AFM with Nanoscope V controller. 

1  

Figure 3-2.  Veeco Multimode AFM with Nanoscope IIIa controller. 
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Figure 3-3.  JEOL 6400 SEM. 

 

Figure 3-4.  FEI XL40 Field-Emission SEM. 
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Figure 3-5.  Possible RHEED patterns.  A) Amorphous diffraction pattern.  B) Polycrystalline 
diffraction pattern.  C) Single crystal diffraction pattern.  [Reprinted with permission 
from B.P. Gila, 2000.  Growth and Characterization of Dielectric Materials for Wide 
Bandgap Semiconductors.  PhD dissertation (pg. 47, Figure 3-11).  University of 
Florida, Gainesville, Florida.] 
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Figure 3-6.  AES Perkin-Elmer PHI 660 Scanning Auger Multiprobe. 

 

Figure 3-7.  Perkin-Elmer XPS/ESCA PHI 5100 ESCA. 
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Figure 3-8.  Custom XPS system attached to Varian MBE. 
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Figure 3-9.  Phillips APD 3720 XRD. 

 

Figure 3-10.  Phillips MRD X’Pert system with a 5-crystal analyzer. 
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Figure 3-11.  Phillips 3100 high-temperature XRD instrument with a helium atmosphere. 
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Figure 3-12.  Omnichrome helium-cadmium ultraviolet laser at 325nm along with a Spectra-
Physics argon ion laser. 

 

Figure 3-13.  PL setup showing optics, monochromator, and PMT on the left of the image. 
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Figure 3-14.  Rudolph V-530044 Auto EL IV ellipsometer. 
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Figure 3-15.  JEOL 200CX TEM. 
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Figure 3-16.  Modified Riber model 2300 MBE used for oxide growths. 

 

Figure 3-17.  Modified Varian Gen II MBE system utilized for the GaN growths. 
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A)   

B)   

Figure 3-18.  Veeco/Emcore P75 TurboDisk vertical reactor utilized for GaN growths.  A) Image 
of the MOCVD growth chamber (left) and load-lock (right).  B) View of the full tool. 
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Figure 3-19.  Image of the wafer susceptor being heated by the resistance coil heater. 
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CHAPTER 4 
MBE GROWN MGCAO 

Epitaxy Challenges 

 Quality epitaxy is not a trivial matter to accomplish.  For the growth of high quality 

material, the number one factor is the starting substrate.  Substrates can either composed of the 

same exact same material as the epitaxial film to be grown, or they can be of a different material.  

Growing on a foreign substrate is termed heteroepitaxy, and is the only economical method of 

growing gallium nitride.  Currently the most widely used substrate for growing gallium nitride is 

sapphire, Al2O3, which is an extremely stable substrate which can withstand the conditions 

normal to GaN growth.  Yet, sapphire is not a great substrate since the lattice parameter is quite 

different than GaN and it is not a good heat conductor, which is needed for GaN devices 

operating at high power loads.  Since no bulk process has been developed to date that can create 

large boules of GaN material, very expensive wafers of HVPE GaN thick films are the only 

method of true homoexpitaxial growth.  Again this possesses an expense issue that has not 

proven economical for further device manufacturing.  Therefore, growing a gallium nitride film 

on a non-GaN substrate poses challenges.  These challenges begin with the fact that the atoms 

being deposited normally will not come to rest exactly in a non-straining position of the host 

substrate.  That is, until now. 

Alloying Calculations For MgO and CaO 

One oxide that has a fairly good lattice spacing match to GaN is magnesium oxide 

(MgO).  This oxide has a mismatch to GaN of -6.5% on the (111) crystal face.14  This is better 

than the mismatch of Al2O3 to GaN, which is 16%.2  Yet, there is still a large amount of strain in 

the lattice, which can result in defects at the interface, which inevitably propagate through the 

growing film.  Examination of other oxides which are closer matched to GaN resulted in the 
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binary calcium oxide (CaO).  This oxide has a mismatch that is 6.6%14 to GaN along the (111) 

face.  Considering Vergard’s Law (Equation 4-1)15, which states that a good approximation of a 

material’s properties can be assumed from the properties of the compounds contained in the 

solution, a mixture of CaO and MgO could result in an exactly lattice matched system with GaN.  

Therefore, the oxide for this research is a ternary alloy of magnesium, calcium, and oxygen.  The 

oxide will grow on the GaN basal plane (0001) by growing with the oxide (111) plane.  Through 

growing on the (111) plane, the oxide minimizes the energy of the exposed surface while having 

the lowest energy configuration with the GaN (0001) face.  Advantages of this oxide compared 

to standard substrates used for GaN growth, is the ability to tune the lattice parameters without 

resulting in phase separation.  Through varying the calcium concentration in the ternary, the 

oxide is latticed matched to the GaN film as seen in the graphical representation of the material 

lattice models in Figure 4-1.  This lattice matching allows for reduced defects in the film, and 

improved morphology of the resulting surface.   Shown in Figure 4-2 is the calculation for a 

lattice matched system, and also a graphical representation of the mismatch for varying 

compositions in Figure 4-3. 

aMgCaO = xaMgO + (1 − x)aCaO     Equation 4-1 

 Having a good interface between substrate and film not only creates good quality growth 

material, but also has the advantage of decreasing defects at the interface.  These defects are 

traps that hinder device performance.  HEMT passivation is a good example of how the electrical 

characteristics can change by simply having a good dielectric interface for the device.  Being 

lattice matched with GaN, MgCaO can reduce the interface traps that plague the electrical 

characteristics of most GaN devices.  Starting with a good interface results in lowering of 
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interface traps and reduces leakage of a device.  For a good interface, the thermal expansion of 

the materials should also be considered. 

 The thermal expansion of the binaries, MgO and CaO, have both been found for 

relatively high temperatures.3,12,16  Experiments for GaN have also resulted in values for thermal 

expansion around the same temperatures.17,18  Listed in Table 4-1 are the thermal coefficients 

reported along with other parameters of GaN and the two binaries of interest. 

 As reported, the MgO and CaO thermal expansions seem to trend linear with 

temperature.  This is unlike GaN which is reported to have a slightly increasing expansion at 

elevated temperatures.  Since this trend varies through reports17,18,19, a linear approximation is 

utilized for calculations.  Thermal expansion measurements can be explored to determine the 

exact expansion.  This non-linear trend might cause strain even when the lattice parameters are 

matching.  Therefore, if this becomes and issue, a solution would be to induce a lattice mismatch 

to intentionally strain the GaN film to compensate.  Figure 4-4 is a plot of various ternary 

compositions versus temperature with thermal expansion taken into account. 

Adjusting the composition of the oxide to facilitate the thermal expansion might also be 

an advantageous device property.  Strain induced mobility changes occur in a variety of 

materials as the lattice is strained.  With the lattice response of the AlGaN/GaN system, devices 

could be fabricated to take advantage of a strained film or etched cantilever for macroscopic 

pressure or strain measurements.20 

Gallium Nitride Substrate Preparation 

 The substrates used for the oxide growths were standard gallium nitride on sapphire.  The 

samples were either in-house grown GaN with the TurboDisk tool, or UOE GaN which were 

calibration or engineering wafers from UOE.  Either way, the pretreatment of the substrates were 

the same for the epitxial growth process. 
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While gallium nitride is a very stable material at room temperature, the atmosphere in the 

lab will inevitably deposit carbonous residues and oxidize the surface of a sample.  Unless 

samples of MOCVD GaN are loaded into the vacuum environment of the MBE tool within a few 

days, all samples must go through a process to clean and de-oxidize the starting GaN surface. 

 The cleaning procedure begins with a hydrochloride acid wash to remove the carbon 

residues from the surface.  A three minute soak in a 1:1 solution of HCl and deionized water will 

clean the surface of most of the bulk carbon on the sample.  The sample is then rinsed with 

deionized (DI) water to neutralize the acid and rinse the acid products from the sample followed 

by a blow dry with dry nitrogen gas, before the next step.  Following the acid wash, the sample is 

then placed in a partially sealed container which has a bank of ultraviolet lights above the sample 

surface.  When the UV lights are turned on, the high energy light creates ozone from the 

atmospheric oxygen.  The ozone (O3) is highly reactive and therefore scavenges carbon from the 

sample surface.  This process was tested with a high concentration of carbon to verify the 

cleaning or carbon removing capabilities of the UV-ozone cleaner. 

 For a large sample of carbon, a single crystal silicon two inch wafer was coated with 

approximately one micron of photoresist.  Photoresist is a derivative of PMMA and therefore is 

on the order of pure carbon.  The sample was analyzed by an ellipsometer to allow for accurate 

thickness measurements.  The ellipsometer is accurate to within a few angstrom.  The coated 

sample was then placed in the box UV-O3 cleaner and allowed to be irradiated for some time.  

The sample was noticed to increase in temperature up to 50-70C from the light absorption of the 

UV lamps.  The sample was periodically removed and analyzed with the ellipsometer.  Shown in 

Figure 4-5, the photoresist was very efficiently etched away at a rate of 72Ǻ/min.  This result 
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shows that the small amount of residual carbon on the surface of the starting GaN can be very 

effectively removed by this UV-ozone process. 

 The normal process of cleaning the GaN sample after the HCl wash, is a 25 minute 

exposure in the UV-ozone cleaner.  Once the sample was removed from the cleaner, it went 

through a wash in buffered oxide etchant (BOE).  This exposure to ozone not only caused a 

reaction with the surface carbon, but unfortunately would also oxidize the GaN surface causing 

GaO formation.  The buffered oxide etchant is a mixture of ammonium fluoride and hydrofluoric 

acid.  This solution is very effective at removing oxides of various sorts, including GaO.  

Therefore after a five minute wash in the BOE solution, the sample goes through one final DI 

water rinse followed by a dry nitrogen blow dry. 

 Samples were examined by auger electron spectroscopy to determine the carbon and 

oxygen content.  The results are tabulated in Table 4-2, which shows the various treatments 

performed and the resultant carbon to nitrogen and oxygen to nitrogen ratio for the sample 

surfaces.  As it can be seen the combination of the HCL/DI wash for three minutes, followed by 

a 25 minute exposure in the UV-ozone system, ending with a five minute wash in BOE resulted 

in the best contamination removal, and cleanest surface. 

 After the pretreatment procedure, the samples are then mounted and loaded into the MBE 

system.  Before growth, the samples are annealed under vacuum to 700C and held at that 

temperature for ten minutes.  This 700C anneal is found to produce a cleaner surface than 

without.  Since the Varian MBE chamber has an XPS system attached to the buffer extension, 

the samples can now be annealed and scanned in the XPS without ever breaking the vacuum.  

The results are seen in Figure 4-6 which depicts the nitrogen, oxygen, and carbon binding energy 

peaks.  The study involved samples that had been processed with the above mentioned 
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pretreatment of HCl, UV-O3, and BOE, along with samples that did not have the pretreatment.  

The samples were scanned before and after a 700C anneal for ten minutes.  The differences in 

peak intensities before and after are compared in Table 4-3, and Table 4-4.  Again the 

contamination elements of carbon and oxygen are compared against the nitrogen peak which is 

part of the sample.  It can be seen that the samples that were annealed showed improvements of 

surface cleanliness since the ratios decreased.  This study also verified the previous study that 

used AES to quantify the contamination, showing that the pretreatment process resulted in a 

cleaner surface than without. 

 As a final note on the subject of surface preparation, it is noticed that during the 

annealing the RHEED does improve.  When first loaded into the chamber, the RHEED image 

from the sample surface is hazy with no distinguishable pattern.  As the sample begins to heat 

up, the first pattern begins to form when the adsorbed water on the surface is liberated as can be 

determined by a chamber pressure increase.  The pattern seen at this time is slightly streaky but 

faint.  As the sample temperature continues to increase, the streaky (1X3) reconstruction begins 

to form and is vibrant once reaching and annealing at 700C.  This strong pattern indicates a clean 

surface ready for epitaxial growth. 

Standard MBE Oxide Growth Procedures 

 The substrates used for these calibration runs were UOE MOCVD GaN on sapphire.  

This material is our standard material for calibrations, since it is in plenty supply and is well 

characterized.  Pieces on UOE GaN, normally around 1cmX1cm, were cleaved out of a full two 

inch wafer by the normal method.  This method involves using a diamond scribe to scratch the 

sample dimensions on the back of the sapphire, followed by a compressive stress on the front 

GaN surface which causes the scratch to cleave.  The pieces were prepped in the normal manner 
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with a 3 minute bath of 1:1 solution of HCL:DI water, followed by a 25 minute exposure to 

ozone, and finally a soak in buffered oxide etch for 5 minutes. 

 The samples would then be mounted upon standard MBE molybdenum sample holders, 

which are also termed “blocks.”  Utilizing a hot plate, a standard 4” molybdenum sample holder, 

was allowed to reach temperatures of approximately 200C while resting upon a aluminum foil 

coated hot plate.  The aluminum foil was for contamination issues to reduce particulate matter 

entering the MBE system.  At this temperature, indium had enough energy to melt but not 

enough to oxidize very rapidly.  While in the liquid state, the indium was spread thin across the 

entire molybdenum surface with a stainless steel razor blade.  Once the entire surface had been 

coated with indium, a small chunk of indium was placed in the center of the holder and allowed 

to melt and pool.  At this point the actual sample to be grown upon was rested via tweezers on 

the pool.  The sample was then gently moved around the block while the excess indium was 

scrapped off the block with the razor blade.  As the indium under the sample became thinner and 

thinner, capillary forces began to immobilize the sample.  Once a good adhesion had been 

established and the sample was in the center of the block, the entire block was removed from the 

hot plate and allowed to cool.  Normally a strip of thin tantalum foil was used to clip the sample 

to the block with a screw.  This clip gave extra support to keep the sample adhered to the block 

even though all of the support of the sample was from the capillary forces of the liquid indium.  

Yet, at the normal growth temperature of 500C the evaporation rate of the indium was not that 

significant, and therefore most of the samples did not require clips. 

 Oxide samples were grown in a modified Riber model 2300 MBE.  The substrate 

thermocouple was calibrated by using the melting points of gallium antimonide, GaSb, (707°C) 

and indium antimonide, InSb, (525°C).  Pieces of GaSb and InSb were heated in the growth 
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position with nitrogen plasma impinging on the surface.  This reduced the chance for loss of the 

group V, Sb, during the heating, which would result in an incorrect melting temperature. 

 The metal sources were heated in standard Knudsen Cells.  The Magnesium cell 

temperature was about 360°C while the Calcium was in the vicinity of 412°C.  The temperatures 

of the cells were less important than the emerging flux and the growth rate.  There was an 

overpressure of elemental oxygen, supplied by an Oxford Radio Frequency plasma source 

operating at 13.56 MHz, which kept the chamber between the high 10E-6 Torr  and low 10E-5 

Torr.  This was the pressure regime for optimum growth of the oxides. 

The growth rate was determined by mounting a piece of silicon wafer next to the GaN 

substrate on the same block during growth.  After growth, the silicon sample was examined by 

an ellipsometer.  The ellipsometer would measure the index of refraction of the film and an 

internal calculation would result in the film thickness with a variability of plus or minus five 

angstroms.  Silicon was used as a substrate for the thickness measurements since the ellipsometer 

works off the principle of light reflection off interfaces.  The film on the GaN on sapphire is too 

transparent to effectively be measured with the instrument available.  The variation between a 

single crystal of the oxide film grown on GaN versus the polycrystalline or amorphous film 

grown on the silicon sample is not significantly different to be an issue for determining growth 

rate.  If monolayer control was of interest, exact thickness measurements would be taken by 

growing a very thick oxide layer and doing TEM or cross-section SEM analysis to get an exact 

thickness and resulting growth rate. 

After indium mounted was complete, the samples were loaded into the MBE load-lock 

and a vacuum was drawn on the chamber by a molecular drag pump backed by a roughing pump.  

The pressure was lowered into the 10E-5 Torr range before the chamber was opened up to an ion 
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pump which would pull the pressure down to 10E-8 Torr.  Once accomplished, the samples, now 

on a trolley carrier, would be moved into the buffer chamber on the system.  Since this chamber 

rarely sees atmosphere, the pressure within this buffer chamber can reach into the 10E-10 Torr 

regime.  Once the system was ready to go, which include heating of the effusion cells and filling 

the cryo-panels with liquid nitrogen, a magnetic transfer arm would move one of the sample 

blocks into the growth chamber.  The block would hook to the substrate heater by a lock and key 

mechanism. 

Once in the growth chamber, the sample was rotated to face the source panel to be 

cleaned by an in-situ anneal.  Without any gas flowing and all source shutters closed, the sample 

would be heated to 700C in 10-15 minutes.  The pressure in the chamber would begin in the mid 

10E-9 Torr, and as the sample temperature is increased the pressure in the chamber would rise 

into the 10E-8s as surface water from the atmosphere evaporates.   

The 700C annealing step was determined to result in maximum surface cleaning while having a 

minimum surface stoichiometric change.  It is shown that below 750C in a MBE ultra-high 

vacuum environment, that the decomposition rate is almost zero.  Since the activation energy for 

decomposition in a vacuum environment for GaN is 3.6eV21, the decomposition rate rapidly 

increases above 800C 

After this cleaning step, the sample would be cooled to the growth temperature and 

rotated away so the sample surface is 180 degrees away from the source materials.  The oxygen 

plasma would be lit at this time.  Depending on the flow of research grade molecular oxygen, the 

plasma would take around ten minutes to come to operating conditions.  Operating conditions 

were determined by a stable chamber pressure and a stable photon output as detected by a 
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photodiode attached to the view-port which is on the opposite end of the discharge tube of the 

plasma head crucible.  

Binary Oxide Growth of MgO and CaO 

 The first step in creating a ternary alloy is to grow the binaries separately and examine 

the resultant film.  The first samples grown were MgO and CaO on UOE GaN.  The substrate 

temperature was set to 200C as this was the growth condition of the previous growths of MgO 

for dielectric testing.  The flux of magnesium was set to 4E-8 Torr BEP (beam equivalent 

pressure) and the calcium was set to 5E-8 Torr BEP.  The oxygen flow was set to 0.25sccm 

which would result in a chamber pressure of 5.5E-6 Torr and a photodiode reading of around 

130mV.  To begin growth the oxygen and corresponding metal source shutters were opened, then 

the sample would be rotated to the growth position which directly faces the oxygen plasma.  The 

sample would be rotated at 15 rpm (revolutions per minute) to allow for the best uniformity 

across the sample surface.  The samples were grown for 30 minutes, resulting in thicknesses 

around 300Ǻ since the conditions allowed a growth rate of 10Ǻ per minute.  

 The binary oxide samples were then characterized fully to gain insight for the next step of 

alloying.  In figure 4-7, tapping mode AFM images show surfaces that have average roughness 

of around 1nm, as the MgO surface is somewhat rougher than the CaO, since the CaO surface 

has raised bumps which are believed to be regions of increased growth rate or too low of 

substrate temperature.  When the surface temperature is too low, the mobility of the impinging 

atoms is quite low resulting in either poor crystallinity or clustering of the atoms.  X-ray 

diffraction was performed in Figure 4-8 to find the exact lattice parameter of the binary films.  

The XRD spectrum shows the oxide peaks, the GaN substrate peak, along with small additional 

peaks from the sapphire substrate.  As can be seen the vertical scale is logarithmic, since the 

oxide film is quite thin and therefore is barely visible in linear plots.  To further characterize the 
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films, they were scanned by XPS to determine if any other elements were present.  The XPS 

scans (Figure 4-9) show the photoelectric peaks of the binary elements, along with a carbon peak 

which is always present on sample surfaces when they have seen atmosphere.  This atmospheric 

carbon can be removed by a short argon sputter in the XPS chamber. 

 In addition to the XRD scans of the MgO film, high-resolution X-ray analysis was 

performed on a thick MgO film on GaN.  Shown in Figure 4-10 is the omega rocking curve for 

the sample, showing the MgO (222) and the MgO (002) peaks.  This high resolution scan allows 

for accurate measure of the peaks.  As shown in the figure, the (222) peak is the surface parallel 

plane and is s figure of merit for crystallinity of the film.  The full-width of half-maximum 

(FWHM) for this peak is 1.882 degrees.  The (002) MgO omega rocking curve has a FWHM of 

4.198 degrees.  The (002) plane is not surface parallel, and gives additional insight into the 

quality of the film.  Since the (222) plane is much smaller than the (002) plane, this indicates that 

the film might have a low angle grain boundary that could be due to some dislocations in the 

film.  Dislocations are to be expected since there is a 6.5% mismatch between the MgO and the 

GaN substrate, which could cause stress in the film. 

Growth of MgCaO Via Digital Growth Mode 

 Now that the binary oxides have been characterized and a growth rate with flux 

determined, the next step is to combine the binaries and grow a ternary oxide.  For this task, 

there were two thoughts on how to properly grow this material.  The first was to simply allow 

both metal fluxes to hit the substrate and grow normally.  This might pose issues with 

segregation, even though the metals have the same valence and should replace each other in the 

growing lattice.  Therefore the initial experiments were done by alternating the metal fluxes 

which impinge the sample.  This type of growth had been performed and published earlier.22 
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 The elemental sources were shuttered at specific time intervals to create a homogenous 

composition throughout the film.  This type of growth has been termed a “digital alloy.”  This 

method allows for alternating layers of MgO and CaO, resulting in a homogenous film (Figure 4-

11).  Along with results showing continuous uniformity throughout the film, by varying the 

timing in which the shutters are open, allows for different amounts of metal atoms to incorporate 

into the film.  By changing the amount of time the individual shutters are open, the resulting 

alloy shifts from one binary alloy to the other.  This allows for composition changes, shifting the 

oxide lattice parameter as seen in Figure 4-12.  As a comparison, Figure 4-13 shows the XRD 

scan of a standard UOE GaN surface.   

Also to note is that these UOE GaN substrates were calibration runs from Uniroyal.  

Being the case, each wafer can have a slightly different diffraction spectrum which results from 

varying thicknesses of the GaN layer, and defects present in both the GaN and the sapphire.  

Also to note is that these substrates do have pits in the GaN film which could possibly extend to 

the sapphire surface, as seen in Figure 4-14.  It is worthy to also note that the UOE GaN does not 

show strong growth terraces normally seen in MOCVD GaN.  As a comparison, Figure 4-15 

shows the surface of the GaN we grow in-house on out MOCVD tool.  Our in-house GaN shows 

nice terraced growth and sharp edges with low roughness.  Even though UOE GaN substrates are 

used for calibration runs, once good recipes are created, the growths then commence on the high 

quality in-house grown, MOCVD GaN. 

The sequenced or digital growths for calibration were grown 30 minutes.  This not only 

gave a film that would be thick enough for thickness measurements, but to allow for enough 

material for depth profiling Auger to confirm uniformity.  Just as a more thorough detailing of 

the procedure, these initial digital growths were done manually by hand, flipping the shutter 
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switches for the entire growth.  As can be inferred, this does not lend itself to enjoyable times 

during these growths.  Also, this short sequencing did not allow much time to perform other 

duties involved with MBE growth, like adjusting the plasma head or looking at the RHEED 

pattern.  Therefore, after these initial calibration growths, a computer-controlled digital switching 

relay was installed onto the shutter control manifold.  The digital relay was an Omron Zen which 

couple allows programming of any recipe to control the open/closed positions of the shutters, 

shown in Figure 4-16.  This device allowed for the ability to program a recipe to open and close 

the different shutters at any timing needed for growth.  This allowed for the freedom to check 

conditions of the MBE system and verify stability of the plasma head which had a tendency to 

drift over time resulting in an increase in the reflective power.  Building this interface with the 

shutter controllers was a great assistance for these growths, and also allowed exact timing of the 

switching since manual switching would always be off now and again. 

 The growths of the ternary began with the standard pretreatment of 3 minutes HCL:H2O 

(1:1), 25 minutes UV-O3, and then 5 minutes of BOE.  After the sample was loaded into the 

MBE, and transferred to the growth chamber, the sample was heated to the standard 700C for a 

ten minute anneal as an in-situ clean.  These first growths were performed at 300C at oxygen 

flow of 0.3sccm with plasma power at 300W, resulting in a chamber pressure of around 2E-6 

Torr.  For this initial set of digital growths, the shutters were opened and closed at sequences that 

allowed for three cycles per minute.  The cycles tried were ten seconds of magnesium followed 

by ten seconds of calcium, then fifteen seconds of magnesium and five seconds calcium, and 

finally five seconds of magnesium followed by fifteen seconds calcium.  Therefore, with initial 

growth rates of around 30Ǻ/min, this would result in a fraction of a monolayer up to a couple 

monolayers of the various binaries grown during the cycles.  The flux of the magnesium cell was 
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around 5E-8 Torr BEP (beam equivalent pressure) while the calcium was around 3E-7 Torr BEP.  

The growths would always begin with magnesium since this would result in finishing the growth 

with CaO.  CaO seemed to be a bit more stable in air than MgO, so this was assumed to help the 

stability if further processing was needed. 

 After the three different sequencing samples were grown, XRD was performed to locate 

the oxide peak in relation to the GaN peak.  This would indicate the direction for the next 

samples.  Seem in Figure 4-17, the first set of samples were calcium rich since the oxide peaks 

were to the left of the GaN peak, indicating a larger lattice parameter than GaN.  The figure does 

show how nicely the lattice spacing changes in accordance with the varying amount of time that 

each metal source was open to the sample.  By the addition of more magnesium, the peak shifted 

closer to the GaN spacing.  Also to note is that since this set of samples were calcium rich to 

begin with, as the amount of calcium exposure increased, so did the film thickness.  Therefore 

the sample with the longest calcium exposure resulted in the thickest growth, which resulted in 

the largest peak height in the XRD spectrum. 

 Also to note, while sitting on a stool flipping the shutter switches, an oddity was noticed 

on the mass spectrometer.  The pressure read by the mass spectrometer showed a drop while the 

calium cell was open, compared to when the magnesium cell was opened.  The pressure would 

drop from 2E-6 Torr to around 4E-7 Torr.  This pressure drop indicated that there was 

insufficient oxygen overpressure from the 0.3sccm flow.  Therefore the next sample set was 

grown under a slightly higher flow.  

 After the results of the first digital growths, a few changes were made to result in 

improved growth.  The first adjustment was to increase the oxygen flow to 0.4sccm to allow for 

more active oxygen species to impinge on the sample surface.  The increased flow brought the 
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chamber pressure to 7E-6 Torr.  This also resulted in a stable pressure reading of the mass 

spectrometer during growth.  The next change was to decrease both metal fluxes, with a greater 

reduction for the calcium.  The growth rates for the samples then became on the order of 

10Ǻ/min, which had the positive benefit that only a fraction of a monolayer of the individual 

binaries would grow before the other would start.  Unfortunately, this resulted in having to 

manually flip the shutter switches for a longer time if a thicker sample was needed.  Again the 

pretreatment and in-situ cleaning procedures were the same as the previous set.  The resulting 

XRD spectrum showed that at a magnesium flux of 3.7E-8 Torr BEP, and a calcium flux of 

3.5E-8 Torr BEP, that the material could now be fairly lattice matched to GaN.  As can be seen 

in Figure 4-18, the ternary oxide peak is now just at a smaller spacing than the GaN spacing.  

The sample with 15 seconds magnesium and 5 seconds calcium still has a defined peak at higher 

angles, while the equal timed sample has a barely noticeable bump to the right of the GaN peak. 

 The ultimate goal is to allow for equal timing of shutter sequences to make flux 

comparisons simpler.  Therefore the next sample set locked the timing of the shutters to equal ten 

seconds exposures.  The differences came with the calcium flux which was varied from just over 

8E-8 Torr BEP, to 1E-7 Torr BEP, while the magnesium flux remained constant at 4.4E-8 Torr 

BEP.  The oxygen flow remained the same at 0.4sccm.  The XRD scan in Figure 4-19 shows that 

both fluxes result in decent matching with the GaN substrate, yet the sample with slightly lower 

calcium flux showed no noticeable signs of a peak in the spectrum.  This lack of peak indicates 

that the oxide peak is hidden behind the GaN peak and is therefore unable to be resolved.  

Fortunately, this is exactly what was hoped for and looks like the goal was reached. 

 It was at this time that the time delay relay was installed on the system that was shown in 

Figure 4-16.  Again, this assisted immensely in the growth process not only to the increased 
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automation but for the increased precision of shutter timing.  The following samples were all 

grown with this new addition.  Now that the growth rate was slowed down, with magnesium flux 

of 3.5E-8 Torr BEP and calcium flux of 4.9E-8 Torr BEP, the variation of sequence timing is not 

as much of a factor.  Seen in Figure 4-20, identical condition growths with timing of 10 seconds 

alternating fluxes, or with 15 seconds of magnesium and 5 seconds of calcium, do not show any 

peaks around the GaN peaks.  This indicates that the slight variation of metal atoms is not 

substantial enough to shift the lattice enough to be noticeable in the XRD spectrum.  Therefore, it 

is determined that the optimal method of ascertaining the exact amount of each metal to 

incorporate would involve growths having a substantial difference in lattice and then 

extrapolating the difference.   

 After slowing the growth rate down, it was thought that perhaps the oxygen flow should 

be slowed also.  This notion is from a previous study performed on the straight magnesium oxide 

in which the oxygen flow was decreased and the breakdown field of the sample was determined.  

The XRD results showed that a change from 0.5 sccm to 0.2 sccm did not show any oxide peak, 

indicating that the lower overpressure of oxygen does not play a substantial role in the lattice 

parameter at growth rates around 1nm per minute. 

 It was predicted that the high growth rate that had previously been used, could be the 

reason that the composition of the film would change throughout the layer thickness.  This 

segregation of increased oxygen further from the GaN interface could possibly be reduced or 

eliminated by the slowing of the growth.  It is a common practice to slow everything down 

during growth to fix one problem and then figure out the best method of growing faster.  One of 

the great advantages to molecular beam epitaxy over other growth methods is to be able to 

control atom by atom growth of the sample.  Therefore, samples of the ternary oxide were grown 

76 



 

at 200C and oxygen conditions of 0.25 sccm at 300W forward power on the plasma head.  The 

flux of metals were 6.8E-8 Torr BEP for the magnesium and 9.4E-8 Torr BEP for the calcium.  

The sample was grown at 200C since this was the condition of the earlier depth profile sample 

which showed compositional changes.  The samples were grown for thirty minutes, one with the 

digital approach timed to alternating ten seconds metal exposures, since the metal flux ratios 

were calibrated to give approximately lattice matched growth, an the other in a non-digital or 

continuous mode with both metal shutters open at the same time.  Initial surface scans of the 

growths (Figure 4-21) indicate a slightly higher calcium to oxygen ratio for the digital approach, 

indicating a Ca/O ratio of 65% and a Mg/O ratio of 35%, compared to the continuous growth 

with a Ca/O ratio of 63.2%, and a Mg/O ratio of 36.8%.  The higher calcium content at the 

surface is expected since the last shutter open for the digital growth was the calcium.  Since the 

10 second exposure would lay down approximately one of two angstrom of material, the slight 

increase in calcium concentration is expected.  The higher calcium calculated percentage is 

attributed to the sensitivity factors of the elements from the auger software.  The ratio differences 

indicate the change for the samples.  Next a depth profile was conducted to verify or counter the 

earlier results.  The depth profiles are show in Figure 4-22.  The results show that there is no 

significant segregation of the elements within the thickness of the oxide film.  This result 

supports the thoughts earlier that a slower growth would increase the uniformity and atom 

incorporation into the film.  As a note, the start of the depth profile scan does show a drop in 

calcium content for both growths.  This drop is attributed to surface roughness from the argon 

sputtering and surface residual carbon.  The importance of this experiment is that it shows that 

with a slow growth rate and optimal conditions, the digital growth method of alternating the 

metal shutters is not required to grow a uniform ternary film of MgCaO. 
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Growth of MgCaO Via Continuous Growth Mode 

 Once it was known that the MgCaO can be grown uniformly in a continuous mode while 

all source shutters are open to the sample, the next step is to find the optimum conditions for 

growth.  Samples of oxide were tried at various temperatures, from 100C up to 600C.  

Temperatures between 300C to 500C all resulted in nice terraces growth up to 100nm 

thicknesses.  Thicker samples lost the terraced morphology as they grew thicker increasingly as 

the substrate temperature was lowered.  Therefore it was concluded that the best temperature to 

grow MgCaO was at 500C.  This temperature is above the metal source temperatures, and 

therefore once the metal atom hits the surface it wants to leave the surface, but by supplying 

higher oxygen flows, some blocking occurs and allows the sample to grow with a growth rate of 

around 1nm/min.  The results are shown in Figure 4-23 which shows the AFM of the surface.  

Also Figure 4-24 shows the RHEED image during growth, showing a spotty pattern in columns 

which indicate a single crystal films with some surface roughness.  Finally in Figure 4-25, the 

XRD pattern shows a lattice-matched film to the GaN since the oxide (222) peak is not visible.  

Figure 4-26 shows XRD data supporting that both growth methods, digital and continuous, 

produce single phase, lattice-matched oxides. 

 Since the oxygen flows were increased to supply necessary overpressure on the sample, it 

was found that by increasing the plasma wattage, the active species could be increased.  Using an 

OceanOptics spectrometer, it was seen that by increasing the wattage from 300W to 350W 

forward power, the atomic oxygen emission increased, and indicating higher concentrations of 

oxygen atoms which can incorporate into the sample.  This result was supported by literature 

which indicates a larger amount of dissociation with both higher flow rates and higher powers.23, 

24
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 Therefore it seems that the optimum conditions for MgCaO growth are by having a 

substrate temperature of 500C, and an oxygen flow of 1.0sccm with forward power of 350W 

through the RF plasma head.  To maintain lattice matching with the GaN, the flux of magnesium 

atoms is 4.9E-8 Torr BEP, while the calcium flux is 5.4E-8 Torr BEP.  This set of conditions 

results in high quality smooth ternary oxide growth with a matched lattice parameter to gallium 

nitride. 

MgCaO TEM Characterization 

 In depth characterization of a 400nm thick MgCaO film was performed by TEM to 

characterize the interface properties of the oxide and GaN substrate.  Shown in Figure 4-27, the 

oxide film shows good crystallinity while the substrate GaN shows regions of threading 

dislocations.  These dislocations are created at the interface of the sapphire substrate for GaN 

growth.  Threading dislocations are the main reason that this oxide is being investigated.  Since 

the oxide is still a cubic system, and the GaN is hexagonal, the slip systems are difference for the 

different materials.  The oxide grows on the (111) plane on top of the GaN (001) basal plane.  

Since the threading dislocations of the GaN propagate parallel to the growth direction, the drive 

is to continue the dislocation propagation vertical through the top oxide layer.  Fortunately for 

the research, the oxide has a slip plane which is perpendicular to the dislocation propagation 

direction.  

 The MgCaO slip plane is the (111) plane.  This plane is the face that is directly contacting 

the GaN basal plane.  Therefore, as the threading dislocations from the GaN material impinge 

upon the oxide (111) face, they are halted.  The only directions the defects can propagate are 

horizontal in the material, which is perpendicular to the growth direction.  Being the case, the 

MgCaO therefore acts as a dislocation barrier.  This barrier action prevents the threading 
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dislocations from the GaN substrate to propagate into the top GaN layer which will be grown on 

the oxide, shown in later chapters. 

 Therefore, since the oxide can be grown with the same lattice parameter as the GaN 

template, the film can be grown with minimal strain in the film.  When the subsequent GaN 

growth is grown upon the lattice-matched oxide substrate, the film should have minimal stress 

during growth.  Minimizing stress in the film then allows for a reduction in defect associated 

with the stress.  In turn, less threading dislocations will be present in the material, resulting in a 

high quality material which can facilitate better device properties.  Therefore by utilizing the 

MgCaO as a substrate, defect propagation from the GaN under the oxide is minimized, and the 

top grown film will have less stress because of growth is commencing upon a lattice-matched 

substrate. 

MgCaO and MgO Thermal Expansion Measurements 

 Since the oxide samples were grown on GaN at 500C, the lattice parameters are 

effectively matched at this temperature if intended through the metal fluxes.  When the oxide 

continues for further top GaN growth, the lattice expansion at those temperatures might induce 

some strain into the top film, which is why determining the expansion coefficient of this oxide is 

important.  Since a lattice-matched oxide peak can not be seen in XRD, because the GaN peaks 

overlap, then for high temperature XRD measurements, it is required that the oxides not be 

lattice matched to verify peak movement.  Therefore samples of calcium and magnesium rich 

ternary oxides were grown and annealed at elevated temperatures for a stress measurement.  The 

samples were examined in a Phillips HT-XRD on a tantalum heater with an enclosed atmosphere 

of helium. 

 Initially the binary expansion measurements were conducted.  The CaO results are shown 

in Figure 4-28, which shows the peak degrees shift to lower values, indicative of increasing 
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lattice spacing from the thermal energy.  The shift in lattice shows a 2θ angle decrease of 0.45 

for the 400C change.  The same is true of the MgO shown in Figure 4-29, having a 2θ angle 

decrease of 0.65 for the 400C change.  The GaN in both samples had the same shift in peak angle 

with a 2θ decrease of 0.15 for the 100C to 500C measurement.  Therefore, supporting the 

literature results for the thermal expansion of the binaries, they are larger than that of GaN, with 

MgO having a higher TCE than CaO.  With this knowledge a good extrapolation would give 

approximately a fair estimate of a lattice-matched MgCaO TCE. 

 Next, two samples of MgCaO were grown using the digital approach to allow for 

accurate alloying.  The first sample grown had alternating magnesium and calcium exposures of 

approximately 15 seconds magnesium, 5 seconds calcium, while the next had 5 seconds 

magnesium and 15 seconds calcium.  The results were a bit confusing at first, since the ternary 

oxide peak would shift as expected then would start to disappear.  The reason behind this, was 

that after scanning the full range, it was noticed that the ternary was actually segregating into the 

binaries.  Once the annealing temperature had reached approximately the growth temperatures of 

around 300C for these particular samples, the change began to occur.  Shown in Figure 4-30, the 

sample which was approximately 75% magnesium oxide, began to expand normally then shift to 

higher angles.  The measurement was repeated twice in Figure 4-31 after the initial 

measurement, just to confirm no phase change during another heating.  The expansion was then 

exactly the same as the binary MgO oxide expansion, confirming that this peak was from MgO.  

At the end, a full scan was taken at room temperature (RT) to verify that now two peaks are 

shown for the oxides in Figure 4-32. 

 Next a sample of 75% CaO was measured in the same manner.  The sample showed a 

ternary peak to the left of the GaN (004) peak, and to the right of the GaN (003) forbidden peak.  
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For some samples of high quality GaN, the forbidden peaks or duplication peaks appear.  This is 

rare but is shown to occur in many material systems.25 The same result occurred as with the 

previous sample.  Shown in Figure 4-33, the ternary peak began to fade as the CaO peak 

emerged.  Figure 4-34 shows only the room temperature, 300C, and 700C temperature for a more 

clear view of the binary peak evolutions of CaO and MgO.  Finally Figure 4-35 shows the room 

temperature scan after the measurement. 

 Finally, a sample with digital sequencing of 10:10, was stressed.  The room temperature 

scan showed no oxide peaks and was therefore considered lattice-matched to GaN.  The results 

of the HT-XRD are shown in Figure 4-36 which very nicely shows the evolution of the binary 

oxide peaks. 

 The stress measurements performed on the oxide samples give insight into the workings 

of the materials at different temperatures that the sample might encounter during growths.  The 

binary oxides show similar results to published data, while the ternary measurements gave 

interesting results.  The fact that the ternary oxide would separate into the binaries during 

annealing temperatures below 800C, show a strong pressure dependence on diffusion within 

these samples.  It was verified through additional experimentation that no segregation of phase 

separation occurred for anneals in the vacuum of the MBE chamber.  After growth a sample was 

scanned in the XRD, then re-mounted for an anneal at 800C for one hour in the MBE chamber.  

The scan after anneal showed no oxide peaks, Figure 4-37, indicating a stable film for annealing 

in vacuum.  This result was also confirmed for the MBE GaN on oxide growths in Chapter 5. 

 In addition to the XRD results, AFM was performed on the samples that were annealed at 

atmospheric pressure in the HT-XRD.  Figure 4-38 shows the surface of the MgCaO sample 

which was lattice-matched, before and after annealing.  As it can be seen, the surface did become 
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rougher after annealing.  The terraces became more like trough and hills.  The roughness 

increased from 0.46nm and 0.89nm for the 1µm and 5µm scans respectively, to 1.4nm and 

1.8nm respectively.  Also to note is the sample which was pure CaO.  Shown in Figure 4-39, the 

surface before and after annealing are vastly different in terms of morphology and roughness.  

The roughness values for the scan area of one micron went from just under 1nm to over 8nm.  

The change is surface morphology supports the HT-XRD results which trend towards short-

range diffusion of the oxide. 

 Since this material is unique in that no other research has been performed on the MgCaO 

system for thin films, the information available is quite sparse at the time of research.  A phase 

diagram was found for full alloying between MgO and CaO from 1963, Figure 4-40.26  This 

diagram was for bulk material, and for temperatures between 1600C to 2800C, which is well 

above the temperature for this research.  Also found was an isothermal section at 1227C for the 

ternary system of magnesium, calcium, and oxygen, shown in Figure 4-41.27  Even these are the 

only evidence of research done for the MgO:CaO system, the data is for bulk materials not 

grown with MBE.  The kinetics of growth in MBE environments are vastly difference than 

growth at higher pressures and rates.  The atomistic control of growth allowed for by MBE gives 

the ability to create materials that some phase diagrams say are not likely.  Even though the 

phase diagram shows a two-phase region for the compositions that are investigated in this 

research, the x-ray analysis, RHEED analysis, and TEM analysis all show a single phase ternary 

oxide at growth conditions and in the room ambient environment. 

Mounting Methods for MOCVD Growth 

 Since normal mounting of samples involve using the capillary forces of molten indium on 

a molybdenum block, a new method of mounting was developed for the oxide growths for 

subsequent MOCVD growth.  Indium would contaminate the growth chamber of the MOCVD 
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during the high temperature high pressure conditions for growth.  Therefore, an indium-free 

mounting solution was determined through many trials.   

 The first step was to use a molybdenum block with a recessed cut-out in the shape of 

either a full 2 inch wafer or a quarter of a two inch wafer.  The samples would then be placed in 

from the back of this holder and clipped or wired in with tantalum wire (Figure 4-42), which 

shows the back and front of a sample after mounting.  Initial trials with this method resulted in 

oxide growths which were smooth, but lacked terraces.  From earlier trials with temperature 

calibrations, it has been shown that while the ternary oxide can be grown with a low surface 

roughness at 100C, the morphology lacks the terraces desired for further nitride growth.  The 

terraces then supply preferential nucleation sites for the GaN growths. 

 Next trial was to add a piece of silicon wafer to the back of the GaN substrate during 

mounting.  Since silicon will absorb the IR light from the heater, the thought is that perhaps 

enough phonon conduction will occur from the silicon wafer and the rough polish of the back of 

the sapphire substrate.  Since the vacuum conditions of the MBE minimize heat transfer, the 

slight contact between samples did allow the sample to reach slightly higher temperatures based 

on the growth morphology, but still the substrate was below desired temperatures. 

 To allow direct absorption of heat to the substrate, the next trials were sets of backside 

coatings of refractory metals.  The first trial was with a coating of titanium and tungsten in an 

alternative layer configuration of (20nm/40nm) to a total thickness of 180nm.  The alternating 

layers were used to compensate for thermal expansion differences in the metals with the sapphire 

and GaN material.  This coating allowed for a hotter surface but was still slightly transparent to 

the IR light, based on growth and the results of pyrometer. 
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 To compare substrate temperatures in the MBE for oxide growth, a V-series Ircon 

Modline Plus infrared thermometer pyrometer was used.  Since emissivity values are adjustable 

for calibration, the same emissivity was used for all measurements based off of the first sample 

run.   The emissivity would be set to the thermocouple temperature based off of an indium 

mounted sample, whether this was the actual temperature of the substrate or not.  Only the 

comparative values are of importance.  Since all samples had a GaN surface, comparisons could 

be made along with the resulting oxide morphology, since samples less than 400C do not 

replicate the terraces of the starting GaN, while samples around 500C show nice terraces 

morphology. 

 The next sample had a coating of 500nm of tungsten.  This sample showed normal type 

growth terraces seen by indium mounting.  Therefore the thicker coating allowed for adequate IR 

absorption and heat build-up.  The pyrometer indicated that from all the mounting techniques 

and coating thicknesses, the thicker coating had the highest surface temperature, while the 

thinner coating was next, then the silicon backed sample, and finally the lone-mounted GaN on 

sapphire wafer had the lowest temperature.  Other samples of tantalum, and molybdenum were 

tested for heat absorption and to test in the MOCVD reactor for later growths.  Those results are 

shown in the MOCVD GaN growth chapter. 
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Figure 4-1.  Graphical representation of the lattices of GaN and MgO or CaO.  Also included is 
the outline of the matching (0001) and (111) planes. 
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Figure 4-2.  Vegard's Law results in a lattice matched ternary to GaN. 
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Figure 4-3.  Lattice mismatch of oxide to GaN, showing the change with Mg content within a 
ternary alloy of MgCaO. 
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Table 4-1.  Material properties for GaN, MgO, and CaO. 
  GaN MgO CaO 

Structure Wurtzite 

Rock 

Salt 

Rock 

Salt 

Lattice Parameter (a) 3.186 4.2112 4.799 

Atom spacing in (111) plane --- 2.978 3.393 

Mismatch to GaN (%) --- -6.5 6.6 

Melting Temperature ( C ) 2527 3073 2860 

Bandgap (eV) 3.4 8 7 

Dielectric constant 9.5 9.8 11.8 

Thermal Expansion Coeff. (K^-1) 6.20E-06 1.35E-05 1.28E-05 
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Figure 4-4.  Plot of various ternary ratios, with TEC included in calculations. 
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Figure 4-5.  Removal of carbonous photoresist from a sample exposed to UV-ozone in the small 

box ozoner.  The removal rate was calculated to be 72Ǻ/min, showing effective 
removal of carbon from surfaces for this process. 
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Table 4-2.  Auger peak height ratios showing various cleaning processes and the resulting 
surface contamination. 

 Carbon/Nitrogen Oxygen/Nitrogen 

As received 0.45 0.97 

Acetone/Methanol 0.55 0.80 

HCl/DI (1:1) (3min) 0.40 0.24 

HCl (3min) / O3 (25min) ND 1.47 

O3 (25min) / HCl (3min) 0.13 0.26 

HCl (3min) / O3 (25min) / 

BOE (5min) 

0.06 0.45 
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A) (D 

B) (E 

C) (F 

Figure 4-6.  XPS study of GaN surfaces before and after vacuum annealing at 700C.  The figures 
on the left (A,B,C) did not have the standard pretreatment of HCl/UV-O3/BOE, while 
the spectrums on the right (D,E,F) did have the pretreatment process. 
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Table 4-3.  XPS signal intensities of the contamination elements compared to the nitrogen peak 
of the samples that were pretreated with the standard cleaning process. 

 No anneal 700C anneal 

Carbon/Nitrogen 0.74 0.60 

Oxygen/Nitrogen 0.60 0.58 

 

 

Table 4-4.  XPS signal intensities of the contamination elements compared to the nitrogen peak 
of the samples that were not pretreated with the standard cleaning process. 

 No anneal 700C anneal 

Carbon/Nitrogen 0.89 0.62 

Oxygen/Nitrogen 0.81 0.39 
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A)  

B)  
Figure 4-7.  AFM images of MBE binary oxides MgO and CaO.  A) MgO growth, Ra=1.23nm , 

vertical scale of 15nm.  B) CaO growth, Ra=0.815nm , vertical scale is 15nm. 
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A)  

B)  

Figure 4-8.  XRD scans of the binary shown in Figure 4-4, the scans are also in Log scale to 
emphasize the oxide peaks in relation to the large GaN signal since the oxides are 
only a few hundred Ǻ thick.  A) CaO substrate showing the (222) CaO peak, the GaN 
peak, along with small peaks from the sapphire substrate.  B) MgO substrate shown 
the (222) MgO peak, the GaN peak, and additional stray peaks from the substrate. 
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Figure 4-9.  XPS scans of the binary oxides MgO and CaO, which show the corresponding 
elements in addition with an indium peak from the mounting technique and a carbon 
peak which is from atmospheric carbon from the transfer out of the oxide MBE and 
into the XPS chamber.  A) MgO.  B) CaO. 
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A)  
 

B)  
Figure 4-10.  Omega rocking curves of the (222) and (002) peaks of MgO.  The FWHM of the 

peaks indicate the degree of crystallinity.  A) (222) MgO omega RC, FWHM of 1.882 
degrees.  B) (002) MgO omega RC, FWHM of 4.198 degrees. 
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Figure 4-11.  AES scans of continuously grown sample (at left), and digitally grown sample (at 
right).22 
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Figure 4-12.  XRD scan showing change in atomic spacing of the MgCaO ternary around the 
large GaN (004) peak.  This shift is accomplished through varying the time 
sequencing of the shutters: (Mg time(s) / Ca time(s)).  It can be seen that adding more 
calcium, shifts the peak position to smaller angles which is a larger lattice spacing. 
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Figure 4-13.  XRD scan of standard UOE GaN used as substrates for the oxide calibrations.  The 
GaN 004 peak can be seen which includes the alpha and beta signals.  Along with the 
GaN peak can be seen some peaks from the sapphire substrate. 
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A)  

B)  

Figure 4-14.  AFM images of the starting UOE GaN substrate showing pits in the GaN film.  A) 
Cross-section scan of a pit.  B) 1µm scan of an area without a pit, showing a smooth 
surface, yet lacking growth terraces, average roughness (Ra)=3Ǻ. 
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A)  

B)  

Figure 4-15.  AFM images of our in-house grown MOCVD GaN substrate showing nice growth 
terraces and roughness values of a few angstrom.  A) 1µmX1µm scan area with 
roughness of 1Ǻ.  B) Larger scan area of same sample. 
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A)  

B)  

Figure 4-16.  Omron Zen computer programmed digital relay.  A) Self-installed digital relay that 
interfaced with the shutter controllers to allow for automated switching of the source 
shutters.  B) View showing the relay to the right and the switches that were used to 
manually growth the digital samples. 
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Figure 4-17.  XRD scan of the initial set of digital MgCaO MBE growths.  The spectrum 
indicates that increasing the amount of time that the magnesium shutter was open, 
caused a shift of the oxide lattice closer to the GaN peak near 73 degrees.  The timing 
is in seconds, therefore 10/10 is 10seconds of the respective metal followed by 10 
seconds of the other. 
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Figure 4-18.  Sample set with varying timing of the shutter sequencing.  The magnesium flux 

was 3.7E-8 Torr BEP and calcium flux was 3.5E-8 Torr BEP.  The spectrum shows 
that with these fluxes, an approximately lattice-matched oxide can be grown with a 
shutter sequence composed mainly of calcium exposure. 
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Figure 4-19.  XRD scan of two samples with the same 10 second timing of shutter exposures, 

with varying calcium flux.  As can be seen the sample with calcium flux of 8.2E-8 
Torr BEP, and corresponding magnesium flux of 4.4E-8 Torr BEP. 
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Figure 4-20.  XRD scan showing The GaN peaks under a 50nm layer of MgCaO, in which the 

oxide peaks are aligned to the GaN peaks and therefore can not be seen.  The samples 
were grown with the installed digital time delay relay at sequencing of 10 seconds 
and then alternating sequencing of 15 seconds magnesium and then 5 seconds 
calcium. 
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Figure 4-21.  Auger scan showing the concentrations of the elements at the surface before depth 

profiling.  This top spectrum is for the continuous growth indicating a Ca/O ratio of 
63.2%, and a Mg/O ratio of 36.8%.  The lower scan is the sample grown in the digital 
method, indicating a Ca/O ratio of 65% and a Mg/O ratio of 35%.  The higher 
calcium content at the surface is expected since the last shutter open for the digital 
growth was the calcium.  Since the 10 second exposure would lay down 
approximately one of two angstrom of material, the slight increase in calcium 
concentration is expected. 
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Figure 4-22.  Auger depth profiling with argon sputtering, showing the comparison between 

ternary oxide growths with the continuous and digital growth modes.  As seen, the 
large segregation of oxygen is not present as earlier samples, since the growth rate 
has been reduced. 
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A)  
 

B)  
Figure 4-23.  AFM images of continuously grown MgCaO at 500C.  A) Five micron scans area 

of the sample with average roughness of five angstroms.  B) Closer view of the 
sample, showing average roughness of just over three angstrom. 
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Figure 4-24.  RHEED image of MgCaO during growth in the MBE system.  The spots in 
columns are indicative of a single crystalline surface with some roughness. 
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Figure 4-25.  XRD scan of lattice-matched MgCaO showing no indication of the (222) oxide 
peak.
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A)  

B)  
Figure 4-26.  XRD spectrum comparing the two growth modes of digital and continuous.  Both 

samples are lattice matched to the GaN substrate.  A) Full 2-Theta scan of the 
samples.  B) Tight view of the GaN (004) peak showing no additional oxide peak. 
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Figure 4-27.  TEM images of lattice-matched MgCaO on GaN.  The images are of the same 

sample, simply two different areas.  The important note is that the large threading 
dislocations in the GaN substrate are not propagating into the oxide.  Also, the images 
are inverted to that the oxide is now above the GaN, for clarity. 
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Figure 4-28.  XRD stress measurements performed on CaO.  The expansion of the lattices of 

both GaN and CaO can be seen, as the CaO peak shifts more than the GaN. 
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Figure 4-29.  High temperature XRD measurements of MgO on GaN.  As seen, the MgO lattice 

expand at a slightly larger amount than the GaN substrate. 
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Figure 4-30.  Ternary alloy rich with MgO during HT-XRD measurements.  The phase 

separation of the ternary oxide is shown as the sample is heated above 500C. 
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Figure 4-31.  Repeat of the HT-XRD from Figure4-30.  The sample was heated to 800C, back to 

room temperature, then heated a second time to confirm no phase change. 
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Figure 4-32.  Full XRD scan of the ternary oxide from Figure 4-31, after multiple heatings.  The 

scan shows that the sample did phase separate into the binaries. 
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Figure 4-33.  HT-XRD measurement of a calcium oxide rich ternary alloy.  Again, phase 

separation occurred. 
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Figure 4-34.  Room temperature, 300C, and 700C XRD of the sample in Figure 4-33, showing 

the evolution of the binaries. 
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Figure 4-35.  Room Temperature scan of the sample in Figure 4-34, indicating the binary oxide 

peaks, the GaN (004) peak, and the GaN (003) forbidden peak. 
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Figure 4-36.  HT-XRD measurement of a digital 10:10 oxide sample.  The sample was lattice-

matched with GaN at room temperature, then as the measurement progresses, so did 
the evolution of the binary oxides. 
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Figure 4-37.  XRD scan of a lattice matched MgCaO sample that was annealed in the MBE 

growth chamber at 800C for one hour.  No phase separation was seen, indicating that 
the phase change is pressure dependant. 
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A)   (B 

C)   (D 
Figure 4-38.  AFM scans of the lattice-matched MgCaO sample that was annealed during the 

HT-XRD measurements.  A) Before HT-XRD, 5µm scan area, z-scale of 10nm.  B) 
Before HT-XRD, 1µm scan area, z-scale of 5nm.  C) After HT-XRD, 5µm scan area, 
z-scale of 30nm.  D) After HT-XRD, 1µm scan area, z-scale of 20nm. 
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A)   (B 

C)   (D 
Figure 4-39.  AFM scans of the CaO sample that was annealed during the HT-XRD 

measurements.  A) Before HT-XRD, 5µm scan area, z-scale of 15nm.  B) Before HT-
XRD, 1µm scan area, z-scale of 15nm.  C) After HT-XRD, 5µm scan area, z-scale of 
100nm.  D) After HT-XRD, 1µm scan area, z-scale of 100nm. 
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Figure 4-40.  Phase diagram for MgO and CaO, above 1600C. 

 

 
Figure 4-41.  Isothermal section of the ternary diagram of magnesium, oxygen, and calcium at 

1227C. 
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A)  
 

B)  
Figure 4-42.  Mounting procedure for oxide samples grown for MOCVD GaN growths.  

Molybdenum blocks with quarter wafer cutouts.  A) Back of holder showing clip and 
wire mounting.  B) Front of the holder. 
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CHAPTER 5 
MBE GAN ON OXIDE 

Sample Preparation 

 Once grown in the Riber MBE, samples of MgCaO were then transferred into the Varian 

Gen II nitride MBE.  The transfer process does subject the samples to atmosphere for a brief 

period of time.  The short time at atmosphere was either used to transfer the oxide sample onto 

the Varian sample holder or for oxide characterization.  If the sample was to be characterized 

with AFM or XRD, the samples were transferred to the instruments in a self contained vacuum 

container which contained desiccant to reduce the exposure to atmospheric humidity. 

 Samples were mounted in one of two ways, which included either indium mounting on a 

molybdenum block, or by wire mounting full or quarter wafers having a backside coating.  When 

growths were on the order of a few hours, the preferred method of mounting was with the 

indium.  Utilizing a hot plate, a standard 4” molybdenum sample holder, also called a block, was 

allowed to reach temperatures of approximately 200C while resting upon a aluminum foil coated 

hot plate, Figure 5-1.  The aluminum foil was for contamination issues to reduce particulate 

matter entering the MBE system.  At this temperature, indium had enough energy to melt but not 

enough to oxidize very rapidly.  While in the liquid state, the indium was spread thin across the 

entire molybdenum surface with a stainless steel razor blade.  Once the entire surface had been 

coated with indium, a small chunk of indium was placed in the center of the holder and allowed 

to melt and pool.  At this point the actual sample to be grown upon was rested via tweezers on 

the pool.  The sample was then gently moved around the block while the excess indium was 

scrapped off the block with the razor blade.  As the indium under the sample became thinner and 

thinner, capillary forces began to immobilize the sample.  Once a good adhesion had been 

established and the sample was in the center of the block, the entire block was removed from the 
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hot plate and allowed to cool.  Normally a strip of thin tantalum foil was used to clip the sample 

to the block with a screw.  This clip gave extra support to keep the sample adhered to the block.  

Even when the sample is up to growth temperatures, this thin layer of molten indium would keep 

the sample from falling off the block, but the clips gave extra support if the indium evaporation 

rate exceeded the time for growth.  In the high- and ultra-high vacuum of the MBE growth 

chamber, the indium would begin to evaporate off the block when up to temperature.  Since most 

of the time, the growth temperature of GaN was near 700C, the evaporation rate can be 

significant and cause loss of sample adhesion after many hours. 

 The secondary method of mounting samples for GaN growth in the MBE was by the use 

of a molybdenum block that had a cut-out recess for the wafer itself.  Therefore a full two inch 

wafer could be mounted and grown without the need for indium.  This method had advantages as 

well as disadvantages.  The main advantage was that without indium, there would be no 

evaporation of the mounting media, allowing for unlimited growth time.  Unfortunately, since 

the wafer is recessed in the block, the surface of the sample is slightly below that of the 

molybdenum block itself.  This height difference causes the electron beam from the RHEED gun 

to be blocked and unable to diffract off the sample surface.  Therefore without the ability to 

watch the RHEED pattern, no in-situ characterization of the growing surface was available.  

Ultimately, samples mounted within the recessed blocks were grown with known recipes and 

were used for long duration growths.  In addition these samples had to have a backside coating to 

allow for sufficient infra-red absorption from the sample heater.  A coating of refractory metal 

such as tungsten, molybdenum, or tantalum, would be deposited on the backside of the wafer, 

which was discussed in Chapter 4.  In addition to the refractory metal coatings, silicon could also 
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be used as an IR absorbing coating, as the silicon has a very low vapor pressure at the growth 

temperatures normally used, even under the ultra-high vacuum atmosphere. 

 Once the sample was mounted, the block was transferred into the Varian load-lock 

chamber.  This chamber was initially pumped down by a roughing pump, then by a molecular 

drag pump.  The pressure would drop to the neighborhood of 10E-5 Torr before the molecular 

drag pump was closed and the chamber would be opened to an ion pump pulling the pressure 

into the 10E-8s.  If necessary, the samples could be heated while in the load lock to remove the 

atmospheric moisture that is always present on samples after they have been exposed to 

atmosphere.  The heated would be accomplished by heating lamps on the inside walls of the load 

lock.  Since most of the growths require temperatures higher than what could be accomplished 

within the load lock, so this procedure would only be needed if a faster pump-down time was 

desired. 

 The samples would then be transferred into the buffer chamber via a magnetic trolley 

system.  Once ready for a growth, the sample blocks were transferred into the growth chamber 

with a magnetic transfer arm.  The block would be attached to the substrate heater by the 

standard pin and spring mechanism employed by most MBE tools. 

 Solid sources available on the nitride MBE include silicon, magnesium, gadolinium, 

scandium, aluminum, in addition to gallium.  The gallium is contained in a pyrolytic-boron-

nitride crucible in a hot lip effusion cell.  The hot lip cell helps reduce the build-up of gallium at 

the end of the crucible which could eventually block the gallium from exiting the cell.  The 

gallium cell temperature would normally be set to approximately 890C, which would produce a 

flux with a beam equivalent pressure, or BEP, in the range of 2E-7 Torr.  The gallium was 
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research grade of six nines pure.  Without this high purity, contamination would result in 

significant doping of the gallium nitride film. 

 The nitrogen source was supplied by passing molecular nitrogen through a radio-

frequency plasma head.  The Oxford plasma head would operate at 300W forward power, at 

13.56Mhz.  Cracking of the molecular nitrogen resulted in atomic nitrogen, along with charged 

species and electron to be emitted from the PBN crucible of the plasma head.  A diffuser plate 

was utilized to keep a backing pressure in the crucible and to spread the exiting species across 

the entire substrate holder.  This allows for approximately a uniform grow across the full two 

inch wafer if needed.  Gas flow was varied for the different experiments, and varied from 

0.5sccm up to 2sccm, resulting in a chamber pressure between high 10E-6 Torr to low 10E-5 

Torr. 

 Normal procedure for initiating nitride growth, first involves heating the substrate facing 

the sources while the shutters are closed.  The nitrogen is not flowing, and therefore the pressure 

in the chamber is 10E-9 Torr.  For GaN on GaN calibration samples the nitrogen plasma is lit 

and shuttered open, exposing the sample to the nitrogen plasma, when the sample reaches300C.  

For the growth on oxides, the sample is not exposed to the nitrogen plasma until the sample 

temperature reaches the growth temperature.  There is normally a pressure spike to the low 10E-

8 Torr when the surface water as the surface water is heated until desorbing from the surface of 

the block.  The pressure then again falls one decade as the water is pumped out of the chamber 

by the cryo pump or the liquid nitrogen cryo panels.  The samples were heated to 700C and 

allowed to rest at this temperature for ten minutes to allow a final cleaning of volatiles from the 

surface.  Then the sample temperature is lowered to the growth temperature.  Once the desired 

growth temperature was reached the source shutters were opened and growth would begin. 
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 The 700C annealing step was determined to result in maximum surface cleaning while 

having a minimum surface stoichiometric change.  It is shown that below 750C in a MBE ultra-

high vacuum environment, that the decomposition rate is almost zero.  Since the activation 

energy for decomposition in a vacuum environment for GaN is 3.6eV21, that the decomposition 

rate rapidly increases above 800C 

GaN calibration growths on GaN 

 The Varian MBE utilized for this research was initially not set up for smooth gallium 

nitride growths.  The system was utilized for the research of spintronic materials, which require 

different conditions for growth.  Spintronic materials also do not require the smooth, terraced 

surfaces that this research requires, and they usually have fairly low surface roughness but a very 

bumpy surface texture.  Since this was the case, the first challenge was to figure out a set of 

conditions that would give relatively smooth GaN material.   

 To begin the process of growing smooth GaN, homoepitaxy was attempted.  Substrates of 

GaN on sapphire were to be used as the starting templates.  The reasoning behind this method is 

that the first issue is to be able to grow good quality smooth GaN.  By growing homoepitaxially, 

the issues encountered during nucleation can be avoided by growing on a good template and the 

work can be focused on the actual recipe for good GaN.  MOCVD samples from Uniroyal and 

our in-house Emcore/Veeco Turbodisc reactor were prepared for growth by our standard 

cleaning recipe of HCl, UV-ozone, and buffered oxide etch. 

 Samples were grown between temperatures of 630C up to 750C.  This temperature spread 

was to determine the correct surface energy needed to allow for migration of the atomic species 

once they impinged on the sample.  If the temperature is not sufficiently high, then the atoms 

don’t have enough energy to migrate on the surface to find a site to rest.  When the sample 

surface is too hot, then the atoms will either land of the surface and then not stick, which 
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decreases growth rate significantly, or they will have too high mobility and begin to cluster 

together since the top of a cluster is the highest energy site to rest.  Both of these scenarios are 

undesirable and lead to poor growth morphology.  Therefore, finding the correct growth 

temperature along with the correct amount of atomic fluxes is crucial to good crystalline growth. 

 All samples were also grown under relatively similar gallium conditions.  The flux of 

gallium atoms from the Knudsen cell had a beam equivalent pressure, or BEP, of 1.5e-7 to 2.5e-7 

Torr.  This rate of metal atoms would result in a GaN growth rate around 10Ǻ/min.  Now, while 

the gallium flux was maintained within a small range, the nitrogen flux was varied considerably.  

The nitrogen flow into the RF plasma head was altered from 0.4sccm (standard cubic 

centimeters) up to 2sccm.  The change was to determine a V/III ratio that would result in smooth 

GaN growth.   

 Determining the correct III/V ratio is crucial to good growth of gallium nitride.  Too high 

a ratio will result in a N-stable regime that results in pit formation in the growing surface, while 

too low a ratio will allow excess gallium to pool together in droplets.  The correct ratio allows a 

smooth surface to grow and become atomically flat.28  Knowing this scenario is only have the 

battle, since the ratio will change not only by the amount of fluxing atoms, but also by the 

substrate temperature since higher growth temperatures can preferentially limit the incorporation 

of the gallium atoms. 

 Initial samples were grown at a substrate temperature of 630C, and gallium flux of 2e-7 

Torr BEP.  Nitrogen flow was kept low, 0.7sccm, to establish a low V/III ratio growth 

morphology.  RHEED indicated a smooth surface before growth, showing streaky (1X1) 

reconstruction of the starting GaN surface.  After growth was initiated, a faint (3X2) pattern 

emerged Figure 5-2, but faded 20-30 minutes into growth, after approximately 20-30nm of GaN 
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had been deposited.  The resulting RHEED has a streaky/spotty appearance indicating a rough 

3D surface, which was confirmed by tapping mode AFM in Figure 5-3.  The surface roughness is 

not terrible, as it resulted in about a 1nm roughness across 1µm2.  The AFM roughness 

comparisons were performed on a 1µm2 area, and a 25µm2 area was scanned just to confirm 

uniformity.  Also, in Figure 5-3 large circular pits can be seen in the AFM image.  These pits are 

pits in the starting Uniroyal GaN surface from poor CVD growth.  While the pits in the Uniroyal 

substrates would be detrimental to devices material, as a calibration substrate, they have no 

effects on the overall growth. 

 At that point, the gallium flux was adjusted from 1.77e-7 Torr BEP, to 2.53e-7 Torr BEP.  

This resulted showed that above 2e-7 Torr BEP, the surface began to roughen to just under 2nm 

roughness, while the samples grown at 2 and 1.77e-7 Torr BEP had equivalent roughness of 

around 1nm average roughness (Ra) as shown in Figure 5-4. 

 The next trial was to adjust the substrate temperature from 630C up to 725C.  This is the 

temperature range that most MBE GaN is grown, so should be the range to give the best results 

in this system.  As can be seen through Figure 5-5, the change in substrate temperature (Ts) from 

725C to 700C reduced the average roughness but did not change the morphology of the film.  

The grainy texture is still present, and the higher roughness calculated was probably from the 

depression in the scan area.  When the sample temperature was reduced to 630C, the film 

morphology changed into a more platelet, smooth surface.  The roughness value is still high on 

this sample, but this is presumed to be from the round features on the surface.  These features 

seem to be gallium droplets that have accumulated on the surface.  Droplets form when either the 

growth is too high in gallium flux, or the substrate is too cold to incorporate the gallium atoms.  

The colder surface is the reason behind this result.  Understanding that 630C is too cold for the 
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growth, and 725C seems too high, the next experiments were conducted at substrate 

temperatures of either 675C or 700C. 

 After the previous experiments, the gallium effusion cell was changed during a chamber 

venting.  The vent was due to the substrate heater not functioning properly.  When inspected, one 

of the power leads to the heater had separated.  The power lead was replaced and reinstalled.  

While the chamber was up to atmosphere, the gallium cell was changed for a new dual-filament 

cell.  This dual filament cell would give better control of the gallium flux and by having the lip 

of the cell hotter than the base, there was a reduced chance for gallium droplets to form at the 

end of the cell and in turn leak out shorting the cell.  This change in cell brought a change in cell 

operating temperatures, but the gallium flux was adjusted for temperature and therefore flux 

conditions would be repeatable from previous experiments. 

 Finally, the third variable in sample conditions was varied.  The nitrogen flux was 

controlled by the flow of molecular nitrogen through the RF plasma head, which was operated at 

300W.  Gas flow was varied between 0.5sccm up to 1.5sccm.  This change in flow produced a 

chamber pressure difference between 1E-5 Torr to 3E-5 Torr.  This change in gas flow could 

have two effects on the surface.  The higher gas flows would be positively supplying more 

atomic nitrogen species to the sample surface for incorporation, since only atomic nitrogen 

would be used for GaN growth because molecular nitrogen will not crack on the 700C surface.  

The disadvantage for the higher flow could be site blocking and crowding on the sample surface.  

Site blocking would have the effect of creating pits and changing the growth mode to 3D.  Since 

smooth GaN still had not been proven in this MBE instrument, the higher flows were not a 

concern as these runs were calibrations to find a regime that would produce smooth GaN. 
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 The effect of increasing the nitrogen flow was quite dramatic.  Seen in Figure 5-6, as the 

gas flow was changed in steps from 0.5sccm, to 1.osccm, and finally to 1.5sccm, the roughness 

of the films was reduced.  Substrate temperature was 700C and gallium flux was 2.2E-7 Torr for 

all growths.  Through increasing the nitrogen impinging on the sample surface, the surface pits 

began to be reduced.  The change from 0.5 to 1.0sccm had a large effect on the sample 

morphology as the 1.0sccm sample began to have areas of large, flat growth.  The average 

roughness increased slightly for the 1.0sccm over the 0.5sccm, but this is presumably due to the 

large open pit areas.  When the flow was further increased to 1.5sccm, the larger flat areas began 

to be replaced by long connections of “brain-like” growth.  This flowing type of growth was 

much improved on the roughness from around 3.5nm to 1.5nm, compared to the lower flow 

conditions.  The low roughness value is the desired outcome and therefore 1.5sccm seemed to be 

the best condition for nitrogen flow.  The gas flow of 1.5sccm produced a background pressure 

in the chamber of 3E-5 Torr, which is low enough not to cause beam scattering from the sources. 

 Combining the best of the experimental variables, the sample was grown under the best 

conditions possible for this MBE system.  The conditions of growth were a substrate temperature 

of 675C, a gallium flux of 2.2E-7 Torr BEP, and nitrogen plasma of 300W at 1.5sccm.  The 

result was a further reduction in surface roughness down to below approximately 1nm, as seen in 

Figure 5-7. 

 Finally, the conditions that resulted in the lowest roughness and best surface morphology 

were performed on high quality GaN substrates.  Using our in-house grown MOCVD GaN, 

which shows very clean well defined terraces (Figure 5-8), the growth commenced.  Figure 5-9 

shows the starting GaN substrate along with the final MBE GaN grown on top.  The roughness 

of the sample is just under 7Ǻ, which is very suitable device material. 
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MBE GaN on MgCaO 

 Once a suitable recipe for growing MBE GaN was determined from the previous section, 

the ultimate step is to grow this material on the lattice matched magnesium calcium oxide.  The 

MgCaO was grown in the Riber oxide MBE which is in the same laboratory as the Varian nitride 

MBE.  The ternary oxide was grown upon a starting GaN substrate, and the binary components 

were adjusted so that the ternary would have the same lattice spacing as the GaN.  Being this the 

case, it would be assumed that the growth would be similar to the GaN on GaN growths. 

 After growth in the Riber MBE the starting MgCaO substrates were remounted for 

growth in the Varian system.  The reason behind the remounting is that for the beginning oxide 

samples, the pieces were indium mounted to the molybdenum block.  Under the oxygen plasma, 

the indium on the block absorbs quite a bit of oxygen during the growth run.  If the oxide sample 

block were to be placed directly into the nitride chamber and heated, excess oxygen from this 

indium would be emitted into the chamber.  This oxygen is undesirable for nitride growth, since 

the oxygen would contaminate the source materials, and could be incorporated into the growing 

GaN film.  Oxygen doping in GaN acts as an n-type dopant.  The is caused by either a gallium 

vacancy, or more likely a gallium vacancy next to a oxygen sitting on a nitrogen site.29  

Therefore, the samples of ternary oxide were remounted on fresh indium on a molybdenum 

block that is normally used for growth in the Varian nitride MBE. 

 When the samples are removed from the oxide growth blocks, they are packaged into 

sealed containers and placed in a portable vacuum jar for transport to the Major Analytical 

Instrumentation Center for characterization.  The samples were scanned by AFM to determine 

surface roughness and morphology, in addition to X-ray diffraction to verify lattice spacing and 

matching to the GaN substrate.  In all, the samples would be exposed to atmosphere for 
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approximately 2 hours between emergence from the oxide MBE and installation into the nitride 

MBE.  This minimizes exposure to atmospheric humidity, which can be quite high in Florida. 

 Once loaded into the Varian system, a sample is transferred into the growth chamber and 

heated up facing opposite the sources.  This practice helps to mitigate any stray gallium or 

nitrogen from hitting the sample surface before desired.  While facing in the opposite direction, 

the source atoms would have to bounce off the back of the chamber wall and hit the surface, 

which is highly unlikely since the walls of the chamber are cooled by liquid nitrogen.  Since the 

samples were exposed to atmosphere during the transfer, they were heated to 700C for a ten 

minute annealing clean.  This is the same procedure used in all our GaN cleanings, and works 

equally effectively for the stable oxides. 

 The oxides are very stable in the vacuum environment of the MBE chambers.  This was 

verified through not noticing any change in the chamber pressure during the anneal to 700C, and 

in addition, the samples had been tested up to 900C in the chamber and no pressure change was 

detected.  In addition, the ternary was scanned by XRD directly after growth and after annealing 

in the MBE chamber up to 700C and no change was noticed.  This data was shown in Chapter 4. 

 The first MBE GaN growth on MgCaO, turned out to be slightly rough, on the order of 

7nm average roughness, which was also visible in secondary electron SEM images, Figure 5-10, 

along with EDS analysis of the film.  Since this sample was only grown for two hours, which 

would have grown a film on the order of 100nm, the underlying oxide film shows up in the 

spectrum.  The sample was grown at 630C, since this was the normal temperature used to grow 

the dilute magnetic materials commonly grown in the Varian MBE.  To compensate for this low 

temperature, the gallium flux was approximately 2E-7 Torr BEP, and the nitrogen flow was 

increased to 1.6sccm.  The RHEED indicated that after a few minutes into the growth, there 
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seemed to be a poly-crystalline pattern beginning to form, indicated in Figure 5-11.  This pattern 

disappeared and a standard streaky/spotty pattern emerged indicating a 3D crystalline surface.  

This trend of RHEED pattern from a slightly poly to a rough crystalline surface seemed to be a 

common theme in most all the MBE GaN on oxide that followed.  A possible explanation for this 

event is that the surface coverage is not complete until a short time of growth has past.  

Therefore localized regions of the sample are not fully coalesced and therefore the RHEED 

pattern depicts a poly-crystalline surface while it is actually not a complete coverage until a short 

time has past.  Also the heights of the plateaus from the starting GaN, replicated with the 

oxidized, would only allow the electron beam from the RHEED gun to hit some of the high 

plateaus and therefore look to be poly-crystalline. 

 The surface of the starting oxide was terraced from the replication of the substrate GaN.  

This oxide was grown in a digital approach that was explained in Chapter 4.  Shown in Figure 5-

12 was the starting MgCaO surface, along with AFM images of the MBE GaN.  Again the 

surface did not replicate the terraces, but none of the calibration samples followed the substrate 

morphology.  Also for additional verification of growth, a powder XRD scan was taken on the 

sample.  Shown in Figure 5-13 the (004) GaN peaks, alpha and beta, are seen and no additional 

peaks.  This indicates that the MgCaO is lattice matched and remained as a single phase during 

the two hour growth of GaN at 630C.  This was in addition to the 10 minute 700C annealing that 

was performed on the oxide post growth in the Riber MBE chamber.  The results indicate that 

the oxide can be successfully used as a stable template for subsequent GaN growth. 

 Subsequent GaN on oxide growths were performed at higher substrate temperatures, 

following the better results seem at 675C and above.  Therefore the next growth set was grown at 

substrate temperatures of 700C and 800C to examine if the higher temperature results in higher 
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surface mobility and therefore better growth.  During growth of the 700C sample the RHEED 

showed approximately the same pattern as the previous growth at 630C, Figure5-14, where a 

slightly poly-crystalline pattern was seen for a short time during the beginning of growth, 

followed by a 3D crystalline pattern after one and two hours of growth.  The AFM images of the 

surfaces showed that as the temperature was increased from the 630C to the 700C, the film 

actually became slightly rougher with average roughness just over 8nm.  The next sample was 

grown at 800C, and the roughness decreased below 3nm, but the morphology took on larger 

grain-like features, all oriented in the same direction.  This is likely the cause of too high growth 

temperature that resulted in the gallium atoms migrating to clusters and forming larger nuclei 

from the beginning of growth.  The tapping mode AFM images are shown in Figure 5-15. 

 After the initial results were examined, it was proposed that the start of growth was the 

issue with the rough morphology of the growths.  Therefore, since AlN has been used as a buffer 

layer for growth of GaN on sapphire it could possibly help the growth on MgCaO as well. 30, 31, 32  

The aluminum nitride has an innate ability to absorb strain and allow for less defects to be grown 

into the GaN layer.  Being the case, the same conditions from the previous growths at 700C and 

800C were repeated, now using a short aluminum nitride capping layer on the oxide.  The 

samples were exposed to aluminum at a flux of 2.7E-7 Torr BEP, while the nitrogen plasma 

shutter was opened and allowed to grow aluminum nitride for one minute.  This should create 

only a few monolayer of AlN, but possibly assist in the GaN growth.  The results of the exposure 

are shown in the AFM images in Figure 5-16.  As can be seen, the AlN exposure did allow a 

smoother growth at the 700C substrate temperature, but did not show an improvement during the 

growth at 800C.  In addition, the aluminum exposure did not show any noticeable effects on the 

RHEED pattern, from Figure 5-17.  These samples are all tabulated in Table 5-1. 
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 During the growths at 700C and 800C for the AlN exposure and those without, the 

growths were doped n-type with silicon from the solid silicon source on the Varian MBE.  The 

silicon source had a flux of 3.5E-10 Torr BEP, which was barely detectable with the flux 

monitor.  This incorporation of silicon into the growing films was intentional to determine 

electrical properties of the growths.  As can be seen in Table 5-2, the incorporation of silicon into 

the growing films was effected quite a bit by having the aluminum nitride exposure. 

 It was at this point that the substrate heater in the system malfunctioned.  While the 

heater was being repaired, the gallium effusion cell was exchanged for a brand new dual-

filament cell.  Again, this is a very nice oven to use since the ability to heat the lip of the crucible 

hotter than the base, allows for no built-up of gallium at the end of the cell. 

 Following the gallium cell exchange, the samples were all grown at 675C in accordance 

with the calibration results.  Also the nitrogen flux was set at 1.5sccm, resulting in a chamber 

pressure of just over 3E-5 Torr.  The gallium was set to a flux of 1.8E-7 Torr BEP.  The first two 

samples were 60 minute growths set on substrates of the individual binary oxide.  A sample of 

MgO and CaO were mounted on the same block and grew for 60 minutes.  The resulting GaN 

film was very granular shown in Figure 5-18, which also includes the AFM images of the oxides 

before GaN growth.  The XRD scans of these oxides (Figure 5-19) show the exact lattice 

positions of the oxides relative to the GaN peak.  Therefore, this result shows that the conditions 

for GaN growth in the Varian MBE system are not set for nucleating on a non-lattice matched 

substrate. 

 The next results were based on the fact that for device material, the GaN layer must be 

thicker than a few hundred angstroms.  Therefore, the following growth was attempted for 500 

minutes.  This would explore the film growth properties after a longer time at the growth 
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temperature and examine if any cracking from stress would be introduced from a thicker film.  

The oxide substrates used in this run were lattice-tuned MgCaO, verified by XRD in Figure 5-20, 

mounted on the same block.  During growth of these substrates, the RHEED images looked 

similar (Figure 5-21) with the only differences being that that sample B was grown thicker to get 

an idea of how the oxide morphology would change on longer growths.  The differences in the 

RHEED images come from the fact that the thicker oxide exhibited charging effects on the 

surface, making the RHEED spots look larger and blurry.  This is an expected result as these 

films have high dielectric constants and therefore hold a charge from the impinging electron 

beam.  The oxide surface through AFM showed that the thicker oxide did begin to roughen, 

increasing to almost 1nm, compared to the thinner film at just over 0.3nm, shown in Figure 5-22.  

The GaN growth on these substrates was accomplished with the same conditions as the previous 

growths on the binary oxides which include gallium flux of 1.7E-7 Torr BEP, 1.5 sccm nitrogen 

flow, and a substrate temperature of 675C.  The resulting films were quite different in 

morphology yet similar roughness values, as shown in Figure 5-23.  The film grown on the 

thicker, rougher oxide, had a more bumpy look to the surface, while the GaN grown on the 

thinner oxide had an almost leafy look as there were regions of flat smooth growth.  A scan from 

a Veeco Wyko optical profilometer was utilized to scan the area near where the tantalum clip 

was placed to secure the sample to the block.  Since the clip blocks the impinging atoms from 

reaching the surface, area under the clip has exposed oxide.  The step height measured is 

indicative of the thickness of the MBE grown GaN, which is around 0.4µm, shown in Figure 5-

24.  For additional insight into the GaN growth, a cross-section was performed on the sample 

with the leafy morphology.  As can be seen in Figure 5-25, the thickness of the oxide and GaN 

correspond well to the predicted and measured values.  Also in the SEM images, it can be seen 
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that the MBE GaN structure does follow a slightly 3D morphology as the growth progresses, 

with better material the further from the interface.  This corresponds to the RHEED pattern, 

which showed that the streaky/spotty 3D pattern was beginning to become less spotty and more 

2D growth.  It can then be inferred that perhaps an even longer growth could result in a smooth 

film. 

 After all the calibrations and experiments with the GaN on MgCaO within the MBE, it 

was time to grow a sample over 1µm that could then be used to further processing, since this 

would be about the minimum thickness needed for device material.  The final growth was 

performed on a 130nm thick lattice-matched MgCaO.  The oxide surface was quite smooth and 

had terraced growth.  This sample was a full 2” wafer, with a backside silicon coating of 10µm 

which was for efficient heating of the substrate through infra-red light absorption from the 

heater.  The wafer was mounted in a recessed block with tantalum wire holding the sample in 

place.  After oxide growth, the wafer was transferred, via a portable vacuum container, for AFM 

imaging.  After imaging, the sample was loaded into the load-lock of the Varian MBE system.  

For this sample, the gallium flux was increased to 2.2E-7 Torr BEP, to facilitate a faster growth 

rate, since previously the growth rate was on the order of 8Ǻ/min.  All other conditions remained 

the same.  The growth was conducted for 1180 minutes or almost 20 hours.  After growth, the 

sample was characterized through AFM, and cross-section FESEM.  The AFM of the surface 

indicated a very rough morphology on the order of 20nm, with a very “hill and trough” 

morphology, as can be seen in Figure 5-26,.  As a comparison of the growth surfaces, Figure 5-

27 depicts the starting MOCVD GaN surface, the MgCaO growth, and finally the MBE GaN 

surface.  The sample was cross-sectioned and imaged in a field-emission SEM.  The images, 

shown in Figure 5-28, indicate a MBE GaN growth of columnar structures on the MgCaO.  The 
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structure of this growth is probably a result of the increased gallium flux and growth rate, which 

was increased from 8Ǻ/min to 12Ǻ/min.  Also seen is an area were the MBE GaN film had 

delaminated from the oxide, and also areas were the MBE GaN held onto the oxide, and the 

oxide separated from the MOCVD GaN.  This indicates equivalent bonding between all the 

layers of the structure. 

 In addition to the morphology characterizations, the sample was then analyzed through 

XRD.  Shown in Figure 5-29, the sample shows some sapphire peaks, the (004) GaN peak, and 

the oxide peak which is slightly to the right of the GaN peak.  There are no additional peaks from 

MgO or CaO, indicating that even a 20 hour growth at 675C in the MBE caused no phase 

segregation of the oxide. 

 Finally, optical characterization of this thick sample was performed.  

Cathodoluminesence (CL) was performed on the sample to see the areas of defects present in the 

sample.  Cathodoluminesence gives a good indication of quantity of threading dislocations, since 

these defects show up as dark areas in the image.  As a comparison, a sample of standard in-

house grown MOCVD GaN on sapphire is shown along with the thick sample (Figure 5-30).  

These CL images of the MBE GaN and the MOCVD GaN were gathered with the same photon 

counts per second therefore direct comparisons can be made.  It is obvious that the 

concentrations of threading dislocations are much less in the MBE GaN than the MOCVD GaN.  

To verify if all the luminescence from the sample is coming from the band-edge, or if point 

defects are playing a role in the image, photoluminescence was performed.  Shown in Figure 5-

31, photoluminescence was performed to get ad deeper insight into the CL images from Figure 

5-30.  What results is showing how the standard in-house MOCVD GaN has a strong band-edge, 

but multiple defects.  The yellow emission around 550nm is explained as mainly being from 
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nitrogen defects.33  Along with the yellow emission, a blue emission around 450nm was shown 

in the spectra.  This blue emission can be attributed to oxygen contamination that is from a 

contaminated gallium source of the system.  This blue emission is not seen in the MBE grown 

GaN, which is a really good sign that autodoping is not occurring, and the MgCaO substrate is 

very stable during growth.  The MBE GaN also had a strong band-edge emission, along with a 

much larger yellow emission than the MOCVD GaN.  Based on the CL image, which showed a 

decrease in threading dislocations, this yellow emission is most probably from a very large 

population of nitrogen vacancies.  This increased nitrogen vacancy is quite probable since the 

growth was not well tuned and therefore is a main reason why there is so many point defects 

causing the large emission. 

XPS Study of MgCaO Annealing 

 It has been found that by exposing samples of MgCaO to atmospheric humidity for 

extended periods of time, results in the sample becoming roughened and visibly changing colors.  

Also, the oxide rapidly etches in water.  This supports the idea that a hydroxide layer forms 

readily on the sample surface and over time begins to etch away at the material.  Since samples 

are transferred in air between the oxide growth tool and the MBE nitride system, it is only logical 

that a surface hydroxide will form.  Therefore, to examine this surface layer and the effect of 

heating the sample, the sample will be analyzed by XPS.  The XPS analysis chamber is 

connected to the nitride MBE via a buffer extension, thereby maintaining vacuum for the sample 

during transferring. 

 A study was found that worked to characterize hydroxides of both MgO and CaO.34  The 

research used XPS to determine the binding energies of the hydroxides and the temperatures 

under vacuum at which point the hydroxide is removed from polycrystalline oxides.  Therefore, 
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by analyzing a sample of MgCaO, similar results should be obtained since the surface of the 

ternary oxide should have both magnesium and calcium oxide bonds exposed.  

 A sample of lattice-matched MgCaO with thickness of approximately 130nm had been 

grown on a full two inch GaN wafer with silicon backside coating.  The sample was scanned 

with XPS before any heat treatments, which show the elements of interest with some carbon 

from exposure to the atmosphere in Figure 5-32.  Both the photoelectric lines and some auger 

lines are present in the spectrum, yet only the photoelectric lines are analyzed for energy 

changes.  A full spectrum of the samples was taken, along with multiplex scans of the 

magnesium, calcium, and oxygen peaks.  The peaks of interest were the highest intensity 

photoelectron lines corresponding to the Mg2s, Ca2p, and the O1s.  The multiplex scans will 

give a higher resolution with steps of 0.025eV with pass energy of 17.9eV and 50ms per step.  

The x-rays were produced from a Mg anode which gave higher counts than an Al anode.  Neither 

anode would have overlapping peaks with any of the three elements of interest.  A curve fit was 

performed on the magnesium peak since the peak did have a slight hump at higher energies, 

indicative of a hydroxide.  The curve fit was for clarity of the location of the peak in Figure 5-33.  

The sample showed strong peaks corresponding to the magnesium, calcium, and oxygen, along 

with a peak for carbon.  This carbon is atmospheric carbon that settled on the surface during the 

exposure to atmosphere during the AFM characterization.  Multiplex scans of the elements show 

a single peak for the magnesium, while the calcium revealed three separate peaks, and the 

oxygen showed a large peak and a much smaller peak at lower energy.   

This sample was then transferred through the buffer extension into the Varian MBE.  The 

sample was heated to 700C in 10 minutes at a pressure of 4E-9 Torr.  After annealing at 700C for 

10 minutes, the sample was allow to cool in 20 minutes in the chamber.  Again the sample was 
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moved to the XPS chamber and a duplicate scan was performed, both full spectrum and 

multiplex.  After the anneal, the carbon peak was noticeably reduced, which is to be expected.  

The multiplex of the magnesium showed a strengthening of the peak, which is again expected 

since the surface carbon was reduced, allowing for a stronger magnesium signal.  The same 

effect occurred with the main calcium peak, yet the oxygen signal was reduced.  This reduction 

in oxygen signal is a good indication that a surface hydroxide layer had been removed.  Also to 

note is that the side peak from the magnesium signal, which is indicative of magnesium 

hydroxide, disappeared.  The oxygen peaks are the peaks bound to the calcium and magnesium, 

and after anneal there was a shifting of the peak energies, indicating a change in surface oxygen 

bonding.  This is a result shown in the published work sited earlier indicating hydroxide removal.  

For the calcium spectrum, the high energy peak corresponding to calcium hydroxide was almost 

eliminated after the 700C anneal.  The multiplex data for before and after annealing for oxygen 

and calcium is shown in Figures 5-34 and 5-35, respectively.  Finally, a full scan was taken to 

show a reduction in surface carbon from the heating in Figure 5-36. 

This data corresponds to the literature, which states that the hydroxide of MgO is 

removed in vacuum around 240C, while the hydroxide from CaO is a bit more robust and does 

not decompose until temperatures around 500C.  Therefore, this shows that for growth of GaN 

on the ternary oxide, annealing the sample at a high temperature is needed to decompose both 

hydroxides of the MgO and CaO complex to obtain a clean surface. 
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Figure 5-1.  Molybdenum sample holder “block” on hotplate used to perform indium mounting 

of samples for MBE growths. 

 

 
Figure 5-2.  RHEED image of GaN on GaN growth having a (3X2) reconstruction, that emerges 

shortly after the start of growth. 
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A)  

B)  
Figure 5-3.  Tapping mode AFM of initial results of GaN on GaN MBE growth.  A) 1µm area of 

the growth at 630C.  B) Larger area view showing the pits which originate from the 
Uniroyal GaN substrate. 
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A)  
 

B)  
 

C)  
Figure 5-4.  AFM tapping images of MBE GaN on GaN at different gallium fluxes, 1µm2 areas 

A) Ga flux 1.77E-7 Torr BEP, Ra: 1.01nm, vertical scale: 10nm.  B) Ga flux 2.05E-7 
Torr BEP, Ra: 1.02nm, vertical scale: 10nm.  C) Ga flux 2.53E-7 Torr BEP, Ra: 
2.03nm, vertical scale: 20nm. 
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A)  
 

B)  
 

C)  
Figure 5-5.  AFM tapping images of MBE GaN on GaN at varying substrate temperatures, 

1µm2areas.  A) Ts=725C, Ra: 2.97nm, vertical scale: 20nm.  B) Ts=700C, Ra: 
1.57nm, vertical scale: 10nm.  C) Ts=630C, Ra: 2.89nm, vertical scale: 20nm. 
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A)  
 

B)  
 

C)  
Figure 5-6.  AFM tapping images of MBE GaN on GaN at varying nitrogen flows, 1µm2. A) 

Flow=0.5sccm, Ra: 3.22nm, vertical scale: 40nm.  B) Flow=1.0 sccm, Ra: 3.89nm, 
vertical scale: 40nm.  C) Flow=1.5sccm, Ra: 1.48nm, vertical scale: 20nm. 
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Figure 5-7.  Optimized MBE GaN growth conditions on UOE GaN. 
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A)  
 

B)  
Figure 5-8.  In-house grown MOCVD GaN showing growth terraces.  A) 1µmX1µm area.  B) 

5µmX5µm area. 
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A)  
 

B)  
Figure 5-9.  Optimized MBE GaN conditions on in-house grown MOCVD GaN.  A) 1µmX1µm 

area.  B) 5µmX5µm area. 
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A)  

B)  

C)  
Figure 5-10.  SEM images of initial results of MBE GaN on MgCaO, indicating a rough film.  

Also included is the EDS spectrum of the film, showing the calcium and oxygen from 
the underlying layer.  The magnesium peak is barely visible just to the right of the 
low energy gallium peak.  A) Low magnification SEM.  B) Higher magnification 
SEM.  C) EDS spectrum. 
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A)  
 

B)  
Figure 5-11.  RHEED images of first MBE GaN on MgCaO.  A) Pattern after 5 minutes of GaN 

growth, taking on a slight poly-crystalline pattern.  B) Pattern at the end of the one 
hour growth showing single crystalline 3D growth. 
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A)  

B)  

C)  
Figure 5-12.  First MBE GaN on MgCaO growth.  A)AFM image showing starting MgCaO 

surface morphology with smooth terraces.  B) MBE GaN growth on MgCaO, with 
Ra=6nm.  C) Closer view of the GaN growth showing bumpy morphology. 
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Figure 5-13.  XRD scan of the first MBE GaN on MgCaO which is shown in Figure 5-12.  The 

GaN peak (alpha and beta) are shown with no additional peaks.  This indicates that 
the oxide stayed single phase, and is lattice matched to the GaN. 
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A)  

B)  

C)  
Figure 5-14.  RHEED images of GaN growth at 700C on MgCaO in MBE.  A) Pattern after 10 

minutes of GaN growth.  B) After 1 hour growth.  C) At the end of the two hour 
growth. 
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A)  (B 

C)  (D 
Figure 5-15.  AFM images showing MBE GaN growth on MgCaO and the different morphology 

produced from substrate temperatures at 700C versus 800C, vertical scales of 80nm 
and 30nm for images A and B, respectively.  A) 700C substrate temperature, 
Ra=8nm, 1µmX1µm area.  B) 700C, 5µmX5µm area.  C) 800C substrate 
temperature, Ra=3nm, 1µmX1µm area.  D) 800C, 5µmX5µm area. 
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A)  (B 

C)  (D 
Figure 5-16.  AFM images showing MBE GaN growth on MgCaO with AlN exposure and the 

different morphology produced from substrate temperatures at 700C versus 800C.  A) 
700C substrate temperature, Ra=5nm, 1µmX1µm area.  B) 700C, 5µmX5µm area.  
C) 800C substrate temperature, Ra=4nm, 1µmX1µm area.  D) 800C, 5µmX5µm area. 
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A)  

B)  

C)  
Figure 5-17.  RHEED images showing MBE GaN growth on MgCaO after a short AlN exposure 

prior GaN growth.  A) After 15 minutes.  B) After 1 hour.  C) End of growth of 2 
hours. 
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Table 5-1.  Sample growth conditions and characterization data of silicon doped MBE GaN on 
MgCaO. 

Sample Substrate Temp N Flow (sccm) Growth Time AlN Exposure 

1 700 1.3 2 No 

2 800 1.1 1 No 

3 700 1.3 2 Yes 

4 800 1.1 1 Yes 

 

Table 5-2.  Sample HALL data from silicon doping. 
Sample Ra (nm) Rs (Ohms) Mobility 

(cm2/Vs) 

Carrier Density 

(cm-3) 

1 8.32 - - - 

2 3.45 4514K 6.15 1.12E+16 

3 5.45 3.48K 44.86 1.99E+18 

4 4.80 2.07K 38.27 3.94E+18 
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A)  (B 

C)  (D 

Figure 5-18.  AFM images of MBE GaN on binary oxides of MgO and CaO.  A) MBE GaN on 
CaO (B), Ra=7.03nm , vertical scale of 70nm.  B) MgO, substrate for (A), 
Ra=1.23nm , vertical scale of 15nm.  C)MBE GaN on CaO (D), Ra=8.54nm , vertical 
scale of 70nm.  D) CaO substrate for (C), Ra=0.815nm , vertical scale is 15nm. 
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A)  

B)  

Figure 5-19.  XRD scans of the binary oxides used in the growths of Figure 5-18, the scans are 
also in Log scale to emphasize the oxide peaks in relation to the large GaN signal 
since the oxides are only a few hundred Ǻ thick.  A) CaO substrate showing the (222) 
CaO peak, the GaN peak, along with small peaks from the sapphire substrate.  B) 
MgO substrate shown the (222) MgO peak, the GaN peak, and additional stray peaks 
from the substrate. 
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Figure 5-20.  X-ray diffraction spectrum of the lattice-matched MgCaO film used for the GaN 

films grown to larger thicknesses. 
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A)  

B)  

Figure 5-21.  RHEED images of MgCaO at different thicknesses.  A) Approximately 200nm 
thick film, showing signs of surface charging.  B) Approximately 100nm, showing 
rotation of the film. 
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A)  

B)  

Figure 5-22.  AFM images of MgCaO different thicknesses.  A) Approximately 200nm.  B) 
Approximately 100nm. 
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A)  

B)  

Figure 5-23.  3D AFM images showing the morphological differences between the two growths, 
grown on the same block, with differing starting oxide substrate thicknesses.  A) GaN 
with starting substrate oxide of 100nm (Figure 5-22b).  B) GaN with substrate oxide 
of 200nm (Figure 5-22a). 
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Figure 5-24.  Optical profilometer scan of the clipped area from the sample in Figure 5-23, 

grown for 500minutes.  The Y-profile indicated a step height of around 400nm, which 
corresponds to the cross-section SEM images. 
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A)  

B)  

Figure 5-25.  Field-Emisson SEM images showing a cross-section of the GaN on MgCaO sample 
grown for 500 minutes.  The thicknesses of the oxide and GaN are approximately 
100nm and 400nm, respectively.  A) 20,000X secondary electron image of the 
sample, showing the sapphire (bottom) then the MOCVD GaN, followed by the 
MgCaO, and finally the MBE GaN on the top.  B) 150,000X image of the sample 
showing a more detailed view of the MBE GaN growth. 
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A)  

B)  

Figure 5-26.  AFM images showing the rough morphology of the 20 hour MBE GaN growth on 
MgCaO.  A) 252µm area.  B) 12µm area. 
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A)  

B)  

C)  

Figure 5-27.  AFM images showing the progression of growths from the starting MOCVD GaN 
to the final MBE GaN.  A) MOCVD GaN, showing nice terraced growth.  B) MgCaO 
growth showing replication of the MOCVD GaN substrate.  C) MBE GaN growth on 
the MgCaO showing a rough morphology. 
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A)  

B)  

C)  

Figure 5-28.  FE-SEM images of the 20 hour MBE GaN growth shown in Figure 5-26.  Cross-
section images depict a columnar structure of the MBE GaN.  A) Image showing the 
columnar structure of MBE GaN on the MgCaO on MOCVD GaN on Sapphire 
(bottom).  B) Higher magnification.  C) Showing delamination of both MBE GaN and 
oxide from the oxide and MOCVD GaN, respectively. 
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Figure 5-29.  XRD scan of thick MBE GaN on MgCaO, from Figure 5-28, showing an oxide 

with slightly smaller lattice than the GaN.  There is no sign of phase separation of the 
oxide, again confirming earlier measurements. 
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A)  (B 

C)  (D 

E)  (F 

Figure 5-30.  Secondary electron and cathodoluminesence (CL) imagines of the thick 20 hour 
MBE GaN growth with a comparison with standard in-house grown MOCVD GaN.  
A) Secondary electron image of the MBE GaN surface at 1,000X.  B) Secondary 
electron image of the MBE GaN surface at 5,000X.  C) CL image of image A.  D) CL 
image of image B.  E) CL image of MOCVD GaN 1,000X.  F) CL image of MOCVD 
GaN 5,000X showing dark areas corresponding to threading dislocations. 
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A)  

B)  
Figure 5-31.  Photoluminesence (PL) spectra of GaN samples from a standard MOCVD in-house 

run, and the thick 1.5µm MBE sample.  A) PL spectra from MOCVD GAN showing 
band-edge at 360nm, and some blue and yellow emission from defects.  B)  PL 
spectra from thick MBE GaN on MgCaO showing band-edge, no blue emission, but 
increased yellow emission from nitrogen vacancies. 
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Figure 5-32.  XPS spectrum of MgCaO before the 700C vacuum anneal to examine hydroxide 
decomposition. 
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A)  

B)  
Figure 5-33.  Magnesium 2s peak before and after heating.  A) Before heating, the broadness of 

the peak to higher energies signifies a hydroxide layer.  B) After heating, only one 
peak indicating no magnesium hydroxide. 
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A)  
 

B)  
Figure 5-34.  Oxygen 1s for the pre-heated and post-heated sample.  The peak changes are due to 

the surface hydroxide layers being decomposed during the vacuum anneal.  A) Before 
annealing.  B) After annealing. 
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A)  

B)  
Figure 5-35.  Calcium 2p before and after heating.  The far left peak at higher energies 

corresponds to calcium hydroxide.  A) Before heating, showing a strong hydroxide 
peak.  B) Post heating, showing a large reduction in the hydroxide peak. 
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Figure 5-36.  XPS full spectrum scan of the MgCaO sample after heating to 700C in the MBE 

chamber.  The carbon peak seen before heating was largely reduced. 
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CHAPTER 6 
MOCVD GAN GROWTH 

MOCVD Overview 

 In today’s marketplace of semiconductor materials, keeping up with demand is crucial.  

Once a new material is developed, the supply must keep up with the demand.  This is an essential 

component of business which in a round about way drives the engine of science.  The need for 

high throughput manufacturing of devices requires that the raw materials are plentiful.  While 

MBE growth allows for very precise and controlled materials, the growth rate and throughput is 

low.  In comparison, metal-organic chemical vapor deposition or MOCVD, is a technique which 

can have a substantially higher material growth rate than MBE which results in faster 

manufacturing. 

 While the notion of higher throughput is well received, the MOCVD process is not 

without issues.  These issues include a drastically different growth environment and different 

requirements for substrate compatibility.  Compared to the ultra-high vacuum environment of the 

MBE chamber, the MOCVD reactor operates at pressures in the millitorr range.  Also, the 

extremely pure elemental sources in the MBE are replaced with metal-organic sources and a 

variety of other gases.  Even with these vast differences, the capability to improve productivity 

drives the innovation and research of MOCVD semiconductor growths.   

 The challenges of the MOCVD tool will be discussed individually.  Starting with the 

source materials for growth of gallium nitride, which is the focus of this work, there are many 

factors involved with the incorporation of the elements.  The gallium source is from either the 

metal-organics of TMG (Trimethylgallium) or TEG (Triethylgallium).  The choice of source for 

GaN growth depends on the structure that is to be created.  TEG is mainly used for HEMT 

structures and other devices that need rapid changes to the structure.  TMG is the standard for 
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most all other GaN material.  This is the choice source since TMG is less expensive than TEG 

and for the unintentional benefit of additional carbon incorporation for more insulating 

properties.  TMG has inherently more carbon by-products than TEG from the methyl group 

compared to the ethyl group.  Carbon has been shown to help mitigate the doping effects from 

residual oxygen and other contaminates in the growth chamber.35  The carbon seems to sit in 

vacancies and allows for less conductive GaN material.  Therefore all grows for this research 

utilizes TMG since the main focus is growing GaN on this new ternary oxide substrate and less 

concerned with the carbon incorporation.  

 The reaction of the TMG on the surface involves the absorption of the molecule onto the 

surface of the substrate.  The substrate must then supply the molecule with enough energy to 

separate the gallium atom from the methyl group.  This thermal energy is adequate when the 

substrate temperature is above 350K.36  At this point the methyl group must desorb from the 

surface to avoid scattering and allow for other metal-organic molecules to reach the surface.  

This removal of by-products is assisted by the high flow rates of the other gasses across the 

sample surface.  Since the TMG molecule is quite large, a carrier gas is needed to transport the 

molecule from the source to the substrate.  Hydrogen is normally used as a carrier gas which 

percolates through the TMG bubbler in which the TMG is contained.  The hydrogen carrier gas 

picks up TMG molecules from the bubbler and flows the material to the reactor chamber.  Since 

the ability of TMG to be captured by the flow of hydrogen gas is largely controlled by 

temperature, the bubbler is submerged in a water bath in which the temperature is regulated to 

within 0.1C of the normal set point of zero degrees.  Even with the low temperatures, there is 

also a carrier gas dilution to lower the concentration of TMG in the gas flow.   
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 The other necessary element, nitrogen, is supplied by gaseous ammonia.  The ammonia 

supply is the vapor from liquid ammonia and regulated by mass flow controllers.  Unlike the 

TMG which can react on the substrate when the temperature only warm, ammonia requires 

higher thermal energy to crack the molecule and release the nitrogen atom.  Temperatures greater 

than 1000C are required to crack half the ammonia molecules, and is therefore quite inefficient, 

which then limits some of the substrate use discussed in chapter two.37  The low temperature 

nucleation step involving the ammonia is attributed to a reaction between the ammonia and the 

TMG in which hydrogen atoms are successively stripped from the absorbed metal-organic 

ammonia compound.  This reaction is very involved and has many pathways to the release of the 

nitrogen atom. 

The ammonia also adds additional flow into the gas stream.  With the addition of the 

ammonia, the issues encountered with fluidynamics come into play.  Having smooth laminar 

flow of gasses through the reactor and across the sample surface is crucial in the ability to grow 

epitaxial films.  When the gas flow becomes turbulent, recirculation can occur creating 

undesirable results for the growth.  Therefore, a high flow of gasses are needed to maintain the 

laminar flows, which adds additional changes since each gas has different heat absorption.  This 

results in substrate temperature changes every time a gas is changed or flows adjusted.   

Having the higher substrate temperature for the ammonia decomposition, is not entire a 

bad condition.  Increased temperatures result in higher surface mobility for the impinging atoms.  

This increased mobility allows for the atoms to migrate along the surface to find a favorable site 

for incorporation.  

The substrate temperature is monitored by both a thermocouple a few millimeters from 

the underside of the sample and also by a pyrometrer.  This emissivity compensated pyrometer 
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uses an infra-red light source of 930nm and 10nm bandwidth.  Reflectance off the sample surface 

can indicated the degree of roughness of the surface along with layer thickness because of 

interference with the light as the layer grows.  In addition, the same detector can measure the 

black-body radiation off the sample and give an accurate measure of the surface temperature.  

This method is superior to simple measurements by the thermo-couple as the thermo-couple is 

mounted below the heater, and based on the gas flows in the tool, the sample surface can have a 

completely different temperature than what the thermo-couple measures. 

To assist in uniform growth across the entire sample the substrate holder is rotated.  

Normally a rotation of 1500 revolutions per minute is used for this tool.  The rotation is also 

mandatory in providing laminar flow across the wafer for the gasses.  The gasses are supplied to 

the sample by a showerhead type injector that is capable of adjusting the flows for the inner and 

outer portions of the wafer.  Again, by adjusting flows creates temperature variations across the 

wafer from the gas heat capacities, which can alter growth. 

 Therefore, it can be seen that every little change in any of the conditions of temperatures, 

flows, or concentrations can change a growth quite drastically.  This is the reason it takes an 

immense amount of samples to perfect a recipe for good GaN growth in a MOCVD reactor.  

Even with these challenges, the ultimate reward for the many years of trial and error can result in 

a recipe that can allow for the material to grow in the manner desired. 

MOCVD GaN Substrates 

 All oxides were grown on GaN substrates.  The two substrates employed during the 

experiments were either MOCVD GaN on sapphire by Uniroyal, or in-house grown MOCVD 

GaN on sapphire.  Initially all growths occurred on the Uniroyal substrates, since this material 

was readily available.  This material was useful for initial calibrations, but ultimately useless for 

further device fabrication.  The downfall of this material is that most of the wafers were 
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engineering wafers from Uniroyal and therefore had imperfections.  Most all the wafers had pits 

in the GaN surface, in which some extended all the way to the sapphire substrate, which was 

shown in Figure 4-14.  Therefore this surface did not allow for large areas of good material for 

device fabrication, and therefore was ultimately only good for oxide growth morphology 

characterization. 

 Most all growths which were to be used for further processing and for templates for 

further GaN top growth, employed substrates manufactured our in-house MOCVD.  The tool is a 

Veeco/Emcore P75 Turbodisk vertical reactor.  This system is setup for growth on a single two 

inch wafer.  The tool uses ammonia as the nitrogen source with molecular nitrogen as the carrier 

gas.  For the metalorganics sources, the instrument has triethylgallium (TEG), trimethylgallium 

(TMG), trimethylindium (TMI), and trimethylaluminum (TMA.)  The variety of metalorganic 

sources allows for any group III nitride material to be grown.  In addition to the metalorganics, 

the system uses silane (SiH4) for n-type doing, and bis-cyclopentadienyl magnesium (Cp2Mg) 

for a p-type dopant. 

 Since this system was intended for commercial use, most all controls are automated 

through a computer interface.  This automation makes it quite nice when many changes take 

place at the same time as for growth regimes like recovery in GaN where temperature, pressure, 

and gas flows are all changing at the same time.  Unfortunately, being a commercial tool, the 

down side is that slight changes in recipes cause large changes in growths.  With this in mind, 

even getting the recipe for the initial GaN growth on sapphire took many years to fine tune to get 

the high quality and smooth surfaces that can be grown today. 

 All GaN growths take place on single crystal sapphire (Al2O3) substrates oriented in the 

(0001) direction which is normal to the wafer surface.  The sapphire is epi-polished one the front 
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and fine ground on the reverse.  The use of sapphire as the starting substrate was a decision 

based on a wide knowledge base.  Even with the undesirable properties of sapphire for GaN 

growth, it leads the field in substrates since it is inexpensive compared to other substrates and 

extremely chemically and thermally stable.  Many methods have been devised to get around the 

issue of lattice mismatch between the sapphire and GaN that have lead to surprisingly good 

quality material.  Still, the quality nor speed of MOCVD GaN can match that of HVPE GaN in 

which high quality material of hundred of microns have been fabricated. 

 Most starting sapphire was purchased through Crystal Systems Inc.  The starting 

substrates of (0001) sapphire are of extremely good quality in respect to surface morphology.  

AFM characterization of the sapphire surface Figure 6-1 reveals uniformly spaced terraces 

indicating the miscut of plus or minus one degree from the manufacturers dicing and polishing 

procedure.  These terraces are very good to have since they will be preferential nucleation sites 

for the GaN growth. 

 The sapphire wafers are then loaded onto graphite susceptors with a proprietary coating 

which prevents degradation under the MOCVD atmosphere.  The sample is loaded via a load-

lock chamber which is flushed with nitrogen to remove any oxygen in the chamber, since oxygen 

will cause unwanted doping of the film.  The holders are then transferred into the growth 

chamber onto a spindle attached to a computer controlled smart motor.  After loading the 

susceptor, and loading a recipe into the computer, the actual growth can commence 

 Since the MOCVD environment entails high temperatures and relatively high pressures 

compared to other growth methods, surface kinetics and fluid dynamics play a large role in 

growth quality.  Since gas flows are in the multiple liters per minute regime, it can be assumed 

that the material will encounter some type of boundary layer at the surface of the wafer.  This is 

185 



 

the reason that most MOCVD processes have a diffusion limited rate limiting step.  Since the 

arena of fluid dynamics can be a bit complicated and lengthy, the equations governing the flow 

of the gasses in the MOCVD reactor are presented in the Appendix.  To minimize the effect of 

this boundary layer at the surface of the wafer, the wafer is rotated at 1500 rpm in this particular 

chamber.  This rotation allows for source material to diffuse through the boundary layer and 

react on the surface of the sample rather than react before the surface and cause particulates to 

settle on the surface.  The rotation also allows for good uniformity in all directions radial from 

center. 

 Growth of GaN on sapphire follows a few basic principles: growing a low temperature 

nucleation layer; annealing of that low temperature nucleation layer which turn into small nuclei 

or islands of high quality GaN; coalescence of the islands into a smooth continuous layer; 

vertical growth from this continuous layer to the desired thickness.  The steps and conditions 

involved in this process can be visualized through Figure 6-2 and the following explanation.  

Area 1 is the high temperature hydrogen clean of the sapphire up to 1100C.  Area 2 is the low 

temperature nucleation step when approximately 50nm of GaN is deposited.  Area 3 is the 

annealing of this low temperature nucleation layer, at which time the GaN decomposes and 

reforms at various locations, producing islands or nuclei.  Area 4 is the 3D or coalescence stage 

at which time there is a lower TMG flow than the main growth layer, and the temperature is 

hotter producing lateral growth to coalesce the islands.  Finally area 5 is the main growth layer at 

which point the vertical growth increases.  To note is the oscillations seen by the reflectivity.  

These oscillations show minimum and maximum to the reflectivity from the thickening of the 

GaN layer.  These layers are related to the wavelength of the IR light used to gather the 

reflectivity data and are used to show layer smoothness and growth rate. 
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Back-Side Sample Coating 

 In ultra-high vacuum environments, heat transfer is limited to phonon conduction and 

infra-red radiation absorption.  In conventional MBE operations, the sample of interest is 

mounted to a metal block, molybdenum, by the use of indium.  The indium, which is molten 

when mounting samples, acts as a conduction pathway for phonons between the molybdenum 

block and the sample.  Since most samples have a rough polish on the backside, there are very 

few contact points between the sample and molybdenum block without the indium.  Therefore 

the sample either needs to be absorbent to infra-red radiation to increase temperature, or an infra-

red transparent substrate, like sapphire, needs to have materials that absorb the infra-red 

deposited on the rough back-side.   

 Unfortunately, samples grown for use as substrates in the MOCVD are restricted from the 

use of indium.  Indium would contaminate the growth chamber and sample holders during the 

high temperature and high pressures of growth.  Therefore, a new mounting and coating system 

was to be developed, one that did not involve indium. 

 Requirements of a coating are the ability to absorb sufficient infra-red radiation to heat 

the substrate, to be compatible with the high-vacuum and high-temperature environment of the 

MBE, and to be an effective coating that does not delaminate or warp the substrate.  In the ultra-

high vacuum of the MBE, vapor pressure of any coating needs to be considered.  With 

temperatures reaching 800C and above at times, the coating needs to have a sufficiently low 

vapor pressure to not affect the heating of the substrate.  Next the coating must not warp the 

substrate during heating or cooling and be robust enough to adhere to the substrate without 

delaminating or peeling.  Therefore, thermal expansion differences between the sapphire 

substrate and the metal back-side coating would need to be similar enough to avoid problems. 
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 It was found that the MOCVD environment placed a whole other set of conditions on the 

coating.  With temperatures reaching 1200C and a very harsh atmosphere of hydrogen and 

ammonia, the coating would have to withstand another round of requirements.  With reactive 

ammonia at high temperatures, the reacting of the metals with this gas would have to be 

considered.  When ammonia reacts on a hot substrate it not only supplies a lone nitrogen atom 

which wants to react with most all elements, but it releases three atomic hydrogen atoms that can 

cause havoc with the sample and coating. 

 With the strict requirements of this coating, only a few materials could be used with the 

properties needed and the availability of the material.  First was a series of experiments with 

multiple refractory metals including tungsten, titanium, molybdenum, and tantalum.  Other 

researchers have used a combination of titanium and tungsten for backside coatings in MBE.  

These researchers found out that slow temperature ramps were needed to prevent substrate 

cracking due to the thermal stresses introduced from the coating.  During current experiments it 

was found that an alternating layered structure of titanium and tungsten (20nm/40nm, 

respectively) worked fine for the coating in the MBE since it was calculated based on thermal 

expansion data on the sapphire and the metals. 

 The first coating experiment involved alternating layers of titanium and tungsten at 

thicknesses of 20nm and 40nm, respectively.  All metal coatings were deposited in a argon 

sputter deposition tool.  The metal thicknesses were based off thermal expansion data from the 

metals and the sapphire substrate to minimize the effect of the coating.  In addition to these 

alternating layers, the total thickness was limited to 180nm, to minimize induced stress.  During 

oxide growth, it was noticed that during the 700C cleaning stage that the sample did not has as 

much blackbody radiation as a normal block as seen in Figure 6-3.  Therefore it was inferred that 
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the coating thickness was not sufficient for adequate IR absorption.  After the sample was grown, 

it was noticed through the AFM scan (Figure 6-4), that the surface was not very terraced, 

indicating a low growth temperature, even though the roughness was low.  This supported the 

notion that the coating was an inefficient absorber of IR radiation from the sample holder.   

After the sample was used during an MOCVD growth run, the backside coating was 

examined to determine if any changes had occurred.  Visually, the outside edge around the entire 

quarter wafer had a different color than the middle.  This indicated that some etching or 

nitridation had occurred.  SEM analysis showed a different morphology of the edge versus the 

middle of the sample, as seen in Figure 6-5.  EDS did not indicate any differences in the 

elements present. 

It was then decided to try a coating with pure tungsten at a thickness of 500nm.   

The thicker coating should allow more absorption of heat for growth.  Visually, at 700C in the 

MBE chamber, the sample emitted more blackbody radiation, and therefore was determined to 

be at a higher temperature (Figure 6-6).  The final growth seemed to be smoother as the terraces 

were more pronounced as seen in Figure 6-7.  

 Samples of the other refractory metals were tried, including Molybdenum, and Tantalum.  

The oxide growths were all identical, indicating that the thicker 500nm coatings are sufficient for 

heating the sample.  After MOCVD exposure, the coatings all had some form of discoloration 

around the edge of the wafer, shown in Figure 6-8.  Therefore all the samples were scanned in 

the SEM with EDS spectra to analyze the discolorations.  The results were the same as for the 

tungsten sample, in which the EDS simply shows the metal and the sapphire elements, while the 

images show a roughened surface around the edges.  It is suspected that the edges of the samples 

are exposed to some ammonia during the MOCVD runs, and reacts on the surface.  Through 
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literature, most of the metals do react with ammonia to form volatile by-products or nitrides.38, 39, 

40

SILICON BACKSIDE COATED SAMPLES 

 After the successful trials of the refractory metals for backside coatings, the next trials 

involved in-stock sapphire wafers with silicon coatings.  To avoid the process of growing 

MOCVD GaN on sapphire then sputtering metal on the back, it was logical to try growing GaN 

on sapphire which already had silicon on the back from the vendor.  There was many wafers 

from Union Carbide that had CVD silicon on the back of polished sapphire wafers.  The coating 

was 10µm thick, which would allow for plenty of absorption of the IR radiation for MBE oxide 

growth.  Also beneficial is the fact that the thermal expansions of silicon and sapphire are quite 

similar, since silicon has a TEC of around 4.68 while single crystal sapphire is around 4.5.  

Unfortunately, after the first growth attempt in the MOCVD reactor, it was found that during the 

manufacturers CVD process, some silicon had been deposited on the front of the wafer as seen in 

Figure 6-9 and confirmed with EDS in Figure 6-10.  Since silicon oxide is used for a masking 

material to prevent GaN MOCVD growth, it was noticed that the growth within a half inch from 

the outside of the two inch wafer was bad seen in Figure 6-11. 

 Through extensive literature review on etchants and chemical compatibilities, a method 

of removing the silicon from the epi-side of the wafer was constructed.  While the CVD silicon 

on the backside of the wafer is desirable, any silicon on the front of the wafer will cause 

unwanted effects during MOCVD growth of GaN.  This silicon on the front of the wafer must be 

removed without damaging the epi-polished sapphire.  Therefore, to remove the silicon on the 

front of the wafer, the backside coating must be protected.  Initially, photoresist was spun onto 

the back of the wafer, as Shipley 1045 positive photoresist is resistant to degradation in acidic 

chemistries.  Therefore, the etchant used to remove the front side silicon will not affect the 
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backside coating.  After PR coating the wafer was immersed in a bath of standard silicon etchant 

of nitric acid, ammonium fluoride, hydrofluoric acid, and water.  The solution ratio is 

120NHO3:60H20:6NH4F:1HF.  This solution is reported to have an etch rate 100-200nm/min.41  

The nitric acid is a strong oxidizer, and therefore will oxidize any silicon exposed while the 

ammonium fluoride and hydrofluoric acid works to remove the silicon oxide that is formed.  This 

solution is not reported to have a detrimental effect on sapphire.  Even if there would be an 

etching effect on the sapphire, reports have indicated that pitting of the sapphire before MOCVD 

GaN growth has an advantageous effect of a higher quality growth compared to untreated 

sapphire.42   

 The wafer was submerged in the acid solution and sonicated while noticing any changes.  

Instantly the solution started attaching the photoresist protecting the back of the wafer.  The 

solution started turning yellow as the silicon began to etch.  At the five minute mark, the silicon 

along the edge of the wafer was becoming noticeably etched, unfortunately, so was the silicon on 

the back of the wafer (Figure 6-12).  At this point there was no saving the wafer, so the acid bath 

was continued to see how long it would take to etch off all the silicon, which took 12 minutes 

(Figure 6-13).   

Once the wafer has been treated in the acid solution while sonicating the bath for 12 

minutes, it is rinsed in DI water then rinsed in a solution of IPA, methanol, and then DI water to 

remove any residual contamination from the silicon etching.  As seen in the AFM images, the 

surface still contained large amounts of etch products that were not rinsed from the surface of the 

sapphire, in Figure 6-14.   

 The second trial to remove the silicon ring on the front of the sapphire was more of a 

success.  To protect the backside silicon and the photoresist, once the backside of the sapphire 
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wafer was spun coated with the photoresist, it was pressed onto the polished side of a silicon 

wafer.  This sandwich was then hard backed at 150C for 10 minutes to bond the wafers together.  

At this point, a cotton swab was used to scrub the edge with the acid solution.  This was not 

resulting in a noticeable removal, so the wafer sandwich was then submerged in the bath.  The 

solution began turning yellow and the sacrificial silicon wafer began to etch along with the 

silicon ring on the sapphire.  After 5 minutes the ring on the front began to disappear.  Using as 

an indicator, when rinsed with DI water, if any water would bead up at the edge where the silicon 

was, then the sample was returned to the acid solution until this water beading did not occur.  

After the acid etch, the photoresist bonding the wafers together was removed by an acetone bath 

while sonicating.  Then an acetone rinse, followed by DI water, followed by a final rinse in IPA, 

METH, and DI water.  This method seemed to remove the front silicon well, but still resulted in 

some etching of the backing silicon since both the PR and sacrificial silicon wafer were being 

attacked. 

Finally, a scrap sapphire wafer was mounted to the back of the silicon coated wafer with 

photoresist and heated on a hotplate to bond the wafers together.  Then the ring of silicon on the 

front of the wafer was scrubbed with a cotton swap which was soaked in the acid solution for an 

additional eight minutes.  This removed most of the silicon, so a final complete submersion in 

the acid resulted in a front surface that seemed to be free of silicon.  The cleaned wafer was 

analyzed with the SEM and the images are shown in Figure 6-15, which show a slight ring where 

the silicon was.  EDS (Figure 6-16) did not indicate any residual silicon of the surface, even 

though there is a visible marking. 

 The residual ring on the outside of the wafer still caused poor GaN growth within a 

quarter inch from the edge of the wafer.  Fortunately, the inner part of the wafer grew normally 
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with terraced growth and roughness of only a few angstroms as seem in Figure 6-17.  Therefore, 

the intermediate step of depositing a refractory metal on the back of wafers between MOCVD 

GaN growth on sapphire, and the MBE oxide growth, can be eliminated, which can reduce 

surface contamination from the sputter tool. 

Annealing of MgCaO in Ammonia 

To verify stability of the MgCaO in the MOCVD environment, a sample of oxide was 

annealed in ammonia.  Ammonia is a very harsh chemical which attacks many materials, 

especially at high temperatures.  Lattice-matched MgCaO was grown on n-type MOCVD GaN 

with a backside coating of titanium and tungsten with alternating layers of 20nm and 40nm 

respectively to a total thickness of 180nm.  The oxide was grown to a thickness of 100nm, and 

characterized with AFM to allow for a baseline before annealing (Figure 6-18).  The sample was 

then annealed in the MOCVD under ammonia for 25 minutes at 1090C.  This temperature is the 

normal temperature used to clean the starting sapphire wafers, and is hotter than any normal 

growth which occurs around 1050C.  The long exposure time of 25 minutes was to see changes 

on a long time basis and extrapolate data for shorter exposures.  The oxide surface would be 

exposed to the ammonia atmosphere for a only a short time while the low temperature nucleation 

GaN layer is annealed up to the roughening temperature of 1090C.  Once this temperature is 

reached, the TMG flow continues and the oxide surface would be protected at that point. 

 The results of the anneal are shown in Figure 6-19 which indicates that the surface did 

roughen under the reducing effects of the ammonia.  The surface roughness started near a half of 

a nanometer roughness and after etching was around 20nm roughness.  This roughening is 

depicted in a 3D fashion in Figure 6-20.  The RealTemp data is shown in Figure 6-21, which 

indicates the temperature and reflectivity of the sample surface.  As can be seen, the temperature 

was increased in the normal fashion for a standard growth up to 530C, at which point the 
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ammonia is introduced.  After the ammonia begins to flow the temperature is ramped up to 

1090C, and allowed to rest at this temperature for the 25 minute anneal.  After the 25 minute 

anneal, the sample is cooled down to room temperature before removing from the chamber.   

 The results of the reflectivity are quite interesting.  In the beginning, the sample shows a 

slight dip in the reflectivity, which is normal to this system during the beginning of sample 

rotation and gas flow.  Then the reflectivity increases as the temperature begins to rise, and this 

is attributed to the surface hydroxide layer beginning to be thermally removed.  At the point of 

high temperature annealing, the reflectivity drops, as this is attributed to the beginning of the 

surface roughening effects of the heat and ammonia.  The reflectivity then begins to rise, as this 

was initially thought to be a result of surface reconstruction as seen in sapphire high temperature 

annealing.43  Yet, after the post AFM analysis, the surface was actually getting rougher, but from 

the fact that the surface features were getting larger as indicated from the Z-range of the image.  

This shows that the surface at high magnifications was becoming smoother, but the annealing 

caused these watermelon patch features on the surface that individually are very smooth, but 

macroscopically very rough.  Therefore, as the rise in reflectivity was concerned, it was from 

these larger flat areas that caused an increase in signal. 

 To further characterize the MgCaO after high temperature ammonia annealing, the 

sample was scanned by XRD before and after annealing.  The spectrums are shown in Figure 6-

22.  Shown in the spectrums are the GaN peak and some substrate defect peaks.  The interesting 

to note is the slight peak corresponding to MgO which pops up after annealing.  The peak at 78 

degrees is a minute amount of MgO which has formed, perhaps from excess magnesium in the 

sample after MBE growth.  As a reminder that the scales of the XRD spectra are in Log scale so 

the peak is just slightly higher than the background signal.  To note is that there was no increase 
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in a peak associated with CaO, and therefore indicates that there was not excess calcium in the 

sample.  There is also a slight broadening of the GaN peak to lowered angles, indicating that the 

ternary oxide did shift to slightly richer calcium concentration, supporting the MgO formation. 

 EDS analysis was performed on the sample to verify if any of the backside coating of 

titanium and tungsten had been etched and deposited on the front surface.  The results are shown 

in Figure 6-23.  As can be seen, no additional elements were found from the back of the sample.  

The analysis did show the GaN substrate since the interaction volume of the electron beam is 

deeper than the thickness of the oxide surface.  In addition to the GaN, the calcium and oxygen 

peaks are present, while the magnesium peak overlaps the gallium L-line and is therefore not 

visible.  

 Even with the surface roughened to around 20nm, GaN growth should be viable on this 

surface.  It has been showed with sapphire substrate, that even samples up to tens of nanometers 

roughness, the grown GaN quality is the same as when grown on atomically flat substrates.44  

This shows the robustness of GaN growth by MOCVD, and that the growth is very forgiving of 

the starting surface roughness.  Additionally, it was found that sapphire itself will form etch pits 

after annealing in ammonia for extended periods of time.  Shown in Figure 6-24, etch pits are 

seen in the surface of sapphire, which was found during a backside metal annealing run.  This 

shows that ammonia has quite the ability to etch many surfaces, even those as stable as sapphire. 

MOCVD GaN on MgO 

 The first trial, was to use straight MgO are the substrate.  The MgO was grown in the 

MBE to a thickness of approximately 150nm.  The oxide had a roughness of approximately 

0.8nm, but without a terraced morphology.  Growth in the MOCVD began with a 600C clean 

step since the sample was freshly grown in the MBE, and no surface reconstruction is desired.  

The rest of growth follows the standard recipe used to grow GaN on sapphire.  The low 
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temperature nucleation was performed at 530C, and the reflectivity began to rise.  As the sample 

temperature was raised to the 1090C anneal temperature, the reflectivity was steady until near 

950C when the reflectivity began dropping.  The standard sequence of 3D layer and recovery 

layers were used, and the refletivity signal seemed quite nice as there were large oscillations, 

seen in Figure 6-25 showing the RealTemp data. 

 Post growth analysis showed a surface with regions of smooth growth and others that 

were quite pitted, Figure 6-26.  The sample was then milled in a focused ion beam (FIB) and 

imaged with a TEM.  The resulting image is shown in Figure 6-27.  The TEM indicates a top 

GaN film with a large amount of stress and defects.  The one thing to notice is that the large 

threading dislocations in the substrate GaN do not propagate through the oxide into the top GaN 

film.  Therefore the MgO did have some improvement in blocking the threading dislocations, 

and the defects seen in the top film are most likely caused by improper nucleation. 

MOCVD GaN on Sc2O3

Utilizing a similar recipe used for our standard GaN growth on a 2” sapphire wafer, GaN 

is grown on a Sc2O3 substrate.  The Sc2O3 is grown in our Riber Oxide MBE.  The starting 

substrate is MOCVD GaN on sapphire.  The substrate had the metallized backside-coating to 

avoid indium mounting.  The indium would create unwanted effects on the MOCVD tool.  Once 

the sample was mounted and transferred to the growth chamber, it was heated to 700C as an in-

situ thermal clean.  This process is found to improve the interface between the starting GaN and 

the grown oxide.  After a 10minutes anneal at the 700C, the substrate is cooled to the growth 

temperature to await deposition.  The Sc source is a Knudsen Cell with an alumina crucible, 

heated to 1190C.  The oxygen is supplied by a Oxford RF plasma head operating at 300W.  The 

Sc2O3 is grown at 10Ǻ/min.  The RHEED and XRD images confirm a crystalline film (Figure 6-
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28 and Figure 6-29, respectively), while AFM (Figure 6-30) shows an extremely smooth surface.  

The surface oxide replicates the starting substrate GaN with the terraces.   

The sample is then transferred to the MOCVD reactor to grow the subsequent GaN.  The 

sample is inserted through the load lock onto a substrate holder that is designed specifically for a 

quarter of a two inch wafer (Figure 6-31).  One thing to note about this particular holder is that it 

has a small chip where the corner of the wafer sits.  These holders are uniquely designed to 

handle the extreme conditions of a MOCVD reactor.  These conditions involve temperatures 

over 1200C, in an atmosphere of hydrogen and ammonia.  The holder itself is graphite with a 

proprietary coating to prevent degradation.  Once this coating is scraped or chipped, then the 

graphite itself is exposed to the environment that can cause degradation.  As seen in Figure 6-31 

after growth runs, some amounts of powder are seen near the chip, and under the grown sample.  

This powder was analyzed and is simply carbon from the degradation of the inside of the holder. 

Growth begins with a thermal anneal to clean the surface and prepare it for nucleation.  

This high temperature anneal normally reaches nearly 1200C when growing GaN on sapphire.  

The anneal occurs under a hydrogen ambient to facilitate cleaning and surface reconstruction 

(maybe, find paper and ref).  For the Sc2O3 sample, since the starting surface is nearly 

atomically flat, a lower temperature anneal was performed.  By lowering the temperature of the 

anneal to simply facilitate cleaning of the surface from atmospheric carbon and residue since 

being out of the MBE, it should allow for minimal impact to the starting surface. 

After the elevated temperature anneal, the sample temperature is lowered to 530C for the 

low temperature nucleation.  This temperature allows for little migration of the source materials 

on the surface.  This is beneficial for producing a uniform layer of GaN.  The V\III ratio is very 

high in this part of the growth, again to further the uniform nucleation layer.  By utilizing the 
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reflectometer or RealTemp, the layer progress can be monitored.  As the reflection of the laser 

off the sample increases, it is indicative of a smoother surface.  Letting the reflectometer increase 

to around 11% during this nucleation, it indicates a more or less complete GaN seed layer has 

been deposited.  The normal starting reflection of the sapphire wafer is around 7%.  At this point, 

the TMG is stopped while still flowing ammonia.  The sample is then ramped to 1090C to allow 

for surface migration of the thin GaN seed layer.  The high temperature is needed to allow the 

GaN to actually decompose and move around the surface where it starts to coalesce into islands.  

These islands, depending on the amount of TMG flown during the nucleation layer, can result in 

heights of up to 1um.  These islands are the real seeds for the subsequent growth.  The 

reflectometer drops during this migration, as the GaN forms islands, the surface becomes 

rougher due to an almost 50% coverage of these islands on the surface. 

Once these islands are formed, the Ga source is reintroduced to the system.  The V\III 

ratio is now lower, allowing a larger amount of Ga to interact with the surface.  Now at these 

high temperatures, the Ga has an extremely high mobility on the surface resulting in high 

migration and a growth regime which is conducive to lateral growth.  This lateral growth is 

exactly what is needed to allow coalescence of these islands.  Without this step the islands never 

fully coalesce and a very textured surface results after further growth (show the rest of the 

growth of the aborted Sc2o3 on GaN).  After the islands begin to grow together, the reflectivity 

begins to increase as a complete surface is starting to form.  It is at this time when we lower the 

V\II ratio even further for faster growth during the main growth layer.  Lowering the V\II ratio 

facilitates a growth rate which is nearly 2 microns per hour.  Since the islands have coalesced 

and the surface is fairly flat, this results in uniform vertical growth. 
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During the first attempt at growth on Sc2O3, it was found that the surface migration is 

vastly different from that of sapphire.  After the low temperature nucleation step and the ramp up 

to 1090C for island formation, the reflectivity of the sample plummeted from a value of 3.5% to 

almost zero within a time of 30 seconds, Figure 6-32.  After aborting the run at that point and 

characterizing the sample, Figure 6-33, it was determined that the growth had gone just fine and 

the reason behind the rapid decrease in reflection was that the surface kinetics of the scandium 

oxide is largely different than the aluminum oxide surface.  The mobility on the Sc2O3 surface at 

1090C allowed for incredibly high migration rates.  This is indicative of a surface that has a high 

surface energy, allowing for the thin nucleation layer to rapidly migrate to island formations. 

 The sample was then reinserted into the MOCVD reactor and the growth was continued 

where it left off.  To avoid decomposition of the GaN islands, the sample was heated up to the 

3D layer under ammonia.  The reflectivity did not show any improvement after a 30 minute 

growth.  The surface was then characterized and found that the islands did coalesce to some 

degree as seen in Figure 6-34.  Therefore MOCVD GaN growth on scandium oxide can be 

achieved.  The next step is to use scandium oxide as a capping layer for MgO or MgCaO which 

can then still be used as a lift-off layer. 

Contact Angle Measurements 

During MOCVD GaN growth, it was noticed that after the low temperature nucleation 

layer was grown and then annealed, the rate of 3D roughening was vastly different among 

samples.  It was first noticed that the rate of roughening of the Sc2O3 was very rapid when 

substrate temperatures reached the standard temperature of around 1090C.  At first glance this 

was thought to be from possibly the sample being ejected from the holder as the reflectance 

dropped extremely fast.  Once the run was aborted, the sample was found to still be in the holder 

but had a very rough looking appearance.  After SEM analysis, it was found to have very 
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uniformly spaced GaN islands.  This result supports the notion that the thin layer of low 

temperature GaN had very high mobility on the Sc2O3 surface, allowing the material to 

reorganize into these islands with very high mobility.  To gain support for this theory, contact 

angle measurements were taken with a variety of samples to see how the surface energies 

changed with the different substrate materials.  Contact angle measurements were taken with a 

goniometer with digital capture abilities using DI water with the sessile drop method.  The 

images were then analyzed with ImageJ with a plug-in called Drop Analysis or DropSnake.45  To 

calculate the exact angle of the water droplet, user inputted points along the drop circumference 

was used to formulate a curve fitting the drop.  The analysis was performed with both a 1µl drop 

and a 5µl for comparison.  With the smallest droplet of water, the force from the weight of the 

drop is minimized and gives the most accurate measurement.   

Shown in Figure 6-35 a variety of samples were measured to compare the different 

substrates for GaN growth.  As can be seen, the Sc2O3 has the largest contact angle and 

therefore the highest surface energy of all the substrates.  This result supports the experimental 

data and verifies that the GaN mobility on the Sc2O3 substrate is much higher than it would be at 

the same temperature on a sapphire substrate.  Also to note is that the other oxides of MgO and 

MgCaO also have higher surface energies than the sapphire.  Since surface energy is related not 

only to the morphology of the surface, but also the charge and bonds on at that surface, it is 

realistic to think that the surface energy is a reliable measure of GaN wetting during growth.  

Since the surface roughness of all the samples investigated are nearly identical, a few angstroms 

different, then the surface charge will be the main factor in the contact angle differences.  These 

measurements give a fair approximation as to the action that the GaN molecule will have on the 
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substrate surface, since the GaN bond has a fractional ionic character of 0.51 and water is quite 

polar. 

The substrates by Union Carbide, with a backside silicon coating, were also analyzed.  

After the wafers had been bonded to a sacrificial wafer by photoresist and etched in the silicon 

etch solution, the surface needed to be characterized for any sapphire damage.  What was noticed 

was that the surface showed signs of chemical mechanical polishing with scratches visible.  The 

contact angle was found to be similar to the MgCaO sample, with an angle of 45 degrees. 

As an interesting side note, a normal GaN growth on sapphire that was aborted post high 

temperature annealing just before introduction of TMG at 1090C, was also analyzed.  In SEM 

and AFM, tall islands of almost 1um can be seen on the surface on a rougher substrate.  The 

contact angle on this sample had the highest of all samples scanned, at 89 degrees.  All 

measurements are tabulated in Table 6-1. 

 Since the MgCaO and MgO samples are shown to be instable in water one can assume 

that there would be some etching occurring during the contact angle measurement.  This was 

verified visually by a discoloration under the water drop once the water had been removed, 

Figure 6-36.  When scanning in AFM, the area under the water had a vastly different 

morphology than the rest of the surface (Figure 6-37).  Also, since this etching was expected, the 

contact angle measurement was performed twice, the first as soon as the water was released from 

the needle injector, and the second performed two minutes after the first.  The angles of both the 

MgCaO and the MgO decreased indicating a lowering of the surface energy under the drop 

(Figure 6-38).  Since the AFM showed a roughening of the oxide after the water contact, it can 

be concluded that the underlying GaN was being exposed which has a lower surface energy than 

the oxide. 
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 Overall, the effect of surface forces plays an important role in the nucleation and growth 

of GaN by MOCVD.  Every new substrate which is grown upon in the MOCVD will have a 

different response to the condition of growth.  Therefore, by supporting the data seen by the 

reflectivity during growths, the surface energies seem to play a large role in the kinetics of 

growth. 

MOCVD GaN on Sc2o3 Capped MgO 

 After determining that GaN growth will occur on scandium oxide, the next step is to 

apply that principle to an oxide that can be wet etched.  Ultimately, the main focus of this work 

is to have an intermediate oxide layer that can be wet etched away, releasing the top GaN 

material.  Therefore the next experiment was to grow magnesium oxide on GaN and cap it with 

scandium oxide.  The capping is to protect that MgO surface from the effects of the room air 

humidity which forms a hydroxide layer.  It was shown in the previous chapter that the 

hydroxide requires elevated temperatures to be removed from the surface.  Therefore by a 

capping method, a high temperature clean stage can be avoided and reduce surface degradation. 

 The magnesium oxide sample is grown upon a quarter of a two inch wafer of GaN, on 

which 500nm of tungsten had bee deposited on the backside and mounted in the standard fashion 

in within a molybdenum holder with a quarter cutout and wired in with tantalum wire.  The GaN 

substrate is heated to the standard 700C anneal for ten minutes to obtain a clean surface.  The 

sample is then cooled to 400C, for MgO deposition.  The flux of magnesium was 5.5E-8 Torr 

BEP and the oxygen source was 1.0sccm at 350W.  The MgO was grown for two hours before 

being capped with 20 nm of scandium oxide.  Figure 6-39, and 6-40, show the XRD and AFM of 

this oxide sample. 

 The oxide sample is then transferred into the MOCVD reactor at which time, the standard 

growth recipe commenced.  As seen in the RealTemp data in Figure 6-41, the sample began with 
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a low temperature nucleation which causes the reflectivity to decrease, for the fact that the MBE 

oxide surface was already very reflective, so the GaN material actually causes some roughening.  

Next the reflectivity began to climb to a high value, which indicates a full layer of low 

temperature GaN.  During the high temperature anneal, the reflectivity begins to decrease before 

the anneal temperature of 1090C is reached.  Again, this is the same trend noticed during the 

growth on scandium oxide.  For that reason, once the sample reaches the high temperature, the 

TMG is turned back on with minimal flow to allow for the GaN islands to coalesce.  After ten 

minutes had passed, the recovery layer begins and the V/III ratio is decreased to increase the 

vertical growth.  As it can be seen, oscillations were strong and did not dampen very fast, 

indicating a good growth layer of GaN. 

 After growth the sample had a large region of very smooth GaN.  This was a great result, 

and was supported through the following analysis.  The surface was first imaged with an optical 

microscope as shown in Figure 6-42, showing a smooth film, with some pits.  A higher 

concentration of pits indicates that the 3D layer needed to be held a bit longer, or the main layer 

V/III layer needed to be increased.  The surface was then analyzed with SEM and EDS which 

showed a smooth film with hexagonal pits in Figure 6-43, and only gallium and nitrogen through 

EDS.  The AFM of the surface show terraced growth is roughness around 1nm in Figure 6-44.  

To get a more intuitive idea of the film through the bulk, the sample was cross-sectioned and 

imaged with the field-emission SEM.  The results show a continuous 4µm thick GaN layer on 

top of the oxide (Figures 6-45 and 6-46).  In addition, Figure 6-47 shows the TEM of this 

sample, indicating stress in the top GaN layer near the oxide surface.  This stress can be from the 

fact that the scandium oxide cap is not the same crystal system or lattice spacing of the GaN. 
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 Next some measurements of the quality of the top GaN layer were performed.  

Photoluminescence or PL was performed on this sample at room temperature.  The results are 

extremely exciting since there is a strong band-edge emission with almost no yellow emission 

commonly seen in MOCVD GaN growths.  The yellow emission is normally attributed to 

nitrogen vacancies which are quite prevalent in MOCVD GaN on sapphire since they are stacked 

within the threading dislocations normally seen in high amounts.  In Figure 6-48, the PL spectra 

is compared to the spectrum taken on the substrate GaN, and the spectrum taken after the oxide 

was grown but before the top GaN growth.  As can be seen, the starting substrate GaN had 

yellow emission, along with some blue emission thought to be from oxygen doping from a 

contaminated TMG bubbler.  Therefore, since there is no blue emission and very minimal yellow 

emission seen in this sample, it supports the notion of low defects in the material.  Also included 

in Figure 6-49 is the sample compared to a standard UOE GaN sample which shows a high level 

of defects. 

 The next level of GaN quality verification is done through cathodoluminescense imaging.  

CL is a technique that uses the electron beam from an SEM to excite transitions in the sample 

that emit light.  Seen in Figure 6-50, the sample is compared to a standard MOCVD GaN sample 

at various magnifications.  Also shown is the secondary electron images to get an idea of any 

features and the results they produce.  The standard sample shows a much modeled look of dark 

and light areas.  The dark areas are non-recombinative centers that are from the high density of 

defects along threading dislocations.  Since threading dislocations produce these dark areas, and 

non are really seen in the GaN on oxide sample, this adds to the support of an increased GaN 

film quality.  To have equal comparisons, the counts per second on the photomultiplier of the CL 

detector are equal for both samples.  Also, the gray level of the bright areas was set to the same 
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level of 170 out of the 255 gray levels.  These images therefore support the PL data which show 

a reduction in defect emissions, and that the main component of CL signal is from band-edge 

emission. 

MOCVD GaN on MgCaO Capped with MBE GaN 

 Theoretically, if the substrate has a smooth terraced morphology with similar lattice 

spacing as the epi-layer, then nucleation should not be required and growth will occur as if is 

homoepitaxy.  The impinging atoms will sit preferentially sit along the terrace ledges and grow 

laterally.  This growth should minimize dislocation formation since there are no nuclei to interact 

with each other, which normally form defects at their boundaries.   

The main concern is that the conditions for normal high-temperature growth can possibly 

have an effect on the substrate.  The atmosphere is composed of ammonia gas which at high 

temperatures has an etching effect for most materials.  By supplying a small amount of gallium 

to the high temperature ammonia during heat-up, then the ammonia will act to form gallium 

nitride on the surface which is continuously decomposing by the high-temperature.  Balancing 

the supply of gallium from TMG to form GaN, with the decomposition rate of GaN, can 

adequately protect the substrate surface until normal growth is started.  Once the substrate has 

reached growth temperature, the flows of gasses are adjusted to increase the rate of GaN 

deposition and begin normal high-temperature growth.  Without the slight TMG flow to the 

surface, the ammonia degrades the starting substrate surface at elevated temperatures.   

To allow for a starting template, a growth of MgCaO was loaded into the Varian MBE 

system and capped with 20nm of MBE GaN.  This sample was then loaded into the  

MOCVD for further growth.  The growth began by heating the sample under ammonia.  Once 

the sample reached 800C, TMG was introduced into the chamber at a very small amount.  As the 

sample was increased to the growth temperature of 1050C, the V/III ratio was decreased from 
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30,000 to the normal growth layer ratio of 3,000.  The idea behind this process was that the 

sample already had nucleated GaN on the surface of the oxide, and therefore is set for continued 

growth without nucleation. 

 The RealTemp data for the run is shown in Figure 6-51 which does show oscillations of 

growth, but they began to dampen quite rapidly.  Therefore growth only continued for 30 

minutes.  The surface of the sample through SEM and AFM are shown in Figures 6-52 and 6-53, 

respectively, which show a somewhat smooth growth that indicates not complete coalescence of 

islands or a porous growth.  The cross-section imaging in Figure 6-54 shows large continuous 

grain-like growths that relate to the plane-view of the surface showing separate nucleation sites. 

 The PL intensity was extremely low for this sample.  The cause is most likely from the 

uneven surface that is shown through the cross-section images.  When a sample has a very rough 

surface, the emitted light is difficult to gather and results in low intensity.  The data was 

integrated for three times as long as a normal sample in addition to full open slits on the 

monochromator.  The spectrum is shown in Figure 6-55.  To get more insight into GaN quality, 

CL images show some emission at the tips of the nuclei, but no modeling seen in standard 

MOCVD GaN growths, Figure 6-56. 
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A)  

B)  

C)  

Figure 6-1.  AFM images showing the starting sapphire surface used for GaN MOCVD growths, 
having roughness of around 1Ǻ.  A) 300nm scan area.  B) 1 micron scan area.  C) 5 
micron scan area. 
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Figure 6-2.  Standard data collected during MOCVD growth run on the TurboDisk reactor.  The 
emissivity of the surface allows temperature measurement while the reflectivity off 
the sample surface indicates surface roughness and layer thickness.  The numbers 
indicate the various layers of the recipe. 
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Figure 6-3.  Image taken in MBE of 180nm Ti/W backside coating.  Thermocouple temperature 
at 700C, yet, surface is cooler since coating was not very efficient at absorbing the IR 
radiation from the heater. 
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Figure 6-4.  AFM of sample grown with 180nm Ti/W backside coating.  Lack of strong terraces 
indicate a growth temperature lower than the thermocouple reading of 500C. 
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A)   (B 

C)   (D 

Figure 6-5.  SEM images of the Ti/W coating.  A) Middle of wafer at 500X magnification.  B) 
Middle of wafer at 5,000X magnification.  C) Edge of the wafer at 500X 
magnification.  D) Edge of the wafer at 5,000X magnification. 
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Figure 6-6.  Wafer image in MBE with 500nm tungsten on the back of the wafer.  The sample 
had more blackbody radiation, indicating a higher temperature than the thinner 
coating.  The thermocouple reading of 700C is a more accurate measure of the sample 
temperature with the thicker coating. 
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A)  

B)  

Figure 6-7.  AFM images of the MgCaO grown on the wafer with 500nm of tungsten coating on 
the back.  A) Five micron scan.  B) One micron scan. 
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A)     (B 

C)     (D 

Figure 6-8.  Optical images of the metal backside coatings for samples after MOCVD exposure.  
A) Molybdenum.  B) Tungsten.  C) Tantalum.  D) Silicon 
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Figure 6-9.  Optical image showing the silicon contamination around the edge of the sapphire 
wafers used for GaN growth. 

 

 

Figure 6-10.  EDS line scan across the edge of the wafer shown in Figure 6-9, confirming the 
silicon contamination. 
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Figure 6-11.  Ring of bad growth after MOCVD GaN growth on the silicon wafer which had a 

ring of silicon on the front side. 
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Figure 6-12.  Some etching of the silicon backside coating during initial attempts are removing 
the silicon on the front of the sapphire wafers from Union Carbide. 

 

 

Figure 6-13.  Image showing complete backside coating removal after 12 minutes in the silicon 
etchant. 
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Figure 6-14.  AFM image showing contamination on the epi-surface of the sapphire wafer from 
the silicon etching. 
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A)   (B 
Figure 6-15.  SEM images showing the ring left after etching the silicon from the front of the 

wafer.  A) BSE image.  B) SE image. 

 

  
Figure 6-16.  EDS spectrum of the ring area shown in Figure 6-15. 
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A)  
 

B)  
Figure 6-17.  AFM images of the MOCVD GaN growth on the sapphire wafer after silicon 

etching.  A) Five micron scan area.  B) One micron scan area showing sharp terraces, 
some threading dislocations, and having roughness of 1Ǻ. 
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A)  

B)  

Figure 6-18.  AFM images of 100nm MgCaO before being annealed in the MOCVD.  A) One 
micron scan length, showing average roughness of half a nanometer.  B) Five micron 
scan length. 
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A)  
 

B)  

C)  

Figure 6-19.  AFM images of the MgCaO after high temperature annealing in ammonia in the 
MOCVD.  A) Five micron scan area.  B) One micron scan area having roughness 
near 20nm.  C) Cross-section scan showing feature heights of nearly 30nm. 
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Figure 6-20.  3D animation of the MgCaO after MOCVD anneal. 
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Figure 6-21.  RealTemp data of the MgCaO anneal. 
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Figure 6-22.  XRD scan of the MgCaO sample annealed in the MOCVD.  A) Before annealing.  
B) After annealing, showing a slight increase in the MgO peak, and a slight 
broadening around the GaN peak. 
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Figure 6-23.  EDS results of the front of the annealed MgCaO to verify no additional 
contamination. 
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Figure 6-24.  AFM line scan showing how the sapphire will form pits under ammonia annealing 
at high temperatures. 
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Figure 6-25.  RealTemp data of growth of GaN on MgO. 
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A)  

B)  

Figure 6-26.  SEM images of MOCVD GaN on MgO, showing areas of good growth and pitting.  
A) Region of somewhat smooth growth.  B) Area with high density of pits. 
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Figure 6-27.  TEM image of the MOCVD growth of GaN on MgO.  Image indicates nucleation 
layer induced stress, and oxide blocking of threading dislocations. 
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Figure 6-28.  RHEED image of MBE growth of scandium oxide. 
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Figure 6-29.  XRD scan of scandium oxide showing oxide peak around 65 degrees 2θ. 
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A)  

B)  

Figure 6-30.  AFM images of scandium oxide for MOCVD GaN substrate.  A) Large area scan.  
B) Smaller area scan having roughness of 0.6nm. 
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Figure 6-31.  MOCVD quarter wafer sample holder showing degradation. 

 

 

Figure 6-32.  RealTemp data from first attempt at MOCVD GaN on scandium oxide. 
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A)  

B)  

Figure 6-33.  SEM images of the aborted GaN on scandium oxide sample, showing uniform 
coverage with GaN island nuclei.  A) SE image at 2,000X.  B) SE image at 20,000X 
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A)  

B)  

Figure 6-34.  SEM images of the aborted GaN on scandium oxide sample after growth 
continued, showing some coalescence of the GaN island nuclei.  A) SE image at 
2,000X.  B) SE image at 20,000X 

 

233 



 

A)  (B 

C)  (D 

E) (F 

G)  

Figure 6-35.  Contact angle measurements taken for various substrates for GaN growth.  The 
measurement was conducted with a rame-hart goniometry with DI water.  The change 
in contact angle indicates a difference in surface energy resulting in varying surface 
mobility of GaN on the surface under high temperature growth regimes. A) Standard 
sapphire substrate epi-polished with no treatment.  B) Sapphire surface of wafer with 
silicon coated backside after etching to remove silicon on epi-side of wafer.  C) 
Lattice matched MgCaO.  D) MgO.  E) Sc2O3.  F) Standard MOCVD GaN.  G) GaN 
sample interrupted right after island formation at 1090C, of the low temperature 
nucleation layer. 
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Table 6-1.  Contact angle measurements of the various surfaces employed in the growth of GaN 
with both 1µl and 5µl water drops. 

Sample Description Contact Angle (degrees) 1µl Contact Angle (degrees) 5µl 

Standard Sapphire 20 17 
Sapphire with Backside 

Silicon after Etch 45 46 

MgCaO 47 38 
MgCaO after 2 minutes --- 34 

MgO 57 61 
MgO after 2 minutes --- 47 

MOCVD GaN 71 69 
Sc2O3 79 78 

GaN sample after island 
formation 89 89 
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A)  

 

B)  
 Figure 6-36.  Oxide samples after contact angle measurement showing affected areas.  A) MgO.  

B) MgCaO. 
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A)  
 

B)  
Figure 6-37.  AFM images showing the MgCaO surface before and after contact angle 

measurement with DI water.  A) Before measurement.  B) After measurement 
showing etching effect of the water.   
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A)  

 

B)  

Figure 6-38.  Contact angle measurements of MgO and MgCaO showing the change of angle 
over a two minute exposure to the water drop.  Red and blue lines indicate the 
location of the drop right after initial contact.  The black and white image shows the 
actual water drop after two minutes of exposure.  A) MgO.  B) MgCaO 
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Figure 6-39.  XRD scan of the scandium oxide capped MgO. 

 

A)  

B)  
Figure 6-40.  AFM scans of the Sc2O3 capped MgO.  A) Cross-section showing growth features 

around 10nm tall.  B) Five micron scan length having roughness of 1.8nm. 
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Figure 6-41.  RealTemp data showing the growth of GaN on the Sc2O3 capped MgO.  Good 

oscillations are indicative of nice growth. 
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A)  
 

B)  
Figure 6-42.  Optical micrographs showing the GaN growth on Sc2O3 capped MgO.  Hexagonal 

growth pits can be seen across most of the sample surface.  A) 20X.  B) 100X. 
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A)  
 

B)  
Figure 6-43.  SEM images of the MOCVD GaN on Sc2O3 capped MgO.  A) 1,000X 

magnification.  B) 10,000X magnification of hexagonal surface pit. 
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A)  
 

B)  
Figure 6-44.  AFM images of MOCVD GaN on Sc2O3 capped MgO showing terraces growth.  

A) 5µm by 5µm scan.  B) 1µm by 1µm scan, having average roughness of 1nm. 
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Figure 6-45.  Cross-section FE-SEM of thick MOCVD GaN on oxide.  The figure is labeled to 

show the stack structure of growths. 
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Figure 6-46.  Additional cross-section FE-SEM images of the GaN grown on oxide in the 

MOCVD. 
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Figure 6-47.  TEM image of the MOCVD GaN on Sc2O3 capped MgO. 
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Figure 6-48.  PL spectrum comparisons during the multiple stages of growth of MOCVD GaN 

on oxide.  The reduction in yellow emission with a strong band-edge emission is 
promising of high quality GaN. 
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Figure 6-49.  PL spectrum comparison between the growth on MBE oxide, versus a standard 

GaN sample grown on sapphire. 
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A)   (B 

C)   (D 
Figure 6-50.  CL images of the GaN on MBE oxide compared to standard MOCVD GaN on 

sapphire, with gray levels equal.  The growth on MBE oxide shows much reduced 
threading dislocations, which can be seen in the GaN on sapphire images which are 
dark areas in the images.  A) GaN on sapphire at 1,000X.  B) GaN on sapphire at 
5,000X.  C) GaN on MBE oxide at 1,000X.  D) GaN on MBE oxide at 5,000X. 
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Figure 6-51.  RealTemp data of MOCVD GaN grown on MgCaO capped with MBE GaN. 
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A)  

B)  

Figure 6-52.  SEM images of MOCVD GaN on MgCaO capped with MBE GaN.  Growth shows 
terraces with some incomplete coalescence.  
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A)  

B)  

Figure 6-53.  AFM images of the MOCVD GaN on MgCaO capped with MBE GaN.  A) 20µm 
scan area showing large growth platelets.  B) 1µm scan showing roughness around 
1nm. 
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A)  

B)  

Figure 6-54.  Cross-section FE-SEM of the MOCVD GaN on MgCaO capped with MBE GaN.  
The image indicates incomplete coalescence of the GaN top film. 
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Figure 6-55.  PL spectrum of the MOCVD GaN on MgCaO capped with MBE GaN.  The signal 
was very weak from the sample surface being quite uneven. 
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A)  

B)  

Figure 6-56.  CL images of the MOCVD GaN on MgCaO capped with MBE GaN, showing 
some emission from the growth edges of the incomplete coalescence.  A) 5,000X.  B) 
1,000X. 

 

255 



 

CHAPTER 7 
CHEMICAL STABILTY AND ETCHING OF MGCAO 

 Along with the ability to grow and characterized materials, the ability to control the 

processing of materials is essential.  With the knowledge of etching and stability of the materials 

used, a logical sequence of processing steps can be ascertained.  Samples with and without the 

top GaN are examined for the ability to be etched for further device fabrication.  

Wet Etching of MgCaO 

 Having the ability to etch material fast and controllably is one of the most desired 

components of device fabrication.  The ability to wet etch a material can me more valuable than 

dry etching for the fact that dry etching can introduce damage from the high energy plasma.  

Also, wet etching can be much faster at etching some materials over others.   

 One of the most useful properties of MgCaO is the ability to be rapidly wet etched.  It has 

been shown that the (100) surface of MgO dissolves in liquid water at a rate faster than the (111) 

face.46  The possible dissolution of the oxide is summarized in Table 7-1.  It is also stated that the 

rate of the MgO dissolution increases as the acidity of the solution increases.  Since the ternary 

oxide is composed of MgO it is reasonable that this assumption will hold with the ternary along 

with the binary oxide.  

 Since one of the concerns with using a new material for device fabrication is 

compatibility with the chemicals used for processing, the ternary oxide was exposed to a variety 

of normally used chemicals.  The experiment set forth was to test a few chemicals used in the 

lithography and processing of normal materials and examine the effects that occurred.  

Therefore, a sample of lattice-matched MgCaO was diced into many pieces and exposed to 

deionized water, methanol, and acetone.  These chemicals are essential components to many 

processing steps.  The samples were placed in beakers of the respective chemicals and allowed to 
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soak for five minutes while gently swirling the solution.  After the five minute exposure, the 

samples were removed and rapidly rinsed in DI water, then blown dry with nitrogen gas.   

 The samples were then analyzed with tapping mode AFM.  The starting surface is shown 

in Figure 7-1, while the samples exposed to the various chemicals are shown in Figure 7-2.  The 

AFM results are given with height images which give the values for the roughness, while phase 

imaging was performed which indicate areas on the sample which are harder or softer.  The 

phase image allows for a qualitative view of differences along the surface.  One other interesting 

result shown in Figure 7-3, which shows a 20 micron by 20 micron scan area, is that after 

scanning at a higher magnification the scan area is visible.  This visible scan area is attributed to 

the compression of the oxide surface which is still fully hydrolyzed from the DI water soak.  This 

result has been seen in other samples that have been exposed to atmospheric humidity and then 

scanned.  The AFM is capable of showing a variation of the surface after scanning resulting from 

the movement of the hydroxide layer on the surface.  All the samples showed some form of 

etching from all the chemicals.  The roughness value of the starting surface was on the order of 

9Ǻ, while the acetone roughened the surface to just over 12Ǻ, the methanol increased to just over 

2 nm, and the DI water had the most etching with a result of just over 13 nm roughness.  These 

results are tabulated in Table 7-2. 

 Since the literature indicates that the oxide dissolution increases with increasing acidity, 

some properties are tabulated in Table 7-3.  Since the sample with the least etching is the one 

with acetone, it was still unclear of the mechanism, since the pH of acetone is slightly higher 

than both methanol and water.  Therefore, the other thought was that possibly the polarity of the 

solution has some effect on the etching.  Also included in Table 7-3 are the dipole moments of 

the solutions.  Since the differences of the solutions are not that strong, it was concluded that this 
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mechanism was probably minute.  Therefore, the fact that the acetone had the smallest effect 

does support the notion and literature that more acidic solutions show higher dissolution of the 

oxide.   

In addition to the various chemicals tried, two other pieces of the oxide were placed in 

phosphoric acid at various concentrations.  Past experience shows strong etching of the oxide 

with phosphoric acid.  The samples were exposed to acid at concentrations of 2% and 20% for 5 

minutes.  After removal from the acid and a DI rinse, the samples were imaged with AFM.  The 

oxide had been completely removed in both concentrations, and the substrate GaN was exposed.  

The surface looked just like the starting GaN surface with terraces and no oxide present.  

Therefore, phosphoric acid was determined to be an effective method of removing the MgCaO 

for processing and etching. 

Dry Etching of MgCaO and GaN 

 Once a GaN film has been grown on the MgCaO surface, the next step is the creation of 

devices.  With this goal in mind, the first step is to identify the conditions needed to dry etch the 

GaN film.  Since it is well known that GaN is quite stable with most wet etches, dry etching is 

the preferred method of creating GaN features.  In addition, the oxide upon which the GaN film 

is grown rapidly etches in wet chemistries, so a wet etch for the GaN is not the preferred 

approach.  In addition to the GaN film, determining the etch rate of the MgCaO at the same time 

allows for determining the selectivity of the etch. 

 With standard optical lithography techniques, photoresist (PR) was patterned on the UOE 

GaN samples and MBE grown MgCaO in the shape of narrow rectangular bars.  Samples were 

then loaded into a Unaxis 790 reactor with pressures around 5mTorr.  The ion density was 

controlled by a 2 MHz, 3-turn inductively coupled plasma (ICP) source, while the ion energy 

was controlled by separate rf-biasing (13.56 MHz) of the sample holder.  After etching the 
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samples were rinse in acetone to remove the residual PR.  The etch depth was determined with 

an optical profilometer. 

Various plasma chemistries were examined to see differences in conditions.  Plasmas of 

Cl2/Ar and CH4/H2/Ar were analyzed.  CH4/H2/Ar produced etch rates around 20-70 Å/min for 

the oxide, while etch rates around 100 Å/min was obtained with Cl2/Ar plasma under the same 

conditions.  The GaN on the other hand, showed rates of almost an order of magnitude higher. 

The slow MgCaO etch rates are limited by the low volatilities of the oxide etch products.  The 

volatilities of both the MgCl2 and CaCl2 etch products is very low as the melting point of CaCl2 

is 782°C, and MgCl2 is 714°C and therefore a layer of these products forms and inhibits further 

etching.47  In addition the potential metal hydride etch products of CaH2 and MgH2 also have low 

volatility. 

Shown in Figure 7-4, it can be seen that the MgCaO etch rate is much less than the GaN 

etch rate at all powers examined within the Cl2/Ar plasma.  Also shown for reference in the 

graphs is the d.c. self-bias created on the sample holder during the etches.  This self-bias 

increases with increasing rf chuck power indicating a rise in incident ion energy.  The slower 

etching of the oxide indicates that this chemistry is well suited to etch the a top layer of GaN, 

while not rapidly removing the underlying oxide.  This indicates that the MgCaO can be used as 

an efficient etch stop during device fabrication.  With being quite robust to the dry etch 

conditions, very accurate etchings are not necessary with this system and the etching will not 

punch through the oxide which can be used as a device to device isolation field.   

Figure 7-5 shows the data for dry etching with CH4/H2/Ar chemistry.  Shown in the 

graphs, the MgCaO etch rates are very slow compared to the GaN.  Also to note is that 

roughening or degradation of the GaN surface was not detected during these etch runs.  These 
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results are shown in Figure 7-6 which shows the results of the optical profilometer data of the 

GaN etchings and some SEM images in Figure 7-7. 

Finally in Figures 7-8, the effect of the ICP power on the etch rates of the materials is 

shown.  When increased, the power creates a more conductive plasma as the ion density is 

increased, and in turn reduces the self-bias.  In both chemistries, the MgCaO still had a lower 

etch rate than the GaN. 
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Table 7-1.  Possible reaction of MgO with water. 

1) [MgO] + OH- → [MgO]OH-  

(2) [MgO] + H+ → [MgO]H+  

(3) [MgO] + H2O → [MgO]H+OH-

(4) [MgO] + OH → [MgO]OH  

(5) [MgO] + H2O → [MgO]H2O  

(6) [MgO] + H2O → [MgO]H+OH-
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A)  

B)  

Figure 7-1.  MgCaO starting surface for etching experiment showing terraced growth.  A) 1µm 
scan having roughness less than 1nm.  B) Larger area view with roughness around 
1.5nm. 
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Figure 7-2.  AFM images of MgCaO exposed to various solutions for five minutes.  The AFM 
images on the left are the height images, while those on the right show the phase 
image.  A) Acetone exposure.  B) Methanol exposure.  C) DI water exposure. 
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Figure 7-3.  AFM tapping image showing the 5 micron scan area that was imaged just before this 
larger view.  The scan outline is from the movement of the hydroxide layer on the 
surface of this sample which was exposed to DI water for 5 minutes. 

 

Table 7-2.  Results from the wet etch study. 
Sample Average Roughness Z Range 

Before etch 0.86nm 14.3nm 

Acetone 5 min 1.22nm 13.6nm 

Methanol 5 min 2.03nm 23.8nm 

DI water 5 min 13.2nm 78.0nm 
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Table 7-3.  Properties of the various chemicals used on the MgCaO. 
  Name Structure Dipole Moment (D) pH values  

Acetone 

 

2.91 pKa= 19.3 

Methanol 

 

1.69-2.87 pKa= 15.5

 

Water 

 

1.85-2.90 pKa= 15.74 

 

Phosphoric Acid  2.78-3.02 pKa= 2.12 
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Figure 7-4.  Etch rate results of MgCaO and GaN in a chlorine plasma, showing over an order of 

magnitude less etching for the oxide compared to GaN. 
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Figure 7-5.  Etch rate results of MgCaO and GaN in methane plasma, showing almost an order of 
magnitude less etching for the oxide compared to the GaN. 
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Figure 7-6.  Optical profilometer results from dry etching of GaN.  Similar results from the 
MgCaO dry etch resulted 

.
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A)  

B)  

Figure 7-7.  SEM images showing the dry etching of GaN and the resulting features set forth 
through the lithography process.  A) Higher magnification of GaN etch.  B) Low 
magnification of GaN etch features. 
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Figure 7-8.  ICP etching of GaN and MgCaO in chlorine and methane chemistry.  A) Chlorine 
chemistry.  B) Methane chemistry. 
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CHAPTER 8 
GAN FEATURE FABRICATION AND LIFTOFF 

Another issue encountered in the expansion of GaN devices is heat generation.  Heat 

buildup in high-power radio frequency (RF) devices has been the crutch for most material 

systems.  Having the ability to dissipate heat from the device permits greater performance at 

higher operating loads and longer device lifetime.  Unfortunately, the substrates currently used 

for epi-growth of GaN, are poor thermal conductors.  Therefore, having the ability to then 

transfer these features onto high thermal conductivity substrates would allow a greater range for 

device operation.  As the heat is more efficiently dissipated through the substrate, thicker films 

of this high-quality material can be grown.  Thicker and larger devices will allow for larger 

power loads used in high-performance applications.  Therefore, to transfer GaN onto high 

thermal conductivity substrates would warrant a greater range for device operation, as the heat is 

more efficiently dissipated through the substrate.  The benefit of the MgO based substrate to be 

etched away while leaving the nitride intact, lends itself to the concept of lift-off or pick-and-

place.  Using the procedures of flip-chip-bonding, the GaN can be bonded to a separate substrate 

where it can be further processed into devices.  Transfer of GaN onto diamond substrates or 

other comparable materials would enable the high thermal conductivity and would facilitate the 

GaN devices to work at higher temperatures and power loads.  The substrate transfer could be 

accomplished after the material growth or after the device fabrication was complete. 

Nano Dimension GaN Features 

In today’s expanding field of nano-based devices, science more than practicality rules the 

laboratory.  With the popularity of nanowires and their application to optical and electronic 

fields, there has been one issue to overcome, organization.  What is meant by organization, is the 

arrangements of these nanowires on the growth substrate.  Seeding or nucleating these nanowires 
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usually results in a random arrangement on the growth substrate which resemble hair.48, 49  Along 

with this randomness, the dimensions of the nanowires vary, which results in variable 

concentrations of dopants throughout the wire. 

Instead of growing these wires directly on the substrate to the dimensions desired, the 

wires will be patterned and etched from a continuous film, in which the nano-dimension is the 

thickness.  Therefore, not only can the nitride be patterned and fabricated into devices on the 

insulating oxide below, the GaN can be patterned into features, such as bars or cylinders. These 

features can then be utilized as devices in the power-electronic or optoelectronic fields.   

 There has been some success in growing vertical GaN features in MOCVD using a 

masking technique (Ref. 4-5.)  In this technique, a mask of usually silicon dioxide or silicon 

nitride is deposited then through the use of optical lithography, openings are made.  These 

openings are where the GaN grows.  These wires are on the order of a few hundred nanometers 

in diameter and only a slightly taller.  The vertical dimension is limited by the height of the 

mask.  Above the mask, lateral growth occurs. 

GaN on Oxide Nanobars 

To overcome the obstacles of nano-feature growth, (Ref. 2-5), this work utilized a 

different approach for fabricating the nanowires.  Instead of growing these wires directly on the 

substrate to the dimensions desired, the wires are be patterned and etched from a continuous 

film, in which the nano-dimension is the thickness. 

Therefore, not only can the nitride be patterned and fabricated into devices on the 

insulating oxide below, the GaN can be patterned into features, such as bars or cylinders. These 

features can then be utilized as devices in the power-electronic or optoelectronic fields.  Left on 

the oxide field, the isolation between features is well suited for close proximity device operation.  

Analysis through XPS to determine the band offsets of the MgCaO with GaN verifies this 
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application.  The determination of the valence band offset of the MgCaO/GaN heterojunction 

results in a value of 0.65 eV.  As the bandgap difference of the materials is 4.01 eV, the nested 

interface band alignment results in a conduction band offset of 3.36eV.50  This offset is well 

within the parameters required for device to device isolation.  

Once the GaN film has been grown upon the MgCaO, the film may be patterned through 

optical lithography methods to obtain the nano-scale features.  As a proof of concept to nano-

scale optical lithography, Intel has just converted over half of their production line of 

microprocessors to the 65nm technology from the previous 90nm (Ref. 23.)  As state of the art 

technology continues to become production technology, Intel is looking at their 45nm 

lithography.  Realistically for our capabilities at UF, our smallest line width through optical 

lithography will be on the order of 400nm.  Yet, the technology is available and proven.  Our 

control of the nano-dimension is through growth thickness. 

 Processing of the GaN on oxide is facilitated by the fact that the nitride and oxide have 

quite different etch rates.  The etch rates for the MgCaO films are lower than for GaN by more 

than an order of magnitude, and standard plasma chemistry is not capable of a high removal rate 

of the MgCaO layers.47  This results in an etch barrier if wanting to completely etch the GaN into 

features, and expose the underlying oxide.  Feature isolation can then be realized, as the chance 

of etching through the oxide into the underlying substrate is minimized.   

Next, GaN bars were fabricated from the material.  As talked about earlier, the MgCaO is 

quite resilient to the dry etch conditions needed for GaN etching.  Therefore, the oxide acts as an 

efficient etch stop during the GaN etch step.  For proof of concept, larger horizontal dimension 

features have been fabricated to make processing more straightforward.  Shown in the Figure 8-

1, are GaN bars on a MgCaO field, with EDS linescan across the bar and field to show the 
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elemental changes.  AFM scans show the dimensions and morphology of the features in Figure 

8-2. 

Following the growth and etching of the GaN into these bar features, lithography was utilized to 

pattern and deposit metal contacts to the features.  The idea behind this process was that by 

placing ohmic contacts on the GaN bar, a resulting current/voltage or IV curve can give a deeper 

insight into the properties of the GaN film and the dimension effects.  As seen in Figure 8-3, the 

metal contacts were spaced evenly across a GaN bar, with Auger analysis of the bar and the field 

in Figures 8-4.  Once contacted and IV tested, no conduction through the GaN feature could be 

gained.  A current was finally measured once the voltage was increased to nearly thirty volts.  

This conduction was from the tunneling of current through the oxide under the contact pads and 

into the underlying GaN substrate.  The high voltage was indicative of the high breakdown 

voltage of this highly insulating film.    

To verify the oxide properties, the breakdown voltage was determined for the lattice-

matched MgCaO.  A sample of 70nm thick oxide on highly conductive n-GaN was patterned 

with contact pads for a Schottky contact.  The bottom contact was the n-GaN substrate in which 

indium was wiped onto the side.  The average voltage at a compliance of 100nA, was 14V.  This 

equates to a breakdown field of approximately 2MV/cm.  This supports the fact this oxide can 

not only be used as a template for GaN growth, it can also be used as an insulating field oxide for 

device fabrication. 

Lift-Off Solution 

 Finally, the notion that the oxide can be readily etched while leaving the nitride intact, 

lends itself to the concept of lift-off.  Using the procedures of flip-chip-bonding, the GaN or GaN 

features can be bonded to a separate substrate where they can be further processed into devices. 
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Even though the MgCaO is quite robust to dry etching, an advantage for the MgCaO is its 

ability to be easily etched through wet chemistry.  A dilute etch of Phosphoric Acid (2%) rapidly 

etches the oxide but leaves the GaN unaffected (Ref. 25.)  The ability for the MgCaO to be wet 

etched at a very rapid rate allows for large undercut of the GaN, releasing the film from the 

starting substrate.  This method is simpler than the method of using an excimer laser required for 

removal from sapphire substrates. 

 There is commercial interest for the selective transfer of films and small features of GaN 

onto various substrates.  Raytheon is one such company that is interested in the transfer of GaN 

onto diamond substrates.  Since diamond not only is electrically insulating, it has a very high 

thermal conductivity.  This high conductivity would facilitate the GaN devices to work at higher 

temperatures and power loads.  Show in Figure 8-5, is a representation of the transfer process. 

Lateral Etching for Liftoff 

Samples of MBE oxide were patterned with photoresist (PR) through standard 

lithography techniques so that features of various dimensions were created on the oxide surface.  

These features were created to simulate final device structures of GaN that would be grown on 

the oxide surface.  After device creation transferring the devices to other substrates is a highly 

desirable trait; therefore, to test this ability the PR features will simulate the testing.  Shown in 

Figures 8-6 and 8-7, features of rectangular and circular dimensions have been fabricated of 

approximately 2 microns tall on the oxide.  Figure 8-8 shows an optical micrograph of the 

features.  The dimensions of the rectangular features are approximately 100µm by 550µm, and 

the circle is approximately 350µm in diameter.   

For the lift-off process, the samples were submerged in a weak phosphoric acid solution.  

The phosphoric acid has been shown to readily etch the oxide without harming the PR features.  

Each sample had exposure to a 2% and a 20% acid solution, to compare lateral etch rates, which 
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undercut the PR features, resulting in liftoff (Figure 8-9).  The oxide samples are of various 

thicknesses and compositions, which can then relate lateral etch rate to these properties.  The 

thickness result will show the necessary oxide thickness to allow for rapid removal of future 

GaN devices, while the composition results will indicate the etch rate if an oxide of different 

lattice parameter is desired. 

The samples were submerged in a beaker containing the various acids for 60 seconds 

while gently swirling.  Swirling the solution allows for removal of etch products within the ledge 

created by the undercutting.  Sonication also works, but is too aggressive for the photoresist 

features.  The samples were then removed and quickly rinsed with DI water to neutralize the acid 

solution.  Once removed from the water, samples were blown dry with compressed room air.  At 

this point, the samples were examined by an optical microscope, with digital imaging 

capabilities.  To note, all the samples exposed to the acid solutions did have undercutting of the 

PR features.  Also, all samples in the 20% solution exhibited a greater amount of etching.   

The samples were divided into series and some results where extrapolated.  Two of the 

samples were grown in the same manner, with the only difference being growth time, resulting in 

50nm and 230nm.  These oxides are lattice-matched to GaN and therefore give a good idea of the 

etch rates for device material.  The idea behind this experiment is that possibly a thicker oxide 

will etch faster since the undercut aspect ratio will allow for a larger opening.  A larger opening 

should allow easier flow of acid solution to reach fresh oxide and remove the etch products.  

Shown in Figure 8-10, the etch rates of the different thicknesses seem quite similar.  The 

measurements show that effectively the lateral etch rates are the same for the various 

thicknesses.  Since this is the case, the thickness of the oxide has negligible effect on the 

undercutting ability to the extent of the dimensions measured.   
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The next set of samples investigated was comprised of oxides with varying compositions.  

One sample was pure MgO, while another was approximately 30% MgO, and a third was 

directly matched to GaN with around 50% MgO.  The though for this set was that the Mg might 

have a different etching ability than the Ca.  Since it is shown that pure CaO reacts more readily 

with water and acids than MgO, which is said to be fairly insoluble with water.12  The results of 

this experiment confirms the notion that a ternary composition with more Mg is more resistant to 

the acid etch.  Both concentrations of acids showed the same trend towards a higher etch rate 

with increasing calcium content in the ternary MgCaO, as illustrated in Figures 8-11 and the 

graphical representation in Figure 8-12. 

For testing, one of the samples was re-submerged into the acid solutions for an additional 

60 second exposure for a total of 120 seconds.  The thought was the undercut etching would 

continue, possibly at a slower rate due to the aspect ratio of the height to lateral width not 

allowing for adequate removal of etch products.  After examining the samples, it was found that 

there was very little additional etching, as seen in Figure 8-13.  It was then thought that the 

reason for these results was twofold.  After the initial 60 second exposure to the acid and 

subsequent blow drying the PR ledge that was produced from the undercut either broke and 

rested upon the underlying clean GaN surface or prohibited further etching due to trapped air, 

thus restricting the acid from reaching the remaining oxide.  Since the initial acid exposure 

etched the oxide from the open field into the undercut features, no air became trapped, allowing 

for adequate removal of oxide etch products.  It was therefore determined that for any industrial 

processing, etching steps would necessarily have to be performed in a single pass, in order to 

yield the desired results. 
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To verify if the PR ledge had broken after etching, the sample was analyzed using a 

Wyko optical profilometer.  Show in Figure 8-14, there was evidence of a height difference 

between the area of PR containing oxide underneath and areas where oxide had been etched.  

This confirms that the ledge had released and fallen onto the sample.  Also this result was 

confirmed by the measurement of the PR drop height.  All samples showed approximately the 

same PR drop distance as the thickness of the oxide as verified through field-emission SEM 

analysis. 

In addition to the fabrication and liftoff of small features in the micron size, the need 

might rise to transfer a full wafer film to another substrate.  To test this application, a large 

millimeter size piece of MBE GaN on MgCaO was cleaved and mounted to a glass slide with 

black mounting wax.  The glass slide is heated on a hotplate and a small chip of the wax is 

placed on the slide and allowed to melt.  A piece of the sample is then placed very gently on the 

wax so that the wax is either smaller than the sample or gently placed where no wax will coat the 

side of the sample.  If the wax coats the sides of the sample, no amount of etching will release 

the layer since it’s the edge with the exposed oxide that allows the acid etchant to do the work of 

liftoff.  A piece of mounted GaN on oxide was placed in a bottle of 2% and one in a bottle of 

20% phosphoric acid solution.  Allowed to sit, the sample within the 20% acid solution totally 

released after approximately 24 hours soak with an occasional agitation.  Optical images show 

the released GaN layer in Figure 8-15 which had an approximate diameter of 3mm.  Some areas 

indicate where the mounting wax did not contact the GaN film during mounting by the circular 

dark areas.  Also shown is an area where there had been a small particulate on the oxide surface 

before growth of the top GaN.  This area shows how the top GaN nucleated around the particle 

and then coalesced together by the terraced look of the film around the particle.  Shown in Figure 
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8-16 the released 1.5 micron GaN layer was then imaged with AFM.  The AFM image shows the 

surface that was in at the interface with the MgCaO.  The surface roughness of this layer is 

around 3-4nm, indicating that the oxide surface was not directly replicated during the growth of 

the MBE GaN, as the starting oxide surface had roughness around 0.8nm (Figure 8-17).  The 

surface does have the same textured look as the oxide, and along with the columnar growth seen 

in cross section imaging (Figure 8-18) the rougher surface is understandable.  The morphology 

could possibly be improved by different MBE growth conditions of the gallium nitride.  The 

reason behind the scanning of this surface is the fact that depending on the type of device 

wanted, nitrogen-polar or gallium-polar, this surface could be used for devices rather than the top 

of the last grown GaN layer.   

Following the successful lift-off of the 1.5 micron MBE GaN, the next experiment was to 

remove the 5 micron thick MOCVD GaN from the scandium oxide capped magnesium oxide 

which was shown in Chapter 6.  The sample was mounted on black wax and submerged into 

20% phosphoric acid for 2 days before the sample was separated (Figure 8-19).  The sample size 

was approximately 3mm by 5mm.  The top GaN layer which was in contact with the oxide was 

imaged through AFM (Figure 8-20), indicated a slightly rough surface most likely from the 

islands of the buffer layer.  Also to note, was that this sample was extremely resistive, as HALL 

was not able to be performed, and the IV curve from the HALL sample showed resistance on the 

order of six mega-ohms. 

In addition to the 3mm circular GaN lift-off, our corporate partnership with Raytheon had 

similar success.  After growth material was shipped to their laboratories, half inch circles were 

cut out of the samples by a laser.  These large diameter samples represent the ultimate challenge 

for lift-off as the undercutting of the film with only 100nm of oxide posed a huge aspect ratio 
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between lateral distance and vertical oxide height.  Yet, with the challenges came huge successes 

with the successful release of full 0.5” diameter circles of GaN.  Shown in Figure 8-21, the 

samples had been mounted to glass slides with CrystalBond.  The samples were then left to soak 

for five days in a 2% phosphoric acid solution before the substrate was fully removed.  These 

results prove that extremely large areas of GaN epi-film can be transferred to foreign substrates 

with the use of MgCaO. 

Overall, the successful release of the top GaN layer from the underlying GaN on sapphire 

substrate by the etching of the intermediate oxide opens the door for great possibilities.  The 

realization of a lattice matched oxide that can be easily wet etched as a release layer for lift-off of 

a GaN epi-layer has been proven.  With this capability the transfer of the GaN film to a variety of 

substrates can be accomplished and create a new field that can use high thermally conductive 

substrate for device platforms.  These types of substrates can then allow for removal of heat 

generated by the extreme operating levels capable of gallium nitride.  Then finally the limits of 

gallium nitride devices can be explored and improved. 
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Figure 8-1.  In the above SEM images, a BSE image indicates the compositional difference 

between the GaN bar and the MgCaO field.  Also, an EDS line scan verifies a rise in 
calcium and oxygen in the location of the MgCaO. 
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Figure 8-2.  Above are AFM images of the GaN bars on MgCaO showing surface morphology 
between the materials.  A section analysis is included, indicating a vertical height of 
just over 200nm for the bar.  This height indicates how the oxide acts as an etch stop, 
since the GaN growth thickness was approximately 200nm. 
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Figure 8-3.  SEM images of metal contacts on GaN bars on a field of MgCaO. 
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A)  

B)  
Figure 8-4.  Auger analysis of the sample in Figure 8-3.  A) Spot analysis of the oxide field.  B) 

Spot analysis of the GaN bar. 
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Figure 8-5.  Shown above is the process of transferring the grown film or features onto a foreign 

substrate.  The features can be from the millimeter to micrometer scale. 
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A)  

B)  

Figure 8-6.  Optical profilometer scan of the circular PR features produced onto the MgCaO 
surface, to simulate GaN.  Width of the feature is 350 microns.  A) Cross-section of 
the sample showing height and width.  B) 3D rendering of the feature. 
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A)  

B)  

Figure 8-7.  Optical profilometer scan of the rectangular PR features produced onto the MgCaO 
surface, to simulate GaN.  Feature dimensions are approximately 100 by 500 microns.  
A) Cross-section of the sample showing height and width.  B) 3D rendering of the 
feature. 
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A)  

B)  

C)  

Figure 8-8.  Optical microscope images of the PR features on MgCaO.  A) 5X overview 
indicating the features of interest.  B) Corner of a rectangular feature.  C) Edge of a 
circular feature. 
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A)   (B 

C)   (D 

Figure 8-9.  Optical images of the undercutting of PR, showing the differences with acid 
concentration.  A) 5X image with 2% acid.  B) 100X image with 2% acid.  C) 5X 
image with 20% acid.  D) 100X image with 20% acid. 
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Figure 8-10.  Oxide thickness versus lateral etch rate. 
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A)   (B 

C)   (D 

Figure 8-11.  Optical images showing etching differences with oxide composition.  A) MgO, 2% 
acid.  B) MgO, 20% acid.  C) Mg0.25Ca0.75O, 2% acid.  D) Mg0.25Ca0.75O, 20% acid. 
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Figure 8-12.  Etch rate versus oxide composition. 
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A)   (B  

C)   (D 

Figure 8-13.  Images of sample submerged in acid for second time, showing minimal additional 
etching. A) Circular feature 1st etching.  B) Circular feature 2nd etching.  C) 
Rectangular feature 1st etching.  D) Rectangular feature 2nd etching 
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A)  (B 

C)  (D 

Figure 8-14.  Optical profiler images of the PR folding after first round out etching.  A) Circular 
feature, 2% acid.  B) Rectangular feature, 2% acid.  C) Circular feature, 20% acid.  D) 
Rectangular feature, 20% acid. 
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A)  (B 

C)  (D 

Figure 8-15.  Optical images of the 1.5 micron thick MBE GaN film that had been successfully 
lifted off the substrate and transferred onto another substrate.  A) Low magnification 
showing a scale bar for the size of the circular GaN film.  B) Image showing areas of 
GaN film that had not been mounted adequately to the mounting wax.  C) Region that 
had a particle on the oxide and the MBE GaN grow around it, showing terraced 
growth.  D) Crack in film from poor mounting to the wax. 
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Figure 8-16.  AFM images of the underside of the released GaN film at various scan areas.  

Roughness around 3-4nm.  
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Figure 8-17.  AFM images of the oxide upon which the GaN sample was grown. 
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Figure 8-18.  Cross-section FE-SEM image of the thick MBE GaN on oxide sample.  This shows 
the columnar type growth which results in the granular texture seen by the AFM of 
the interface with the oxide. 
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A)  
 

B)  
Figure 8-19.  Optical images of a sample of 5 micron thick MOCVD GaN removed from the 

GaN substrate after etching the intermediate oxide substrate.  A) Image showing the 
entire 3X4mm sample.  B) 5X magnification image showing the GaN surface that 
was removed from the oxide. 
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A)  
 

B)  
Figure 8-20.  AFM images showing the surface morphology of the 5 micron GaN film that was 

separated from the substrate through etching the oxide.  This was the surface that was 
in contact with the oxide during growth.  A) 20 micron scan length having roughness 
of 5.44nm.  B) smaller area scan showing morphology. 
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Figure 8-21.  Released 1.5 micron GaN film from substrate and transferred to a glass slide.  The 
sample lifted-off the substrate was a half inch circle. 
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CHAPTER 9 
SUMMARY AND CONCLUSIONS 

 From the initial thoughts of this work, to the successful results, the hard work and long 

hours have been fruitful.  The idea of a lattice-tunable oxide substrate for the growth of gallium 

nitride was novel and had issues to overcome.  Being able to create a substrate that has the same 

lattice-spacing as GaN opens the experimental door for the growth of very high-quality material.  

The lack of strain at the interface of these materials, allows for reduced stress in the growing film 

which has had a large reduction in threading dislocations.  Since the MgCaO slip-plane is 

directed perpendicular to the GaN, the oxide acts as a blocking layer for defect propagation.   

 In addition to the highly suited substrate for GaN growth, the oxide has the ability to be 

wet etched extremely rapidly resulting in a successful lift-off mechanism for the top GaN layer.  

Having the ability to transfer a thin film of GaN to a new substrate opens the possibilities for 

higher power devices.  When placed on a substrate with high thermal conductance, the GaN 

devices can operate at higher powers, since the increased heat generation is removed from the 

device by the substrate acting as a heat sink.  The successful transference of the film has been 

proven without bowing or cracking in the layer after transfer.  This demonstration solidifies the 

idea of a lattice-matched oxide suited for film transfer. 

Summary of MgCaO on GaN 

Samples of MgCaO have been grown on MOCVD GaN in a modified Riber model 2300 

MBE.  The oxides were normally grown to a thickness of 100nm, usually at a substrate 

temperature of 500C.  There was an overpressure of elemental oxygen, supplied by an Oxford 

Radio Frequency plasma source operating at 13.56 MHz.  The metal sources were heated in 

standard Knudsen Cells.  The Magnesium cell temperature was around 360°C while the Calcium 

was set in the vicinity of  412°C.  These temperatures were set based on the stoichiometry of the 
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film, not on elemental fluxes ratios.  Equal metal ratios, resulting in 1:1 stoichimetry of the 

lattice matched film, were verified through XRD.  Two methods were examined that controlled 

the metal flux ratios.  In the first method the elemental sources were shuttered at specific time 

intervals to create a homogenous composition throughout the film.  This type of growth has been 

termed a “digital alloy.”  This method allows for alternating layers of MgO and CaO, resulting in 

a homogenous film.  Changing the amount of time the individual shutters are open, allows for 

composition changes, shifting the oxide lattice parameter.  The other method, and preferred 

method, was to simply adjust the temperature of the effusion cell to adjust the emerging flux, 

thereby adjusting the incorporation of elements into the growing film.  Adjusting the elemental 

fluxes resulted in a shift of lattice parameter.  This shift allows for lattice matching with the 

lattice of GaN.   

The resulting film morphologies of the lattice-matched oxide successfully replicated the 

starting GaN terraces, indicating high mobility of the impinging atoms on the substrate surface.  

Average roughness of the lattice-matched films was on the same order as the GaN substrate, 

which were a few angstroms.  When the oxide was not lattice-matched, the roughness increased 

as the mismatch in lattice parameters caused stress in the growing film.  Also, the morphologies 

of non-matched films had difficulty replicating the starting GaN substrate.  At extreme 

mismatch, or when the binaries were grown, no terraces were replicated.  The MgO films would 

occasionally grow large crystallites which would decorate the terrace ledges of the underlying 

GaN.  The conditions causing this phenomenon were normally from the substrate being at too 

high of a temperature or when the growth rate was too high. 

Summary of MBE GaN on MgCaO 

The GaN grown on top of the oxide was deposited in a modified Varian Gen II MBE 

system.  Various samples were grown at substrate temperatures between 600°C and 800°C.  The 
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nitride was grown to thicknesses between 10nm to 1.5µm to give a realistic film that could be 

used for device construction.  The Surface morphology was characterized by AFM and SEM.  

Since the MBE system was setup for the growth of dilute magnetic materials and spintronic 

materials, extremely smooth GaN growth was never accomplished.  The growths did show a 

reduction in threading dislocations through cathodoluminescence and a strong band-edge in 

photoluminescence with an increased level of nitrogen vacancies compared to in-house grown 

MOCVD GaN.  Doping of the GaN was accomplished through a silicon flux during some of the 

nitride growths.  HALL measurements were performed to verify doping concentration and 

mobility.  Non-doped samples were also grown and measurement to confirm that auto-doping 

from the oxide substrate was not occurring.  No auto-doping was detected and the HALL results 

did show successful doping ability.  In addition, XRD examination after the extremely long 

growth times did not show any phase separation of the MgCaO, indicating a stable substrate for 

MBE GaN growth. 

Summary of MOCVD GaN on Oxide 

The results obtained from the MOCVD GaN growths are promising for high quality GaN 

material.  Initial work with GaN growth on MgO has showed that the oxide is stable in the 

MOCVD environment and growth will occur.  The localized smooth GaN material produced 

does have stress at the oxide interface as seen through TEM.  After capping the MgO with 

scandium oxide, the growth became better and allowed for a thick uniform layer of MOCVD 

GaN.  The surface did have pitting, possibly from incorrect V/III ratios, but again, the nucleation 

layer is key to the subsequent growth. 

It was shown that the MgCaO is affected at temperatures around 1100C under ammonia, 

but not to a vast degree.  Through the deposition of a thin capping layer of MBE GaN, the 

subsequent growth produced terraced growths, yet with incomplete coalescence.   
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The optical characterization methods utilized for these growths have revealed an 

improvement in GaN quality.  PL spectra have indicated strong band-edge emission and almost 

no emission elsewhere.  The PL data was supported through the CL data, which indicated very 

minute amounts of non-recombinative centers, which emerge as dark areas in the CL image.  

Overall, the success of MOCVD GaN growth on MgCaO or any material to speak of, will rest in 

the key step of nucleation.  With a successful nucleation step, the main growth material will have 

improved qualities and good morphology. 

Summary of MgCaO Chemical Stability 

One of the most interesting aspects of this ternary system is the stability in certain 

chemistries and the instability in others.  The oxide is quite robust to similar dry etch chemistry 

used for the etching of GaN.  The etching is over an order of magnitude less.  Therefore this 

oxide can act as an etch stop during dry etch processing of GaN into devices.   

Within wet chemistry, MgCaO has incredibly high etch rates.  Since the oxide forms 

hydroxides at a high rate, the dissolution of the oxide in aqueous environments is rapid.  With 

minimal effects from acetone, which increase as the oxide is exposed to methanol, and maximum 

with phosphoric acid, the material is suited for processes which require lateral undercutting of 

features. 

Summary of GaN Feature Fabrication and Liftoff 

Through lithography and dry etching, GaN films on MgCaO have been dry etched into 

nanobars.  These features have vertical dimensions with the thickness of the GaN growth.  By 

stopping GaN growth less than 100nm, the features can then be classified as true nano-sized 

features.  With proven lithography, arrays of these nano-features can be created on the highly 

insulative MgCaO.  Since the band offsets of the GaN and oxide are adequate for device 

isolation, large areas of devices can be fabricated on the same wafer. 
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Lateral etching experiments have shown that etch rates up to 50µm per minute are 

possible with MgCaO.  This result opens the door for liftoff of devices after fabrication on the 

wafer, or complete film transference to other substrates.  It has been shown that MBE GaN films 

1.5µm thick and 5µm MOCVD GaN films have been successfully transferred to foreign 

substrates with areas larger than 125mm2.  These transferred films can then be mounted to 

substrates with high thermal conductivities, like diamond, for use in high power devices. 

Future Work Directions 

Future work required involves work on the GaN growth initiation on the oxide surface.  

Even with the lattice-matched substrate, surface energies play a crucial role in the nucleation of 

gallium nitride on the MgCaO.  Once a good nucleation can be perfected, the realization of a 

stress-free, extremely low defect GaN material will be produced.  Work on the nucleation would 

involve probing the surface kinetics and reactions taking place at that oxide/nitride interface.  

Additional research into the work that was conducted with an aluminum nitride buffer layer 

would give solidification on the results seen through this work.  The aluminum nitride buffer 

layer might aid in producing a smooth gallium nitride film, but would also introduce additional 

stress into the growth.  Since AlN and GaN have difference lattice spacing, the different might 

introduce threading dislocations into the grown GaN.  It is the threading dislocations which have 

been shown through cathodoluminescence to have been reduced through the use of the MgCaO.   

 Additionally, since the lattice parameter of the ternary MgCaO is tunable from 2.978Ǻ to 

3.393Ǻ this system could be applied to other materials.  Materials with hexagonal symmetry 

parallel to the growing face, and having lattice spacing with this range could be used in the same 

manner that GaN was used in this research.  Other material systems include, but are not limited 

to AlN, SiC, and ZnO.  Also, since MgCaO is quite etchable, a system based on the other 

semiconductors could benefit from the lift-off capabilities and be transferred to other substrates. 
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 One other thought that could be a great advantage for devices, would be to grade the 

ternary from one lattice to a different spacing.  As an example, suppose you start with a GaN 

substrate and want to grow ZnO on top for a multiple wavelength light source.  The oxide would 

start lattice-matched to GaN and then as the film grows, the flux ratio would be changed to 

incorporate additional calcium thereby shifting the lattice parameter to the 3.325Ǻ required for 

ZnO.  This would then allow the GaN substrate and the ZnO layer to have an LED or LASER 

structure and be operated at the same time.  Since the oxide has a high break-down field as it is 

very insulative, the different materials could be biased differently allowing for simultaneous 

operation.  The device structure possibilities are endless. 

Future Work in Progress with ZnO 

 At the time of publication, some results have been collected with the use of MgCaO as a 

substrate for zinc oxide growth.  The ZnO was deposited by PLD on MgCaO films that were 

lattice matched to GaN, but can be tuned to the lattice of ZnO.  The substantial improvement 

only after the first set of samples is very exciting.  Shown in Figure 9-1, the PL spectrum of a 

variety of ZnO samples are compared.  The results show that a large enhancement of the band-

edge emission is seen on samples of silver doped ZnO on MgCaO compared to growth on 

sapphire.   

 Results like this ZnO show promise for the MgCaO system.  Applications to other 

materials system could result in improvements in different arenas.  Overall it can be said that 

MgCaO has a vast set of applications yet to be explored, with the possibility of great outcomes. 
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Figure 9-1.  PL data of ZnO deposited upon MgCaO and Sapphire using PLD.  Growth upon 
MgCaO shows a four times increase in band-edge emission for ZnO. 
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