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Abstract 

MIRAGLIA, PETER QUINN. Growth via Low Pressure Metalorganic Vapor Phase 

Epitaxy and Surface Characterization of GaN and InxGa1-xN Thin Films. (Under the 

direction of Robert F. Davis.) 

The purpose of the research presented herein has been to determine the underlying 

mechanisms of and to optimize the growth parameters for the growth of smooth surfaces 

on InGaN and GaN thin films via metalorganic vapor phase epitaxy. Relationships 

among dislocation density, film thickness, flow rates of the reactants, kinetic growth 

regime, and thermodynamic growth mode with the surface morphology and surface 

roughness were determined.  

The two chief parameters affecting template surface roughness in both growth of 

GaN above 1000ºC were determined to be temperature and layer thickness. An optimum 

temperature of 1020ºC was found for the former process, below which the islands formed 

in the growth on AlN buffer layers did not coalesce properly, and above which a hillock 

growth instability was pervasive on the surface. Increasing the GaN film deposition 

temperature to 1100°C for GaN film deposition via PE enhanced sidewall growth; 

however, surface roughness was increased on the (0001) growth plane through the 

formation of hillocks. Template thickness above 2.5µm had the lowest root mean square 

surface roughness of 0.48nm over 100µm2. This was attributed to reductions in 

dislocation density, as measured by corresponding 50% reductions in symmetric and 

asymmetric full width half maximum values of X-ray rocking curves.  



 2 

GaN films were grown at 780ºC to remove the influence of indium incorporation 

on the surface roughness. V-defects covered the surface at a density of 2x109cm-2 and 

were linked with a boundary dragging effect. Growth parameters that affect In 

incorporation into the InGaN films were investigated and measured using room 

temperature photoluminescence, x-ray diffraction, and x-ray photoelectron spectroscopy. 

Temperature and growth rate had the greatest effect on incorporation over the range of 

760 to 820ºC and 25 and 180nm/hr, respectively, through kinetically limiting InN 

decomposition. Additions of In into the GaN film produced hillock islands that were 

attributed to a strain relief mechanism. The V-defects were also observed in InGaN films; 

however, their formation was suppressed below a nominal thickness of 25nm. 
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Gallium nitride, a semiconductor with a direct bandgap of 3.4eV, has considerable 

realized and future potential for optoelectronic and microelectronic applications. It is 

currently used in the manufacture of blue and green light-emitting diodes (LEDs) and 

blue emitting laser diodes (LDs). Considerable research is being conducted to achieve 

improved high-frequency, high-power microelectronic devices based on GaN due to its 

thermal stability and large direct energy gap. There are also investigations regarding 

spontaneous and piezoelectric polarization effects in noncentrosymetric compound 

semiconductors of which the III-Nitrides are examples1-3. Bound charges associated with 

differences in polarization between different nitride materials, if not compensated with 

free charges, create strong electric fields, and associated potential drops. These potential 

drops can provide energy barriers to electrons or holes, which add to the energy barriers 

due to conduction and valence band offsets between the different materials. Polarization-

based potentials can dominate the energy barrier formation for very thin heterolayers that 

are coherently strained. This leads to a modified design strategy for a variety of electronic 

devices and the potential for transistors without the need for potential barriers created by 

differences in doping. A recent example of this is the AlGaN/GaN high electron mobility 

transistor.  

Metalorganic vapor phase epitaxy (MOVPE) and molecular beam epitaxy (MBE) 

have been mainly used for the epitaxial growth of GaN-based device structure on 

sapphire and silicon carbide substrates. There are no readily available GaN substrates, 

and the foreign substrates are not closely matched to GaN in terms of atom-atom 

separation and coefficients of thermal contraction. Thus, residual stresses are introduced 
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into the growing films that are subsequently relieved by the formation of misfit and 

threading dislocations.  

State-of-the-art selective growth techniques such as lateral epitaxial overgrowth 

(LEO)4,5 and pendeo-epitaxy (PE)6,7 have recently been developed to reduce the number 

of threading dislocations that originate from the interface with the lattice-mismatched 

substrates. The dislocation density has been reduced by several orders of magnitude in 

selectively grown regions via these techniques. The laser diodes fabricated on LEO-GaN 

substrates by MOVPE have an experimentally determined lifetime exceeding 10,000h 

[8]. The technological pull/industrial push continues for improvements in GaN-based 

device performance and the achievement of intrinsic properties via reductions in 

dislocation density. In addition, more subtle issues are being investigated concerning the 

role of dislocations as (1) scattering centers for electrons8, (2) non-radiative 

recombination trapping of electron-hole pairs9,10, (3) pathways for leakage current 

between barrier layers9,11, and (4) sources for interface roughness in GaN and its alloys12. 

These investigations are made possible in part by the ability to control the dislocation 

population in the films through selective growth.  

Given the substantial research efforts now underway regarding bulk growth and 

selective growth of GaN and AlN substrates and films, respectively, it is likely that these 

materials and forms with low densities of dislocations will be readily available in the near 

future. However, obstacles to the reduction of other defects may remain, especially in the 

GaN-based ternary and quaternary alloys containing aluminum and/or indium. 

Heterostructures with AlGaN or InGaN layers inherently present three challenges to 

material and device design for which there must be concern: (1) strain associated with the 
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mismatches in lattice constant, (2) thermodynamic barriers associated with material 

synthesis and the growth of In-containing films without phase separation, and (3) 

differences in surface free energies which allow a film of one composition to grow 

epitaxially on another via the two-dimensional layer-by-layer mode but not vice-versa. In 

the presence of high densities of dislocations in the GaN system, all of these interact in a 

complicated fashion to promote surface and interface roughness.  

Very small amounts of interface roughness between the very thin active layers in 

III-Nitride device structures has received much attention, as it has significant impact on 

the scattering of both light in optoelectronic devices and mobile charges in the two-

dimensional electron gas in AlGaN/GaN-based and other III-Nitride transistors13. Line-

width broadening and the Stokes shift in optical emission spectra are associated with 

quantum well width fluctuations14. Roughness fluctuations greater than 3nm in an 

InGaN/GaN quantum well structure are believed14 to be on the spatial order of the 

operative exciton recombination processes.   

The primary focus of the investigations conducted for this dissertation within the 

general topic of the growth of GaN and InGaN films concerned a central and fundamental 

question: What can be understood regarding the relationship(s) between (a) the 

threading dislocations that form during the heteroepitaxial growth of these films and that 

subsequently traverse vertically through the films and (b) the degree of roughness at the 

final surface of a given film.  

There are many different types of entities15-19 at the surface that are responsible 

for surface roughness in III-Nitride films. To answer the central question of the effect of 

threading dislocations on surface roughness more accurately, the effects of ternary alloy 
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additions and the doping elements on surface roughness were eliminated in preliminary 

studies. This allowed a clearer assessment of the combined effects of growth rate and 

growth temperature on surface roughness in the presence of high dislocation densities and 

thermal stresses. It is important to note that growth rate and temperature were altered 

independently of dislocation density, thermal mismatch, and ternary alloying. With the 

availability of lower defect density provided by PE templates and adjustment in 

conventionally grown template film thickness, the dislocation density was adjusted to 

determine its effect on surface roughness. Once these effects were isolated, indium was 

introduced into the GaN films to ascertain the superimposed effect of this solute. 

Scanning probe microscopy (SPM) proved to be quintessential to the task of observing 

the surface nano-structures of these materials. The measurements were performed ex-situ 

and after film growth and provided only “freeze-frame” shots of the surface; however, the 

SPM technique provided detailed evidence regarding surface events that occurred 

between growth interruptions. It is the intent of the author that the reader find in the 

following chapters an account of the above outlined progression of experiments and the 

ideas underlying them, in a steadfast attempt to answer the fundamental question central 

to the theme of this work given above. 

Chapter two contains a literature review of the reported surface and interface 

roughness exhibited in InGaN and GaN films grown at reduced temperatures on GaN 

templates. The discussion is divided into two major types of roughness, namely, islands 

that contribute to low frequency roughness, and v-defects that contribute to high 

frequency roughness. Experimental observations via analytical techniques such as 

transmission electron microscopy and scanning probe microscopy and the interpretations 



 6 

of these defects are presented and compared with theoretical models of their formation 

mechanisms. The nucleation of both v-defects and islands are linked with threading 

dislocations. They are considered growth instabilities because they continue to grow and 

contribute to roughness, as they are sustained through poor surface diffusion kinetics. It is 

argued that the formation of InGaN islands is energetically favorable, because they 

provide a strain relief mechanism. It is further argued on the basis of energetic 

considerations that v-defect formation at the surface is favorable; however, the 

mechanism(s) for their formation remains open to question.   

Chapter three summarizes the research in this thesis involved in providing precise 

control over growth rate and film compositional in the growth of InGaN alloys. This 

work lays the foundation for the morphological studies detailed in chapter five, where 

precise control over the In mole fraction and the layer thickness is required. Gallium 

precursor delivery was found to have exclusive control over growth rate at In 

compositions up to 19 at%. Temperature and growth rate were the dominant factors 

controlling In incorporation, as they kinetically limited InN decomposition from the 

surface of the growing films. 

Chapter four summarizes a broad study regarding factors that contribute to the 

surface roughness of conventionally and pendeo-epitaxially grown GaN template layers. 

This study was born out of the optimization process in the early stages of commissioning 

our growth system and the difficulties encountered in providing a low template surface 

roughness for morphological studies, as described in chapter five. Film surfaces were 

examined using an optical microscope with a Nomarski prism and in greater detail with 

atomic force microscopy (AFM). The two chief parameters affecting template surface 
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roughness were temperature and layer thickness. An optimum value of the former was 

determined, below which the islands formed during the growth on the buffer layers did 

not coalesce properly, and above which a hillock growth instability was pervasive on the 

surface. Hillock growth was determined to be a growth instability centered on one or 

more pure screw or mixed dislocations in close proximity. They become more prevalent 

at high temperatures where the film was close to decomposition. Thickness improved 

surface roughness through reductions in dislocation density via mixed dislocation 

annihilation mechanisms.  

Chapter five describes a very detailed exploration regarding v-defect and island 

growth instabilities that give rise to surface roughness associated with InGaN growth at 

reduced temperatures. The findings summarized in this chapter directly address proposed 

formation mechanisms for these defects reviewed in chapter two. Multiple interruptions 

in the growth of the films were performed to examine ex-situ, the surface nanostructure 

via AFM. GaN films were studied first to isolate effects other than indium incorporation. 

The effects of film thickness, V/III precursor ratio, and dislocation density on v-defect 

formation were determined. Islands were not observed; however, copious v-defects 

covered the surface and were linked with the dislocation density and poor adatom surface 

diffusion kinetics. The v-defects are proposed to be a spiraling array of steps that 

surround a pure screw or mixed dislocation and are not linked with strain or 

compositional inhomogeneity, commonly associated with additions of In to GaN. 

Additions of In into the GaN film produced hillock islands that nucleated on pure screw 

or mixed dislocation cores and were attributed to a strain relief mechanism in a Stranski-
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Krastanov growth mode. V-defects were formed but were suppressed to a nominal 

thickness of 25nm at which point the islands coalesced.  

The final two chapters of the thesis present a Summary of the research conducted 

in the study and a list of suggested Future Research, related to the studies described 

herein, and to be conducted by future investigators. 
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2.1 Abstract 

 Surface roughness associated with the presence of v-defects and island growth in 

the pseudomorphic growth of InxGa1-xN on GaN is reviewed. The thermodynamic and 

kinetic processes, which are involved in the formation and growth of these defects, are 

linked with diluent gas, growth temperature, In incorporation into the film, threading 

dislocation density, and film stress. The nucleation of hillock island formations on 

threading dislocations in the early stages of InGaN growth are attributed to a transition to 

Stranski-Krastanov growth mode due to the increasing strain energy in the film with 

pseudomorphic growth. The nucleation of v-defects occurs at later stages of growth and 

is attributed to interrelated factors, including poor surface diffusion kinetics, threading 

dislocations that mediate the GaN surface, an attempt to provide local strain relief, and to 

a lesser extent, In compositional inhomogeneity at the surface. The formation and growth 

of v-defects and islands are predicted based on energetics, however understanding 

regarding the micro- or nano-mechanisms for their formation is rudimentary at this 

writing, as comprehensive growth studies that could illuminate the nucleation and growth 

stages of v-defects have not been conducted.   
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2.2 Introduction 

 
The group III-V nitrides are an attractive system in the semiconductor arena for 

the photonic devices in the visible to UV range and for high power, high frequency 

microelectronic devices. When compared with Si, GaAs, or ZnSe based material systems, 

the group III-V nitrides have a higher bond strength and melting point, thermal 

conductivities, radiation hardenability, larger avalanche breakdown fields, and larger 

theoretical room temperature electron mobility1,2. These differences make them more 

suitable for use in high-frequency and high-power optical and electrical device 

applications. Alloying GaN with InN offers the ability to decrease the direct band gap 

energy from 3.4eV to 1.9eV. From an optical device standpoint, this would allow light 

emission from an InGaN active layer in a double heterostructure from the UV to visible 

red wavelengths. Synthesis of devices with InGaN active layers is accomplished on a 

commercial scale in an MOVPE growth environment through controlled incorporation of 

In under optimized growth conditions at temperatures below 850°C. Commercial LEDs, 

laser diodes, and lasers with practical device lifetimes have brought to fruition emission 

in the visible range down to green wavelengths3 

Materials-related issues in the thin films of Group III-Nitrides are numerous, as a 

result of the unavailability of a native substrate in sufficient quantities for most research 

programs. Recent advances in novel thin film growth techniques including 

pendeo-epitaxy4,5 and lateral epitaxial overgrowth6-11 have shown promise in improving 

device performance and lifetime through reduction in the density of dislocations. Despite 

these advances, obstacles to defect reduction remain, especially in the ternary and 
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quaternary alloys containing aluminum and indium. Heterostructures with AlGaN or 

InGaN layers inherently present three challenges to material and device design for which 

there must be concern: (1) strain associated with the mismatches in lattice constant, (2) 

thermodynamic barriers associated with material synthesis and the growth of In-

containing films without phase separation, and (3) differences in surface free energies 

which allow a film of one composition to grow epitaxially on another via the two-

dimensional layer-by-layer mode but not vice-versa. In the presence of high densities of 

dislocations in the InGaN system, all of these interact in a rather complicated fashion to 

promote surface and interface roughness.  

Very small amounts of interface roughness between the active layers in III-Nitride 

device structures has received much attention, as it has a significant impact on the 

scattering of either light in optoelectronic devices or mobile charges in a two-dimensional 

electron gas in AlGaN/GaN-based and other transistors12. At issue is the determination of 

the scale where roughness has an impact on the intended device function. Line-width 

broadening and the Stokes shift in optical emission spectra are associated with quantum 

well width fluctuations13. Roughness fluctuations greater than 3nm in an InGaN/GaN 

quantum well structure are believed13 to be on the spatial order of the operative exciton 

recombination processes.   

There are several factors contributing to a non-planar surface for InGaN films, 

including a transition in the growth mode at reduced temperatures, chemically induced 

surface diffusion barriers, and dislocations terminating at the growth surface. Depending 

upon the growth conditions and thickness, surface irregularities may form over large 

areas, e.g. islands, or over very small areas, e.g., the small nano-structures called v-
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defects. If a capping layer of GaN or AlGaN is grown under high temperature conditions, 

the surface irregularities are “filled in” and the new surface assumes a planar 

morphology14-17. Once an interface is formed, it becomes effectively “locked in”. 

Annealing the material at temperatures below 1200°C has little effect on smoothing the 

surface or the interface18. Consequently, a hetero-interface is created with a finite 

roughness and non-optimum interfacial electrical and optical properties12,13,19,20.   

The following discussion regarding surface roughness is divided into the two 

aforementioned; long range island formation and short range v-defects. Each is discussed 

in terms of defect origin in the context of the epitaxial growth process and, wherever 

possible, theoretical proposals are compared with experimental findings. As many of the 

proposals have not been verified experimentally they are open to debate. The literature 

was investigated extensively so that no pertinent observations or theoretical arguments 

would be unintentionally omitted.  

2.3 Long Range Surface Roughness in GaN and InGaN Thin Films 

2.3.1 Overview 

 Long range roughness occurs as a result of a transition from step-flow to a 

competition between step flow and nucleation in the terrace. This transition occurs 

because growth performed at reduced temperatures exhibits a decreased surface adatom 

mobility of the diffusing species. This difference imparts a substantial increase in 

roughness at low temperatures when compared to that of GaN grown under conventional 

high temperature conditions21,22. In a previous study an increase in roughness was 

measured on homoepitaxial GaN that had been re-grown on smooth GaN “templates” at 

the growth conditions normally employed for the deposition of InGaN having a In 
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concentrations to 22%).  The GaN templates were deposited at 1060°C.  The surface 

microstructure as measured via AFM is shown in Figure 1a. The measured Rms roughness 

values are tabulated in Table I; they exhibit a three-fold increase at a thickness of 7nm, as 

shown in Figure 1b and a 20-fold increase at 120nm23 relative to the underlying baseline 

“template”. The increase in roughness was attributed to large variations in terrace width, 

as measured using atomic force microscopy (AFM) in the tapping mode23, due to poor 

surface adatom mobility at reduced growth temperature. 

In summary the growth mode of GaN, under the growth conditions required for 

InGaN synthesis at low In concentrations and precluding the very presence of indium, 

deviates from step flow. Thus obtaining a surface with comparable planarity to that of 

conventional high temperature MOVPE GaN poses a formidable task. Selected 

parameters particular to the growth conditions required for InGaN that can contribute to 

long range roughness include: the diluent gas, temperature, and density of dislocation 

cores that intersect the high temperature GaN template surface. 

2.3.2 Effect of Diluent Gas 

Minute quantities of molecular hydrogen, even when used as a carrier gas for 

reactants, have a deleterious effect on In incorporation into the InGaN film. This has been 

experimentally demonstrated24 and is unfortunate given the advantageous influence of 

hydrogen on surface morphology. Hydrogen is the diluent of choice for growth of GaN, 

AlN and their alloys because the resulting surface morphologies have lower RMS 

roughness values25,26. It is proposed27 that a hydrogen ambient enhances the surface 

diffusion length of adatom species through the formation of a more mobile nitrogen and 

metal hydride species. An increased surface diffusion length enhances step flow growth 



 15 

and a smoother surface. Diatomic nitrogen is functional as a carrier gas; however, it is not 

preferred, as the resulting GaN film morphologies posses higher RMS roughness 

values25,26.  

2.3.3 Effect of Temperature  

Substrate temperatures greater than 1000°C are required for the growth of GaN8,28 

films with low RMS roughness values. From thermodynamic and kinetic viewpoints, a 

temperature between 1000 and 1100°C promotes conditions nearer to equilibrium under 

mass-transport limited conditions29 and step flow growth respectively21. Under these 

conditions and despite the presence of line defects that terminate at the surface, the 

surface steps pinned by dislocation cores are notably straighter in comparison to MBE 

grown GaN22. 

Circumstances deleterious to In incorporation force the InGaN growth 

temperatures to be substantially lower than that of GaN. The overpressures of molecular 

nitrogen necessary to maintain the InN compound are so large that decomposition is 

observed above 500°C in an atmosphere of molecular nitrogen at 760torr30. The kinetic 

environment of MOVPE growth can reduce the decomposition rate of InN from the 

InGaN surface as the atomic nitrogen from the ammonia replaces that lost during the 

formation of molecular nitrogen; However this effect is reduced as the growth 

temperature is increased, and becomes insignificant above 860°C31. Growth that is stable 

to InN incorporation is confined to a lower temperature (or more pronounced 

undercoolings) and lowers surface adatom mobility. This effect promotes a transition 

from step flow growth, denoted by adatom clustering in the terrace and a reduced 

probability of adatom capture at step edges32,33. In the presence of a surface highly 



 16 

intersected with pure screw or mixed dislocation cores, steps have a greater tendency to 

bow out from pinning points and become irregular in shape22, as shown in Figure 2a. 

Terrace width and overall morphology become irregular and the latter increases in 

roughness with growth time.  

2.3.4 Line Defects 

An additional instability develops if substantial In is incorporated into a GaN 

film. Hillocks are observed at the very early stages of growth (3nm nominal thickness) 

and are readily observable in AFM23,34 as shown in Figures 2b and 2c. They continue to 

grow in diameter and relative height with time, ultimately impinging and resulting in the 

formations of islands with larger diameter and greater thickness (Figure 12). Hillocks 

result from the bowing of steps between pinning points that are sustained until the step 

edge is continuous around the pinning point. While the InGaN growth regime does 

increase the probability of step bowing, hillock formation, as predicted in theory 

proposed by Burton, Cabrera, and Frank (BCF)35, is expected at lower undercooling and 

supersaturation. Hillock growth requires the adatom capture at steps; thus it is not clear 

that hillock growth occurs solely due to an insatiability associated with the kinetic growth 

regime and line defects. Alternatively, InGaN may be forced to nucleate and grow on the 

GaN template due to differences in chemical potential, e.g. surface energy and lattice 

mismatch strain energy. It is proposed23,34 that dislocation cores act as nucleation sites 

for hillocks as evidenced in the AFM images of hillock islands centered on mixed 

dislocations shown in Figure 2b and 2c.  
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2.4 Short Range Roughness 

2.4.1 Overview 

“V-defects”, otherwise referred to as hexagonal pits or pinholes, are regularly 

associated with MOVPE grown InGaN films. They can be imaged in many cases with a 

scanning electron microscope26. Yet the origin of these v-defect’s in the context of 

growth and their effect on device properties remains largely unresolved.  

The v-defect structure has been identified and characterized extensively using 

transmission electron microscopy (TEM)14,15,17,36-42 and AFM15,40,43,44 techniques. The 

majority of the characterization results reported in the literature has been performed on 

thicker multiple quantum well (MQW) structures containing GaN barrier layers rather 

than on single quantum wells (Figures 5 and 6) or bulk layers. In both cases the v-defect 

has nearly the same form; a six sided inverted hexagonal pyramid with faceted surfaces, 

as illustrated schematically in Figure 3 and in the AFM micrograph in Figure 4. The 

inclination between the apex of the v-defect and the surface is measured experimentally 

at 60°36. This would suggest that the sidewalls are inclined to the {1011} plane. 

Depending upon which atomic species is interpreted as terminating the v-defect 

sidewalls, there exists a small theoretical discrepancy with regard to the inclination of the 

(1011) plane and the (0001) surface. The inclination has been calculated to be both 

62.1°45 and 56.1°36 with the (0001) surface. The planar density of the v-defect has been 

found to be between 106 and 109 per square centimeter16,36,38,40,46. The average diameter 

increases with thickness and has been found to be greater than 50nm for both MQWs and 

bulk layers thicker than 100nm15,18,40,46. 
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The v-defect is a believed to occur as a result of complex interactions between 

chemical inhomogeneity16,45,47, lattice mismatch strain with the GaN underlayer45,46, 

surface mediation by dislocation cores at the underlayer45, and a growth mode removed 

from one dimensional step flow. These issues are discussed separately wherever possible 

despite conceptual overlap. 

2.4.2 The presence of Indium 

 There are several experimental findings that demonstrate a correlation of the 

occurrence of v-defects with the addition of In into GaN. The results of theoretical 

studies have correlated the energetic preference for v-defect formation with the presence 

of In. 

Lilential-Weber et al.17,36 have shown that increases in the incorporation of 

elements at impurity levels, such as silicon, magnesium, and oxygen into GaN tend to 

increase the number of v-defects. A ten-fold increases in v-defect density concomitant 

with increases in oxygen at impurity levels would also suggest a chemical interaction at 

the surface in the formation of v-defects36. These defects are also commonly associated 

with additions of alloying elements such as aluminum48 and indium16 which again 

suggests a correlation between strain and/or or growth instability and the formation of v-

defects.  

The theoretical studies noted above have primarily addressed the role of In at 

surface sites in the nucleation and sustained growth of v-defects. The mechanistic theory 

of the formation of the v-defect can be divided between the nucleation and growth stages. 

The early stages in v-defect nucleation have not been completely addressed and remain 

open to question. One proposal45 states that surface instabilities could arise early in the 
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nucleation stage from a large energy reduction provided by localized indium surface 

segregation. These instabilities, in combination with the presence of dislocation cores or 

areas of local roughness at the same location, could provide sufficient synergistic 

interaction for the formation of the chemical species that forms the species of or the 

nucleation sites for the formation of v-defects17,36,45.  

A more refined approach concentrated on the early stages of formation and was 

substantiated in part by experiment16. It was proposed that the entire process is dictated 

by events at the surface rather than in the bulk, through a surface-induced lateral 

composition modulation. Under sufficient indium rich conditions, it has been proposed 

that strain relief can occur through an altered surface reconstruction. Nitrogen vacancies 

become thermodynamically favorable in the presence of sufficient plane stress (provided 

by the large In atom) and the relative weakness of the InN bond.  If vacancies form in 

sufficient localized quantities, a structural instability may give rise to a pit. The current 

state of analytical instrumentation has not yet provided evidence of abnormal 

concentrations of In or “quantum dots” in proximity to the v-defect apex to support this 

early stage hypothesis. Multiple quantum well structures were analyzed using energy 

filtered TEM (EFTEM), that can provide qualitative chemical mapping information that 

is largely insensitive to specimen thickness and diffraction effects. Quantum sized dots 

were not found at the bases of v-defects37. 

The most thorough theoretical treatment44,45,47 to date regarding v-defect 

formation is thermodynamic in nature and attempts to link In surface energetics with the 

presence of the six (1011) sidewalls of the v-defect. The model allows one to calculate 

the pit formation energy using three terms:  
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(1) the change in surface energy from the (0001) surface to the six (1011) surfaces,  
 
(2) the reduction in strain energy of the removed volume, and 
 
(3) the elimination of the core energy of a proposed intersecting screw dislocation.  

 
It was determined that the critical pit diameter, beyond which it was stable, fell 

between 1-6nm. The reduction in surface energy by the creation of the six {1011} 

surfaces is the most important term. While the overall surface area of the system is 

increased by the formation of the v-defects, the surface energy is reduced if the (1011) 

surfaces are terminated with indium rather than gallium, as the former is energetically 

preferred at sites with reduced nitrogen coordination (present at step edges and vicinal 

micro-facets). The rare occurrence of v-defects in the absence of indium supports the 

argument that the formation of a v-defect is not brought about by surface energy 

anisotropy alone45.  

A consequence of this argument is that the apex of the v-defect and the faceted 

walls must be primarily terminated with In and, in effect, exhibit surface segregation, as 

shown schematically in cross section in Figure 7. Large contrast at the edges of pits, as 

observed with STM, and prevalent in InGaN films grown via MBE strongly support this 

argument16, as illustrated in Figure 8. It is important to note that the morphology of the 

pits in the MBE grown InGaN differ with that obtained via MOVPE in that the former are 

cylindrical with an equilibrium size rather than pyramidal. Nevertheless the argument for 

experimental confirmation of the segregation phenomenon is strong.  
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2.4.3 The Presence of Threading Dislocations That Intersect the GaN 
Underlayer Surface 

Substantial controversy exists regarding the extent to which line defects or 

domain boundaries intersecting the surface of underlayers affect the formation of v-

defects in the subsequently grown InGaN layer.  Theoretical treatments have endeavored 

to determine a driving force for the occurrence of such an interaction; however, 

experimental observations have only provided evidence for the coincidence between v-

defects and dislocations. 

The previously discussed45,47 theoretical treatment regarding the energy of 

v-defect formation contains the line energy of the underlying dislocation. The probability 

of nucleation of a v-defect is enhanced, in part, if it is accompanied by the elimination of 

the line energy of an intersecting threading dislocation, in particular that with screw 

character. Thus, from a thermodynamic perspective, the presence of an intersecting 

threading dislocation in tandem with other factors discussed previously, and including, 

could have a substantial impact on the nucleation of a v-defect. 

At this writing, experimental evidence of such an interaction has been reported. It 

has been shown23,34 that competition exists at the early stages of growth between 

continuous step flow growth and defect-induced nucleation at dislocation cores. Due to 

the high density of dislocations intersecting the original GaN surface, there is a strong 

tendency to nucleate InGaN at these sites and for the film to initially grow in a hillock 

fashion. However no advanced growth studies have linked these early stage observations 

with the development of a v-defect.  
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One simple, albeit rough, measurement for comparison is between the density of 

the underlying dislocations and the density of the v-defects intersecting the surface of 

subsequently grown film. Parity between the dislocation density in the underlying GaN 

and the v-defects in the overlying InGaN has been reportedly confirmed by some 

investigators15,37; however it has been questioned by others16,36. The dislocation density 

in conventionally grown MOVPE GaN range is between 108-1010cm-2
; the v-defect 

density in InGaN has been reported to be between 106-109cm-215,16,36,37,46.  

Numerous cross-sectional TEM investigations have demonstrated the intersection 

of a threading dislocation core with the v-defect apex14,15,17,36-39,41-43,46, an example of 

which is shown in Figure 6. There are additional reports of studies that demonstrate the 

coincidence of a v-defect with an inversion domain boundary15,37, as shown in Figure 9. 

A consensus of reasons for the evidence demonstrating coincidence of the v-defects and 

propagating threading dislocations is complicated by the variations in observed 

dislocation character. Threading dislocations can have edge, screw, or mixed character, 

depending on the angular relationship between the Burgers vector and the 

crystallographic direction of the core. The majority of threading dislocations that have 

been commonly reported to coincide with the apexes of v-defect possess mixed character 

( 321131=b ) or pure screw ( 000131=b ), rather than pure edge 

( 021131=b )14,37,39,46. However two groups have reported coincidence with all types 

of dislocations, including those having pure edge character15,16.  

There is one caveat associated with imaging the apparent coincidence or lack 

thereof of these defects, namely that the dislocation cores may lie behind or in front of 
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the v-defect, i.e., in the volume removed by preparation or deeper in the volume of the 

material than that examined by the TEM. It is important to be cognizant of this 

possibility; however, at this writing, the studies that show intersection14,15,37,39,41,43 are 

more numerous than those that do not report36,46 this phenomenon.  

Proof of the presence of v-defects without their intersection with a dislocation 

core36,46 in combination with: (a) reports of the increases in v-defect density without 

changes in dislocation density16,36 and (b) reports of v-defect densities lower than that of 

dislocation density16,36 has great significance. While dislocations have been shown to 

intersect v-defects, these reports would suggest a limited role of threading dislocations in 

the formation of v-defects. The thermodynamic model for v-defect formation, noted 

above includes the elimination of a threading dislocation core energy; however this may 

not be necessary on energetic grounds. A variation in growth conditions could provide 

circumstances that are energetically favorable for v-defect formation that do not require 

the energy reduction provided by the elimination of dislocation cores. Thus threading 

dislocations can act to enhance v-defect formation, but may not be essential.  

The origin of the previously mentioned hillock growth formations present in the 

InGaN film is also centered about either pure screw or mixed dislocations intersecting the 

GaN underlayer. Thus, there remains the prospect of a coincidence between v-defects and 

the center of hillocks.   

2.4.4 The Effect of Strain and Critical Thickness 

 An additional complexity in the growth dynamic is the coherency strain imparted 

by substantial lattice mismatch between InGaN and GaN. The existence of a theoretical 

critical thickness value concomitant with the observations of the initiation of v-defects at 
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locations beyond the hetero-interface41 would indicate an influence of strain on v-defect 

formation in InGaN films. Strain relief may also occur in the formation of islands through 

a Stranski-Krastanov (S-K) growth mode49.  

The InGaN film is considered coherent or pseudomorphic until a corresponding 

film plane stress (at a finite thickness) reaches a critical value. Beyond a critical thickness 

the film plane stress (at a finite thickness) reaches a critical value, and the film relaxes by 

one or more mechanisms. This value is dependent upon the growth rate, the method of 

deposition, and the temperature with increasing In mole fraction41,46, as illustrated in 

Figure 10. This strain is accommodated elastically in the growth plane with a 

corresponding increase in the [c] lattice parameter of the InGaN. This latter change has 

been found to cause an overestimation of the In mole fraction when using relationships 

between the [c] parameter and composition under such conditions14,41,50.  

Three possible mechanisms for relaxation include misfit dislocation production, 

long range surface roughening, and short range surface roughening through production of 

v-defects. The dominant relaxation mechanism is difficult to ascertain due to its 

inherently rough surface morphology and poor crystal microstructure. It would appear 

that surface roughening plays an important role in strain energy minimization since misfit 

dislocation production is not observed above values for the theoretical critical 

thickness41,51.  

Long range surface roughness commonly occurs via the formation and growth of 

copious islands to relief film plane stress, i.e., the Stranski-Krastanov (S-K) growth 

mechanism. The reported23,34 nucleation and growth of spiral hillock island structures on 

very thin pseudomorphic InGaN films, shown in Figure 2c may or may not be evidence 
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of an S-K growth mechanism. The occurrence of the InGaN hillock shown in this figure 

is a result of heterogeneous nucleation on a dislocation core and the subsequent 

heteroepitaxial growth on the GaN template. It is difficult to determine if the initial 

deposition of InGaN has sufficiently strained the film to cause the transition to S-K 

growth or if the hillock is simply the continuation of the nucleated structure around the 

core of the dislocation. These islands coalesce at later stages of growth46, as shown in 

Figure 12, and contribute to substantial surface roughness, since the surface does not 

become planar.   

The role of v-defects as a strain relief mechanism through short range surface 

roughening remains open to question. Their formation can be explained based on 

energetic driving forces; however at the time of this writing, a statistical treatment of 

v-defects and their real impact on strain relief does not exist. Theoretical treatments45,47 

of the v-defect include an expression for the reduction in free energy via a reduction in 

the strain energy term. By exclusion of the strained material volume of the v-defect, the 

formation of the v-defects becomes more energetically favorable. As the thickness 

increases, the strain energy per unit area increases. Beyond a critical value of the latter, 

the formation of the v-defect becomes most favorable to relieve this strain. The critical 

value of strain may not necessarily occur in the film at the theoretically derived critical 

thickness41, because there are additional energy terms that must be overcome to form the 

v-defect (e.g. additional surface energy)45. A delay in formation of the v-defect, until an 

appreciable thickness is attained, has been observed in bulk InGaN39,46 and MQW 

heterostructures14-16,27,39,40,42,51. This phenomenon may imply a critical thickness, above 

which the critical strain is achieved and allows strain relief via the formation and growth 
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of v-defects. For In compositions between 10-20%, this thickness has experimentally 

corresponded to ~25nm14,15,46,51. For quantum well structures with multiple GaN barrier 

layers, it has been shown that the onset of v-defect formation is only dependent on the 

cumulative InGaN thickness and composition, irrespective of the number of GaN barrier 

layers grown15. In other cases, it has been demonstrated that when residing within an 

experimentally determined range of In composition and thickness, v-defects formations 

were effectively suppressed51,52. 

2.4.5 Kinetic Factors and Growth Parameters  

While comprehensive reports that correlate the occurrence of v-defects with 

growth parameters are scarce, a connection is widely inferred by the author between the 

sustained growth of v-defects and the surface kinetic deficiencies associated with the 

InGaN growth regime. Reduced growth temperature and employment of nitrogen rather 

than hydrogen used as the ambient gas27 diminishes diffusion distance of the metal 

species. It is widely believed that the reduced surface adatom diffusion rates are a chief 

factor in the growth of v-defects. This is primarily inferred from the observation that at 

the higher temperatures of GaN growth, the latter has the ability to heal the underlying 

surface containing of v-defects14-16,37,39. The creation of a planar surface via step flow, 

despite the presence of v-defects in the underlying layer, would suggest a change in add-

atom surface diffusivity at higher temperatures. Thus, at low temperatures the shorter 

diffusion length of add-atoms is essential in allowing the observed sidewall planes of the 

v-defect to exist.  
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2.5 Summary 

 Surface and interface roughness associated with heteroepitaxial growth of 

InxGa1-xN on GaN originates from several interrelated circumstances. The formation of 

both forms of roughness, which include island and v-defect formations, may be regarded 

as thermodynamic in nature. The nucleation of hillock islands is linked to the presence of 

cores of mixed dislocations that intersect the growth surface. In the case of InGaN, 

sufficient stress may arise in the film such that S-K growth of the hillocks also pertains 

and is overlaid on the nucleation from the dislocation cores.  In any event, the presence of 

the dislocations is the dominant factor in the nucleation and growth of the hillocks of 

either GaN or InGaN. The nucleation of a v-defect in the InGaN film is associated with 

reductions in surface energy, strain energy, and the termination of dislocation core 

energy. Once islands or v-defects attain a critical size, they are sustained by the poor 

surface diffusion kinetics existing at reduced temperatures. Understanding regarding the 

mechanism of formation of v-defects is rudimentary at this writing, as comprehensive 

growth studies that could illuminate the nucleation and growth stages of v-defects have 

not been conducted. The very early stages of growth of InGaN have been investigated23 

however, the results did not show obvious link to the formation of the v-defects at the 

latter stages of growth. A hierarchy of importance regarding the various factors of 

dislocation density, In composition, temperature, and surface kinetics cannot be 

determined in the absence of micro- or nano-mechanical models.  

 Since origin of v-defects is regarded as thermodynamic in nature, their formation 

would require a reduction in at least one of its energy terms. Within the MOVPE growth 

window that permits the incorporation of In to form InGaN films, the reduction in the 
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dislocation density remains as the only plausible avenue. In the absence of a viable native 

substrate, growth of InGaN on a selectively grown GaN template or on a bulk GaN 

crystal would provide perhaps the greatest insight into the dominance of dislocation 

density over the growth morphology and provide a possible solution. 

The use of plasma enhanced MOPVE may provide an improvement to the 

transport surface kinetics and the surface chemistry of the growth process. If additional 

atomic nitrogen can be produced using a plasma source and delivered to the surface, the 

concentration of nitrogen vacancies may be diminished, as this is believed to provide 

sources for the surface pits44. Additionally, an enhancement in nitrogen delivery to the 

surface may increase the effective V/III ratio. This may improve the coalescence of 

v-defects, as it is known experimentally to have marked influence on the coalescence of 

surfaces inclined to the (0002) plane53. Its impact on surface kinetics cannot be estimated, 

as the effective rate limiting steps in the surface diffusion in the GaN system are not 

firmly established54. 
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2.7 Figures  

Table I: Increases in Rms roughness with thickness for homoepitaxially grown low 
temperature GaN on a 2µm GaN high temperature template55. 

Temperature (°C) Layer thickness  Rms (nm) 

1060 2µm .13 

800 7nm .49 

800 120nm 3.0 

 

 
Figure 1: AFM images (a) 1.5µm GaN template grown at 1060°C (b) 7nm 
homoepitaxially GaN grown at 800ºC on (a) 55 

 
 
Figure 2: AFM images (a) 1.5µm GaN template grown at 1060°C (b) and (c) 3nm 
In.22Ga.78N grown on the 1.5µm GaN template containing nano-scale hillock island23. 
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Figure 3: Three-dimensional schematic of a v-defect45. 
 
 

 
Figure 4: Highly magnified AFM view of a v-defect16. 
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Figure 5: Cross sectional TEM micrograph of a v-defect in bulk InGaN46.
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Figure 6: Cross sectional TEM micrograph of a v-defect in a MQW15. 
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Figure 7: Schematic representation of the (0001) and (1011) surface terminations. 
Indium is preferred at the T1 sites while gallium is preferred at the B2 sites47.  
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Figure 8: STM image of MBE growth InGaN (x~1-2%) grown via MBE and revealing 
“vacancy islands” believed to have indium terminated walls, as indicated by the 
brightened contrast regions surrounding them44. 
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Figure 9: TEM image of an inversion domain intersecting the apex of a  v-defect15. 
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Figure 10: Theoretical plot of In mole fraction and critical thickness15,41. 
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Figure 11: AFM image of InxGa1-xN surface (x=0.08 at 1µm thickness). The V-defects 
(black circles) are distributed arbitrarily over a surface concomitantly exhibiting long 
range roughness46. 
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3.1 Abstract 

 
The dependence of growth rate and In composition on the growth parameters 

employed to deposit InxGa1-xN films (x ≤ 0.19) on GaN/AlN buffer layer/α(6H)-

SiC(0001) wafer heterostructures by low pressure metalorganic vapor phase epitaxy has 

been investigated. The growth rate in these films was dependent primarily on the flow 

rate of tri-ethylgallium. The InN content in these films was affected by the total 

deposition pressure, temperature, growth rate, and the flow rate of trimethylindium. The 

maximum InN content achieved at 100 torr, 780°C, a growth rate of 180nm/hr and a 

trimethylindium flow rate of 55µmol/min was ~19%, as measured from room 

temperature photoluminescence data. Three analytical techniques were employed for 

comparison in the measurement of In composition in the film, including double crystal x-

ray diffraction (XRD), room temperature photoluminescence (PL), and x-ray 

photoelectron spectroscopy (XPS). The compositions calculated from the data from the 

latter two instruments were in moderately close agreement for two films of thickness 

25nm and 180nm having 11% In. The compositions determined from XRD 

measurements were exaggerated due to the anisotropic lattice mismatch strain caused by 

pseudomorphic growth of the InGaN on the GaN template layer. 
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3.2 Introduction 

The group III-V nitrides are an attractive system in the semiconductor arena for 

the photonic devices in the visible to UV range and for high power, high frequency 

microelectronic devices. When compared with Si, GaAs, or ZnSe based material systems, 

the group III-V nitrides have a higher bond strength and melting point, thermal 

conductivities, radiation hardenability, larger avalanche breakdown fields, and larger 

theoretical room temperature electron mobility velocities1,2. These differences make them 

more suitable for use in high-frequency and high-power optical and electrical device 

applications. The addition of InN to GaN decreases the direct band gap energy. 

Individual InGaN films and device structures containing InGaN active layers are 

normally grown via metalorganic vapor phase epitaxy (MOVPE) at temperatures below 

850°C. Light emitting diodes and laser diodes containing InGaN layers and emitting light 

from the violet to the green and from the violet to the blue portions of the visible 

spectrum, respectively, and with lifetimes exceeding 10,000 hrs. are commercially 

available3. Several materials-related issues, including compositional inhomogeneity4,5 at 

In mole fractions beyond ~30% and interface roughening6-9 remain to be surmounted in 

the drive to extend the spectrum of light emission, increase the quantum efficiency, 

extend the lifetime of operation, improve reproducibility regarding the incorporation of a 

given In concentration and improve the yield of these optoelectronic devices. 

Several studies concerned with the growth of InGaN films via MOVPE have 

addressed specifically the surface morphology10-13 and the rate and the fraction of In 

incorporation as a function of substrate temperature14-18, growth rate17,19,20; total 

pressure21, V/III ratio19, tri-methylindium (TMI) flux16-18,21, and hydrogen flux22. High 
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resolution x-ray diffraction (XRD)13,15-18,20,21, photoluminescence (PL)15-17,20,23,24, 

Rutherford backscattering (RBS)13, x-ray photoelectron spectroscopy (XPS)13, and 

secondary ion mass spectrometry (SIMS)23 have been employed in these studies. The 

accurate determination of the In mole fraction in InGaN films is usually not 

straightforward. Compositional inhomogeneity and high misfit strain can cause 

discrepancies between the desired and the actual values of In incorporation.   

The primary objective of the present investigation has been to determine the 

influence of the flow rates of tri-ethylgallium (TEG), tri-methylindium (TMI), and 

ammonia as well as temperature and total chamber pressure on growth rate and In 

incorporation into InGaN films. Selection of the parameter ranges was based on the 

results of the aforenoted growth studies.  

3.3 Experimental Procedures 

The films in this study were grown in a custom designed, rotating, vertical, 

pancake style MOVPE reactor. Template layers of 0.5µm thick GaN were each grown at 

1020°Cand 20 torr total pressure on a 0.1µm AlN high temperature buffer layer26 

previously deposited at 1100°C at the same pressure on an on-axis, cleaned25 6H-

SiC(0001) substrate. Single epi-layers of InxGa1-xN (x = .04 to .19) were grown on the 

GaN templates within the range of 760 to 820°C at 100 torr for one hour with all reactor 

parameters held constant except the flow rates of the reactants. Tri-ethylgallium (TEG) 

and a trimethylindium (TMI) solution precursor were carried in nitrogen to the growth 

chamber at rates between 5.5-18mol/min and 5.5-55µmol/min, respectively. The flow 

rates of the ammonia ranged from 4 to 10 slm (0.18-0.45µmol/min). A curtain of nitrogen 
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was flowed at 5slm around the periphery of the two-inch diameter source column to 

provide a high gas velocity and decreased thermal gradients across the growth zone.   

The thicknesses and growth rates for thick, rapidly deposited films of InGaN and 

thin, slowly deposited films of InGaN were determined using cross-sectional SEM and 

from within buried quantum well structures using cross-sectional TEM, respectively.  

TEM was carried out with a JEM-ARM 800 microscope operating at 800kV. TEM 

samples were prepared by a standard ion milling technique and subsequently chemically 

etched at 16nm in HF and KOH to remove the surface damage. 

 Multiple analytical techniques were employed to estimate the In mole fraction. 

Room temperature photoluminescence measurements were conducted using a 13mw 

HeCd laser excitation at 325nm and a bowing parameter of 2.527. High resolution double 

crystal x-ray diffraction (DCXRD) measurements were made using a Phillips X’Pert 

system and Cu-kα radiation for the (0002) symmetric reflection. Quantitative x-ray 

photoelectron spectroscopy (XPS) measurements in the near surface region of two 

samples were achieved using a Fisons XR3 dual anode X-ray source coupled to a Fisons 

CLAM II hemispherical electron energy analyzer with a mean radius of 100mm and 

operating at a base pressure of 5x10-10 torr. Core level energies were scanned for the 

gallium 2p3/2, indium 3d5/2, and nitrogen 1s levels. 

 
3.4 Results and discussion 

3.4.1 Growth Rate 

Figure 1a shows a cross-sectional SEM micrograph of an ~200nm thick InGaN 

film on an ~700nm thick GaN template layer. Figure 1b is a cross-sectional TEM 
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micrograph of a four unit cell (~2.6nm) thick InGaN layer in a single quantum well 

structure. Contrast due to charging between the layers in the former sample and strain 

contrast between the InGaN and the GaN barrier layers in the latter sample allowed the 

thickness values and growth rates of the respective films to be determined. 

The growth rate of InxGa1-xN at various temperatures and compositions between 

760-820°C and x=0.04-0.19, respectively as a function of the flow rate of TEG followed 

a linear relationship over the range from 25nm to 200nm per hour, as illustrated in Figure 

2. With exception to the lowest growth rate (25nm/hr), growth rate for films were 

determined from cross-sectional SEM images of InGaN films deposited on GaN template 

layers. The growth rate for films at 25nm/hr were determined from cross sectional TEM 

images of SQW samples. Each data point in the growth rate versus TEG mass flow rate 

represents an average of several samples deposited at constant TEG and ammonia mass 

flow rate but various growth temperature and compositions. Since the film thickness was 

found to be independent of In/Ga ratio at each growth rate, it is inferred that the growth 

rate trend with TEG mass flow is attributed solely to the control of gallium. Gallium is 

the rate limiting species over the growth rate at low In mole fractions (below 19%). These 

results also indicate that the growth regime remained mass transport limited since the 

growth rate was independent of temperature over the selected temperature range. It is 

important to note that that the highest InGaN growth rate was intentionally lower (by an 

order of magnitude) than that of the conventional GaN growth temperature, (where a 

typical growth rate of 1.6µm/hr was employed). Deposition at 780°C has a diminished 

adatom surface mobility due to an increased surface undercooling. The deposition rate 



 46 

was therefore decreased to maintain the kinetic growth regime as close to step flow as 

possible28 to avoid surface roughening. 

Reducing the ammonia flow rate caused a linear decrease in growth rate of the 

InxGa1-xN alloy to a maximum measured reduction of 25%, as also shown in Figure 2. 

With exception to ammonia mass flow rate, all films were deposited under constant 

temperature, pressure, and TEG mass flow rates. The decrease in growth rate with 

reduction in ammonia mass flow rate also resulted in an increase in surface roughness 

due to substantial increases in v-defect density, depth, and diameter. As shown by a 

comparison of the plan view SEM micrograph in Figure 3, prominence of v-defects 

increases with decreasing ammonia delivery to the film. This phenomenon is attributed to 

a decreased adatom mobility at a decreased ammonia partial pressure, and is discussed 

extensively in chapter 528. 

 
3.4.2 In Mole Fraction 

3.4.2.1  Measurement and calculation 

 Room temperature photoluminescence measurements were used to determine the 

In mole fraction for the majority of samples by comparing the position of the InGaN 

bound exciton with that of the pure GaN film. The In mole fraction, x was determined 

iteratively based on the following expression. 

 ( ) )1(1)( xbxxExExE InN
g

GaN
g −−+−=  (1) 

Where E(x) is the alloy band gap energy, GaN
gE  is the GaN band gap energy, InN

gE  is the 

InGaN band gap energy, x is the In mole fraction, and b is the bowing parameter. The 

room temperature values of these parameters were utilized in Equation (1) and are 
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summarized in Table I. The effect of the bowing parameter on In mole fraction is 

noteworthy. The In mole fraction is higher than the value that would be determined by 

using Vegard’s law for the same composition for small increases in the measured bound 

exciton energy at low In mole fractions. However, the measured bound exciton energy 

has a diminishing impact on mole fraction for high mole fractions. The physical meaning 

behind the enhanced shift in the bound exciton energy is an increasing tendency for 

InGaN to undergo spinodal decomposition at higher In mole fraction30 (~30%). Light 

emission is believed31 to come from these localized centers of compositional fluctuation; 

thus, the value of the In mole fraction obtained from luminescence measurements is 

skewed from the bulk chemical average. Figure 4 contains the spectra obtained from 

films having various In mole fractions in this study, where the bound exciton position 

shifts upwards in wavelength and downward in energy as the In mole fraction increases. 

Additionally, the peak width increases with higher In mole fraction.  

 The near surface In mole fraction of two InGaN alloys grown under the same 

conditions but at different thickness were calculated using the following expression as 

well as the integrated peak areas from the XPS spectra from each of the samples, divided 

by their respective sensitivity factors. 
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The values of the sensitivity factors n
sf  values were 3.9, 5.4, and 0.42 for indium 3d, 

gallium 2p, and nitrogen 1s respectively32.  
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 Figures 5a and b show a comparison of the indium 3d and gallium 2p spectra for 

two samples having nominal thickness of 25nm and 180nm. Values of 10 and 11 at% In 

were calculated using Equation (2) from the XPS data for 25nm and 180nm films, 

respectively. The former percentage of In is very close to the 11 at% value determined 

from room temperature PL data in the same sample. However, the In composition 

calculated from the PL data of the thicker sample was 14%. Peak splitting was not 

observed, as found in a previous study13, which indicates that In segregation at the 

surface has not occurred in these films. 

 The estimations of the mole fraction of In from XRD spectra were based on the 

shift in planar spacing associated with the substitution of an alloying element. Vegard’s 

law is often used to calculate the mole fraction of an alloying element under the 

assumption that any increase in planar spacing is isotropic throughout the solid. The 

estimates of the In mole fraction were based on the shifts in the lattice spacing of the 

basal plane as measured from the symmetric (0002) reflections. Raw data for the (0002) 

reflections are plotted in Figure 6 where the mole fraction was estimated for each sample 

using the following expression. 
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In this equation, c is the measured lattice constant and θ is the measured Bragg angle. 

It has been reported27 that InxGa1-xN films grown on a GaN buffer layer 

previously deposited on sapphire remained pseudomorphic for thickness to 225nm and x 

to 0.114. This is also true for the ~2.6nm thick film grown in this research, as shown in 

the inset in Figure 1b. Unfortunately, if the InGaN in this study continued to grow 
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pseudomorphically on GaN to 180nm, the increases in the planar spacing relative to GaN 

would not be isotropic, because the atoms in the basal plane are constrained to match the 

underlying GaN. This results in an exaggerated inter-planar spacing along [0001] and an 

overestimation of the true In mole fraction (if it is based solely on the symmetric d-

spacing)27,33. 

 The values of the In mole fraction are tabulated for XPS, PL, and XRD 

measurements in Table II. The values obtained from the XRD data are in both cases 

higher than those obtained from the PL and the XPS measurements. Given the moderate 

agreement between values derived from XPS and room temperature PL data, and the 

bowing parameter selected for the PL data based on the literature, it is proposed that the 

XRD values are in fact overestimating the correct value by as much as 180%. As such, 

the symmetric reflections for these films may have provided exaggerating d-spacings and 

calculated compositions.   

3.4.2.2  Effect of Growth Parameters on In Incorporation 

As a result of the relatively high vapor pressure of nitrogen over InN34,35 growth 

and decomposition of In-containing films can be affected by temperature, growth rate, 

and pressure. All of these factors change the residence time of adsorbed InN species. 

Temperature has the most pronounced bearing on In incorporation, as determined from 

PL studies at room temperature. This effect is illustrated in Figure 7 for two different 

growth rates. The rate of decline with temperature appears exponential and is agreeable 

with previous findings17,24. The high growth rate data is plotted with that obtained by 

Tong et al.24, since both films were deposited at nearly the same growth rate (~200nm/hr) 
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and pressure (~100torr). The In atomic fraction followed an Arrhenius relationship from 

760°C-to-900°C: 

 kTEdAex =  (4) 

where Ed is an energy barrier related to the decomposition of InN. (It is important to note 

that Ed does not have correspondence with the true activation energy for desorption since 

the desorption rate is not known). The exponential term was determined to be 2.4eV and 

differs with the value of 3.0eV reported by Tong et al.24 most likely due to the smaller 

sample volume and slight differences in growth rate. The exponential term for the In 

incorporation for the material grown at a lower growth rate is 1.8eV.  This difference 

reflects the combined effects of temperature and growth rate on the decomposition of InN 

from the film.  

The influence of nominal film growth rate, as controlled solely by the flow rate of 

TEG, on In incorporation was isolated from other growth parameters and is plotted in 

Figure 8. The In incorporation was determined to be proportional to the nominal growth 

rate; this result agrees with trends previously observed17,19,20. Increasing the growth rate 

brings the process further from equilibrium and thus further from an equilibrium 

composition. The atomistic mechanism at work for In incorporation is thought occur 

through “trapping” of In atoms17,19,20. 

It was further determined that changes in the growth chamber pressure over the 

range of 50 to 150 torr had a slight but proportional effect on In incorporation, as also 

shown in Figure 8.  This also agrees with previous observations21.  

Another factor controlling In incorporation is the mass flow rate of TMI, as 

shown in Figure 9. For these particular films, the amount of In could not be increased 
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beyond a saturation level of ~7at% after increases in TMI to approximately 35µmol/min. 

This saturation level implies that despite increases in TMI partial pressure, In 

incorporation is limited by the growth rate (25nm/hr), temperature (780°C), and pressure 

(100torr) at which the films were grown. A saturation value of 13% was obtained in an 

earlier study21 at 45 torr and was increased to 23% by increasing the chamber pressure to 

90 torr. 

The effect of ammonia partial pressure on In incorporation over the range of 

0.18-0.45mol/min was insignificant beyond sample-to-sample scatter, similar to previous 

observations19. However, the partial pressure of this reactant has a significant impact on 

surface morphology10-13,29 and the tendency to form In droplets on the surface16,19. This 

phenomenon is expected, since the decomposition rate of ammonia decreases with 

temperature, and the presence of In does not enhance the decomposition rate of ammonia 

in the manner of Ga and especially Al.  

3.5 Summary 

Under ammonia-rich conditions, growth rate and the achievement of a particular 

In composition in InGaN thin films require careful manipulation and control of 

temperature, pressure, and flow rates of TMI and TEG. The growth rates of these films 

were found to be most sensitive to the flow rate of TEG, indicating that despite a reduced 

growth temperature, the growth remains under a mass transport limited regime. 

Since InN decomposition is observed at 500°C in an atmosphere of molecular 

nitrogen at 760torr36, control of In composition in a growing InGaN film can be regarded 

in terms of control over the InN decomposition rate at the film surface. Decomposition in 

the MOVPE growth environment is affected by temperature, pressure, and growth rate. 
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Increases in temperature caused an exponential decrease in In composition. By contrast, 

increases in growth rate and/or pressure increased the In composition; however, the effect 

was markedly less pronounced.  

The values of In composition determined from room temperature PL data and the 

employment of the proper bowing parameter compared moderately well with values 

determine via XPS, despite differences in nominal film thickness. Related values 

calculated from XRD curves were higher due to the anisotropic strain associated with 

lattice mismatch and the presumed pseudomorphic growth of the InGaN films on the 

GaN template.  
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3.8 Figures 

Table I: Parameters used in estimating In mole fraction from room temperature PL data. 
 

Temperature GaN
gE  InN

gE  b 

300K 3.5 3.44 2.5 

 

Table II: Estimated In mole fraction using three analytical techniques for two samples 
grown under the same conditions for different times. 

Thickness XPS RT PL XRD 

180nm 0.11 0.11 0.18 

25nm 0.10 0.14 0.15 

 

 

Figure 1: Cross sectional thickness measurement of InGaN epi-layers (a) SEM of bulk 
layer InGaN (b) TEM of quantum well thin layer. 
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Figure 2: Plot of observed growth rate as a function of Ammonia and TEG mass flow 
rate. 
 

 

Figure 3: Plan view SEM of v-defects intersecting the growth surface. (a) 0.22 mol/min 
NH3, v-defect diameter 110nm (b) 0.58mol/min NH3, v-defect diameter 47nm. 
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Figure 4: Room temperature PL plots of the InGaN bound edge at different In 
compositions. 
 

 

Figure 5: XPS core level scans for the Indium 3d5/2 and Gallium 2p3/2 for films grown 
under the same conditions but different thickness.  
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Figure 6: DCXRD two-theta scans of the GaN and InGaN Bragg angles for three In 
compositions.  

 
Figure 7: Temperature vs. In composition plots at two different growth rates. 
Composition decreases exponentially with temperature (open circles Tong et al.).  
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Figure 8: In composition plots vs. nominal growth rate and chamber pressure. Values 
associated with the growth rate curve are TEG mass flow rate. 
 

 
 

Figure 9: In composition plot  vs. TMI input mass flow rate. 
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4.1 Abstract 

A growth process route associated with an optimum temperature of 1020ºC and 

film thickness beyond 2.5µm has been developed, through investigating the origins of 

surface roughening, that produces GaN templates with a smooth surface morphology. 

Atomic force microscopy (AFM) reveals hillock features and uncoalesced islands for 

non-optimum temperatures below and above 1020ºC, respectively. The hillocks originate 

at pure screw or mixed dislocations terminated on the (0001) surface and uncoalesced 

islands are a result of insufficient lateral growth. Growth of the hillocks is controlled 

kinetically by temperature through adatom diffusion. The density of these growth 

features, found to be approximately 106cm-2, can be reduced through growth on GaN 

templates with lower pure screw or mixed dislocations, such as thick 2.5µm GaN films 

and pendeo-epitaxy (PE) templates. Growth of thick GaN templates at temperature above 

1020ºC, produce the smoothest surface morphology for conventionally grown GaN due 

to reductions in dislocation density. Smooth surfaces can also be accomplished with PE 

growth at temperatures that reduce the R-value (lateral to vertical growth rate) but also 

retard hillock growth that originates in the stripe region. The ( 0211 ) PE sidewall surface 

was atomically smooth, with a root mean square roughness value of .17nm, reflecting the 

noise limited resolution of out AFM measurements.  
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4.2 Introduction 

The Group III nitrides, GaN, AlN, and InN and related alloys, have become key 

materials in the development of short-wavelength photonic devices for display and data-

storage applications, solar-blind uv detectors, and high-temperature/high-power 

electronics. The Group III nitrides are chemically inert, resistant to radiation, have large 

avalanche breakdown fields, high thermal conductivities, and large high-field electron 

drift velocities making them ideal for use in high-frequency and high-power applications.  

GaN (Eg=3.34 eV) forms a continuous range of solid solutions with AlN (6.28 eV) and 

InN (1.95 eV), permitting the fabrication, via bandgap engineering, of laser diodes with 

tunable emission frequencies covering the visible and UV regions1. Nichia Chemical 

Industries of Japan and Cree Research of RTP have produced commercial high-efficiency 

blue and green LEDs from GaN. These devices have applications in full-color flat panel 

and television displays, indicator lights, traffic signals, and may eventually replace 

vacuum tube lighting technologies. Nakamura of Nichia Chemical has also announced 

the production of blue GaN/InGaN multiquantum-well continuous-wave laser diodes 

with an estimated 10,000 hour lifetime2. Commercialization of blue lasers (380-450 nm) 

will significantly increase the optical-storage density of compact disks relative to current 

technologies that use red or infrared (680-780 nm) laser diodes.  

Materials issues, specifically, the lack of bulk GaN single crystals or a suitable 

substrate for heteroepitaxial growth, have hampered nitride semiconductor device 

development.  Innovations in bulk GaN crystal growth are needed before growth on GaN 

substrates can be realized. GaN films are typically grown in the wurtzite structure. 

Sapphire, the most common substrate, exhibits a 14% lattice mismatch at the 
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GaN(0001)/αAl2O3(0001) interface.  Sapphire also has a higher coefficient of thermal 

expansion than GaN.  Other materials that provide a closer lattice match have been 

investigated, notably hexagonal SiC. The effects of substrate incompatibility have been 

remedied to some degree through the use of AlN and GaN buffer layers.  

Single crystal GaN substrates are not readily available.  As such, it has been 

necessary to employ heteroepitaxial processes for the growth III-Nitride films, most 

commonly on GaN and AlN buffer layers previously deposited on sapphire and 

SiC(0001) substrates. The significant mismatches in lattice parameters and the 

coefficients of thermal expansion between the substrates and the films cause the 

generation of 109 – 1010 cm-3 misfit and threading dislocations that compromise the 

character of both the films and the device structures fabricated from these films. Selective 

overgrowth techniques including lateral epitaxial overgrowth (LEO)3-5 and pendeo 

epitaxy (PE)6,7 have been used to grow GaN films having significantly lower 

concentrations of threading dislocations. Pendeo-epitaxy involves the lateral and, 

commonly, the vertical growth of cantilevered “wings” of GaN from the sidewalls of 

etched GaN stripes with or without top masks, respectively6,7 (see Figure 1). The latter, 

referred to as “maskless PE”, has been the focus of this investigation. The time for 

coalescence of the laterally growing surfaces is reduced by increasing the temperature to 

affect an increased lateral growth rate. However, it will be shown in the following 

sections that the use of elevated temperatures concomitantly enhances hillock growth and 

subsequent surface roughening.   

The purpose of this research has been to investigate the origin of surface 

roughening in GaN thin films used as templates for the subsequent growth of GaN or 
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other nitride films, with the goal of developing growth process routes that produce a 

smooth surface morphology. Surface roughening was determined to be a function of (a) 

template thickness which was associated with island coalescence on the buffer layer and 

the dislocation density at the surface and (b) hillock growth which was associated with 

adatom site preference and the dislocation density at the surface. The use of PE templates 

and a variation in conventional GaN template thickness provided control over dislocation 

density. The site preference for adatom incorporation of reactant species on the surface of 

the growing film was controlled kinetically through temperature. Elevated temperatures 

promoted and sustained the growth of hillocks on the (0001) plane and enhanced the 

growth rate on the ( 0211 ) plane in PE growth.   

 
4.3 Background: Growth competition and instability 

4.3.1 Overview 

Vapor phase epitaxial growth on surfaces of real crystals is a competitive process. 

In homoepitaxy, competition exits among various sites on the surface for adatom capture. 

The cores of dislocations change the crystallography of the terraces and the steps on a 

surface. As such, they produce sites that possess highly localized differences in surface 

energy. Instability occurs if a particular type of adatom site is strongly preferred over 

another and the kinetics of surface diffusion allows sufficient time for transport to these 

sites. In heteroepitaxy, island formation may be a competitive process depending on the 

surface energy differences, the interfacial energy and the strain generated due to lattice 

mismatch between the substrate and growing film. Because of the dearth of GaN 
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substrates, the nucleation of this compound must usually be achieved on a foreign 

substrate such as the AlN/6H-SiC(0001) assembly used in the research reported below.  

4.3.2 Nucleation and Growth in Heteroepitaxy 

An AlN layer grown at high-temperatures has been established as the buffer layer 

of choice for growth of GaN films on 6H-SiC(0001)8. As such, growth of the latter film 

on the AlN occurs via a Stranski-Krastanov mode due to stress generated at the interface 

as a result of the 3.4% lattice mismatch. A consequence of nucleation and growth is the 

formation of a finite number of crystallites that must coalesce before the surface resumes 

planarity. The coalescence period is perhaps the most critical and complicated stage of 

growth because it is three-dimensional and requires growth in directions orthogonal to the 

(0001) growth plane. In wurzitic GaN, growth rate anisotropy between the (0001) surface 

and the inclined planes produces competition between the lateral and vertical growth 

rates of the nucleated islands. Growth temperature also influences this anisotropy and 

improper adjustments in this parameter allow only partial coalesce of the islands at the 

early stages. Improper coalescence can increase the roughness of the (0001) surface and 

change the both the types of dislocations that form and their density in the film9. 

 
4.3.3 Kinetic Factors in Homoepitaxy 

  Once the GaN surface is planarized, homoepitaxial growth can continue at 

temperatures above 1000ºC in a step-flow kinetic regime. Adatom diffusion distances are 

relatively large in the step flow regime, and thus allow continuous adatom capture and 

movement of steps. It is important to define diffusion distance as a function of 
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temperature, because its value in relation to features such as terrace width, dictates the 

condensation regime. The root mean square diffusion distance is defined as 

 ( ){ }kTEEax da
a

d
s 2exp

2

21

−





ν
ν






= 10 (1) 

where a is the lattice constant, vd and va are vibrational frequencies, and Ea and Ed are the 

activation energies for adsorption and diffusion, respectively. For GaN Ea is expected to 

be larger than Ed on the perfect surface (Ea~3eV bulk average11, Ed~1.4eV for 

nitrogen12); thus, adsorption is the dominant factor in determining the diffusion distance 

in the terrace regions. Adatoms condense from the gas phase onto the terraces of a 

stepped surface. The diffusion distance determines the fate of adatoms (e.g. if and where 

they will be captured or desorb). The complete condensation regime has been defined10 

as that where the diffusion distance is sufficiently large to allow the majority of the 

adatoms to be captured at sinks before desorption. In step flow growth, the preferred sink 

is the step edge. An incomplete condensation regime implies10 desorption prior to 

capture, or capture only upon direct adsorption onto a sink. 

Competitive growth can occur between locations for adatom incorporation at two 

types of step edges. There exist homogeneous steps produced by substrate miscut. 

Heterogeneous step edges are generated from pure screw or mixed dislocations located 

within the terraces of homogeneous steps. A large population of pure screw or mixed 

dislocations provides significant opportunity for growth instability on the principal 

growth surface. Spiral hillocks are a consequence of preferred growth at heterogeneous 

steps13-15. Hillocks have been observed on GaN films deposited via conventional 

MOVPE in coincidence with open-core screw dislocations16, on InGaN films deposited 
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by MOVPE at reduced temperatures17,18, and on GaN films deposited by MBE on 

MOVPE templates9,19. The Burton, Cabrera and Frank (BCF) theory13 describes these 

observations and is discussed briefly below.   

 Hillocks are a result of helical-type growth around the cores of pure screw or 

mixed dislocations and are preferred at a low supersaturation or undercooling13. Stable 

growth occurs under conditions that allow continuous integration of adatoms at steps, 

provided the rate of homogeneous step advancement is synchronous with the rotational 

velocity of the hillock. For the hillock to be annihilated under steady state conditions, the 

advancing homogenous step must reach the center of the hillock at the same time that the 

hillock’s rotation completes one revolution, as illustrated in Figure 2. Mathematically this 

requirement is met and stable growth is achieved9,13 if 

 growth stable :cMC cw ρ= 9,13 (2) 

where ρc is hillock radius of curvature and is proportional to supersaturation and 

undercooling force for growth13. The substrate miscut, which determines terrace width is 

wMC. A constant c, valued between π and 2π, is introduced as the rotational velocity of 

the hillock.  It is an approximation and will change for larger values of radius of 

curvature and for a preferred crystallographic growth direction.  

Unstable growth occurs if the terrace width is greater or less than c times the 

critical radius of curvature. This instability has been observed on GaN bulk substrates14 

and in other compound semiconductor systems including InP15 and GaAs20,21. The 

instability was diminished through increasing the substrate miscut (thereby decreasing the 

terrace width). Unfortunately, if the populations of pure screw or mixed dislocations are 

sufficiently large wherein two or more pure screw or mixed dislocations cores of like sign 
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are in close proximity, hillock growth rotational velocity is multiplied13. Thus, in a highly 

defective material the probability of hillock formations increases despite proper balances 

in growth parameters and substrate miscut. This phenomenon is illustrated in Figure 3, 

where a double hillock forms in the presence of two pure screw or mixed dislocations of 

like sign. One hillock remains in tact despite annihilation of another hillock by an 

incoming homogenous step.  

The cause of growth instabilities has been investigated in many previously noted 

material systems in terms of substrate surface defects and miscut. The principal goal of 

the present research has been to expand the hillock investigation to GaN films by 

determining the effect of the route mean square diffusion distance of adatom species 

(condensation regime), as controlled by temperature, on the formation and propagation of 

hillocks.    

 
4.4 Experimental Procedure 

All GaN films were deposited in a DC resistively heated, cold-walled, vertical, 

pancake-style, metalorganic vapor phase epitaxy (MOVPE) system. Each GaN film, 

defined as a template layer, was ~1 µm in thickness and grown over a range of 

temperatures between 980°C and 1100°C on a 100nm AlN buffer layer previously 

deposited via MOVPE at 20 Torr on a 6H-SiC(0001) substrate nested in a pocket in a 

rotating SiC-coated graphite platter heated to 1100°C. The precursor sources of tri-

methylaluminum (TMA), tri-ethylgallium (TEG) and ammonia (NH3), were employed, 

under optimum conditions, at flow rates of 5.4µmol/min, 101µmol/min, and 

0.14mol/min, respectively. The precursor sources were mixed in a H2 diluent in a two 
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inch diameter, 6 inch long stainless steel cylinder located at the top of the growth 

chamber. The exit of the mixing chamber was positioned two inches above the substrate. 

The precursor column was surrounded by a one inch annulus curtain of flowing high 

purity nitrogen to provide sufficient gas velocity to produce good uniformity across the 

growth surface. Temperature was measured at the growth pocket edge of the sample 

holder. The temperature gradient across the growth pocket was 10±5ºC. 

An etch mask of 150nm Ni stripes was deposited on each GaN template layer by 

e-beam evaporation and patterned using standard photolithography lift-off techniques. 

The unmasked GaN was etched down to the SiC substrate using an inductively coupled 

plasma (ICP) system and Cl2 and BCl3.  The Ni was then removed using a 5 min dip in 

HNO3.  The remaining seed layer consisted of stripes oriented along the <1-100> 

direction with widths of 2 and 3 µm and separation distances of 12 and 7 µm, 

respectively.  The exposed sidewalls ( 0211 ) and the top (0001) face of the stripes were 

subsequently dipped in 50% hot HCl to remove any surface oxide prior to regrowth.  

Pendeo-epitaxial growth was achieved at a range of temperatures (1040-1100°C) 

and TEG mass flow rates (17-100 µmole/min) at 20 torr with a H2 diluent (3000 sccm) 

and NH3 precursor (3000 sccm). The reactor was modeled and designed to produce a 

high velocity flow over the rotating substrate and a uniform temperature distribution 

within the pocket, both of which achieved (a) elimination of gas prereactions and (b) 

uniform film thickness across a 2” wafer. The lateral and vertical growth rates in the PE 

process are very sensitive to temperature and gas V/III ratios; this reactor design 

produced uniform PE growth rates over a 2” diameter. 



 70 

The GaN surface morphology was determined using an Nikon optical microscope 

containing a Nomarski interference filter, a JEOL 6400 field emission SEM, and a Digital 

Nanoscope 3000 AFM in the tapping mode. The character of the dislocations in the films 

was derived from x-ray rocking curves using symmetric and asymmetric scans obtained 

using a Phillips X’Pert MRD system with a triple bounce detector.  

4.5 Results 

4.5.1 Conventional Growth of GaN Templates on AlN/SiC Substrates 

4.5.1.1  Effect of Temperature 

 Three different characteristics in surface morphology were observed as a function 

of temperature. Figure 4 is a series of optical microscopy images of films grown 

continuously at 980°C and 1020°C on AlN/SiC substrates and at 1100°C on a GaN 

template layer previously grown at 1020°C.  At 980°C (Figure 4a), the film nucleated and 

grew as islands that did not completely coalesce, resulting in long striated islands in the 

~1µm thick film. On a reduced scale, AFM revealed rather large variations in thickness 

with large crevices between island domains. Step overlap was evident due to the large 

variations in thickness at the edges of islands.   

 For our reactor geometry and growth conditions, the optimum temperature for 

planar growth of the GaN films was 1020°C. Coalescence of the three-dimensional 

islands by an increase in lateral growth rate was enhanced by an increase in temperature. 

(Figure 4b reveals less contrast, which indicates a smoother surface than in the low 

temperature sample. The associated AFM studies showed that the stepped morphology 

was significantly smoother (RMS=1.3nm over 100µm2) with small hillocks as the 

contributing factor to roughness.  
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 Increasing the temperature beyond the optimum regime increased the propensity 

for the growth of hillocks within the stepped morphology. To investigate the hillock 

growth in a controlled manner, a GaN film having nominal thickness of 15nm was 

deposited homo-epitaxially at 1100°C on a 1µm GaN template, previously deposited at 

1020°C. Faceted hillocks grew rapidly under these conditions. They are visible as small 

depressions in the surface of the film in the optical micrograph shown in Figure 4c and in 

the AFM micrographs shown in Figures 5 and 6. Their density was determined to be at 

7.6x106cm-2.  

 Figure 7a shows an AFM image taken from a sample grown to a thickness of 

150nm at 1100ºC. An open core, indicative of a pure screw or mixed dislocation, is 

identified at the center of the double hillock (see arrow). The core is similar albeit smaller 

than previous observations16 of open core dislocations at hillock centers. The hillocks 

grew in a hexagonal shape, suggesting that their sidewalls are of the {1010} family of 

planes and exhibited lateral growth. Lateral growth on the sidewalls produced facets and 

made it difficult for the AFM probe to maintain contact once it reached the sidewall edge. 

Figure 7b represents a large hillock with three double hillocks nucleating at its center, 

indicating an attempt to re-nucleate and a persistence of hillock formation in this growth 

regime.   

4.5.1.2  Effect of Thickness 

 The effect of layer thickness was investigated by depositing GaN template films 

at the optimal temperature of 1020ºC to the nominal thicknesses of 0.5, 1.0, 2.5µm. The 

optical and the phase contrast AFM images shown in Figures 8 and 9, respectively, reveal 

a decrease in surface roughness with increasing layer thickness. Competition among 
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adjacent growing islands controls the surface morphology at a thickness of 0.5µm. The 

islands having an average diameter of 3-5µm were sufficiently large to produce 

contrasting features in the optical images such as that shown in Figure 8a. As the 

thickness increased, the optical images revealed a surface with larger features but less 

contrast. These features are attributed to larger but shallower hillocks shown in Figure 9b. 

The RMS value decreased two-fold for each factor of 2.5 increase in layer thickness. The 

thickest film shown in Figure 9c had the lowest RMS value of 0.48nm over 100µm2 

because the surface contained the smallest concentration of hillocks. 

 The gradual decrease in surface roughness noted above occurred in part due to 

surface energy minimization via coalescence of the initial islands and the reduction in 

density of the mixed dislocations. Surface planarity is thus energetically preferred to the 

formation of islands under optimal conditions, due to the greater energy needed to sustain 

the initial inclined or faceted surfaces. The density of mixed dislocations decrease with an 

increase in the nominal thickness of GaN films, as substantiated by the decrease in 

FWHM of the on and off-axis in x-ray rocking curves22, and as shown by similar results 

obtained in the present research in Figure 10. Mixed dislocations have line vectors 

slightly off axis with the growth surface and are thus able to interact with edge and other 

mixed dislocations and annihilate23. Since it is known that hillock formations are 

centered on pure screw or mixed dislocations, their reduction in density described above 

is indicative of a decrease in mixed dislocation density. However, hillock spirals persist, 

as identified with arrows in Figure 11, indicating that despite optimum growth conditions, 

a high density of dislocations promotes competition between the formation and growth of 

hillocks and the flow of homogeneous steps.  
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 Step linearity also improves with layer thickness and is attributed to the decrease 

in density of mixed dislocations and associated hillocks. Steps must curve around 

adjacent bowed steps (pinned at pure screw or mixed dislocation cores) or hillocks. The 

2.5µm thick GaN film has very straight portions of steps with some curvature around 

locations with higher pure screw or mixed dislocation populations, as shown in Figure 9c.  

4.5.2 Pendeo-Epitaxial Growth of GaN Templates on AlN/SiC 
Substrates 

 The films grown via pendeo epitaxy growth followed the same trends as a 

function of the temperature of deposition and dislocation population. The ratio between 

the lateral and vertical growth rates for PE films grown under a low TEG mass flow rate 

(V/III flow rate ratio = 6160), increased with an increase in temperature, as shown in 

Figure 12. This former ratio was used, since the growth rate is kinetically limited by the 

mass flow rate of TEG and is referred to as the lateral-to-vertical growth rate. Elevated 

temperature forces growth to occur on the ( 0211 ) rather than on the (0001) planes, and 

promotes the formation of hillocks on the (0001) plane. Figure 13 allows a comparison of 

the microstructures obtained on the (0001) surface during PE growth under optimum and 

elevated temperatures. The growth was interrupted at the same lateral growth thickness to 

help identify early stages of hillock formation. While the RMS roughness was nearly the 

same in each case, the occurrence of hillocks represents the early stage of growth 

instability at elevated temperature. The vertical growth rate under elevated temperature 

conditions, as measured nominally in cross-section, was attributed solely to contributions 

from hillock growth on the (0001) plane.   
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 Many hillocks were centered on the stripe region; however, very few occurred on 

the (0001) growth plane in the overgrowth region despite the elevated deposition 

temperature of 1100°C, as shown in Figure 14. Diminished FWHM in the symmetric and 

asymmetric X-ray rocking curves confirmed the confirmed the reduction of mixed-type 

dislocations. The FWHM rocking curve in the (0002) on axis direction was reduced from 

646 arcsec in the stripe material to 354 arcsec in the wing material. Measurements in the 

( 2330 ) off-axis directions, that reflect densities of edge and mixed type dislocations, 

showed a reduction of FWHM from 296 arcsec to 126 arcsec in the stripe and wing 

regions, respectively. The cross-sectional TEM micrograph shown in Figure 15 also 

confirmed these reductions in dislocation density in the wing regions.  

 The geometry of the hillocks at the center of PE stripes differs from hillocks 

grown on conventional GaN templates because the former are free to grow laterally to the 

edge of the wing region, as shown in Figure 14. It is only upon coalescence that they 

form faceted walls and become readily visible in the SEM or optical microscope. This 

occurs as they continue to grow laterally and coalesce on at least one side, and sidewalls 

consequently assume preferred crystallographic directions, (form facets) in the manner 

shown in Figure 16 and identical to that which is exhibited in growth on conventional 

templates. For reasons under investigation, the nucleation of a new hillock may occur on 

an existing hillock and the former expand until it reaches the edge of the underlying 

hillock.  

 Atomic force microscopy over a 2.5µm scan revealed the PE sidewall surface 

(( 0211 ) plane) to be atomically flat. No steps were observed, suggesting the step height 

was less than 0.15nm or near the noise limited resolution of the AFM. The RMS roughness 
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of the imaged surface enclosed by the box in Figure 16 was calculated to be .14nm, less 

than the .26nm theoretical step height on the (0001) growth surface. The only 

morphological irregularities on this sidewall were pits shown in Figures 16a and b and 

located close to the SiC substrate. Consequently, the RMS roughness of the entire image in 

Figure 17a increased to 0.21nm. These pits are conjectured to coincide with dislocations 

having line vectors turned towards the ( 0211 ) face. Figure 15 shows that a few threading 

dislocations have become bent towards the lateral growth front.  

 
4.6 Discussion 

 Our observations reveal increasingly stable growth and consequent smoother 

surfaces for GaN template layers deposited with increasing nominal thickness and 

optimum temperature of 1020°C. The observed trends in surface roughness as a function 

of growth parameters were equally applicable for conventionally and PE growth on 

grown GaN films on AlN/SiC substrates.  

 Under optimal growth conditions, the greater the nominal film thickness the 

greater the linearity in the observed stepped morphology and the smaller the values of the 

FWHM in the x-ray rocking curves. This is attributed to the completion of island 

coalescence and the reduction in the total dislocation density through the gradual 

annihilation of mixed dislocations. These phenomena provide particular advantages to 

selective growth techniques such as PE, in that the seed layer typically has a nominal 

thickness of one micron. For that reason growth of the stripe and overgrowth(wing) 

regions commence with (0001) surfaces that exhibit relatively low roughness. It is 

expected that reductions in both roughness and the density of line defects will continue 
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with further increases in thickness. However a limit is reached where the GaN template is 

susceptible to cracking upon cooling due to the accumulation of non-uniform residual 

stresses due to the mismatches in the coefficients of thermal expansion and lattice 

parameters between the film and AlN/SiC substrate. 

 There exist optimum growth conditions for the MOVPE deposition of GaN that 

achieve minimum surface roughness. These conditions are outlined in a growth model 

relating the V/III ratio and temperature with surface roughness, optical, and electrical 

properties24. Our observations provide a mechanism for surface roughening at non-

optimum temperatures for conventionally grown GaN. Optimal values for temperature 

exist for providing adequate coalescence of islands from its nucleation stage. It is 

conjectured that an increased temperature diminishes growth rate anisotropy between the 

principal (0001) growth surface and its inclined planes. Higher temperatures enhance the 

lateral-to-vertical growth rate of the competing three dimensional islands.  

  Similarly, an increase in temperature above the optimum value is shown to 

enhance the lateral-to-vertical growth rate in PE growth. As shown in Figure 12, the 

lateral growth rate markedly increased and the vertical growth rate remained 

approximately the same or decreased with an increase in temperature. Increases in both 

the temperature and the V/III ratio are employed to accelerate the coalescence process in 

the overgrown area. However, the experimentally determined relationships between the 

lateral-to-vertical growth rate, temperature, and V/III ratio remain under investigation. 

Modeling is required for greater understanding of the role of kinetic and thermodynamic 

factors in the manipulation of the afore mentioned growth parameters. As will be 

discussed in greater detail, diffusion distances on the (0001) surface are conjectured to 
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drop substantially with increases in temperature above the optimum, as adatoms have a 

greater probability in desorbing prior to capture at steps. Under this premise, 

incorporation of adatoms to the ( 0211 ) plane would require adsorption directly from the 

gas phase rather than via surface diffusion from the (0001) surface.  

Increasing the temperature, in an attempt to minimize coalescence time, decreases 

the lateral-to-vertical growth rate that, in turn, induces roughening on the (0001) growth 

surface. Temperatures above the optimum value increase the growth rate of hillocks on 

this surface for both conventional and PE growth. Since this phenomenon is closely 

linked with pure screw or mixed dislocations, the highly defective stripe area in PE 

growth has equal susceptibility to hillock formation as conventionally grown films. The 

presence of hillocks centered on stripe regions is complimented by the high values of the 

FWHM of the X-ray rocking curves obtained from the stripe regions relative to the 

overgrown regions. The high dislocation density in conventionally deposited films and in 

PE stripe regions also increases the probability of tighter groupings of pure screw or 

mixed dislocations. A separation distance between dislocations at the centers of hillocks 

less than the radius of hillock curvature is critical for allowing the hillock growth to 

increase its rotational velocity13. The hillock rotational velocity is multiplied by the 

number of pure screw or mixed dislocations present.  The density of dislocations is 

sufficiently high that the hillocks continually evade the annihilation process13. This 

configuration is illustrated schematically as a double hillock in Figure 3 and observed 

experimentally centered on a PE stripe region as a double hillock in Figure 14 and as a 

quadruple hillock in Figure 13a.  
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Under optimum conditions, hillock formation occurs continuously throughout the 

crystal surface of III-Nitride films wherever pure screw or mixed dislocations exist. 

Single hillocks are not readily observed under optimum growth conditions, because they 

are continuously consumed by incoming homogeneous steps. However, double and 

multiple hillocks are observed under optimum growth conditions, since their rate of 

rotation is greater than their consumption by incoming homogeneous steps, as shown in 

Figure 11. 

At temperatures greater than optimum, the hillock structures become pervasive on 

the (0001) surface of GaN, as they represent the most favorable configuration for the 

adsorption of nitrogen- and gallium-containing species in the atomic configurations 

present at pure screw and/or mixed dislocation cores and heterogeneous steps.  There are 

several reasons for the adatom adsorption to these sites on the GaN(0001) surface. 

(a) Elevated temperatures above the optimum reduce significantly the adatom diffusion 

length due to an increased tendency for desorption. Adatoms condense in the terrace and 

evaporate before reaching homogeneous steps. Evaporation may also occur from the 

homogeneous steps. Thus, growth enters an incomplete condensation regime with 

incorporation at homogeneous steps and diminishes homogeneous step flow.   

(b) Heterogeneous steps and their associated pure screw or mixed dislocations that are in 

close proximity that lie within the terrace present a double step height and possess a 

greater concentration of free surface bonds. This configuration may offer an attractive 

capture mechanism despite the increased tendency for desorption at high the 

temperatures. Thus, condensation remains complete with incorporation of adatoms at 

multiple arrays of heterogeneous steps and allows continuous growth of multiple hillocks.  
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(c) Multiple hillock growth becomes stable since they are no longer annihilated by 

incoming homogeneous steps.  

A balance is required between Ga and N incorporation for continuous growth to 

occur on the (0001) surface. On this basis, it is conjectured that at temperatures above 

optimum, nitrogen acts as the rate limiting species for continuous growth at 

homogeneous steps. Since nitrogen has a higher vapor pressure than gallium, desorption 

of nitrogen occurs more rapidly than gallium. 

As hillocks increase in size they contribute to the measured vertical growth rate in 

PE growth. Under conditions providing high lateral-to-vertical growth rate, the amount of 

observed vertical growth on the (0001) surface was, in many cases, attributed solely to 

hillock growth. This was accomplished in part through the lateral expansion of the 

hillocks to the edges of the overgrown wings, since lateral growth was enhanced under 

the very same conditions. Once coalescence between the overgrown regions occurred, the 

hillocks resumed a faceted geometry, as shown in Figure 18, in the same manner as the 

hillocks formed in conventional growth. Consequently, the long range surface roughness 

increased dramatically to the point where the roughness provided easy contrast in the 

optical microscope in the manner obtained in conventional growth and shown in Figure 

4c, obtained in conventional growth. An additional consequence to hillock growth is the 

formation of twin boundaries, as shown in Figure 19 for a GaN film grown by molecular 

beam epitaxy25. In this case, the hillock attempted to grow in a rotational structure having 

a minimum step energy. The step attempts to minimize its length and assume a preferred 

crystallographic direction as the hillock rotates incrementally.  
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 The AFM in the tapping mode was incapable of resolving any features except pits 

on the ( 0211 )sidewall plane of the wings of the PE GaN films.  The RMS value of 0.15 is 

representative of an average roughness limited by system noise rather than unresolved or 

resolved surface features. The smoothness of the ( 0211 ) plane is remarkable and 

indicates that hillock growth, similar to that observed on the (0001) surface, would not 

occur on this plane even under non-optimum growth conditions. Whether or not lateral 

growth on this plane occurs through nucleation or step flow cannot be ascertained. The 

absence of steps or islands suggests that the atomic step height is near or less than 0.1nm, 

or that terrace widths are quite large and would require exhaustive scanning. 

 
4.7 Summary 

Two growth related parameters, namely, temperature and template layer thickness 

have been identified and investigated for achieving optimally smooth surfaces on 

GaN(0001) templates via conventional and PE growth processes in an MOVPE system. 

These parameters were determined to be both related and competing entities in the 

context of the growth of hillocks from the cores of mixed and screw dislocations that 

intersect the (0001) plane.  

Growth of GaN films on an AlN buffer layer is a nucleation and growth process 

and requires coalescence of three-dimensional islands. Proper adjustment in growth 

temperature is required to enhance the coalescence and the resumption of a smooth 

surface. Despite efforts to determine an optimum growth temperature, the growth surface 

always exhibited significant roughening at the early stages of growth due to coalescence 

and the high dislocation density. The surface of films having a thickness greater than 
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2.5µm had RMS values that approached the theoretical step height. This significant 

reduction in surface roughness is attributed to dislocation annihilation and complete 

coalescence of the islands. The use of GaN as template layers having thickness greater 

than 2.5µm is therefore recommended for growth of subsequent device layers that require 

smooth interfaces.  

To produce a low-defect PE material with a smooth, stepped surface morphology, 

free of hillock features, it is recommended to use the optimum growth temperature of 

1020°C.  Unfortunately, this will markedly reduce the lateral growth rate. Temperatures 

above the optimum enhance adatom nitrogen desorption from the (0001) surface and 

incorporation at heterogeneous steps in the terrace. In PE growth, incorporation on the 

( 0211 ) plane is also enhanced at elevated growth temperatures.  This plane exhibits a 

smooth surface free of hillocks and observable steps. 
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4.10  Figures 

 
Figure 1: Schematic of Pendeo growth planes. 
 

 
Figure 2: Schematic of a growth sequence illustrating the stable growth criterion. The 
rotational velocity of the hillock growth is coincident with a homogeneous step frequency 
of half of the terrace width. The result is steady state annihilation of the hillock. 
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Figure 3: Schematic of a typical growth sequence illustrating unstable hillock growth. A 
double hillock doubles the rotational velocity of hillock growth. The double hillock 
produces one completely enclosed hillock within the same time period as figure 2. 
 

 
Figure 4: Optical micrographs obtained using a Nomarksi interference filter and showing 
the effect of temperature on the surface roughness of ~1µm thick GaN films grown on 
AlN/SiC substrates at (a) 980ºC and (b) 1020ºC and on a previously deposited 1µm thick 
GaN template layer at (c) 1100ºC for 30sec 
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Figure 5: AFM micrographs: showing the effect of temperature on surface roughness: 
1µm thick GaN films grown at (a) 980ºC on AlN, RMS 3nm, (b) 1020ºC on AlN, RMS 
1.3nm, (c) 1100ºC on GaN template previously grown at 1020ºC, RMS 2.0nm, (d),(e),(f) 
are phase contrast of the AFM images shown in (a),(b),(c) respectively. 
 

 
Figure 6: Close up of hillock instability seen in figure 9f (a) topographical (b) phase 
contrast. 
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Figure 7: (a) Close-up AFM image on a double growth hillock. Edges are hexagonal in 
shape with faceted walls. (b) Re-nucleation of double hillocks at 1100ºC (70ºC above the 
optimum temperature) and centered on a larger hillock on the GaN template.  
 

 
Figure 8: Optical micrographs obtained with the aid of a Nomarski interference filter and 
showing the effect of GaN template thickness on surface roughness: (a) 0.5 µm, (b) 
1.0µm, (c) 2.5µm. 

 
Figure 9. AFM micrographs showing the effect of template thickness on surface 
roughness: (a) 0.5µm RMS 2.6nm, (b) 1.0µm RMS 1.3nm, (c) 2.5µm; RMS .48nm 
 



 88 

 
Figure 10: Reduction in on an off axis rocking curve FWHM correlates with RMS surface 
roughness. 
 

 
Figure 11: Persistence of double hillock spirals on a 1.0µm GaN film deposited under the 
optimum conditions of 1020°C and 20 torr continuously on an AlN buffer layer. 
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Figure 12: Plots of lateral and vertical rates of PE growth normalized by the TEG flow 
rate versus temperature. 

 
Figure 13: AFM images obtained from the center of a stripe region after early stages of 
coalescence on a pendeo post (3-7 scheme) (a) Unstable surface with quadruple hillock 
formed during deposition at 1100ºC, RMS=.31nm (b) stable surface formed at 1020ºC, 
RMS=.35nm. 
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Figure 14: AMF micrographs of a growth hillock originating at center of PE (0001) 
stripe. (a) Note hillock growth consumes the (0001) surface and extends to the edge of 
the overgrown region. (b) Enlarged view of hillock center. 
 

 
Figure 15: Cross-sectional TEM micrograph demonstrates reduction in dislocation 
density in the overgrown region. 
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Figure 16: Low magnification SEM micrograph of surface morphology after coalescence 
of wing regions. The several hillocks (small mounds) are centered on the PE striped 
region. The hillocks developed facets upon coalescence. 
 

 
Figure 17: AFM image of ( 0211 ) sidewall of pendeo-epitaxially deposited GaN on a 3-
10 mask. Sidewall has vertical dimension of 2.5µm in vertical dimension. (a) RMS 
roughness .17nm inside box, .21nm for entire image (b) close-up of pitted area. 
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Figure 18: Topographical (left) and phase contrast (right) AFM images of large multiple 
hillock structure that became faceted upon coalescence of PE sidewalls. 

 

 
Figure 19: STEM image of a hillock grown by MBE. Note twinning of the lattice at 
different angles25. 



 93 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
5 HELICAL-TYPE SURFACE DEFECTS IN GAN AND INGAN THIN FILMS 

EPITAXIALLY GROWN ON GAN TEMPLATES AT REDUCED 
TEMPERATURES  

 
Peter Miraglia, Edward Preble, Amy Roskowski, Sven Einfeldt, Robert F. Davis 
Department of Materials Science and Engineering, 
North Carolina State University, Raleigh, NC 27606 

  
 Sung Hwam Lim, Zuzzana Liliental-Weber 
 Lawrence Berkeley National Laboratory 62/203, Berkeley, CA 94720 
 
 

 
 
  

 
 
 
  
  

 
 
 

 
 



 94 

5.1 Abstract 

The surface morphologies of GaN and InGaN films grown at 780°C by metalorganic 

vapor phase epitaxy were determined using atomic force microscopy. Growth was 

performed on conventionally deposited and pendeo-epitaxially deposited GaN thin film 

templates. A qualitative model is presented to explain observed instabilities in the step 

morphology of these films, namely, the formation of hillocks and v-defects, that give rise 

to surface roughening. The latter are a result of a boundary dragging effect, where 

interactions between the movement of homogeneous and heterogeneous steps and the 

tendency to form clusters in the terrace in the transition in kinetic growth regime. V-

shaped defects having a density in close parity with the dislocation density (3x109cm-2) 

and previously associated solely with InGaN films, were observed in GaN films grown in 

this study at 780°C. Films of InGaN exhibited both v-defect pits and hillocks. Hillock 

formation was attributed to a transition in thermodynamic mode to three-dimensional 

island growth. The tendency to form v-defects was diminished with an increase in the In 

mole fraction and a decrease in mixed dislocation density. A delay in the formation of v-

defects in InGaN was observed and associated with the ammonia partial pressure and the 

interactions between hillock islands and pure screw or mixed dislocations. Explanations 

for the foregoing observations are based on growth model theory previously developed 

by Burton, Cabrera, and Frank (BCF) and on changes in the surface kinetics with 

temperature, In composition, and gas phase composition. 
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5.2 Introduction 

Interface roughness in Group III-V nitride heterostructures is of considerable 

importance, as it has a marked influence on the performance of both optoelectronic and 

microelectronic devices. For example, a very small degree of interface roughness causes 

scattering of mobile carriers and significantly affects the two-dimensional electron gas 

properties in AlGaN/GaN based high electron mobility transistors1. Roughness 

fluctuations greater than 3nm at the hetero-interface in an InGaN/GaN quantum structure 

are reported2 to be on the spatial order of the operative exciton recombination processes. 

Linewidth broadening and a Stokes shift in the emission spectra are associated with 

fluctuations in the width  of the quantum well2.  

Growth of InGaN films via MOVPE presents a challenge to producing smooth 

surfaces because the deposition is restricted to reduced temperatures because of the 

evaporation of the In. Two microstructural features identified via AFM3-7 and cross-

sectional TEM6-15 that contribute to significant surface and interface roughness in InGaN 

and InGaN/GaN quantum wells are v-defects and hillocks. Their effect on optical 

properties has been identified in selected studies3,14,16. In a growth context however, their 

mechanism(s) of formation remain topics for discussion. An extensive review of the work 

to date on these surface and interface defects associated with InGaN can be found else 

ware17. 

 In the context of epitaxial growth, surface roughness can be understood in terms 

of defects and growth instabilities in its stepped morphology. In the research described 

herein, we have conducted extensive microscopy studies of the growth surfaces of GaN 

and InGaN films grown at 780°C in an MOVPE environment on GaN templates and the 
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hillocks and v-defects that occur in these surfaces. Considerable insight regarding the 

origin of these defects; the effect of growth parameters including nominal layer thickness, 

In incorporation, growth rate, V/III ratio and dislocation density on the character and 

density of these defect; and their effect on the microstructures of these surfaces has been 

achieved. The occurrence of these defects is related to the growth mode exhibited by 

these III-Nitride materials.   

5.3 Background 

5.3.1 Surface Steps and Step Flow 

 Surfaces of crystals contain steps at a frequency proportional to the miscut of this 

surface. These steps are referred to as “homogeneous steps,” since they represent the 

miscut of an ideal crystal. Step configurations in real materials differ from the ideal 

because pure screw or mixed dislocations intersect at approximate right angles to the 

surface. Currently, in the absence of a readily available native substrate, GaN films 

heterogeneously grown on foreign substrates contain a dislocation density greater than 

108cm-2. As a consequence, the surface of this compound contains additional 

“heterogeneous steps” composed of one or more mono-molecular units that terminate at 

pure screw or mixed dislocation cores. This configuration is illustrated schematically in 

Figure 1, which shows a heterogeneous step being introduced at a pure screw or mixed 

dislocation between two homogeneous steps. A step originating from a pure screw or 

mixed dislocation must terminate at another pure screw or mixed dislocation or at the 

edge of the crystal surface.   

Epitaxial growth of real crystals from the vapor phase is influenced immensely by 

the introduction of homogeneous and heterogeneous steps. Steps and their associated 
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kinks and jogs lower the supersaturation necessary for nucleation and growth from 50% 

in the ideal case to less than 1% in real crystals18. Consequently, growth is permitted at 

higher temperatures and lower supersaturation and thus enables high adatom surface 

mobility and improved crystal quality in ordered compound semiconductors such as GaN.  

5.3.2 Growth Stability in The Step Flow Growth Regime 

The criterion for stable growth is an example of an ideal balance between 

heterogeneous and homogeneous step interactions to produce a planar surface. At high 

temperatures (above 950°C) GaN grows in a step flow regime19. Steps advancement in 

one dimension through adatom capture at kinks present at step edges is illustrated 

schematically in Figure 118. Heterogeneous step flow movement, illustrated in Figure 2, 

follows a helical rather than a linear path, since the screw-type dislocation core forces the 

step to move in a helical path. While the heterogeneous step remains pinned at its ends, it 

attempts to bow out at a radius of curvature proportional to the free energy for growth. If 

the radius of curvature is smaller than half the terrace width, a growth hillock emerges 

from the heterogeneous step, as shown in Figure 3. Steady state hillock annihilation, and 

continued stable growth requires that the advancing homogenous step must reach the 

center of the hillock at the same time the hillock completes one revolution. The 

annihilation process is illustrated schematically in a series of schematics in Figure 3.     

Similar with other compound semiconductors20-22, vapor phase epitaxy of GaN 

involves a competition between hillock growth at heterogeneous steps and linear growth 

at homogenous steps. Stable growth occurs provided the rate of advancement of the 

homogeneous steps is synchronous with the rotational velocities of the hillocks so that 

the latter are annihilated before they can form closed loops of one step height.  
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5.3.3 Transition to Two- and Three-Dimensional Growth  

The transition from step flow in homo-epitaxy to nucleation on the terrace is 

smooth and induced through higher undercooling and increased supersaturation. 

Modeling the departure from step flow with growth parameters becomes complicated, 

since there are many intermediate atomistic transport mechanisms contributing to an 

observed transition23,24. The transition from step flow to nucleation in the terrace can be 

understood in terms of the terrace width and the adatom route-mean diffusion distance of 

the rate limiting species. The terrace width is dependent upon the substrate miscut and 

remains, for our purpose, constant. Under the step flow conditions pertinent at the 

optimum GaN growth temperature of 1020°C, the diffusion distance is expected to be 

greater than the terrace width. Adatoms integrate into kinks at steps from denuded 

zones25, located on either side of the step edge and having the width of the diffusion 

distance.  

The diffusion distance and the width of the denuded zone decrease in length with 

decreases in the surface undercooling. A transition from the step flow regime is expected, 

if the denuded zone width decreases to less than a third26 of the terrace width. Clustering 

in the terrace is enhanced with a lower diffusion distance and a decreased desorption rate 

at higher undercooling. At this point, competition ensues between adatom capture at step 

edges and clusters in the terrace. The composite effect of the many surface interactions at 

increased undercooling is competition between linear step movement across the terrace 

and cluster assembly in the terrace. Steps formerly possessing nearly straight edges 

become curved after coalescing with islands in the terrace. At the extreme end of terrace 

nucleation, significant terrace overhang and islands in the terrace are expected. 
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Growth can enter a three-dimensional kinetic regime in homo-epitaxy or a three-

dimensional thermodynamic mode in hetero-epitaxy. Increases in undercooling and 

growth rate in homo-epitaxy can provide a transition from step flow to island formation. 

Condensing adatoms remain in close proximity to their initial condensation sites because 

they have insufficient time or energy for transport to step edges. The extreme 

manifestation of this growth regime is amorphous material, where adatoms have 

insufficient time or energy to obtain crystallographic order on the surface. Alloying a thin 

film can also induce a transition to three-dimensional growth in two classical 

thermodynamic modes, including Volmer-Weber and Stranski-Krastanov (S-K). The 

Volmer-Weber mode develops if the differences in surface energy or strain energy 

between the template and film is sufficiently large. The transition is then abrupt with the 

nucleation in the terrace or at step edges. Most hetero-epitaxial growth is classified under 

the S-K mode, where there are less extreme differences in energy terms. Growth occurs 

initially via the Frank-van der Merwe mode until the energy term attains  a critical value, 

at which point three-dimensional islands nucleate and grow.  

It is important to be aware of heterogeneous steps interactions in thermodynamic 

mode or kinetic regime transitions. The three-dimensional character of the heterogeneous 

step allows the possibility of a helical-type three-dimensional growth instability in a 

mode transition if the stability requirement is not satisfied (section 5.3.2). Since 

heterogeneous steps terminate at pure screw or mixed dislocation cores, they are 

attractive sites for island nucleation25 in the Volmer-Weber and S-K modes. This paper 

explores interactions in kinetic regime transitions between heterogeneous steps, two-

dimensional islands, and homogeneous steps to produce helical-type instabilities.  
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5.4 Experimental Procedure 

 All films were grown in a custom, cold-wall, rotating vertical pancake-style 

MOVPE reactor. Single “template” layers of GaN having a thickness between 0.5 and 

2.5µm were grown at 1020°C and 20 torr on a 0.1µm AlN high temperature buffer 

layer27 previously deposited on cleaned28, on-axis 6H-SiC(0001) substrates. An epilayer 

of either GaN or InGaN were deposited on a GaN template at 780°C and100torr. Vapors 

of triethylgallium (TEG)* and trimethylindium (TMI)†, the latter from a solution, were 

carried in nitrogen into the reactor at rates between 5.5-18mol/min and 5.5-55µmol/min, 

respectively. High purity ammonia‡ was used at flow rates between 4 and 10 slm (0.18-

0.45µmol/min) as the group V precursor. Nitrogen, flowing at 4slm diluted the 

metalorganic precursors prior to reaching the growth chamber. A curtain of nitrogen 

flowing at 5slm surrounded the source gas column to prevent the reactants from reaching 

the chamber wall and to decrease the thermal gradients across the growth zone.  

 The indium mole fraction in each InGaN film was determined by comparing the 

position of the donor bound exciton peak between InGaN and GaN obtained from room 

temperature photoluminescence spectra obtained using the 325nm line from a 13mw 

HeCd laser with the bowing parameter data reported by Jiang et al.12 for InGaN alloys. 

The morphologies of the final GaN and InGaN surfaces were characterized using field 

emission scanning electron microscopy (FESEM)§ and atomic force microscopy** (AFM) 

in the tapping mode. The growth rates of the low temperature GaN and InGaN films were 

                                                 
*Tri-ethylgallium (TEGAAG-246), Epichem Inc., Haverhill, MA, 01835 
† Solution Tri-methylindium, Epichem Inc., Haverhill, MA, 01835 
‡ Blue Ammonia, Solkatronic Chemicals, Morrisville, PA, 19067 
§ Model 6400, JOEL, Japan 
** Nanoscope 3000, Digital Instruments, CA  
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determined both from a set of thick films of similar composition using cross-sectional 

SEM and from thin layers using cross-sectional transmission electron microscopy 

(TEM)* at 800kV. TEM samples were prepared using standard dimpling and ion milling 

techniques; they were subsequently chemically etched at 16nm in HF and KOH to 

remove the surface damage. 

5.5 Results 

5.5.1 Overview 

The surface morphologies of the GaN and the InGaN films deposited at 780°C 

deviated substantially from that of the GaN template layers grown at 1020°C. The route-

mean square surface roughness (RMS) values of the low temperature films were nearly the 

same at a given thickness but increased with an increase in nominal film thickness, as 

shown in Figure 4 for GaN and In.12Ga.88N. The surface morphologies are discussed in 

terms of the stepped structure, v-defects, and hillocks in the following sections. 

5.5.2 Stepped Structure 

Each GaN template film deposited at 1020°C exhibited initial island nucleation, 

growth and coalescence on the AlN buffer layer followed by apparent step flow growth, 

as shown in the representative AFM image shown in Figure 5. The surface was 

terminated with a high density of pure screw or mixed dislocation cores visible as black 

circular depressions at the terminations of heterogeneous steps. Edge dislocations also 

terminated the surface and were visible in the terraces29; however, they do not appear in 

the AFM image due to the tip resolution of the instrument. Despite significant 

heterogeneous step bowing from dislocation pinning points, the surface of each of the 

                                                 
* ARM 800, JEM, Japan 
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high temperature GaN films remained relatively smooth, with .25-.3nm step heights and 

an RMS roughness value of 0.35nm in Figure 5.  

 Subsequent GaN films were deposited immediately at 780°C on the template 

layers using 18µmol/min TEG and 0.45mol/min NH3 at a nominal growth rate of 

180nm/hr to successively greater thickness of 2, 10, and 100nm, as shown in Figures 6a-

c. At a nominal thickness of 2nm the stepped morphology showed pronounced bowing 

from pinning points; this bowing was enhanced with increases in the nominal film 

thickness. The radius of curvature of the steps, measured to be approximately 120nm 

from Figure 6b, is slightly larger than the average spacing of the dislocations.  

Representative microstructures of In0.12Ga0.88N films of increasing thickness and 

separately deposited on GaN templates under the same parameters as the low temperature 

GaN films are shown in Figure 7. The mass flow rate of the TMI was 55µmol/min. At a 

nominal thickness of 2nm, the underlying GaN surface was covered by partially 

coalesced islands of half-unit cell height. These islands had sharp terminating steps and 

diameters ranging from 50 to 100nm, or less than half of the radius of curvature of that 

previously observed in the low temperature GaN films with the same thickness. In some 

locations, the island structure gave rise to ~1 nm deep crevices between step edges, as 

illustrated by the darker areas of Figure 7a.  

As the nominal film thickness increased beyond 2nm the islands elongated and 

began to coalesce to form hillocks surrounding the core of a pure screw or mixed 

dislocation, as shown in Figures 7b and 7c. At a thickness of 100nm, and at the point 

where hillock islands impinged upon another, a step-like structure evolved, as seen in 

figure 7b. Despite a return to a stepped structure, significant terrace overhang and islands 
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in the terrace region are evident in Figure 8. Reducing the In mole fraction in the films 

caused the microstructure to become increasingly more similar to that of the low 

temperature GaN films with fewer islands in the terrace, less terrace overhang, and a 

more regularly stepped surface, as would be expected and is shown in Figure 9. These 

films were grown at temperatures between 750 and 800ºC to a nominal thickness of 

~25nm using 5µmol/min TEG, 55µmol/min TMI, and 0.45mol/min NH3.  

Figure 8 shows the presence of small islands on selected terraces (see arrows) 

possibly as a result of adatom clustering nearer the step edges. This phenomenon is 

referred to as step decoration30 and is suggestive of a Ehrlich-Schwoebel barrier31,32 

promoted by the presence of In. Additions of In may diminish the probability ratio 

between step up and step down adatom diffusion, resulting in the collection of adatom 

clusters at step edges.   

5.5.3 Pit Formation 

The surface of GaN deposited at 780°C reveals a large density of pits that increase 

in diameter with film thickness. At a nominal thickness of 100nm, the pits acquire a  

hexagonal pyramidal shape and resemble the often-reported6-15 ‘v-defects.’ These defects 

have a 55-63° inclination with the (0001) growth surface, similar to the theoretical value 

(62°) assumed for the inclination between the (1011) plane and the (0001) surface15,33. 

The intersection between these v-defects and the growth surface is along the terrace 

edges as shown in Figure 6c. The planar density of these defects did not change with 

layer thickness and was in close parity with typical values of threading dislocation 

density (3x109/cm2) in GaN films having a thickness of ~1.0µm34. Based on previous 

observations of v-defect coincidence with threading dislocations6-15, it is inferred from 
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Figure 6a that they originated from mixed type threading dislocations intersecting the 

underlying surface.  

 V-defect development in the InGaN films of this research is complicated by the 

nucleation and growth of numerous islands that coalesce and form hillocks, as shown in 

Figure 7. They were not observed via AFM in films having a nominal thickness less than 

10nm. In thicker films these defects were observed at the center of hillocks and at step 

edges. The v-defect density in GaN films deposited at 780°C and having a nominal 

thickness of greater than 100nm was ~6-8x108/cm2. 

 The V/III ratio in the gas phase stoichiometry had perhaps the greatest influence 

regarding the size of v-defects in the InGaN films of any of the parameters investigated. 

An increase in the V/III ratio by a factor of 2.5, provided by an increase in the ammonia 

partial pressure, caused a decrease in the v-defect diameter by the same amount. The 

increased diameter at the same nominal thickness would indicate that their nucleation 

occurs at earlier stages of growth under ammonia-reduced conditions, assuming v-defect 

sidewalls continue to follow the (1011) plane. This is substantiated by a difference in the 

measured depth of the largest v-defects. (Measured depths may not represent the true 

depth due to limitations in the AMF probe diameter). The defects obtained under the low 

and high ammonia partial pressures had depths of 14nm and 5nm, respectively.  

It is important to note that the v-defect density did not change significantly with 

increases in ammonia partial pressure at constant In composition, as indicated by the data 

given in Table I. Figures 10a and b are representative of 25nm films of InGaN having an 

In mole fraction of 0.04 and grown using a TMI mass flow rate of 55µmol/min and 

NH3/TEG ratios of 35,000 and 89,000, respectively.   
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Identical changes in the V/III ratio did not provide significant shifts in 

morphology of the GaN films deposited at 780°C; however, a measurable change 

occurred in the RMS values, as indicated in Table I and pictured in. Figures 11a and b 

These figures are representative of films grown under identical conditions as those shown 

in Figure 10, except for the absence of the TMI.  In attempt to further diminish the size of 

v-defects, higher partial pressures of ammonia were attempted but could not be 

maintained due to limitations of source delivery. 

Under ammonia rich conditions, increasing the In mole fraction decreased the v-

defect density and increased their diameter. This was observed in films at 25nm thickness 

grown using 5µmol/min TEG, 0.45mol/min NH3, and 55µmol/min TMI. Figure 12 is a 

plot of the planar density of the v-defects versus the In mole fraction. A significant drop 

in planar density occurred beyond four percent In. At mole fractions below 0.04, the 

planar density was ~3x109/cm2 and close to that of GaN deposited at 780°C. It 

subsequently decreased to 2x108/cm2 for compositions ranging from 0.08-0.16. The 

increase in the diameter of the v-defects with increasing In mole fraction was observed in 

the surfaces of the films shown in Figure 9 and also plotted in Figure 12. 

The diameter of the v-defects in InGaN increased in range in size and average size 

with nominal layer thickness as illustrated in Figure 7c. This implies that nucleation of a 

v-defect in InGaN is not immediate and does not occur at the same nominal thickness for 

all v-defects. V-defects cannot be identified at a nominal thickness of 2nm in AFM 

(Figure 7a) or in cross-sectional TEM, as shown in Figure 13. 

 The dislocation population in the GaN template layer has a direct impact on v-

defect population in the subsequently grown epitaxial layers. The effect of dislocation 
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density on the presence of v-defects was investigated without In additions, because GaN 

deposited at 780°C contains the highest v-defect densities and, therefore, improved 

counting statistics. The dislocation density was controlled by increasing the nominal 

thickness of the conventionally grown GaN template layers and by use of templates 

grown via pendeo-epitaxy.  It has been shown that the use of the latter process route 

dramatically lowers the dislocation density in the selectively overgrown volume35,36. The 

GaN films were grown on both templates at 780°C using 5µmol/min TEG and 

0.45mol/min NH3, to a nominal thickness of 10nm. The effect of layer thickness on the 

conventionally grown GaN template is illustrated in Figure 14 and plotted in Figure 15. 

The density of the v-defects dropped from 2x109 to 6x108 as the template thickness 

increased from 0.5 to 2.5µm. This effect can be attributed to dislocation annihilation with 

increasing thickness of the GaN template34. The pendeo-epitaxy templates were grown 

on a 4µm:10µm stripe-to-wing spacing. The vertical thickness was approximately 2.5µm 

and the lateral overgrowth from the edge of each stripe was 4µm. The density of the v-

defects in the areas of the stripes matched that of the conventionally growth 2.5µm 

template sample; it decreased in the wing area as a function of distance from the stripe 

edge, as shown in the right hand portion of Figure 15. This latter effect is also illustrated 

in a phase contrast AFM image in Figure 16. The drop in pit density from 6x108 to 2x108 

is attributed to a decreasing dislocation population over the selectively grown wing area.  

5.5.4 Hillock Formation 

Hillocks were observed only upon incorporation of In into the film. Although 

their shape is relatively disorganized, as shown in Figures 7a and b, their nucleation is 

evident at the very early stages of growth. Both double and single hillocks are present in 
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Figure 17 and match those observed in other reports3,4.  At a nominal thickness of 2nm, 

the hillock radius of curvature was measured to be approximately 20nm. The dimensions 

of the hillocks were in good agreement with observations by Keller et al.3,4, including the 

height of 1.5nm, or nearly half the nominal layer thickness. The hillocks grew in diameter 

in proportion to the nominal layer thickness and eventually impinged and coalesced, as 

shown in Figure 18.  

The planar density of the hillocks was one third of the v-defect density and 

irrespective of layer thickness or changes in reactor parameters. Formation of a growth 

hillock necessitates at the very least the presence of pure screw or mixed dislocations in 

the GaN underlayer. The formation of these defects was predicted by Frank18,37 to have 

coincidence with a pure screw or mixed dislocation core originating from the underlayer.  

5.6   Discussion 

5.6.1 GaN: Kinetic Growth Regime and Morphological Instability 

 Homo-epitaxial deposition of GaN at 780°C within the chosen parameter space 

occurs within a kinetic growth regime that is intermediate between step flow and island 

nucleation on the terrace. This transitional state is ascribed to surface kinetic factors 

associated with the growth rate of a given film and the reduced temperature. Despite a 

nearly ten-fold decrease in growth rate from that employed under conventional conditions 

for the deposition of GaN films, the degree of undercooling achieved at 780°C is very 

effective in forcing the growth regime into this transitional state. In an earlier report19, 

this transition was observed in-situ using an x-ray synchrotron scattering technique over 

the same parameter space in an MOVPE environment. The following discussion presents 
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an analysis of factors contributing to and morphological instabilities associated with the 

growth regime transition. 

 As outlined in the Background section, the transition from step flow to nucleation 

on the terrace can be envisioned in terms of the terrace width and the adatom route-mean 

diffusion distance of the rate limiting species. The diffusion distance and denuded zone25 

decrease in length with a decrease in the surface undercooling and supersaturation. It is 

also proposed that the use of nitrogen rather than hydrogen as a carrier gas for the growth 

of our films diminishes diffusion distance of the metal species38. The composite effect of 

the many surface interactions at increased undercooling forces competition between 

linear step movement across the terrace and cluster assembly in the terrace. Pronounced 

step bowing provides evidence of this competition. Steps formerly possessing nearly 

straight edges are now curved after their interactions with islands in the terrace. 

 The v-defect is a growth instability associated with the interaction of 

heterogeneous steps with clusters during the transition to nucleation on the terrace. The 

association of v-defects with heterogeneous steps and their associated threading 

dislocation cores is inferred from the dependence of the planar density of v-defects on 

template thickness and the marked reduction in this density in the laterally overgrown 

areas produced in the pendeo-epitaxy process. This evidence is supported by extensive 

observations via cross-sectional TEM of v-defects having coincidence with threading 

dislocation cores that intersected the surface of InGaN films6-15.  

The exclusion of growth near dislocation cores can be described qualitatively 

through careful consideration of the transition between step flow and nucleation on the 

terrace. Under step flow conditions, hillock growth at heterogeneous steps and 
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annihilation of these hillocks via interaction with moving homogeneous steps is 

commonplace and required for stable growth to continue. This process is illustrated 

schematically in Figure 3, where hillock annihilation requires that one hillock revolution 

must coincide with the time it takes for a homogeneous step to reach the center of the 

hillock. In the transition to nucleation in the terrace, competition emerges between 

adatom capture at step edges and terrace clusters. Since hillock operation requires adatom 

capture at a heterogeneous step edge, its operation is hindered with a decreased adatom 

capture at its steps. As a result, the hillock annihilation process breaks down, since the 

heterogeneous step motion is in effect retarded relative to the deposition occurring in its 

vicinity. This process is illustrated in a series of schematics in Figure 19, where the 

disorganized step front interaction between heterogeneous steps, homogeneous steps, and 

clusters leaves a pit with helical character25. If dislocation cores and subsequent pits can 

be interpreted as boundaries, a boundary dragging effect occurs around these boundaries 

as more homogeneous steps impinge upon the pit, coalesce with the open step at the pit 

edge, and increase the pit depth. The pit is unable to heal itself because the rate of adatom 

capture at step edges relative to the terrace clusters is diminished. In other words, the 

transition to the nucleation in the terrace promotes growth around the pure screw or 

mixed dislocation core rather than near its center. 

The entire process can be visualized as the reciprocal analog to the formation of a 

hillock; or hillock inversion. The hillock grows three dimensionally through continuous 

winding of its own steps in a helical pattern around the core to ever increasing relative 

height. The v-defect grows three dimensionally from a continuous winding of 

surrounding steps in a helical pattern around the core to ever increasing relative depth. 
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Instead of winding steps around itself, the surrounding steps wind around the v-defect. 

The disappearance of the step edges into the v-defects in the AFM images is evidence of 

this process. Hillocks observed17,29 in GaN films grown via MOVPE assume a hexagonal 

geometry due to orientation effects during step advancement. Anisotropic transport of 

adatoms to steps associated with the wurtzite crystal structure induces a preferred 

movement of steps in prismatic directions on the hillock. The observed v-defects would 

assume a hexagonal geometry for the same reason. 

It is interesting to draw a comparison with GaN grown at reduced temperatures in 

an MBE environment. Homo-epitaxial films grown via MBE exhibit numerous hillocks 

rather than v-defects under an optimized gallium stable condition39. There are many 

differing factors associated with each growth technique that would have a bearing on the 

formation of hillocks rather than v-defects. Two major differences include the deposition 

pressure and lack of precursor radicals in the MBE environment. Reduced pressure could 

return the growth closer to the step flow regime by depressing supersaturation. Precursor 

radicals decomposing on the MOVPE surface may provide a difference in effective 

adatom mobility, a parameter having significant control over the kinetic growth regime.  

 The v-defect has been discussed extensively in the literature and associated with 

the growth of ternary nitride alloys such as InGaN6-15 and AlGaN40 via MOVPE. The 

occurrence of this defect has been traced to presence of dislocation cores and inversion 

domain boundaries. The v-defect has also identified15,41 solely with impurity clustering 

on the terrace, since additions of dopants and impurities have been shown to influence the 

density of v-defects without changes in dislocation density. Transmission electron 

microscopy8,15,41 of these defects without association to dislocation cores would support 
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a conjecture that impurity or dopant clusters act as initiation points for pit formation, 

through nano-masking. Our observations of high densities of v-defects in GaN deposited 

at reduced temperatures without influences from alloying or doping have provided better 

insight into the former possible origin. Our qualitative proposed model helps to explain 

the origin of v-defects that associate with pure screw or mixed dislocation cores6-15. In 

the next section, this model will provide a better framework for discussion of a more 

complicated interaction involved in the v-defect formation in InGaN. 

5.6.2 InGaN: Thermodynamic Growth Mode and Morphological 
Instability 

Hetero-epitaxial growth of InGaN on GaN templates can be regarded in a 

classical sense to exhibit an S-K growth mode. Differences in surface energy33,42 and a 

large incremental film stress8,12 are considered factors contributing to the driving force 

for the transition to S-K growth. Once islands mature the growth continues where step 

flow competes with island nucleation in the terrace. The following discussion presents a 

detailed analysis of phenomenon contributing to and morphological instabilities 

associated with this transition in growth mode. 

The transition to the S-K growth mode is shown by the formation of a high planar 

density of hillocks visible at a nominal thickness less than 2.5nm (or approximately 10 

MLs). The hillock is a growth instability commonly associated with three-dimensional 

islands, because they are self propagating and are centered on dislocation cores having 

lower barriers to nucleation. The density of hillocks was determined to be ~108 per 

square centimeter.  This suggests that they nucleate on pure screw and mixed dislocation 

cores that intersect the growth surface. As the hillocks grow in size they coalesce and 
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contribute increasingly to the nominal growth rate. The linear steps comprising the 

hillock in this process contribute to greater organization of the surface stepped 

morphology. It is important to note this transition because it indicates that step flow 

competes with island nucleation in the terrace with resulting features very similar to those 

found on GaN films deposited at 780°C.  

The InGaN system has a unique morphology because it exhibits both v-defects 

and hillocks simultaneously. This paradox can be explained as a second order effect 

associated with the resumption of movement of the homogeneous steps. As hillock 

growth matures and contributes to the film growth rate, the step edges appear locally 

nearly straight. As the hillock increases in diameter, these steps impinge upon pure screw 

or mixed dislocations, as illustrated schematically in Figure 20. If it can be assumed that 

these steps behave like homogeneous steps, in concert with observations of clustering in 

the terrace, their interaction with pure screw or mixed dislocation to form a v-defect is 

identical to the scenario outlined in the previous subsection. V-defect formation in InGaN 

is prolonged to a greater film thickness, because some degree of step movement is 

required to develop the instability. Provided that growth is performed under ammonia 

rich conditions, v-defects are not observed until spirals hillocks mature, at nominal 

thickness greater than 10nm. This delay may explain in part why v-defects increase in 

planar density with nominal thickness and either do not extend to the barrier layer in 

multiple quantum well structures5-7,11,13,14,43, or are not observed in quantum well 

structures44,45. 

Other phenomena that have association with In incorporation are postulated to 

have direct involvement in v-defect formation in InGaN films, including strain and 
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critical thickness8,33,42 or nano-clusters of In15,42. However, over the investigated range 

of composition, and, in part, due to limitations of AFM analysis, there is no evidence to 

support a direct association with these factors and the tendency to form v-defects. On the 

contrary, under ammonia rich conditions, In mole fractions to x = 0.16 has been shown in 

this study to inhibit the formation of v-defects by lowering their planar density and 

delaying their formation until greater nominal thickness. The downward trend in v-defect 

density with In mole fraction occurs because the resumption in organized step movement 

is suppressed with increasing mole fraction. Interactions between dislocation cores and 

organized step movement as previously argued, is required for v-defect development. 

Adatom mobility appears to be a very important factor in controlling the 

occurrence of v-defects in InGaN films. Sharp step terminations and the onset of an 

Ehrlich-Schwoebel barrier, as shown by the organized clustering at terrace edges, are 

signs that In incorporation diminishes the effective surface adatom mobility. Indium is a 

much larger atom and likely has a large activation energy for surface diffusion. Nitrogen 

could also be the rate limiting species, since the weak InN bond may increase the 

probability of nitrogen evaporation from the surface. Following the latter argument, 

nitrogen vacancy formation is enhanced at the surface. This phenomenon could allow the 

larger In atoms to fill in the surface vacancies to relieve local strain and effectively 

poison the site42. The sharpening effect on v-defect sidewalls can be explained 

theoretically on similar grounds. Indium has a preferred termination on vicinal micro-

facets or step edges where there is lower nitrogen bond coordination33,42. The sidewall 

growth planes are stabilized with In termination and are in effect ‘poisoned’. A decrease 

in the average diameter of the v-defects provided by an increased partial pressure of 



 114 

ammonia would confirm an underlying deficiency of atomic nitrogen on the InGaN 

surface. An increased residence time provided kinetically by increased ammonia partial 

pressure may prolong v-defect formation by reducing the incidence of site poisoning.   

5.6.3 Surface Roughness 

 Surface roughness, quantified by a route-mean square aggregate value, is identical 

and increases monotonically for both InGaN and GaN films. As discussed in this section, 

however, the surface features and underlying factors contributing to the roughness are not 

the same. The nano-scale features associated with v-defects contribute to roughness at 

high frequency (short range) and amplitude (depth). The micro-scale dimensions of 

hillocks contribute to roughness having lower frequency (long range) but similar 

amplitude to v-defects.  

 The low frequency, or long range roughening imparted by hillock formation in 

InGaN is a hallmark of the S-K growth mode. Strain energy is believed to be the major 

driving force for the transition into the S-K mode. (It is assumed that surface energy 

diminishes with In incorporation based on the lower bond energy of InN compared with 

GaN). However, the effect of film stress in InGaN is not simple. The InGaN/GaN system, 

unlike the InGaAs/GaAs system does not develop sufficient mismatch stress to form a 

network of misfit dislocations46. It is difficult to validate the Mathew-Blakeslee model in 

the InGaN/GaN system because misfit dislocations are not observed in InGaN above the 

predicted critical thickness12. The ability of InGaN to remain pseudomorphic at nominal 

thickness greater than the predicted critical thickness could be explained through the 

observed low frequency surface roughening. Long wavelength perturbations can help to 
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reduce coherency strain, but at the same time, have a tendency to destabilize47 the surface 

morphology to ever increasing roughness.   

5.7 Summary 

 V-defect and hillock growth contribute to surface roughness in GaN and InGaN 

films deposited at reduced temperature. They have a close association with the 

thermodynamic growth mode, the kinetic growth regime, In incorporation, and 

dislocation density. Qualitative models in concert with AFM surface investigations are 

presented to described transitions in growth mode and regime and their associated 

morphological instabilities contributing to surface roughening. Surface roughness 

increases monotonically with nominal thickness of GaN and InGaN films as a result of 

the increasing lateral dimensions of the v-defects and hillocks.  

 The v-defect has often been tied to alloy additions and hetero-epitaxial growth of 

ternary alloy films. The incidence of v-defects in homo-epitaxial GaN provides a simple 

situation for greater understanding of its origin. It is proposed that one route for v-defect 

formation is the result of a transition from step flow to competition with island nucleation 

on the terrace. Interactions between heterogeneous steps, homogeneous steps, and two-

dimensional clusters on the terrace provide circumstances for a boundary dragging effect, 

where nucleation and growth of v-defects occur around pure screw or mixed dislocation 

cores. The qualitative model presents the v-defect as a hillock inversion: a spiraling array 

of steps encircling a dislocation core.  

Low temperature InGaN demonstrated a paradox in growth morphology by 

exhibiting both hillocks and v-defects simultaneously at nominal film thickness greater 

than 25nm. The formation of hillocks islands is attributed to a change in the 
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thermodynamic growth mode from Layer by Layer to S-K. Lattice mismatch stress 

appears as the dominant driving force for the formation of three-dimensional hillocks 

island and the subsequent corrugation of the surface. While the tendency to form v-

defects was closely associated with the interaction of localized steps with clusters and 

kinetic factors, their rate of formation in InGaN was delayed. This delay is attributed to a 

second order effect associated with impingement of mature hillock growth formations 

with dislocation cores. Gas phase stoichiometry and its impact on nitrogen influenced the 

surface kinetics. Ammonia rich conditions provided a delay in the formation of v-defects 

to greater nominal thickness. V-defect formation is immanent in InGaN growth but may 

not have prominence under high ammonia partial pressure if the nominal film thickness 

falls well below 10nm.   

 Reductions in of the observed growth instabilities would require foremost a 

drastic reduction in the dislocation density. This latter reduction would allow a decrease 

in the densities of both v-defects and hillocks islands, as it has been demonstrated that 

these surface defects have close association with dislocation cores. In the ideal event of a 

native GaN substrate with dislocation density near 103-104cm-2, additional measures 

would be required to forestall hillock growth. Homo-epitaxial growth of the InP22, 

GaAs20,21, and GaN48 previously demonstrated the persistence of helical type formations 

despite having a low density of mixed dislocations. An adjustment in the homogeneous 

terrace width by changing substrate miscut from on-axis to a critical vicinal orientation 

helped in their elimination.   
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5.10 Figures 

Table I: Comparison of v-defect size between high and low V/III ratio for GaN and 
InGaN growth at 780ºC. 

Mole 
Fraction 

V/III 
Ratio 

TEG 
µµµµmol/min 

NH3 
mol/min 

Diameter 
nm 

Depth 
nm 

Density 
cm-2 

RMS 
nm 

0.04 35,000 5 0.18 66 14 1.4x109 1.4 
0.04 89,000 5 0.45 24 5 2.3x109 .48 
0.00 35,000 5 0.18 21 3.2 2.8x109 .53 
0.00 89,000 5 0.45 20 2.8 2.5x109 .34 

 
Figure 1: Schematic of a step and kink structure in a stepped surface18. 

 
 

Figure 2: Schematic of a heterogeneous step introduced at and terminated by a pure 
screw or mixed dislocation or the edge of the crystal. Homogeneous steps terminate at the 
edge of the crystal 
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Figure 3: Schematic of a growth sequence illustrating the stable growth criterion. The 
rotational velocity of the hillock growth is coincident with the homogeneous step 
frequency of half of the terrace width. The result is steady-state annihilation of the 
hillock. 

 
Figure 4: Route-mean square roughness of a GaN and an InGaN epilayer grown on GaN 
templates to increasing thickness.  
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Figure 5: AFM image of 1 micron thick high temperature GaN template film. 
 

  
Figure 6: Low temperature GaN deposited using 18µmol/min TEG, 0.45mol/min NH3, 
and a growth rate of 180nm/hr on a 0.5µm high temperature GaN template. The growth 
sequence includes increasing nominal thicknesses of (a) 2nm, (b) 10nm, (c) 100nm. 
 

 
Figure 7: Low temperature In.12Ga.88N film grown using 18µmol/min TEG, 55µmol/min 
TMI, 0.45mol/min NH3, and a growth rate of 180nm/hr grown on a 0.5µm thick GaN 
template grown at 1020°C. The growth sequence includes increasing nominal thicknesses 
of (a) 2nm, (b) 10nm, (c) 100nm. Hillock formations are circled. 
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Figure 8: Low temperature InxGa1-xN (x=0.04) grown using 5µmol/min TEG, 
55µmol/min TMI, 0.45mol/min NH3, to a thickness of 25nm on a 0.5µm thick GaN 
template deposited at 1020°C. Islands of one half unit cell height in the terrace are 
identified with arrows. 

 
Figure 9: Low temperature InxGa1-xN grown using 5µmol/min TEG, 55µmol/min TMI, 
0.45mol/min NH3, to a thickness of 25nm on a 0.5µm thick GaN template deposited at 
1020°C. The growth series includes films of increasing In mole fraction (a) pure GaN (b) 
x = 0.04, (c) x = 0.08, and (d) x = 0.16 
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Figure 10: Low temperature In.04Ga.96N  film grown using 5µmol/min TEG, 55µmol/min 
TMI, to a thickness of 25nm on 0.5µm a GaN template deposited at 1020°C. The growth 
series includes films deposited using decreasing ammonia mass flow rates of (a) 
0.45mol/min, (b) 0.18mol/min. 
 
 

 
Figure 11: Low temperature GaN grown using 5µmol/min TEG to a thickness of 10nm 
on a 0.5µm GaN template deposited at 1020°C. The growth series includes decreasing 
ammonia mass flow rates of (a) 0.45mol/min, (b) 0.18mol/min 
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Figure 12: Plot of v-defect density and diameter vs. the mole fraction of In. Films are 
low temperature InGaN  grown using 5µmol/min TEG, 55µmol/min TMI, 0.45mol/min 
NH3, to a thickness of  25nm). The plot is representative of the films used to produce 
Figure 9. 

 
Figure 13: Low resolution (left) and atomic resolution (right) cross-sectional TEM 
images of a single quantum well. A 2nm layer of InGaN is buried in GaN barrier layers.  
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Figure 14: Low temperature GaN film grown using 5µmol/min TEG, 0.45mol/min NH3, 
to a thickness of 10nm on GaN templates deposited at 1020°C. The growth series 
includes increasing template layer thickness of (a) 0.5µm, (b) 1.0µm, (c) 2.5µm. 
 

 
Figure 15: Left hand side plots pit density vs. high temperature GaN template thickness 
of the samples imaged in Figure 13. Right hand side plots pit density vs. wing position of 
pendeo epitaxially grown template. 



 128 

 
Figure 16: Low temperature GaN  films grown using 5µmol/min TEG and 0.45mol/min 
NH3, to a thickness of 10nm on a high temperature pendeo epitaxy template. Phase 
contrast AFM image provide horizontal contrast only. 
 

 
Figure 17: Low temperature In.12Ga.88N film grown using 18µmol/min TEG, 
55µmol/min TMI, and 0.45mol/min NH3, at a growth rate of 180nm/hr to a thickness of 
2nm on a 1µm GaN template deposited at 1020°C. Note double and single hillocks. 
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Figure 18: Low temperature In.12Ga0.88N film grown using 18µmol/min TEG, 
55µmol/min TMI, 0.45mol/min NH3, and a growth rate of 180nm/hr on a 0.5µm GaN 
template deposited at 1020°C. Growth series includes increasing film thicknesses of (a) 
2nm, (b) 10nm, (c) 25nm. 
 
 

 
Figure 19: Series of schematics showing a film growth sequence that illustrates the 
formation of an unstable pit. Homogeneous steps advance at a rate greater than the 
hillock rotational velocity. The bowed heterogeneous step is confined by an impinging 
homogeneous step. A surface depression of 1-2 unit steps remains as the homogeneous 
step curves around the pure screw or mixed dislocation core. 
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Figure 20: Schematic of a hillock impinging upon a pinned heterogeneous step. This 
configuration precedes the formation of pit at the pinning points, a second order effect in 
the growth of a hillock. 
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6 SUMMARY OF THE THESIS 

The question posed in the Introduction, and central to the theme of this 

dissertation, is now restated. Within the thin film growth process what can be explained 

regarding the relationship between the threading dislocations that traverse through the 

film and the roughness at its surface? One may conclude that the roughness of a surface 

having a stepped morphology is created by the interruption of the growth surface by pure 

screw or mixed dislocation cores that give rise to helical-type growth instabilities that 

produce the roughness. Instability and helical are terms used to imply increasing without 

limit and three-dimensionality, respectively, in reference to surface entities that give rise 

to ever increasing surface roughness with growth time. While the concluding statement 

may appear self evident, it can be applied to all of the growth instabilities observed and 

discussed in the preceding chapters, irrespective of their source of origin or influences 

from chemical or strain interactions on the film surface.  

The 108-1010cm-2 density of threading dislocations that interrupt the stepped 

structure of the surface of III-Nitride films provides such numerous opportunities for 

growth-related instabilities in these materials that it is remarkable that a “smooth” surface 

can be obtained during growth under any conditions. The challenge that is so often 

associated with MOVPE growth on foreign substrates can be by in large ascribed to the 

optimization process involved in diminishing the growth related instabilities and 

subsequent surface and interface roughening.  

 In the homoepitaxial growth on template or PE seed layers, the materials science 

underlying the growth optimization process involves controlling the dislocation density 

and the kinetics of the adatom species at the surface. Lowering the dislocation density via 
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increasing the template thickness and/or the use of pendeo-epitaxy diminished the 

tendency to form v-defects or hillocks. However, proper adjustment of the growth 

parameters of temperature, growth rate, and Group V/Group III mass flow rate ratios 

diminished the rate at which these defects formed and grew. Both the hillocks and the v-

defects were diminished in number and size by lowering the dislocation density and 

adjusting the parameters (V/III ratio and temperature) having a significant bearing on 

surface diffusion and residence time. The stepped morphology of these defects is 

analogous to a helical array of steps that surround the core of a pure screw or mixed 

dislocation. They both nucleate through a violation of the step stability criterion, wherein 

the movement of homogeneous steps must be synchronous with the helical rotational 

velocity of heterogeneous steps pinned to dislocation cores. A root mean diffusion 

distance less than the terrace width alters the capture rate of adatoms at homogeneous 

steps, because they are either desorbed from the terrace or captured at clusters in the 

terrace in the case of hillocks at high temperature or v-defects at low temperature. 

Consequently, growth is either favored or suppressed at heterogeneous steps and grows 

either from or around pure screw or mixed dislocation cores in an unstable fashion for v-

defects and hillocks, respectively. The hillock grows three dimensionally through a 

continuous winding of its own steps in a helical pattern around the core to an ever 

increasing relative height. The v-defect grows three dimensionally from a continuous 

winding of surrounding steps in a helical pattern around the core to an ever increasing 

relative depth. The interpretation of growth instabilities in homoepitaxial studies has 

allowed a simple visual relationship between v-defects and hillocks to be drawn: their 

stepped morphologies and growth mechanics are reciprocal analogs of each other.  



 133 

 In the heteroepitaxial growth of InGaN on GaN or GaN on AlN layers, the 

materials science underlying growth optimization can only involve controlling the 

dislocation density. The tendency to form GaN islands or InGaN islands on GaN or AlN 

cannot be avoided, because they result from a change in the thermodynamic growth mode 

due to film stress or differences in surface energy. Dislocations act as attractive 

nucleation sites and facilitate growth, because they are self repeating steps where adatom 

capture is favorable. Reductions in dislocation density could lower the number of 

nucleation sites and the vertical component in the growth rate of three-dimensional 

islands. This could result in a decreased thickness for the coalescence of islands, because 

their level of competition would be reduced. Low frequency interface roughness in 

InGaN and GaN heterostructures could be significantly reduced if competitive island 

growth terminated to resume a more planar surface at 2nm rather than at 25nm. 

 The materials science underlying the optimization process in the growth of InGaN 

is the careful balance between InN decomposition and surface roughening due to growth 

kinetics. The rapid decomposition of InN at conventional growth temperatures confines 

the upper limit of the growth window below 850ºC. Decomposition of InN is kinetically 

limited below 850ºC by growth rate and chamber pressure. Unfortunately, as determined 

by homoepitaxial growth of GaN, temperatures and growth rates favorable for In 

incorporation also favor competition between step flow and nucleation on the terrace and 

subsequent roughening through v-defect formation. While nucleation on the terrace will 

persist, a reduction in v-defects via a reduction in dislocation density will substantially 

lower high frequency interface roughness.   
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7 FUTURE WORK 

There has been much progress in the fabrication and characterization of 

III-Nitride thin films and devices. Advances including the compositional control of 

alloys, controllable n- and p-type doping of GaN and AlGaN films, dry etching, and the 

formation of ohmic and rectifying contacts has led to commercialization of the first GaN-

based optical devices. With the commercial realization of quantum well heterostructures 

for laser and diode emission and new explorations into high-mobility, two-dimensional 

electron gas based transistors and the exploitation of polarization effects in thin layers, 

the importance of minimal interface roughness will continue to grow. In that regard, there 

are still many areas that need further investigation to completely take advantage of the 

properties of these materials. A partial list of areas that require further examination is 

presented below. 

 The growth behavior of InGaN thin films should be further explored to include 

growth on PE material. While the density of v-defects was shown to diminish over the 

low defect density PE wing area for GaN deposited at 780ºC, the change in density of 

islands and v-defects needs to be established over the wing area for PE InGaN films. 

Since the onset of v-defect formation is very closely tied to island coalescence in the 

InGaN films, it is important to observe how the process is altered in films having a lower 

density of dislocation cores that intersect the hetero-interface.  

Scanning Tunneling Microscopy (STM) should be employed to investigate the 

existing sets of InGaN samples having various thickness and grown using various V/III 
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ratios and In compositions. The STM technique offers a unique advantage in that it can 

provide atomic resolution and is sensitive to differences in atomic species. Chen et al.20 

have investigated the surface structure of InGaN grown via MBE. They showed 

remarkable detail and evidence of surface segregation of In species around hexagonal 

pits. It is widely hypothesized and in some cases has been observed21 at high In mole 

fractions that nano-segregation of indium occurs and has considerable influence over 

light emission22. Our AFM surface scans have shown a high density of v-defects and 

islands in these film. These defects should be more thoroughly probed to uncover any 

relationships between their existence and indium segregation. Chemical information 

regarding terminating species at the sharp terminations of step edges and islands in the 

terrace of InGaN films should be obtained. This information would allow greater 

understanding of the atomic transport and capture mechanisms of adatoms on the surface.  

Regarding the optimization of the surface smoothness of InGaN films, it was 

found in this research that increasing partial pressures of ammonia provided reductions in 

v-defect diameter and depth. The mass flow rate of ammonia can be increased by an 

additional 30% in our growth system by heating the ammonia bottle. There also exists an 

investigation12 regarding effects of Si doping of InGaN active layers to enhance 

luminescence and reduce interface roughness. While it is not clear what effect silane 

species has on In incorporation, the stepped structure of the surface is altered to provide 

decreased RMS roughness12. While the effects of Si doping of the InGaN on luminescence 

are established, it would be interesting to investigate the mechanisms operating on the 

surface that alter the surface morphology.  
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Finally, there are relatively few studies concerning the stepped morphology and 

surface defects in AlGaN. It has been shown that the temperature and the V/III ratio have 

considerable influence on surface roughness of these films23. The presence of v-defects in 

AlGaN/GaN multiple quantum well structures have also been observed to have 

coincidence with threading dislocations24. The growth models and framework of the 

growth studies in the preceding chapters provide a guide to exploring similar surface 

phenomena in the AlGaN alloys. 
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9 APPENDIX A: MOVPE DEPOSITION SYSTEM DESCRIPTION 

9.1 Overview 

The following section provides a detailed description and maintenance 

instructions for both the novice and experienced operator for the operation of a custom-

designed MOCVD system, compiled in the form of a users guide. This work represents 

three years in designing, commissioning, retrofitting, and optimizing a deposition system 

for V-III Nitride growth on two inch substrates. Through this rich, albeit brief experience, 

it is the intent of the author to offer detailed insight into (a) the basis for hardware 

selection and their behavioral nuances, (b) operational knowledge, and (c) perhaps of 

more importance, preventative maintenance of the many consumable and components 

that require attention. Each section provides a detailed description of each major 

subsystem and their integral components including their vendors, instructions on their 

replacement, and servicing.  

9.2 Vacuum System 

  In the chemical vapor deposition process, by-products are formed and require 

continuous removal. The supply of new precursors and removal of by-products are 

necessary in order for the chemical process to continue under steady state. Additionally, 

after sample loading and unloading in between the growth process, it is desirable to 

remove all unwanted by-products and atmospheric gases introduced to the chamber. A 

vacuum system is used for such purposes, and can be divided into two subsystems: (1) a 

process vacuum assembly that removes process gases and (2) a high vacuum assembly 

that evacuates the chamber in between process. 
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A schematic of the chamber layout is illustrated in cross-section in Figure 1. 

Growth precursors enter at the top of the growth chamber. Process pressure is monitored 

with two pressure gauges, one for rough vacuum (0-10 torr) and one for low vacuum (0-

1000 torr) (MKS Instruments) giving the user range between rough vacuum and 

atmospheric pressure to monitor. Gases exit the chamber through two parallel pumping 

ports that come together downstream to the process pump. Pressure is controlled in a 

feedback loop (MKS Instruments) between the 1000 torr vacuum gauge and a variable 

controlled throttle valve near the pump inlet. High vacuum is established with all valves 

closed except the high vacuum gate valve, upstream of the high vacuum pump. High 

vacuum pressure is monitored with an ion high vacuum gauge (Kurt J. Lesker) attached 

to a chamber port. 

In order to maintain high vacuum, there are many elastomer and metal type 

vacuum seals that join the many modular parts of the chamber. Very often, the chamber 

is opened to atmosphere for cleaning, sample loading, or servicing. These seals provide a 

means for removing components easily and quickly. Tables III, IV, and V lists various 

components and their seals for elastomer o-rings and copper and stainless steel gaskets. 

Metal gaskets should be replaced every time the seal is broken. Elastomer o-ring seals 

can be re-used but if they are dry or are covered with large amounts of decomposed 

metalorganic, they may require replacement. Elastomer seals are typically the first seals 

to contribute to a poor base pressure and are the first to be replaced if suspect. This is 

particularly true for areas exposed to high gas velocity at orifices, including the foreline 

throttle valve and quick flange seals. They should be inspected regularly. It is essential to 
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use buna-n type o-rings because they posses low hardness values yet are superior to viton 

in resisting ammonia attack.  

9.2.1 Pumping Process Gases 

Concurrently with the removal of gaseous by products from the CVD process, the 

pumping system dictates hydrodynamic flow conditions surrounding the growth front. 

The pumping speed has direct consequence on chamber hydrostatic pressure. While all 

other parameters remain constant, a lower pressure commands a higher linear gas 

velocity (LGV) across the substrate.  

 
P
P

T
T

A
LGV o

o

⋅⋅= f  (2) 

Equation 2 states that the linear gas velocity is proportional to the inlet gas flow (f) and 

temperature (T) and inversely proportional to the chamber pressure (P). A nominal LGV, 

on the order of one meter per second, was employed for our deposition system. Without 

regard to temperature changes, a chamber pressure of 20 torr was chosen to provide this 

relatively high speed.  

Gas load is a function of both volumetric flow of gas into the chamber and 

chamber pressure, equating directly into pumping speed. 

  PQS ⋅=  (3) 
 
Equation 3 states that nominal pumping speed is the product of volumetric flow (Q) and 

chamber pressure (P). Based on this relationship, it is essential to establish the maximum 

desired process pressures corresponding total flows when estimating pumping speed 

requirements for the process pump. A minimum chamber pressure of 20 torr and 

maximum volumetric flow of 20 standard liters per minute requires 760 torr·l/min as a 
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maximum pumping speed. An Edwards E1M40 with a maximum nominal pumping speed 

of 730 torr·l/min was procured to meet this requirement. The E1M40, being single stage 

oil sealed pump, was chosen for its ability to better retain oil than that of a two stage 

pump at this relatively high pumping speed. A backstreaming filter and mist filter are 

attached at the inlet and exits of the pump respectively to contain oil within the pump 

under high gas loads. Due to the toxic and flammable nature of the gaseous by-products 

in concentrated form, the exit of the pump is connected to a ventilation system that 

subsequently pumps and dilutes the gas to the roof of the building. A pump purging 

system is employed to minimize the condensation of ammonia in the pump oil. A direct 

line from a dry nitrogen bottle is connected to an inlet leading to the pump oil with a 

constant supply of 10 liters per minute. Pump oil replacement in the E1M40 should be 

performed regularly on a monthly basis, to avoid degradation of the internal pump seals. 

Metalorganic and condensed ammonia degrade the oil and can attack the pump seals. If 

three growth runs per day are performed regularly, pump oil should be inspected and 

changed at a higher frequency than once per month. Additionally, backstreaming filters 

should be inspected at these times and replaced if they contain large amount of 

decomposed metalorganic. Dirty pump oil or a dirty backstreaming filter can contribute 

to a long wait time, when roughing out the system <50 millitorr or pumping to high 

vacuum <5x10-6torr. 

Pressure control is necessary during process pumping in order to maintain a 

constant chamber pressure. During the growth process, chamber pressure can change 

slightly with changing gas loads and requires a variable control mechanism. Constant 

pressure is accomplished with a PID loop between a variable butterfly valve, pressure 
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measurement through a transducer, and an analog controller (MKS Instruments). A 

variable controlled butterfly valve located upstream of the pump is employed as the valve 

control mechanism. A capacitance diaphragm pressure transducer capable of 

measurement within a range of 1 to 1000 torr was sufficient in measuring all process 

pressures and allows the user to establish when the chamber returns to atmospheric 

pressure for sample loading.  

 
9.2.2 High Vacuum Assembly 

The high vacuum assembly consists of a high vacuum pump, gate valve, foreline 

positive isolation valve, and vacuum gauge. An ATP-80 turbo molecular pump (Alcatel 

Vacuum Inc) is connected to a 4.5” conflat flange located at the base of the system 

(Figure 1). A manual-control high vacuum gate valve (MDC Vacuum) separates the 

pump and the process chamber to provide a zero load condition for the pump while the 

chamber is at elevated pressures. A manual, rather than pneumatic gate valve was chosen 

because manual valves have greater reliability. When closed, the gate valve allows the 

pump to run constantly at its steady state angular speed (30,000 rpm) and provides an 

increased bearing lifetime. Rather than starting the turbo pump at the beginning of every 

pump down cycle, opening the valve with the turbo pump at speed decreases chamber 

pump-down time. The gate valve is opened once the process pump lowers the chamber 

pressure below 50 millitorr and the positive isolation valve (MDC Vacuum), located in 

the foreline, is closed. During pumping to high vacuum, monitoring vacuum level and 

base pressure is accomplished with an ion gauge (Kurt J. Lesker). Its measured value is 

the quantity used for comparison when attempting to return the chamber to constant 
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impurity level between consecutive growth processes. The chamber is pumped to values 

below 2x10-5 torr prior to commencing a growth process run. Pump down time is 

prolonged if the chamber contains a large amount of moister. This can occur in the 

summer months when the room humidity is relatively high and can be exacerbated if the 

chamber requires cleaning. Decomposed metalorganic species provide as exceptional 

getters for moisture. The turbo pump requires servicing every 5,000-10,000 hours, 

depending upon gas load. Servicing includes injecting high vacuum grease into the two 

hybrid ceramic bearings of the rotor with a syringe (Alcatel Vacuum). 

9.3 Sample Holding 

Sample holding and rotation is essential in enhancing the uniformity and 

repeatability in growing epitaxial films. The sample is held inside a two inch area, 

defined as the growth “pocket”, such that the substrate growth surface is orthogonal to 

the vertical flux of source reactants entering at the top of the chamber. Since it is assumed 

that their exists non-uniformities in the heat flux across the heating element, the sample 

platter is rotated at 120rpm (2 rps) to provide an average temperature across all azimuthal 

angles of its rotation. Furthermore, sample rotation provides increased mixing of the 

reactant species in the gas phase as the rotation introduces a tendency for the reactant 

column of gas to form a vortex. 

The holding and rotation assembly consists of a SiC coated graphite sample 

platter that is held by a graphite shaft coupled to a magnetic rotary feedthrough (MRF) at 

the base of the chamber. A digitally controlled stepper motor is coupled to the 

atmospheric side of the MRF and provides precise rotation and ramping control of the 

entire assembly. The entire assembly is coaxial with the center of the chamber, and is 
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illustrated schematically in cross section in Figure 2. The assembly and discussion 

thereof is divided into the hot zone, that is exposed to a large heat flux, and the lower 

sections that are responsible for alignment, heat and vacuum disconnect, and rotation. 

 The sample platter is a disk and spindle design with a growth pocket and beveled 

edges. Figure 3 is a drawing of the sample platter. The growth pocket is bored to 0.030” 

depth and 2.1” diameter, nearly 3 times the thickness and 0.1” greater in diameter than a 

2” SiC substrate, to facilitate vertical sample unloading with tweezers. It is important to 

note that the 0.25” spindle is press fit into the disk so that a blind hole at the growth 

pocket surface is possible. A screw fit was attempted in a previous design but a through 

hole was required to provide enough threading for the spindle. The through hole 

introduced a rough surface at the center of the growth pocket. The press fit design does 

have an increased tendency for misalignment (runout) during rotation but if the fit is 

made tight enough this problem is minimized.  

The sample platter (Midland Materials Inc) is a composite design, consisting of 

semiconductor grade graphite that is machined, purified, and coated with several 

thousands of an inch of SiC. Graphite offers robust thermal stability at our operating 

temperatures (below 1300ºC) but requires an inert coating to avoid chemical attack by the 

decomposed ammonia species. Unfortunately, thermal cycling associated with heatup and 

cooldown, from room temperature to 1100ºC, during both growth runs and bake-out 

procedures, shortens the lifetime of the composite design to approximately 15-30 growth 

runs. This number varies depending on the quality of the coating provided by the vendor. 

The end of life is noted by radial cracks outside the growth pocket.  
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The sample platter slide fits into the top of a graphite shaft that extends to the 

bottom of the chamber. The shaft extends over 12” and slide fits into a mica-glass holder 

that is free spinning. The mica-glass holder provides a thermal disconnect between the 

graphite shaft and two hybrid ceramic bearings (Kaydon) that fix the mica holder 

vertically into place. The hybrid bearings are capable of providing precise axial 

alignment above 200ºC at high rotational speeds and further reductions in temperature 

would provide an increased lifetime. The bearings do not require lubrication as they 

contain SiN ball bearings and high strength stainless steel races. The greatest threat to the 

bearing lifetime is caused by warping of their races through thermal cycling or 

inadvertent misalignment, noted during rotation at high temperature by sharp jerking 

movements. Removing the bearings from the assembly and placing the bearings in an 

ultrasound bath for 20 minutes in an organic solvent was shown to return functionality. 

This technique often frees the movement of the bearing if there is debris in the race and is 

an alternative swapping with a new bearing. Servicing any components, with exception to 

the graphite shaft first requires removal of the stainless steel body by unscrewing its three 

mounting screws to the base flange. The graphite shaft is removed by sliding it out 

vertically from the mica-glass holder, and should be performed prior to removal of the 

base flange. Care should be taken when replacing the entire assembly to ensure that the 

graphite shaft is aligned coaxially with the MRF coupling. Replacing bearings first 

requires removing their set screws. Care must be taken when removing or fitting the 

bearings from the mica-glass holder and or the recess in the stainless steel body since the 

close tolerance between the two provides a tight fit without the need for press-fitting. The 

graphite shaft slide fits into the mica-glass holder and locks with the holder with a 
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molybdenum pin. The graphite shaft must lock with the holder to force rotation on the 

bearings rather than free spinning of the shaft in the holder.  

The MRF screw fits with an o-ring seal into the center of a mini-conflat flange at 

the base of the chamber. On the vacuum side a stainless steel coupling loosely clutches 

with the graphite shaft. On the atmospheric side, a DC stepper motor tightly clutches with 

the MRF with a set screw. The coupling minimizes vibration produced by the step motor 

via an isolation layer of rubber at the center of the coupling. The stepper motor is 

controlled with a PC (Lab View or Microsoft Terminal Editor) with ASCII commands for 

angular acceleration and velocity. Servicing the MRF is easiest if its entire mini-conflat 

flange mount is removed. This requires removal of the stepper motor and the coupling set 

screw.  

9.4 Sample Heating 

The growth process is endothermic and requires high temperatures for precursor 

decomposition. These temperatures must be precise and repeatable to enable consistent 

film surface quality. More importantly, temperature distribution across the substrate must 

be as uniform as possible so that film surface quality and preferred properties are uniform 

across the entire substrate. 

It was estimated from a thermal hydraulic computer model that the maximum 

power requirements necessary for AlN and GaN growth would be approximately 5 

kilowatts. This estimation was based on a thermal hydraulic load and did not include any 

power losses due to conduction or radiation out of the hot zone. Thus a more conservative 

number was proposed at 1.25 to 1.5 times the thermal hydraulic estimate to insure 

adequate power margin during operation at growth temperatures.  
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A direct current (DC) heating assembly was designed and procured primarily for 

its inherent flexibility when attempting to minimize temperature gradients across the 

substrate. Two 2.8kW DC power supplies were procured (Xantrex, Test Equity) and 

coupled in parallel to provide 56A and 100V. These parameters were chosen to provide 

proper tuning for a heating element of 1.5-2.5Ω resistance. The power supplies are 

controlled in a master-slave configuration so that one power supply controls the entire 

assembly in current control mode. Precise control over temperature is best provided 

through manual control because the power level and temperature relationship drifts from 

run to run depending upon the room temperature, chilled water temperature, chamber 

wall coating. Power drift also occurs during the run because hot ammonia etches the 

graphite heating element, causing it to thin, increase its resistance, and drives up the 

power level for a constant current setting. During long runs, attention must be given to 

this effect so that the operating temperature does not move out of its desired range. For 

bake-out procedures, automatic control is sufficient to roughly control the temperature.  

The final heating element and holder design, identified as type V, is a result of 

several iterations in attempt to minimize the temperature gradient across the sample 

platter growth pocket and maximize lifetime. The final design provides a temperature 

drop from center to pocket edge between 5 and 10ºC at 1150ºC, or less than 1% and a 

lifetime of 15-30 standard AlN/GaN growth runs and bake-outs. The development in 

heater design can be seen in the series of heating elements I-V in Figures 4-8. The 

difference between type IV and V is thickness, where type V is thicker (0.125”) and 

possesses a lower starting resistance but a longer lifetime. In attempt to provide less 

heating in the center of the sample platter and therefore lower the temperature at the 
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center relative to the edge, each new design has a larger space at the center of the 

element. The geometry and boundary conditions of the heating element dictate 

mathematically that the edge temperatures will always be lower than that of the center. 

Removing heating from the center increases the relative amount of heating at the edge 

and therefore flattens the temperature profile. The improvement in temperature 

uniformity across the growth pocket is tabulated with heating element design in Table I. 

An additional reduction in temperature gradient was enabled in heating element type V 

with the addition of a BN holder (Figure 9) that better reflects radiation from the inside 

and outside edges of the heater and prevents self-shorting across the heater pathways.  

Heating elements have a serpentine geometry to provide a long path length and 

high resistance. The overall resistance of the heating element is expressed by Equation 4, 

 
A

lR ⋅= ρ  (4) 

 
where A is the cross-sectional area, l is the serpentine length, and ρ is the sheet resistivity 

in units of Ω⋅cm. The heater design is maximized for the highest R value to confine 

ohmic heating to the heating element itself, rather than at contact regions or power leads. 

This reduces the overall power requirements and eliminates the need for water cooling 

the power leads. For this purpose the most resistive grade of graphite, AFX-5Q (POCO) 

was procured to provide a sheet resistivity near 1000µΩ⋅cm above 1100°C. However, due 

to a negative temperature coefficient for sheet resistivity with temperature, the sheet 

resistivity and corresponding heating element resistance drops by 50% when the sample 

platter reaches temperatures above 1100°C. 
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Approximate power levels and corresponding temperatures are tabulated for 

nitride compounds in Table II. As noted previously, the resistance of the heating element 

changes due to etching by ammonia attack. It is important to select a power supply with 

additional margin in power level so that a range of voltages and amperage can be 

employed to maintain a power level without running to the absolute maximum of either. 

At the beginning of the heater life, its resistance is approximately 1.4Ω and requires 

approximately 45A and 60V for AlN at 1100C. The heater should be replaced at between 

2-2.1Ω, where it requires higher voltage and lower amperage, 36A and 77V. Running the 

heater beyond 2.1Ω increases the likelihood of (a) a catastrophic break in the element 

through local thinning, (b) damage to the power supply in its attempt to maintain constant 

current by imparting ever increasing voltage, and (c) arcing due to ever increasing 

voltage resulting in local rapid increases in temperature and damage to the BN holder.  

Removing the heating element is a simple procedure requiring unscrewing at its 

positive and negative terminals. The graphite screws are self lubricating and can be 

removed with a long flat head screw-driver after opening the chamber and removing the 

sample platter. Screws should be replaced with every new heating element. New heating 

elements and all contact surfaces should be cleaned and wiped with acetone prior to 

installation. Difficulty can occur when (a) contacts are not cleaned, causing deleterious 

contact resistance between parts and excessive heating (b) the screws are not replaced 

every cycle and the screwdriver slot is etched away, or (c) there is damage in the area 

from a break in the heating element. If the screw cannot be removed with a screw driver 

or the threads are seized from extreme heating, the screw can be very carefully drilled or 

grinded out with a drill bit or bur at the end of a dremmel tool. Once the screw head is 
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grinded off, the heating element can be removed and the remaining graphite terminals can 

be inspected. If there is any damage to the terminals via etching or high temperature 

degradation, they should be replaced or sanded down to make clean terminals to which 

the new heating element can make contact. The terminal screws can degrade in the same 

manner, albeit to a lesser extent, with the heater screws. However, the terminal screw 

heads typically break off, leaving the base of the screw in the threads. In that case, the 

remaining screw can be grinded out very carefully and completely with a bur at the end 

of a dremmel tool. Refractory metal screws and components were completely replaced 

with graphite from the hot zone to avoid seizing. Replacement parts should always be 

fabricated from high-purity low-resistance graphite. It is advisable to “burn in” new 

heating elements and components prior to growth runs to drive out impurities from the 

graphite.  

 Power is coupled from the power supply to the chamber to bus bars attached to 

each power lead. Power leads enter at chamber base plate with a graphite to metal seal 

through conflat mini-flange. Each positive and negative lead is a standard 0.5“ copper rod 

and is coupled to a molybdenum rod 0.3125” in diameter that traverses 12 inches to the 

hot zone. The remaining 6 inches into the hot zone is a graphite lead  0.3125” in diameter 

(see Figure 10), that is coupled via set screw to the Mo leads. Finally, small graphite 

terminals that connect to the heating element are screwed into graphite leads.  

Heat shielding surrounds the heating element radially and vertically below the hot 

zone with tungsten sheet and BN disks, as illustrated in Figure 11. Three or more 

tungsten sheets (Rembar) of 0.020-0.030” thickness are held at the lowest portion of the 

hot zone with BN spacers that slide along each graphite lead. A tungsten sheet of 
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dimensions 2x10x0.005” surrounds the hot zone and is hung from the alumina tube 

surrounding the entire internals with tungsten wire. This shielding prevents the alumina 

tube from thermal strain induced cracking and increases the heating efficiency of the 

assembly. Tungsten provides as an exceptional heat shield since its emissivity is low and 

reflectivity high. Molybdenum is satisfactory however, deleterious reactions occur with 

Mo and the graphite internal parts at in the hot zone to form volatile molybdenum carbide 

species. Heat shields closest to the hot zone are BN, the first being a disk of the same 

geometry as the tungsten heat shields, and the last being a cup in which the heating 

element fits, as shown in Figure 11. While BN is not a material of choice for heat 

shielding, it is an excellent insulator, it provides as an adequate reflector, and is more 

compatible with the nitride growing environment and graphite internals than refractory 

metals. Graphite terminals slide through holes in the BN cup for the heater attachment. 

Up to the time of this writing, after several hundred growth runs and with exception to 

operator mishandling, there has not been the need to replace heat shielding. 

The entire internal cavity is purged with purified nitrogen to reduce the degree of 

ammonia attack on graphite parts in the hot zone. Gas enters through the base flange in 

one of the two remaining conflat mini-flange ports and is confined by the stainless steel 

body and alumina tube to exit at an annulus between the heating element and the sample 

platter. The gas flow rate is fixed to a relatively low value of 500sccm to minimize 

interaction of the flow patterns in the near growth region. The alumina tube is 6.00” tall 

and has an inner and outer diameter of 3.5” and 3.25” respectively. These dimensions 

must be met despite difficulties in providing precise tolerances from vendors (Coors 

Ceramics), in order for proper space for the internals to fit and for the tube to slide into its 
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jacket. If the dimensions are hard to match, it would be advantageous to procure a thicker 

tube and have it ground down to specifications. Depending upon heat treatment prior to 

installation into the chamber, the alumina tube can be prone cracking due to the large 

thermal gradients from top to bottom of the hot zone. It is important to be attentive to this 

since cracks provide a path for purge gas to leave the hot zone, diminish purging where 

needed, and change the flow patterns around the sample platter.  

9.5 Precursor delivery 

In providing the delivery of reactants to the growth process, the gas delivery 

system performs several tasks. Various vapor precursors and gases intended for chemical 

conversion must have extraordinary purity. Their associated transport to the growth 

chamber must have repeatability, accuracy, and stability. Finally, some of the gases and 

vapors are highly flammable, combustible, and toxic. Their delivery must be performed 

in a safe manner. 

9.5.1 Reactant sources and their purity 

Impurities known to be deleterious to high quality GaN of primary concern 

include silicon, water, oxygen and oxides. These impurities are present in the atmosphere 

and are therefore assumed to have some presence in all procured sources. Purity of 

reactant is facilitated through procurement of high purity sources from appropriate 

vendors. Assurance of high purity prior to injection into the growth chamber is made 

possible through purification and leak tight plumbing.  

MOCVD growth of binary and ternary nitride thin films calls for several types of 

sources. Group III precursors include metalorganic sources, tri-methylaluminum (TMA), 

tri-ethylgallium (TEG), and tri-methylindium (TMI) (Epichem). These sources are all in 
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liquid form in encapsulated bubblers in 100g, 100g, and 50g respectively. Due to inherent 

impracticalities, no further purification is attempted prior to their delivery to the growth 

process. Their as received impurity concentrations are listed in Table VI.  

The group V source is a research grade pressurized liquid ammonia (Solkatronic 

Blue). Purification of its vapor is performed through passage of a resin bed purifier 

(Nanochem, Matheson Semi-Gas Systems) that acts to captures CO, O2, and H2O and 

liberates H2 gas as a product.  

Carrier and diluent gases are UHP hydrogen and nitrogen (National Welders) 

because they have the lowest available background impurities. Their purification prior to 

delivery to the growth chamber is also performed with the employment of a resin bed 

purifier.  

 Intentional doping is performed by incorporating magnesium for p-type and 

silicon for n-type films. The source of magnesium is a metalorganic bubbler, (similar to 

that of the afore mentioned group V sources), containing 50 grams of 

Bis(isopropylcyclopentadienyl)Magnesium (Cp2Mg) (Epichem). Silicon doping is 

performed by delivering Silane (SiH4) to the growth chamber. The silane source (BOC 

Gases) is in the form of a highly diluted quantity of silane in hydrogen (10 ppm).  

 A significant amount of contamination is introduced upon exchanging source 

containers. A cross purge assembly is employed for NH3, H2, and Silane connections to 

the gas delivery system to minimize this problem, reduce the impurity ‘load’ on the 

purifiers, and thereby extend their effective purifying lifetime. Backfilling and evacuation 

of an isolated portion of the gas lines downstream of the bottle is recommended multiple 

times prior to opening new source bottles with UHP argon and a venturi assembly. A 
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similar process is carried out for metalorganic bubblers, in attempt to minimize any 

oxygen introduced into the lines. Prior and subsequent to installment of metalorganic 

sources to the gas lines, pumping and purging with the bypass valve open (Figure 12) is 

recommended 20 to 30 times using hydrogen and the system turbo pump. After pumping 

and purging, the lines can be flushed with hydrogen for two hours before valves to the 

bypass lines are closed and the bubblers are reopened to the gas delivery system. 

While cross purging, high quality sources, and purification provide a potential for 

high purity gas and precursors to the CVD process, actual or virtual leaks in the gas 

delivery system act to contaminate. As no further purification is performed downstream 

of metalorganic bubblers, upstream leaks have more devastating ramifications because 

once oxygen enters the bubbler, oxide particle can form and ‘spoil’ the source. Long term 

effects of small leaks can produce chronic problems as oxide particles infiltrate the entire 

system and impede proper function of the many elastomer valve seats. Thus routine leak 

checking of all fittings, valves, seals, and welds are recommended to ensure continuous 

leak free operation. Upon every exchange of a gas cylinder or a metalorganic bubbler, a 

leak check is recommended at the mating fittings and additionally to the fittings 

surrounding the source. Upon changing the source, tubing and fittings around it have a 

tendency to move, and potentially cause the loosening of metal seal. Leak checks on the 

entire system are recommended quarterly. For a leak tight system or series of lines, a leak 

rate value below 2x10-9mbar⋅lit⋅sec in background subtract mode. There are multiple leak 

checking ports with quarter turn valves on the growth system, source bottles, and lines in 

the control cabinet where a leak checking system can pump on the lines. Leak detection 

in a pumping mode is recommended since it provides the greatest leak rate sensitivity.  
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9.5.2 Mass flow control 

Precise control over flow dynamics, growth rate, doping incorporation rate, and 

other important growth parameters requires careful control over precursor mass flow. The 

entire process is controlled with a large assembly of tubing, mass flow controllers, 

pressure controllers, and chilled water baths. 

For gases and vapors, mass flow control is accomplished from the source bottle 

via pressure reduction below 50psi and subsequently by a modular mass flow controller 

(MKS Instruments). Mass flow controllers control flow through an internal convection 

cell and control valve for flows ranging in full scale from 5sccm up to 20,000sccm. 

Following purification, hydrogen, nitrogen, and ammonia mass flow rates to the chamber 

are controlled via mass flow controllers.  

For metalorganic in liquid form, mass flow is accomplished through a bubbler 

configuration. Vapor is evolved from the bubbler at a constant mass flow rate through 

sending a carrier gas through the liquid at a controlled mass flow rate, pressure, and 

temperature. Constant temperature is provided to the bubbler by immersing the bubbler in 

a chilled water bath (Neslab) and maintaining the water at a constant temperature. The 

process is controlled with a mass flow controller at upstream of the bubbler to provide 

hydrogen or nitrogen at a controlled rate, the bubbler immersed in the chilled water bath, 

and a pressure controller with a control valve placed downstream of the entire process 

prior to reaching the run or vent manifold.  

Silane mass flow and subsequent n-type doping is controlled with a split-dilution 

configuration, as illustrated in Figure 12. Silane, at a concentration of 10ppm in a 

hydrogen mixture can be diluted further into a common line with incoming hydrogen. 
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Once dilution is performed, part of the mixture is split to be delivered to the run or vent 

manifold. The remainder is discarded to an exhaust manifold. The entire configuration is 

maintained at a pressured higher than the chamber pressure by a pressure controller 

(MKS Instruments) at the exhaust exit port. A high back pressure of 600torr forces the 

flow to mix together prior to being split.  

9.5.3 Switching and the run/vent configuration 

The direction of mass flow of gases and vapors is controlled through an extensive 

network of high vacuum pneumatically-controlled diaphragm valves (Nupro). Reactant 

flow can be controlled for all sources, with few exceptions, to enter the run or 

vent/exhaust manifolds, depending upon growth layer sequencing and the need to 

establish steady state flows prior to injection into the growth chamber. The entire 

switching network is illustrated schematically in Figure 12. 

The run manifold allows mixing of all reactant precursors, with exception to 

ammonia, prior to injection into the chamber nozzle. Reactants including TMA, TEG, 

TMI, Cp2Mg, and Silane are mixed with a hydrogen or nitrogen carrier gas in the run 

manifold. The exhaust port of the silane split dilute assembly, the Cp2Mg vent line, and 

the vent manifold are connected to exhaust, the low pressure side of the process pump 

foreline. Switching between the run and vent line is possible for each reactant source 

independent of each other with a combination of two valves for each reactant line, as 

illustrated in Figure 12. The vent line can also maintain the same pressure with the run 

line with the use of a pressure transducer, feedback controller, and control valve (MKS 

Instruments) at the end of the vent manifold, to reduce transient time when switching 

from run to vent.  
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Dilution gases and other gases not intended to take part in the chemical deposition 

process posses stop valves downstream of their associated mass flow controllers. All 

lines having independent, direct pathways to the growth chamber, including curtain, 

filament purge, ammonia, and run line manifold have two valves upstream of the 

chamber to provide double isolation. Double isolation provides an extra margin of safety 

in the event of a catastrophic accident and a decreased opportunity for virtual leaking in 

the lines during high vacuum pumping of the chamber.  

The Cp2Mg vapor has a strong tendency to stick to stainless steel and particularly 

with the many fittings downstream of the inlet line to the run and vent manifolds. In 

attempt to minimize the contamination of Cp2Mg on the run and vent manifolds, it has an 

assembly that is completely isolated from the pump exhaust and chamber, as illustrated in 

Figure 12. 

9.6 Gas and vapor Injection 

The nature of gas and vapor precursor injection into the growth zone dictates film 

uniformity, growth efficiency, and re-circulation. The particular geometry associated with 

the injection nozzle in concert with high dilution flow provides a high linear gas velocity 

of reactant across the growth surface. The curtain gas showerhead injects an annulus of 

gas that surrounds and confines the column of reactant species, reduces re-circulation, 

and prevents growth from occurring on the chamber walls and nozzle above the growth 

surface.  

The injector nozzle is a two inch diameter water-cooled hollow tube that extends 

6” from the top of the chamber to 1.5” above the sample platter. Metalorganic species 

and ammonia enter separately and horizontally at the top of the nozzle, as illustrated 
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schematically in Figure 13. Group III and V species mixing occurs in the nozzle but has 

little chance to deposit on the walls of the nozzle due to the high gas velocity and water 

cooling of the walls. The nozzle is modular in an assembly of three 4.5” conflat flanges 

and 2 copper gaskets (Figure 13). Water flows at a flow rate of 0.6 gallons per minute 

first through the reactant column and then through the top flange to avoid deposition on 

the walls. There are four inlet entry ports on the nozzle, including two of 0.25” VCO 

fitting and two of 0.24 VCR fitting. The entire nozzle is bolted with four bolts into the 

curtain showerhead flange and sealed with an o-ring. Occasionally growth can occur at 

the very bottom of the nozzle and can be removed with a clean wipe and methanol. If the 

entire nozzle is coated with growth inadvertently, the entire nozzle can be dipped in an 

NaOH solution with the aid of swabbing, followed by a dip in DI water.  

The curtain showerhead is an injection assembly that surrounds the nozzle with an 

annulus of approximately one inch between the nozzle wall and the chamber wall. The 

showerhead is sealed via an o-ring to the top of the chamber (Figure 14). The injector 

nozzle and curtain showerhead are removed simultaneously with a pneumatic lift to allow 

top sample loading. Purified nitrogen flows through the annulus and is evenly injected 

into the chamber through a series of holes on a plate at three different radii, as shown in 

plan view in Figure 14. Cleaning the exposed surface of the showerhead plate is 

facilitated since it is removable with four screws. Cleaning procedures are identical to 

that of the injector nozzle.   

In the growth of GaN at temperatures above 1000°C, a balance is required when 

injecting nitrogen in the curtain annulus and a hydrogen dilution in the nozzle column to 

prevent unstable flow patterns and turbulence. Thermal velocities of hydrogen differ 
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substantially from nitrogen and when mixing the two together at high temperature, there 

is a tendency for disrupted flow, deleterious re-circulation, and resulting particle 

formation in the film. As previously mentioned, the filament purge gas flow must be 

lowered to minimize its effect on flow patterns in the growth zone. Table VII lists the 

optimum mass flow rates for the nitrogen curtain gas, hydrogen dilution gas, and nitrogen 

filament purge gas.  

The quartz chamber wall provides a thermal and physical boundary for reactant 

gases. The quartz walls are a double wall assembly with water cooling in between them 

with water flowing at 1.75-2.00 gallons per minute. The combination of the curtain gas 

and the cooled walls prevents deposition on the quartz to a region below the sample 

platter. Copious deposition occurs on the walls below the sample platter and requires 

regular cleaning. Quartz can be cleaned in a strong HCL solution followed by a DI water 

dip, with minimal damage to the quartz surface. Tenacious sticking of growth by-

products can also be removed with an NaOH cleaning in the same manner as that 

previously mentioned for the injector nozzle.  
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9.7 Tables 

 
Table I. Heater type and reduction in temperature gradient across growth pocket. 

Heating Element 
 

Temperature 
Gradient 

ºC 
I 30-40 
II 25-30 
III 15-20 

IV,V 5-10 
 

Table II. Approximate power level and optimum growth temperature for various nitride 
compounds. 

Compound 
 
 

Temperature 
 

ºC 

Approximate 
Power Level 

kW 
AlN 1100 2.8 

GaN/AlGaN 1020 2.1 
InGaN 780 1.2 

 
Table III. O-ring seal dimension and parker# for various components, Neoprene 70 

Component Vendor Parker # 
Quick Flange KF-40   326 
Quick Flange KF-25  325 
Throttle valve  
flapper 
shaft  

MKS Instruments  
214 
108 

Magnetic Rotary Feedthrough Ferrofluidics, KJL 120 
Inner Quartz seat Technical Glass Products 251 
Inner Quartz  Technical Glass Products 322 
Outer Quartz  Technical Glass Products 362 
Inlet Nozzle   333 
VCO (precursor inlet connect) Raleigh Valve and Fitting  
Outer Quartz Seat  259 
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Table IV. Copper gaskets for various components having a conflat (CF) flange. 
Component Seal 

Dimensions 
Mini-flange 
5 on base flange 
1 on curtain showerhead  

1.33”CF 

Turbo Pump and Gate Valve (2) 4.5”CF 
Base flange and head flange (2) 14”CF 
Pumping ports (2) 
Vacuum Gauge ports (6) 
Foreline hose (8) 

2.75”CF 

  
 

Table V. Stainless Steel gaskets for various components having a VCR fitting. 
Component Seal 

Dimensions 
Inlet filament purge (1) 
Spare ports on inlet nozzle (3) 
Curtain flange fittings (3) 

0.25”VCR 

Low and rough vacuum gauges (2) 0.5”VCR 
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Table VI. Impurity levels in various reactant sources 

Source or Gas Impurity 
Impurity Level, 

part per million (ppm) 

H2, UHP1 

O2 

H2O 

CO + CO2 

1.0 

3.0 

- 

N2, UHP1 

O2 

H2O 

CO + CO2 

1.0 

2.0 

0.5 

NH3, ULSI2 

H2O 

O2 

CO + CO2 

2.0 

0.5 

< 0.5 

TMA, Oxygen Reduced Grade3 Si 

Alkoxide Levels 

< 0.5 

< 50 

TEG, Adduct Grade4 Si < 0.03 

TMI, Adduct Grade4 Si < 0.03 

 
1Source: National Welders 
2Source: Matheson Gas Products 
3Source: Morton Specialty Chemical Products 
4Source: Epichem Metalorganics 

 
 

Table VII. Optimum mass flow rates for various inlet gases. 
Gas Mass Flow Rate 

(slm) 
Curtain, N2 4.5 

Filament Purge, N2 0.5 
Dilution, H2 4.0 
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9.8 Figures 

 
Figure 1: Schematic of the growth chamber in cross-section 
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Figure 2: Cross-sectional schematic of the rotation assembly 
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Figure 3: Drawing of the SiC graphite sample platter 
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Figure 4: Schematic of heating element I 
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Figure 5: Drawing of heating element II 
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Figure 6: Drawing of heating element III 
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Figure 7: Drawing of heating element IV 
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Figure 8: Drawing of heating element V 
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Figure 9: Drawing of boron nitride cup and holder for heating element V 
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Figure 10: Drawing of graphite lead portion of the power coupling to the hot zone. 
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Figure 11: Schematic of hot zone internals, including heat shielding, power leads, and 
heating element. 
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Figure 12: Schematic of control valve configuration. F=mass flow controller, P=pressure 
controller, C=chamber, E=exhaust. 



 175 

 
Figure 13: Schematic of injector nozzle for precursor delivery to the chamber. 
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Figure 14: Schematic for curtain showerhead injector assembly 
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