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Abstract 
 

Molecular Beam Epitaxy for New Generation Nitride Devices 

 

by 

Christian D. Wurm 

 Although MOCVD is regarded as the preferred growth method for 

commercial grade nitride-based semiconductor devices, there are still certain applications 

for which MBE may be utilized.  Current record-performing N-polar HEMTs are grown by 

MOCVD which must use miscut SiC and sapphire substrates.  The growth conditions 

employed by MBE, however, enable growth of N-polar GaN on non-vicinal substrates.  

MOCVD grown GaN-on-SiC N-polar HEMTs typically have a threading dislocation density on 

the order of 108 cm-2.   

Amplifiers biased in class-A mode operate at a high source-to-drain quiescent 

current.  High current in a material with a high density of scattering centers (such as 

dislocations) may lead to power dissipation in the form of heat which can impede device 

efficiency.  MBE grown N-polar HEMT epi-structures on low dislocation density bulk GaN 

substrates may improve this efficiency.  Furthermore, the low temperature growth used by 
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MBE enables thicker coherently strained AlN interlayers, or back-barriers, which can 

mitigate the effects of alloy scattering in the 2DEG channel.  Although N-polar GaN grown 

on bulk GaN by MBE typically results in a surface riddled with V-defects, this work 

demonstrates suppression of V-defects by initiating growth with just 2 nm of AlN.  It was 

shown that the generation of these pits may be attributed to impurities on the regrowth 

interface. 

InGaN grown by MBE has the advantage of growing thick layers without generating 

V-defects on the surface.  Furthermore, the lower growth temperatures employed by MBE 

enable extremely high In-mole fraction InGaN.  This is advantageous for growing thick, 

relaxed InGaN on compliant substrates for long-wavelength nitride-based optoelectronics.  

The simplicity of MBE, which does not use any metal-organic precursors or carrier gases, 

makes it suitable for proof-of-concept next generation devices. 

Composition pulling and Quantum Confined Stark Effect (QCSE) has severely limited 

nitride-based red LEDs to achieve the efficiencies shared by their blue and green 

counterparts.  MOCVD grown elastically relaxed InGaN on porous GaN tiles have shown 

significant progress however they are limited due to the high density of V-defects on the 

surface.  This work demonstrates MBE grown InGaN on porous GaN tiles with a surface free 

of V-defects which had an in-plane lattice constant equivalent to fully relaxed In0.12Ga0.88N.  

STEM analysis revealed no new dislocations in the InGaN layer demonstrating the compliant 

nature of the porous tile.  This is a significant improvement from previous work by MOCVD.  

These MBE grown tiled pseudo-substrates may be a compelling technology for micro-LED 

displays.   
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1 Introduction 
  

 

 

 

 

 

Gallium nitride (GaN) is arguably the most versatile semiconductor since Si.  

Commercial applications of GaN include, and are not limited to, power management, RF 

communications and optoelectronics.  A market research report from Grand View Research 

on the global GaN semiconductor market estimates the GaN market size to be 

approximately $1.88 billion in 2021 with an expected compounded annual growth rate 

(CAGR) of 24.6% from 2022 to 2030 [1].  Fig. 1-1 below shows the projected U.S. GaN device 

market up to 2030 conducted by Grand View Research [1].  Nitride semiconductor films are 

grown by a variety of techniques including metal organic chemical vapor deposition 

(MOCVD) which is the preferred method for commercial applications; hydride vapor phase 

epitaxy (HVPE) which is one of the dominant growth techniques for bulk GaN substrates; 

and molecular beam epitaxy (MBE) which has historically been utilized more for low-volume 

and research-level nitride growth.  The work presented in this thesis highlights certain 
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applications where MBE may be utilized over traditional, more scalable growth 

technologies such as MOCVD.   

 

Figure 1-1: Projected GaN market in the U.S. spanning from 2020 to 2030 conducted by Grand View 
Research.  Reprinted from [1]. 

 

 This introductory chapter is meant to serve as a brief primer on GaN and plasma-

assisted MBE (PAMBE) nitride growth.  An introduction to the GaN crystal structure with an 

emphasis on polarization and how it is utilized for electronic applications will be given 

followed by an introduction to PAMBE nitride growth.  To understand the motivation for 

PAMBE an in-depth discussion on MBE GaN vs. MOCVD GaN growth will be given.  A 

significant amount of the content in this thesis will be devoted to surface morphology and 

the mechanisms which govern it, therefore it was necessary to devote a portion of this 

introductory chapter to understanding how growth conditions dictate surface morphology.  

Although there will be limited discussion on III-nitride based optoelectronics in this chapter, 

chapter 5 will give an overview of III-nitride based optoelectronics which is the chief 

motivation for the work presented in the second half of this thesis. 

 



 3 

1.1 Gallium Nitride and Polarization Doping 
 

Unlike traditional semiconductors such as Si, III-arsenides and phosphides, III-

nitrides possess material qualities that make it especially advantageous for some electronic 

and optoelectronic applications.  Although GaN and most III-nitrides can be grown in the 

zinc-blend phase, the wurtzite phase is the more stable of the two.  This results in a non-

centrosymmetric crystal structure with alternating polarization sheet charges along the c-

axis (000+/-1 direction) which is illustrated in Fig. 1-2.  Each of these internal polarization-

induced sheet charges are effectively screened by the oppositely charged sheet charge 

preceding it.  Figure 1-2 below shows the crystal structure of GaN and how the net 

polarization charges reside at each end of the crystal.  The spontaneous polarization charge 

in GaN is approximately -0.029 C/m2 [2] or a corresponding spontaneous polarization sheet 

charge density 𝑛!~10+>𝑐𝑚"# [3].  By simply rotating the GaN crystal structure 180 degrees 

leads to a change in polarity as is shown in Fig. 1-2. 
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Figure 1-2: Wurtzite GaN unit cell showing polarization charges for N-polar (top) and Ga-polar (bottom).  
Reprinted with permission from [4]. 

1.2 Strained Heterostructures  
 

In addition to the spontaneous polarization inherent in III-nitride films, there is also 

a piezoelectric polarization component which occurs in strained heterostructures such as 

GaN/AlGaN or GaN/InGaN.  The piezoelectric tensor of wurtzite GaN has three non-

vanishing independent components making wurtzite GaN highly piezoelectric [4].  In-plane 

strain adds additional polarization charge.  In III-nitrides, assuming a heterostructure that is 

fully strained to GaN, this strain leads to a piezoelectric sheet charge at the heterointerface 

which is dependent on the strain-moduli components (𝑒>> and 𝑒>+), the elastic coefficients 

(𝑐+> and 𝑐>>) and the lattice constant of both materials given by: 

𝑷𝒑𝒛,[𝟎𝟎𝟎𝟏] = 𝟐(𝒆𝟑𝟏 − 𝒆𝟑𝟑
𝒄𝟏𝟑
𝒄𝟑𝟑
)𝝐𝟏            1.1 
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where the in-plane strain 𝜖+	arising from the lattice mismatch of the heterostructure is 

given by: 

𝝐𝟏 =
𝒂𝒊"𝒂𝑮𝒂𝑵
𝒂𝑮𝒂𝑵

        1.2 

Where 𝑎$  is the lattice constant of the material strained to GaN and can be found by 

Vegard’s law [5].  The total polarization charge at a hetero-interface is the sum of the 

spontaneous polarization and the lattice mismatch dependent piezoelectric polarization 

charge.  Hence the net polarization induced sheet charge at a hetero-interface is a strong 

function of the lattice mismatch between the GaN and the material strained to GaN.  

Although this can be advantageous for electronic devices, it is problematic for 

optoelectronic devices due to reduced electron-hole wavefunction overlap which will be 

shown in chapter 5.  The increase in Al-composition leads to higher piezoelectric 

polarization (PPE) strain at the GaN/AlGaN interface which becomes the dominate source of 

polarization only for Al-compositions above 90%.  The spontaneous polarization (PSP) is 

generally less dependent on Al-composition.   

1.3 High Electron Mobility Transistors (HEMTs) 
 

 Polarization doping in III-nitrides has been utilized for high-power, high frequency 

transistors used for power amplifiers.  When an AlGaN layer in an AlGaN/GaN 

heterostructure is sufficiently large, it will induce an electron sheet charge near the 

heterointerface.  These polarization-induced electron sheet charges, which are generated 

without any doping, possess electron mobilities which exceed that of the bulk electron 

mobility.  These electron sheet charges, known more commonly as a 2-dimentional electron 
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gas (2DEG), have been utilized as channels for HEMTs.  The high mobility matched with the 

wide bandgap of GaN (~3.2 eV) make GaN HEMTs ideal for high-power, high-frequency 

amplifiers used in telecommunications and high power conversion.  Fig. 1-3 below shows a 

basic Ga-polar and N-polar HEMT and indicates where the 2DEG channel is for each case.  

Lg is the gate width which corresponds to the width of the 2DEG channel under the gate 

that is modulated during switching.  Lsd is the source-to-drain distance and Lgd is the gate-

to-drain spacing which is typically longer than the distance from the gate-to-source to 

prevent breakdown at high drain biases.  Vgs is the gate-to-source voltage and Vsd is the 

source-to-drain voltage. The first reported GaN HEMT was demonstrated by Khan et al., in 

1993 [6].  In 2018, Romanczyk et al., demonstrated a record-high 8 watts/mm at 94 GHz 

GaN HEMT using an N-polar deep-recess design [7].  A more in-depth understanding on N-

polar deep recess technology, and how it has evolved until 2018, can be found in reference 

[8]. 

 

Figure 1-3: illustration of a simplified GaN-based (a) Ga-polar HEMT and (b) N-polar HEMT. 

1.4 PAMBE GaN Growth 
 

PAMBE nitride growth takes place in an ultra-high vacuum chamber with molten Ga, 

Al and In as the group III-sources.  In a high vacuum environment, the sources, which are 
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contained in effusion cells, act as beams which travel directly to the sample stage.  Active 

nitrogen is supplied by cracking N2 gas with a high-vacuum based plasma source.  During 

growth, the flow of N2 gas (ranging from 0.5-several sccm) gives a background chamber 

pressure ranging from 5e-6 torr to 2e-5 torr.   

The growth mechanisms behind high-quality GaN growth by PAMBE is significantly 

different than that of MOCVD.  MOCVD nitride thin films are typically grown at 

temperatures of 1000o C. or higher.  At these temperatures, a high surface concentration 

of active nitrogen (0.2-1 barr) is needed to prevent GaN decomposition [9].  The high 

adatom mobilities facilitated by high temperature MOCVD growth reduce the probability 

of island-nucleation and promotes step-flow growth.  PAMBE growth of nitrides, on the 

other hand, is typically done at a substrate temperature ranging from 500o to 800o C [10]–

[13].  Growing at these low temperatures under N-rich conditions greatly reduces the 

adatom mobility leading to rough 3D surfaces such as what was studied by Tarsa et al., 

which resulted in films with columnar structures initiated by the formation of stacking faults 

[12].  The chief cause of poor surface morphology in N-rich MBE grown GaN has been traced 

to the high diffusion barrier for N (1.3 eV) [14].  Because of this N-adatoms are orders of 

magnitude less mobile with respect to Ga-adatoms on the GaN surface [14].  Growing in a 

Ga-rich regime, however, has been shown to improve adatom mobility at the lower 

temperatures employed by MBE leading to smooth surface morphology [12], [14]–[18].  In 

the case of Ga-rich growth, excess Ga floats on the surface lowering the adatom diffusion 

barrier for the N adatoms under the Ga-adlayer.  Thus, the Ga-adlayer acts as an auto-

surfactant leading to adlayer enhanced lateral diffusion (AELD) [17].  Both Köblmuller et al., 
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and Tarsa et al., demonstrated that by increasing the Ga-flux for a series of growths led to 

a dramatic improvement in surface morphology [12], [19].  Furthermore, room-

temperature (RT) photoluminescence (PL) measurements showed a suppression in the 

yellow luminescence (YL) peak, which is at approximately 2.2 eV, by increasing Ga-flux [20].  

Although the YL peak has been associated with carbon in MOCVD GaN [21], it can be 

speculated that growth under Ga-rich conditions suppresses the Ga-vacancies which were 

associated with the YL peak.  Although too high a Ga-flux to N-flux ratio can lead to Ga-

droplets on the surface, it has been shown that at least two monolayers of Ga is needed on 

the surface to promote step-flow growth of Ga-face GaN by PAMBE [18].  Thus growing GaN 

in the Ga-rich regime by PAMBE improves both surface morphology and film quality and 

enables growth at significantly lower temperatures compared to MOCVD.   

1.5 Dislocation Mediated Spiral Growth 
 

In contrast to MOCVD, which is a mass-transport limited growth technique utilizing 

‘near-equilibrium’ conditions, PAMBE is considered a highly ‘non-equilibrium’ growth 

technique [22], [23].  Metal-rich PAMBE growth results in spiral island like structures which 

form around dislocations or groups of dislocations.  Fig. 1-5 below shows 2x2 𝜇𝑚# atomic 

force microscopy (AFM) micrographs of PAMBE grown GaN (Fig. 1-5.a) and MOCVD grown 

GaN (Fig. 1-4.b).  From Fig. 1-4.a the step-terraces on the surface of the PAMBE grown GaN 

have significant curvature while some even spiral around small-pinholes on the surface.  

This is in contrast to Fig. 1-4.b (MOCVD grown GaN) which has straighter step-terraces.   
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Figure 1-4: (a) atomic force microscopy (AFM) micrographs of PAMBE grown GaN and a (b) MOCVD grown 
GaN-on-sapphire template. 

 The spiral surface morphology exhibited in the PAMBE grown GaN seen in Fig. 1-4 

has been well described by Burton, Cabrera and Frank [24]–[26].  When growth occurs on 

a surface terminated with mixed-type dislocations, step-terraces bow out around 

dislocations leading to a corresponding increase in energy of the system.  The curvature of 

the bowing is governed by supersaturation [27] which is the driving force behind all crystal 

growth.  For the case of a pinned step-terrace, the critical radius of curvature (𝜌1) of a step-

terrace bowing out from a dislocation can expressed by the following relation [22][27]:  

𝝆𝒄 =
𝜸𝒂

𝒌𝑻𝒍𝒏K 𝑷𝑷𝒐
L
           1.3 

Where 𝛾 is the step-energy per molecule, 𝑎 is the monolayer height, 𝑃 is the actual vapor 

pressure, 𝑃2 is the equilibrium vapor pressure, T is the temperature and k is the Boltzmann 

constant.  𝑘𝑇𝑙𝑛(𝑃/𝑃2) is the driving force for growth.  For 𝑃 ≫ 𝑃2 (positive driving force), 

𝜌1  becomes small and therefor the curvature becomes tight leading to defined spiral 

growth.  For 𝑃~𝑃2 , 𝜌1  becomes long and the steps become straighter.  Actual spiral growth, 

such as what is observed in Fig. 1-4.a, occurs when a pinned step with a small 𝜌1  winds into 

a spiral around a mixed dislocation.  The tightness of the spiral is determined by the advance 
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of the pinned step around the dislocation before reaching the critical curvature (1/𝜌1) at 

the center of the spiral [22].  Heying et al., demonstrated experimentally a decrease in spiral 

tightness by decreasing the III/V ratio for PAMBE grown GaN [22].  Thus, higher metal-rich 

conditions used by PAMBE results in a smaller 𝜌1  and thus spiral hillocks.  As will be shown 

in chapter 4, lower temperature growth employed in PAMBE InGaN growth, leads to taller 

and tighter spiral hillocks.  This dislocation-induced spiral morphology inherent in PAMBE 

growth will limit the flatness of a surface. 

1.6 V-Defects 
 

Another surface morphology feature which separates PAMBE from MOCVD is the 

formation of V-defects.  Thick, MOCVD-grown InGaN and InGaN MQWs have often 

exhibited a high density of faceted pits on the surface.  The formation of these pits, or V-

defects as they are more commonly known, has been modeled [28],[29], [30] and studied 

experimentally in both InGaN and GaN [31],[32].  Hetero-epitaxially grown GaN, grown in 

the presence of indium by MOCVD, at temperatures lower than 1000 °C, can lead to elastic 

relaxation through the formation of V-defects.  These V-defects nucleate around mixed-

type threading dislocations (TDs) forming six equivalent {101N1} facets [32].  The growth rate 

on these facets is lower than that of c-plane GaN leading to an increase in V-defect diameter 

and depth with increasing film thickness [32].  While the elastic nature in which these V-

defects alleviate local strain has been taken advantage of by some researchers for making 

longer wavelength LEDs [33], they create issues with scalability and can result in current 

leakage.  In contrast, PAMBE-grown InGaN, performed under metal-rich conditions at 

growth temperatures between 500 °C and 600 °C, typically produces spiral step-flow 
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morphology free of V-defects.  Mentioned previously, the metal adlayer acts as a surfactant 

lowering the adatom diffusion barrier of adsorbed species enabling step-flow growth at 

temperatures significantly lower than those used by MOCVD [17], [19], [34],[35], [36].  As 

will be shown in chapter 4, lower temperature growth can enhance lateral growth which 

suppresses V-defects.  A smooth, well controlled growth surface is a prerequisite for 

regrowth of subsequent high-quality layers whether by MBE or MOCVD. 

V-defects have also been observed in N-polar PAMBE grown GaN on bulk GaN 

[37],[38],[37].  V-defects which were observed in PAMBE grown N-polar films by Turski et 

al., and Chéze et al., on bulk GaN, in [39]  and [37] respectively, were attributed to slow 

growing parts of a step meander when two adjacent meanders connect [39].  It was shown 

that these V-defects could be suppressed by using miscut substrates which reduced the 

terrace widths on the surface thereby making the steps more periodic - small periodic 

terraces reduce the effects of unusual step-meandering [39] [37].  The following chapters 

will confront and address the problem of V-defects in both PAMBE grown N-polar GaN and 

Ga-polar InGaN.   

1.7 Conclusion 
 

 This introductory chapter was meant to provide a high-level understanding of the 

nitride material system with an emphasis on polarization.  The non-centrosymmetric nature 

of wurtzite GaN leads to internal polarization-induced electric fields which induces band-

bending without any doping.  Because of this 2DEG channels can be realized without any 

doping.  PAMBE nitride growth is carried out at lower growth temperatures than those 
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employed by MOCVD.  Unlike MOCVD, the surface morphology of metal-rich PAMBE grown 

nitrides results in a dislocation mediated surface morphology where spiral hillocks radiate 

from mixed-type dislocations which terminate on the surface.  This spiral step-flow 

morphology limits how flat the surface morphology can be for a substrate with a given 

dislocation density.  V-defects are common in thick MOCVD grown InGaN whereas the 

growth conditions employed by PAMBE suppresses V-defects.  However, N-polar GaN 

grown by PAMBE on non-vicinal bulk GaN can also lead to V-defects.  The emphasis on 

surface morphology is made to support and understand the work presented in the following 

chapters.  The first part of this thesis describes how V-defects were eliminated in N-polar 

GaN grown by PAMBE on non-vicinal GaN substrates.  Equally important to how V-defects 

were eliminated is how and where they were generated.  The second part of this thesis 

focuses on Ga-polar InGaN grown by PAMBE on planar and porous tiles to enhance elastic 

relaxation.  Although the applications of the two topics presented in this work are very 

different they both show a clear advantage PAMBE has over the more commercially-

acceptable MOCVD.    
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2 Growth of High-Quality N-polar GaN on 
Bulk GaN by PAMBE 

 

 

 

 

 

                                                                      

 

High-quality (0001N) GaN, or N-polar GaN, grown on bulk GaN may have potential in 

high-frequency, high power electronics.  N-polar HEMTs have demonstrated superior 

performance when matched against their Ga-polar counterparts in terms of operating 

frequency, power output and scalability [7],[40].  Growing GaN on foreign substrates such 

as SiC, for example, where an in-plane 3.4% lattice mismatch [41] is present, results in 

vertically propagating threading dislocations (TDs).  Typical threading dislocation density 

(TDD) for GaN grown on sapphire and SiC by MOCVD are on the order of 10M	𝑐𝑚"# [42].  

High quality N-polar GaN grown by MOCVD on vicinal sapphire and SiC has already been 

used extensively to make high performance HEMTs [43].  At high concentrations, threading 

dislocations can act as scattering centers which can degrade device performance [44].  

Therefore it is necessary to investigate growth of GaN devices on low TDD bulk GaN 
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substrates.  This chapter begins with a brief primer on dislocation related scattering and the 

motivation behind growth on bulk GaN, followed by past work done by other groups doing 

N-polar GaN homoepitaxy.  Experimental work will be presented showing how N-polar GaN-

on-GaN grown by PAMBE with smooth surface morphology was achieved on non-vicinal 

substrates. 

2.1 Motivation for Bulk GaN Substrates 
 

The N-polar HEMT mentioned in chapter 1 which demonstrated record high output 

power at 94 GHz (Romanczyk et al.) was grown on SiC by MOCVD and possessed a TDD on 

the order of 108 cm-2 [7].  This being known, there is interest in whether device performance 

could be greatly improved by growing HEMT epi on native substrates with two or more 

orders of magnitude lower TDD.  To better understand the motivation for switching to bulk-

GaN substrates, which are expensive and far less abundant compared to SiC and sapphire, 

it is necessary to understand how dislocations arising from lattice mismatch can negatively 

affect device performance.    

GaN and sapphire have a 14% in-plane lattice mismatch and a 34% thermal 

mismatch (mismatch between thermal expansion coefficients of GaN and sapphire), which, 

when grown by MOCVD, leads to a TDD of approximately 1010 cm-2 in the GaN immediately 

following the heterointerface [45].  GaN and Si have an in-plane lattice mismatch of 17%, 

the thermal mismatch is 115% [46]. In contrast, GaN and SiC have an in-plane lattice 

mismatch of just 3.4% [47] and very similar thermal expansion coefficients  (𝛼./0 =

5.6 × 10"N/𝐾, 𝛼O60 = 	4.2 × 10"N/𝐾, 𝛼P$Q = 3.2 × 10"N/𝐾  ) [48].  In all cases a high 
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density of screw dislocations and edge dislocations exist near the heterointerface due to 

lattice mismatch.  These dislocations tend to propagate in the growth direction and 

terminate on the surface [49].  Thick MOCVD GaN buffer layers have been utilized to 

suppress TDDs by almost two orders of magnitude.  When growing thick GaN buffers at high 

temperature, typically around 3 𝜇𝑚, TDs tend to intersect as they travel in the growth 

direction resulting in the annihilation of one or both TDs [50].  This thick MOCVD buffer 

technique has led to TDD values on the order of 108 cm-2 for growing GaN on sapphire and 

SiC - nearly two orders of magnitude reduction in TDD compared to conventionally grown 

thin heteroepitaxially grown layers [19].   

 The amount of work showing how dislocations affect carrier transport in GaN is 

extensive.  A model developed by Weinman et al., which was verified experimentally, 

showed that filled traps along the TD line act as coulombic scattering centers impeding bulk 

mobility [51].  Using the Boltzmann transport equation, Look et al., developed a model for 

charged-dislocation-line scattering showing how edge dislocations are electrically active 

[45].  Later, in 2003, it was shown experimentally by conductive atomic force microscopy 

(C-AFM) imaging and scanning kelvin probe microscopy, that potential variations on the 

GaN surface arose from negatively charged TDs and localized leakage paths associated with 

dislocations.  Using this method it was determined that edge dislocations near the surface 

were negatively charged [52]. Using non-destructive double crystal x-ray diffraction 

(DCXRD) and temperature-dependent Hall, Zhao et al. demonstrated bulk electron mobility 

and carrier concentration were both effected by TDD; higher dislocation density led to 

lower mobility and higher background carrier concentrations [53].  Kyle et al. measured a 
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reduction in bulk mobility for GaN with high TDD grown by NH3 MBE and postulated that 

dangling bonds associated with edge dislocations act as acceptor states which trap 

electrons thereby becoming negatively charged [10].   

Ga-polar HEMTs grown on bulk GaN substrates display higher Hall mobilities and 

lower sheet resistances [54], [55].  Kyle et al., modeled dislocation-dependent mobility 

assuming an acceptor-like trap exists at every c-lattice translation along an edge-type 

dislocation, and that this trap state is ionized (negatively charged) thereby causing an 

electric field around the dislocation [10].  This model was successfully demonstrated 

experimentally by analyzing temperature dependent bulk mobility by growing a series of 

samples on substrates with varying TDD [10].  When dislocations become charged they can 

act as scattering centers in the 2DEG channel of a HEMT.  Scattering in the channel creates 

heat which lowers the overall efficiency.  Therefore, if the primary objective of designing a 

device or an amplifier is to have ultra-high efficiency, reducing the dislocation density would 

be advantageous.   

 As discussed in chapter 1, surface-terminated dislocations in MBE grown GaN can 

lead to tall spirals around dislocations [12], [37], [49] [19].  The poor surface morphology 

resulting from these dislocations can make it difficult to process devices with ultra-small 

features and can lead to defects on the surface which may potentially affect RF 

performance.   

PAMBE involves metal-rich growth which often results in metal decorated TDs that 

become vertically conductive paths.  These metal-decorated TDs lead to high reverse-bias 
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leakage in GaN Schottky contacts and vertical devices [54].  This type of leakage is not so 

detrimental to lateral conducting devices such as HEMTs, however for optoelectronic 

devices such as LEDs and vertical cavity surface emitting lasers (VCSELS) they can be 

catastrophic.  This is one reason why MOCVD is the preferred method for optoelectronic 

devices.   

2.2 Motivation for MBE 
 

By MOCVD, growth of N-polar GaN is particularly challenging due to the nature of 

the N-polar surface.  Theoretical calculations done by Zywietz et al., predict a much higher 

diffusion barrier for N compared to Ga - 1.4 eV and 0.4 eV, respectively [56].  Initial MOCVD 

grown N-polar GaN on planar substrates resulted in a high density of hillocks on the surface 

however, this was mitigated by growing at temperatures above 1000o C on miscut 

substrates [43].  Unlike MOCVD, MBE N-polar GaN grown on bulk GaN and SiC has been 

achieved without the use of vicinal substrates [57], [43],[58].  Furthermore, PAMBE yields 

films with highly abrupt interfaces and offers in-situ growth monitoring by refection high-

energy diffraction (RHEED) making it ideal for proof-of-concept devices.   

2.3 Past Work of PAMBE grown N-polar GaN on Bulk GaN 
 

Before high quality N-polar devices can be grown and processed on bulk GaN 

substrates growth conditions must be optimized to ensure smooth surface morphology and 

high-quality films.  As mentioned in chapter 1, N-polar GaN grown on bulk GaN yielded 

surfaces which had a high density of V-defects [37], [39][38].  These V-defects have also 

been observed in MBE-grown Ga-polar films by Heying et al., and Tarsa et al., in references 
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[22] and [12] respectively.  Heying et al., attributed surface V-defects, or surface 

depressions, to different types of surface terminated dislocations [22].  Past N-polar GaN 

HEMTs grown on bulk GaN by PAMBE displayed inferior electrical data compared to other 

N-polar HEMT devices grown by MOCVD.  This was attributed to the high density of V-

defects on the surface [38]. 

2.4 Summary of Study 
 

In the following study a 2-step approach is employed to eliminate surface-V-defects 

on N-polar GaN grown on non-vicinal bulk GaN.  First, the substrates were subjected to an 

ex-situ UV-ozone clean.  Next, the growth was initiated with a 2 nm thick AlN layer grown 

under Ga-rich conditions which we call the AlN initiation layer (AIL).  Growing thicker AILs 

(up to 8 nm) showed to improve film quality further while still maintaining smooth surface 

morphology.  It was postulated that these V-defects generate at the regrowth interface due 

to impurities.  This theory was later confirmed when surface V-defects were re-generated 

at ultra-high C-concentrations following the surface treatment described above.   

2.5 Experimental Procedure 
 

Four sets of experiments were carried out to observe the effects of the UV-ozone 

clean (NA1-NA2), the effects of the 2nm AIL (NB1-NB3), AIL thickness (NC1-NC4) and the 

effect of carbon doping on surface morphology (ND1-ND3).  The details of this study are 

also given in references [8], [59]. 

 For every sample in this study semi-insulating (SI) N-face epi-ready bulk GaN 

substrates provided by NGK Insulators were used.  Except for sample NA1, every sample 
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underwent a 15-minute ultra-violet (UV) ozone clean followed by a one-minute dip in 

hydrofluoric (HF) acid.  The UV-ozone treatment and the HF dip were repeated two more 

times before 500 nm of Ti was deposited on the back of the wafers using an electron-beam 

evaporator.  Prior to loading into the growth system, the samples were cleaned in acetone, 

methanol, and isopropyl alcohol.  All samples were mounted using molten indium to 3” Si 

substrates. 

All growths in this study were carried out using a Varian Gen II MBE system with 

conventional Al, Si and Ga effusion cells.  A Riber rf-plasma source was used to supply active 

nitrogen for growth.  For active nitrogen, ultra-high purity N2 (99.9995% purity) was used.  

3 sccm of N2 at a plasma power of 250 watts was used which resulted in a growth rate of 

approximately 8 nm/min.  To maintain Ga-rich conditions the Ga-flux used for both the GaN 

and AlN growth was kept constant at a beam equivalent pressure (BEP) of 4.4 × 10"R torr 

while Al-flux for AlN growth was 1.4 × 10"R torr.  All AlN layers were grown in the presence 

of a Ga-flux to maintain a Ga-adlayer during growth.  Chamber pressure during growth was 

approximately 3 × 10"S Torr.  Substrate temperature was monitored during growth by an 

optical pyrometer calibrated to the melting point of Al.  Growth temperature for every 

growth in this study was measured at 740 ℃.  Prior to growth, the substrates were brought 

up to the growth temperature and exposed to Ga-flux (same Ga BEP used for GaN) for 10 

seconds followed by a thermal desorb of the excess Ga on the surface to remove any 

impurities still on the substrate surface.  To ensure good surface morphology all samples 

were grown under Ga-rich conditions such that a Ga-adlayer was present on the surface 

throughout the entire growth.  The Ga-adlayer was monitored by observing the intensity 
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from reflection high energy electron diffraction (RHEED).  Growths were interrupted 

approximately every ten minutes to desorb excess Ga on the surface preventing the 

formation of droplets.  Carbon doping was carried out using a carbon tetra-bromide (CBr4) 

solid source bubbler.  CBr4 was introduced to the system via an automated control valve to 

throttle the vapor pressure from the CBr4 bubbler to a foreline and into the system [60]. 

 Surface morphology for each sample was characterized by atomic force microscopy 

(AFM).  Samples NB3 and NC1-NC4 were characterized by x-ray diffraction (XRD) rocking-

curve scans near the (0002) and (2N021) reflection.  High-resolution transmission electron 

microscopy (HRTEM) imaging was also carried out on sample NB2 along with convergent-

beam electron diffraction (CBED) to rule out any possibility of polarity inversion due to the 

AIL.  HRTEM and CBED analysis was performed by Dr. Feng Wu of the Speck group at the 

UC Santa Barbara Materials Department.  Film thickness for all samples, except NA1-NA2, 

were verified by measuring interference fringe spacing from XRD (0002) ω-2θ scans, a 

technique which is explained in more detail in reference [61].  To verify that the thickest AIL 

was strained to the GaN, a reciprocal space map (RSM) near the {101N5	}	reflection was 

generated by XRD on sample NC4.   

 Secondary ion mass spectrometry (SIMS) using a Cameca IMS 7f Auto SIMS system 

was carried out to observe impurities in the epitaxially grown films with an emphasis on the 

regrowth interface.  SIMS characterization was done with the help of Dr. Tom Mates of the 

California Nano-Systems Institute (CNSI).   
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2.6 Effects of UV ozone clean (NA) 
 

 Regrowth interfaces are well known to have a high surface concentration of 

impurities.  The cause of these impurities have been attributed to contaminates 

accumulating on the surface prior to growth, residual impurities left as a result of the 

chemical mechanical polishing of the substrate by the manufacture, or from impurity 

gettering inside the MBE chamber [60].  Given the reactivity of the N-polar surface, 

subjecting the substrate to an ex-situ cleaning process before growth is of interest for 

subsequent epitaxial regrowth of N-polar GaN.  UV-ozone treatments had been used by 

Gupta et al., to remove Si particulates from a post RIE-etched surface of Si-doped GaN [62] 

[30].  It is believed that exposing the GaN surface to O3 and UV light converts the GaN 

surface into a thin gallium oxide layer.  By submerging the substrate in HF the oxide on the 

surface, along with any impurities which is absorbed, would be stripped away leaving 

behind an ultra-clean surface.  Repeating this process several times can help to reduce 

surface impurities even further.   

For this study, sample NA1 was subjected to the standard solvent clean and in-situ 

Ga-polishing described above before regrowth of 250 nm of GaN.  Sample NA2 was 

subjected to a 3x UV-ozone clean (3 consecutive 15-minute UV-ozone cleans with 2-minute 

HF dips in between each UV-ozone clean) prior to growth of 250 nm of GaN.  The AFM 

micrographs shown in Fig. 2-1 show a decrease in pit density for the UV-ozone treated 

sample (NA2) with a corresponding surface RMS of 12.2 nm and 1.41 nm for NA1 and NA2 

respectively.  Although the UV-ozone treatment greatly reduced the pit density, resulting 

in more than an order of magnitude lower surface RMS value, it did not eliminate them 
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completely.  More impurities could have been introduced after the UV-ozone clean either 

from the atmosphere or gettering in the chamber.   

SIMS analysis was carried out to observe O, Si and C concentration in two 400 nm 

thick N-polar GaN samples grown on bulk GaN.  As with NA1 and NA2, the first sample 

underwent the standard cleaning process while the second sample was subjected to the 3x 

UV-ozone treatment described above.  The SIMS depth profiles for these two samples are 

shown in Fig. 2-2.  From Fig. 2-2, O and Si concentration at the regrowth interface were 

nearly unchanged, however, the C-concentration reduced by an order of magnitude in the 

UV-ozone treated sample.  These SIMS results, along with the AFM results from NA1-2, give 

the first piece of evidence to suggest that impurities on the surface play some role in the 

generation of V-defects. 

 
Figure 2-1: (a) AFM micrograph for sample NA1, (b) AFM micrograph for sample NA2 which was subjected to 
a UV-ozone clean prior to growth.  Surface RMS extracted from these AFMS were found to be 12.2 nm and 

1.41 nm for NA1 and NA2 respectively. Reprinted with permission from [59], Copyright Elsevier 2020. 
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Figure 2-2:  SIMS results for 400 nm of GaN grown directly on a N-polar free-standing (FS) GaN substrate (a) 
which was only subjected to a standard solvent clean and (b) one which was subjected to the 3x UV-ozone 

treatment as described in section 2.6. 

2.7 AIL: AlN initiation layer (NB) 
 

Al-containing materials have been used as nucleation layers and as diffusion barriers 

for impurities during epitaxial growth.  A 20 nm AlAs layer, for example, had been used by 

Ibbetson et al., as a diffusion barrier between doped GaAs and low temperature grown 

undoped GaAs [63].  70 nm AlN nucleation layers grown under nitrogen-rich conditions 

have also been used in GaN/SiC heteroepitaxy to block impurities from the SiC substrate 

from diffusing into the MBE-grown GaN [64],[65],[44].  AlN has also been utilized as a buffer 

layer for GaN grown on Si(111) [66], [67].  Given AlN’s success as a nucleation layer for 

heteroepitaxy and as an impurity diffusion barrier there is an interest in seeing if it would 

be advantageous for homoepitaxy as well. 

For the NB series, three samples were grown using different structures to observe 

the effects of using a thin AlN initiation layer.  In this study, all samples were subjected to 

the 3x UV-ozone treatment described above.  Sample NB1 was initiated with 2 nm of AlN 
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followed by 250 nm of GaN.  Sample NB2 was initiated with 3 nm of GaN followed by 2 nm 

of AlN before the subsequent 250 nm of GaN was grown.  Finally, for sample NB3, 250 nm 

of GaN was grown directly on the GaN substrate.  As stated above, growth conditions for 

the AlN layers did not differ from that of the GaN layers, that is, the AlN layers were also 

grown at 740 ℃ using the same Ga-flux but with an Al-flux of 1.4 × 10"R torr.  These epi-

structures with their corresponding AFM images are shown in Fig. 2-3 below. 

From the 5x5 𝜇𝑚# AFM images in Fig. 2-3, initiating growth with just 2 nm of AlN 

appears to eliminate the V-defects on the surface completely.  Only when growth is initiated 

with AlN, the surface V-defects disappeared, while inserting AlN after only 3 nm of GaN 

growth (NB2 -Fig. 2-3.b) results in V-defects on the surface just like the as-growth GaN with 

no AlN (NB3 – Fig. 2-3.c).  The AFM micrographs for NA1 and NA2 shown in Fig. 2-1, are a 

compelling piece of evidence suggesting the nucleation of V-defects occurs at the substrate 

interface and not later in the growth.  Looking at Fig. 2-3.b where AlN was grown after 

initiating with a thin layer of GaN, V-defects were still observed suggesting that once the V-

defect is generated at the regrowth interface it cannot be suppressed by the AlN.   

SIMS results, not shown in this work, have confirmed a spike in impurity 

concentration in AlN interlayers used in GaN which is typically larger than what is seen at 

the regrowth interface.  Given the higher bond energy Al has with other species, with 

respect to Ga and In, it is thought that these AlN interlayers getter impurities from inside 

the growth chamber [25].   
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Figure 2-3:  NB-series AFM micrographs with corresponding structures below for (a) NB1, (b) NB2 and (c) 
NB3.  Reprinted with permission from [58], Copyright Elsevier 2020. 

Cross-section HRTEM imaging was carried out on sample NB1 to observe the 

heterointerface which is shown in Fig. 2-4.  From Fig. 2-4.a, the top AlN/MBE GaN interface 

appears atomically flat.  Because of the higher bond energy of Al with respect to Ga and N 

[68], it is likely that the incoming Al-flux more readily bonds with impurities on the surface 

compared to Ga.  It can be speculated that as the AlN continues to grow the surface 

smoothens as is seen in the top AlN/ GaN interface in Fig. 2-4.a.  It is on this abrupt, impurity 

free, AlN surface that smooth GaN can grow in step-flow mode without generating V-

defects.  Provided the AlN is thin enough such that it is fully strained to the GaN, no new 

dislocations will be generated due to lattice mismatch between AlN and GaN.  Results from 

the UV-ozone treatment also support this theory as we see a reduction in V-defects from 

performing the UV-ozone treatment of the substrate surface (see Fig. 2-1).  Furthermore, 

the HRTEM image shown in Fig. 2-4.b reveals a large number of defects in the substrate.  V-

defects may also be generated where these defects intersect with the surface.  Given that 
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AlN buffers and nucleation layers have shown to produce smooth GaN when grown on non-

native substrates [44], [64], [65],[67] it is likely that AlN is less sensitive to generating V-

defects around defects and impurities compared to GaN.   

The elimination of pits in the N-polar GaN grown by MBE using the AIL is significant 

and novel.  Therefore, any possible change in the film which cannot be seen by AFM needs 

to be analyzed.  Initiating growth with AlN has been known to invert polarity (i.e. converting 

N-polar films to Ga-polar).  It has been demonstrated that AlN buffer layers used to grow 

GaN by PAMBE on (111) Si inverted the polarity of the AlN from N- to Al-polar by using 

highly Al-rich conditions [67].  Therefore CBED imaging was carried out on sample NB1 to 

check for polarity inversion.  CBED patterns shown in Fig. 2-4.b for the substrate and the 

PAMBE grown film (NB1), compared with simulated results, revealed that no polarity 

inversion took place due to the AIL and both the substrate and the epi are indeed N-polar.  

 

Figure 2-4:  (a) HRTEM image taken for NB1 at the AIL.  Cross-section direction is (11-20).  (b) TEM images 
and CBED patterns for NB2 showing both the simulated and experimental patterns for above and below the 

AIL.  TEM analysis done by Dr. Feng Wu of the Jim Speck Group at UCSB.  Reprinted with permission from 
[58], Copyright Elsevier 

 
 Due to the reactive nature of the N-polar surface, many common chemicals used in 

semiconductor device processing will roughen or etch the N-polar surface.  This includes 
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hydrochloric acid (HCl), potassium hydroxide (KOH) and many types of photoresist 

developers.  Therefore, these chemicals can be a valuable and inexpensive tool for checking 

polarity inversion especially compared to CBED.  A 100 nm N-polar GaN layer was grown on 

the N-polar substrate and was initiated with the AIL.  As in the case of NB1, AFM scans 

showed that there were no visible V-defects on the surface as a result of using the AIL (Fig. 

2-3.c).  This sample was subjected to potassium hydroxide (KOH) for 5 minutes along with 

a standard Ga-polar MOCVD grown GaN-on-sapphire template.  For both samples AFM was 

performed before and after the KOH dip to observe changes in the surface morphology.  

Fig. 2-5 shows the AFMs of the N-polar sample along with a standard MOCVD grown Ga-

polar GaN-on-sapphire template before and after the KOH dip. 

 
Figure 2-5:  AFMs (right) along with corresponding sample structures (left) for (a) Ga-polar MOCVD grown 

GaN-on-sapphire template, (b) after 5 minutes in KOH, (c) 100 nm N-polar GaN grown by PAMBE on N-polar 
bulk GaN using the AIL and (d) after 5 minutes in KOH.  Reprinted with permission from [8]. 

 From Fig. 2-5.a and 2-5.b, clearly the surface morphology of the Ga-polar template 

is not affected by the KOH as would be expected.  From Fig. 2-5.c and 2-5.c however, 5 
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minutes in KOH clearly roughens the surface.  This along with the CBED analysis shown in 

Fig. 2-5, confirms that polarity inversion did not take place when using the AIL.  This work 

presents a novel approach for obtaining high-quality, V-defect free, N-polar GaN grown on 

bulk GaN by PAMBE using the AIL. 

2.8 AIL Thickness Study (NC) 
 

 With the dramatic improvement in surface morphology which came about by using 

the 2 nm AIL there is interest in seeing how thicker AILs would affect film quality and surface 

morphology.  Samples NC1, NC2, NC3 and NC4 were each initiated with 2 nm, 4 nm, 6 nm, 

and 8 nm of AlN respectively followed by approximately 250 nm of GaN.  Following growth, 

each sample was characterized by AFM and (0002) XRD 𝜔 − 𝑠𝑐𝑎𝑛s.  The resulting AFM 

images and XRD rocking curve data are given in Fig. 2-6 below.  Looking at Fig. 2-6.a we see 

that although the surfaces of NC1 and NC2 are free of V-defects, the steps appear more 

random compared to those in NC3 and NC4 where thicker AILs were used.  The steps are 

not as straight in NC4 compared to that of NC3, which appears more characteristic of GaN 

grown on a miscut substrate.  This surface morphology way be caused by unintentional 

miscut of the GaN substrate.  Both NC4 and NC3 appear smoother compared to NC1 and 

NC2 where thinner AILs were used.  The surface RMS values extracted from the AFMs in Fig. 

2-6 were found to be 0.50 nm, 0.51 nm, 0.21 nm and 0.56 nm for NC1, NC2, NC3 and NC4 

respectively.  From Fig. 2-6.e there appears to be a decrease in on-axis and off-axis 𝜔 −

𝑠𝑐𝑎𝑛 FWHM values indicating the thicker AILs may have also improved film quality.   
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Figure 2-6:  AFM scans taken for (a) NC1, 2 nm AIL, (b) NC2, 4 nm AIL, (c) NC3, 6 nm AIL, and (d) NC4, 8 nm 
AIL. RMS values extracted from AFM for ND1, ND2, ND3 and ND4 were found to be 0.50 nm, 0.51 nm, 0.21 
nm and 0.56 nm respectively (e) XRD 𝝎-scan FWHM values plotted as a function of AIL thickness with the 

blue circles representing FWHM values taken from the (0002) reflection and brown squares taken from the 
{𝟐$𝟎𝟐𝟏} reflection.  Reprinted with permission from [59], Copyright Elsevier 2020. 

The lower temperature growth employed by MBE offers another benefit over 

MOCVD in its ability to grow thicker AlN interlayers coherently strained to GaN [69][70].  

Mentioned previously, if the AIL remains coherently strained to the GaN, no dislocations 

will be generated due to the GaN/AlN lattice mismatch.  The fact that there are no cracks 

observed on the surface of NC4 suggests that the 8 nm AIL is coherently strained GaN, 

however this needed to be confirmed by off-axis XRD RSM analysis.  An XRD RSM scan taken 

near the {101N5} reflection for sample NC4 was performed which is shown in Fig. 2-7.  The 

8 nm AlN peak in Fig. 2-7 which sits directly above the GaN peak in reciprocal space confirms 

the 8 nm AIL is indeed coherently strained to GaN.  The critical thickness for relaxation for 

AlN on GaN has been reported to be less than 5 nm [71], however, in this case the AlN 

interlayer (IL) is tensile strained from two different heterointerfaces (double 

heterostructure) thereby increasing the critical thickness.  H. Li also demonstrated 8 nm AlN 
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ILs could be grown coherently strained to N-polar GaN by MOCVD [72].  It was also shown 

that AlN ILs, up to 15 nm thick, could also be grown coherently strained to GaN by MBE [70].  

For future work it would be helpful determine the AlN thickness such that maximum film-

quality and surface morphology is achieved without relaxation.   

 

Figure 2-7:  XRD RSM scan taken near the {101 ̅5} reflection for sample NC4 which was grown using the 8 nm 
AIL. Reprinted with permission from [58], Copyright Elsevier 2020. 

From the results observed in Fig. 2-6 it can be concluded that using a thicker AIL will 

improve film quality and surface morphology.  When GaN growth is initiated on the thicker 

AIL without interruption, there is less likelihood of generating V-defects or depressions 

resulting in higher quality N-polar GaN.  The AIL effectively decouples the MBE grown GaN 
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from impurities and defects on the substrate surface.  Fig. 2-6 demonstrates how this 

decoupling effect is enhanced when going to a thicker AIL.  

2.9   Carbon Doping (ND) 
 

CBr4 is a common source for C-doping in MBE grown GaN to produce semi-insulating 

GaN buffer layers [73].  C-atoms occupy N-sites acting as deep level acceptors pulling the 

Fermi level away from the conduction band making the film more insulating [74] [60].  This 

has enabled the fabrication of semi-insulating GaN for transistor applications.  Furthermore, 

the AIL described above could induce a parasitic channel near the regrowth interface which 

could potentially be mitigated by doping with some deep acceptor such as C.  Knowing this, 

it was necessary to see how C-doping effected the surface morphology for N-polar GaN 

grown on bulk GaN.   

For this study samples ND1-ND3 were each initiated with a 2 nm AIL followed by 200 

nm of GaN:C.  Samples ND1, ND2 and ND3 used a CBr4 foreline pressure of 20, 40 and 60 

mTorr, corresponding to a C-doping concentration of approximately 5.3 × 10+T, 2.5 ×

10#*	𝑎𝑛𝑑	8.3 × 10#*	𝑐𝑚"> respectively.  A multi-layered C-doping SIMS stack was grown 

and analyzed by SIMS in a separate study to determine C-concentration as a function of 

CBr4 foreline pressure.  AFM micrographs showing the surface morphology of ND1-ND3 are 

depicted in Fig. 2-8 below. 

 The AFM micrographs in Fig. 2-8 revealed that the surface V-defects return for high 

C-concentrations.  Sample ND1, where C-doping was 5.3 × 10+T 𝑐𝑚">, exhibited almost no 

V-defects however it can be seen that in certain regions, particularly where two adjacent 
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step meanders meet, there exists depressions which could potentially lead to the formation 

of V-defects had the GaN growth continued.  It can be concluded that V-defects return for 

C-doping concentration in the range of 5.3 × 10+T − 	2.5 × 10#* 𝑐𝑚">. 

 

Figure 2-8:  AFM scans taken for 200 nm GaN:C with carbon concentrations of (a) 5.3×1019 cm-3 for ND1 (b) 
2.5×1020 cm-3 for ND2 and (c)	𝟖. 𝟑 × 𝟏𝟎𝟐𝟎	𝐜𝐦+𝟑  for ND3.  Reprinted with permission from [59], Copyright 

Elsevier 2020. 

The resurgence of V-defects at these high C-concentrations despite using the 2nm 

AIL provides an additional piece of evidence suggesting impurities play a role in the 

generation of V-defects.  It may be speculated that impurities, or perhaps large clusters of 

impurities on the surface somehow induce a lower deformation potential leading to a strain 

field around the impurity (or impurity cluster) which result in the formation of a dislocation.  

As discussed in chapter 1, V-defects usually generate from dislocations.  However, surface 

V-defects on N-polar GaN films can also be generated by other factors including surface 

defects, pre-existing dislocations, and slow-moving step meanders.  However, given surface 

concentration of these V-defects was as high as 108 cm-2 (based on AFMs) and the 

underlying substrate had a TDD of 106 cm-2, pre-existing dislocations cannot be the sole 

source of these V-defects.  Deeper analysis of these V-defects and how the AIL suppresses 

them will require more in-depth characterization and analysis which was outside the scope 

of this work. 
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2.10   Conclusion 
 

 This work demonstrated smooth PAMBE-grown FS N-polar GaN, free of V-defects, 

by PAMBE using the AlN initiation layer or AIL.  AlN’s long history of being a reliable 

nucleation layer for heteroepitaxially matched with Al’s higher bond energy with N over Ga 

suggests the AIL grows over defects and impurities on the substrate surface thereby 

creating a smooth surface for which subsequent N-polar GaN can be grown on.  Thus, the 

AIL effectively decouples the epitaxially grown GaN from the substrate surface.  High carbon 

doped films (5.3 × 10+T − 	2.5 × 10#* 𝑐𝑚">) grown on GaN with the AIL saw a resurgence 

of V-defects further supporting the hypothesis of impurities being responsible for V-defect 

generation.  It was shown that thicker AILs, up to 6 nm, further improve film quality and 

surface morphology.  It was also shown that an 8 nm AIL could be grown coherently strained 

to the GaN.  Following the work presented in this study, Diez et al., demonstrated record 

high RT Hall mobility for an N-polar HEMT grown by PAMBE that utilized a 2 nm AIL [75].  

The author hopes that the findings in this study will pave the way for PAMBE grown high-

performance N-polar HEMTs on bulk GaN which will yield record high efficiencies.   
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3 Introduction to PAMBE Grown InGaN  
 

 

 

 

 

 

 

 

 For more than three decades Indium containing III-nitrides have been the subject of 

extensive study and have been proven commercially as an essential material for blue and 

white light emitting diodes (LEDs) and lasers [76]–[80].  The wide bandgap tunability of 

InGaN (0.7-3.4 eV) allows it to cover nearly the entire visible spectrum and deep into the 

infrared spectrum.  Because of this there is interest in exploring longer wavelength (beyond 

blue and green) InGaN-based optoelectronics.  Higher In-composition InGaN growth, 

however, presents several challenges which include, and are not limited to: high in-plane 

lattice mismatch (~11% for GaN and InN) [81], [82]; random alloy fluctuations due to the 

low miscibility of indium (In) in InGaN [81], [83]; high vapor pressure of indium [82]; and a 

lower decomposition temperature than what is traditionally used for GaN growth [84], [85].  

This chapter is meant to address these issues and will serve as a primer on PAMBE growth 

of InGaN on planar GaN substrates.  Much of what is covered in this chapter, such as phase 
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separation and critical thickness for relaxation, may apply to both MOCVD and MBE InGaN 

growth, however, the focus of this chapter is to better understand PAMBE InGaN growth.  

This will serve as a baseline for the following chapters which will focus on experimental 

results of InGaN grown on planar GaN and porous GaN tiles. 

3.1   Low Temperature Growth 
 

 Unlike other alloys in the III-nitride system, InGaN growth is highly temperature 

sensitive.  Typical GaN growth temperatures are approximately 1100 ℃ and 700 ℃ for 

MOCVD and PAMBE respectively.  AlGaN can be grown at similar temperatures, or slightly 

higher, enabling the growth of high-quality AlGaN/GaN heterostructures as it is not 

necessary to interrupt growth to heat or cool the sample thereby simplifying the growth 

recipe.  At these ideal growth temperatures however, In has a sticking coefficient of almost 

zero and will desorb from the surface before bonding with N adatoms.  Furthermore, at 

higher temperature growth, InGaN may decompose due to the weaker In-N bond [86], [87] 

which has been shown to decompose at 630 ℃ under vacuum; GaN, on the other hand, will 

not start to decompose under vacuum until temperatures reach 850 ℃ or higher [88], [89].  

A study conducted by G.T. Thaler et al., demonstrated thermal decomposition of 200 nm 

thick In0.18Ga0.82N by post-situ thermal annealing at 950 ℃ for 15 minutes [87].  Comparing 

(0002) 𝜔 − 2𝜃  XRD scans for as-grown and annealed samples, it was found that the 

In0.18Ga0.82N XRD peak for the annealed sample had significantly lower intensity compared 

to the as-grown sample (attributed to InN decomposition).  Furthermore, both an In-droplet 

peak and Ga-droplet was observed in the (0002) 𝜔 − 2𝜃 XRD scan for the annealed sample 

indicating phase separation via thermal decomposition [87].  Therefore, unlike AlGaN and 
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GaN, InGaN must be grown at lower, less ideal, growth temperatures to avoid thermal 

phase separation and desorption.   

Lower temperature PAMBE growth, which in this work we define to be 650 ℃ or 

lower, presents other challenges.  Growing III-nitrides at lower temperatures reduces 

adatom mobilities on the film surface leading to subsequent issues such as step-bunching 

and 2D island growth [90].  Thermal energy is needed to increase adatom mobility such that 

adatoms may bond to optimum sites on the film surface.  Without this thermal energy the 

surface will roughen [86], [91].  Furthermore, lower growth temperatures can lead to higher 

impurity incorporation from species such as oxygen which acts as a shallow donor in GaN 

[92].  As explained in chapter 1 growing under metal-rich conditions will help to alleviate 

some of these issues.   

3.2   Phase Separation 
 

A major issue with InGaN growth is the formation of microstructures or alloy de-

mixing which arises from different types of phase separation.  In this work we define phase 

separation as the occurrence of a non-uniform alloy composition in a single InGaN layer 

grown under constant growth conditions.  Phase separation in III-nitrides takes three 

common forms: thermal decomposition (discussed above), spinodal decomposition, and 

indium surface segregation.   

Spinodal decomposition occurs when one thermodynamic phase spontaneously 

separates into two phases due to fluctuations which reduces the free energy in the system 

[93].  For the case of InGaN growth, this translates to the spontaneous decomposition into 
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GaN and InN clusters.  Spinodal decomposition is kinetically limited occurring primarily on 

the surface as bulk diffusion is usually low [83], [86].  Spinodal decomposition in InGaN 

growth has largely been attributed to the large miscibility gap of InGaN [81], [83] which 

itself is directly related to the large lattice mismatch between GaN and InN [81], [89].  While 

the standard phase diagrams for InGaN has been derived assuming a relaxed film, InGaN is 

typically grown coherently strained to GaN.  S. Yu. Karpov used Valence Force Field 

approximation to model temperature vs. In-composition phase diagrams under different 

strain which showed a dramatic shift in the miscibility gap into the area of higher InN 

concentration for strained InGaN layers [94].  Furthermore, the characteristic symmetrical 

phase diagram for InGaN becomes asymmetrical (see figure 3-1 below) when taking strain 

into account [94][95].  This was also modeled by C. Tessarek et al., using thermodynamic 

analysis which showed that increasing strain of the InGaN layer, the critical temperature of 

spinodal decomposition decreases and shifts toward a higher In-composition [95].  Thus, 

the strain due to the lattice mismatch between GaN and InN suppresses spinodal 

decomposition due to composition pulling [83].   
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Figure 3-1:  Temperature vs. In-composition phase diagram of ternary c-plane InGaN compounds for 
different values of relaxation.  Reprinted with permission from [95], copyright American Physical Society 

(2011). 

Indium surface segregation can be grouped into two categories: vertical indium 

surface segregation and lateral segregation of indium.   

Vertical indium surface segregation is perhaps one of the more detrimental issues 

when trying to produce highly abrupt heterointerfaces.  Because it is energetically favorable 

for Ga to occupy surface sites compared to In [96] a decrease in In incorporation can occur 

in the InGaN layers of an InGaN/GaN heterostructures.  In InGaN/GaN MQW structures, 

delayed In incorporation from vertical indium surface segregation has been observed 

leading to “tailing” of In into the GaN and subsequent broadening of the 

photoluminescence peak [97], [98].  It has been shown that this effect can be mitigated by 

growing at higher growth temperatures, however, growing strained layers at higher 
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temperatures also leads to an increase in the Gibbs free energy leading to In desorption 

from the surface [98].   

lateral segregation of indium occurs when In clusters form on the surface during 

growth.  This can be explained by the higher stability of In-In bonds compared to In-Ga 

bonds [86], [99].  However, in extreme cases, these In-rich clusters can form quantum dots 

(QDs) on the surface thus becoming highly efficient radiative recombination centers [86], 

[100].  Unlike vertical In surface segregation which leads to a degradation in 

photoluminescence, lateral segregation of In can increase radiative recombination.  

Although lateral segregation of indium can be utilized for making QDs it can be problematic 

for other applications because of the composition non-uniformity on the surface.  An 

accumulation of In on the surface due to the large miscibility gap between InN and GaN 

may also cause surface roughening [101].  This may be problematic in PAMBE growth which 

utilizes extremely high In-rich conditions.  To mitigate this, metal-modulated epitaxy (MME) 

has been demonstrated as a feasible method to suppress In surface segregation by limiting 

how much of and how long the In-adlayer is on the surface [86], [102], [103].  L. Zhou et al., 

observed lateral phase separation for In0.175Al0.825N grown on GaN in the form of 

honeycomb-like features with AlN-rich cores and InN-rich intercolumn boundaries [104].  It 

was found later by E. Ahmadi that these columnar structures in PAMBE-grown InAlN could 

be suppressed by growing at higher temperatures and higher In-flux [105].   
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3.3   Plastic Relaxation 
 

 For an epitaxial film grown on a rigid substrate in which there is an in-plane lattice 

mismatch between the film and the substrate, there exists a maximum thickness for which 

the film will remain 100% coherently strained to the substrate.  When such a 

pseuodomorphic layer is grown in the Frank-van der Merwe (FM) or layer-by-layer growth 

mode, the in-plane lattice constant is initially the same as that of the substrate and the out-

of-plane lattice constant changes due to in-plane deformation (‘Poisson’ effect).  The strain 

energy per unit area Eh of the strained film can be expressed from elastic continuum theory 

[106]–[108]: 

𝑬𝒉 = 𝝈𝒙𝝐𝒉         3.1 

Where 𝜖 is the in-plane strain from the lattice mismatch, ℎ is the layer thickness, and 𝜎4 is 

the in-plane misfit stress given by: 

𝝈𝒙 = 𝟐𝑮(𝟏 + 𝝊)𝝐/(𝟏 − 𝝊)        3.2 

Where G is the shear modulus, and 𝜐 is the Poisson ratio.  From equations 3-1, as the film 

thickness ℎ increases there is a corresponding buildup of strain energy.  At some critical 

thickness (ℎ1 ) strain energy is released through deformation.  The deformation which 

occurs as a result of this release in strain energy manifests as misfit dislocations (MD) which 

are local regions of lattice misregistry [109].  ℎ1  is dependent on a variety of factors such as 

crystal structure, growth conditions, and the presence of pre-existing dislocations.   
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Methods for determining ℎ1  

 Consider Fig. 3-2 where a pre-existing TD terminated at the interface of the 

substrate and the pseudomorphic layer glides along the growth interface via the force from 

the strain energy of the top layer.  The glide of the TD segment is opposed by both the 

Peierls Force and the line tension of the TD.  As the thickness of the pseudomorphic layer 

increases so does the strain energy (as predicted by equation 3.1).  ℎ1  is defined as the 

thickness for which the force from the strain energy of the pseudomorphic layer is equal to 

the sum of the force from the line tension and Peierls Force of the TD and a MD is generated 

[109].  One of the early theoretical models for obtaining ℎ1  of a semiconductor epitaxial 

film is the Matthews-Blakeslee model [110].  For Matthews-Blakeslee ℎ1  is calculated by 

equating the force exerted by the misfit strain 𝐹5 	to double the force from the line tension 

𝐹6  (𝐹5 = 2𝐹6) where: 

𝑭𝝐 =
𝟐𝑮(𝟏[𝝊)
(𝟏"𝝊)

𝒃𝒉𝝐𝒄𝒐𝒔𝝀       3.3 

𝑭𝒍 =
𝑮𝒃𝟐(𝟏[𝝊)
𝟒𝝅(𝟏"𝝊)

((𝟏 − 𝝊𝒄𝒐𝒔𝟐𝜶)(𝒍𝒏 𝒉
𝒃
+ 𝟏))       3.4 

Where 𝜆 is the angle between the slip direction and the direction in the film plane that is 

perpendicular to the line of intersection of the slip plane.  𝛼  is the angle between the 

dislocation line and the Burgers vector b.  Setting 𝐹5 = 2𝐹6  using equations 3.3: 

𝒉𝒄 =
𝒃
𝟐𝝅𝒇

(𝟏"𝝊𝒄𝒐𝒔𝟐𝜶)
(𝟏[𝝊)𝒄𝒐𝒔𝝀

(𝒍𝒏 𝒉𝒄
𝒃
+ 𝟏)                         3.5 

Where 𝑓	is defined as 2𝜖7/4	or twice the maximum value of strain that a layer can have 

before relaxation.  Another model by R. People and J.C. Bean proposes MDs will be 

generated when the real strain energy density of the film exceeds the energy density 
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associated with the formation of a screw dislocation at a distance from the free surface 

equal to the film thickness [111] and is given by: 

𝒉𝒄 ≃ o𝟏"𝝊
𝟏[𝝊

p o 𝟏
𝟏𝟔𝝅√𝟐

p 𝒃𝟐

𝒂(𝒙)
qo 𝟏
𝒇𝟐
p 𝒍𝒏 o𝒉𝒄

𝒃
pr    3.6 

Where a(x) is the bulk lattice constant of the pseudomorphically grown film where ‘x’ 

denotes the alloy composition.  This model was found to be accurate [111] for Si/Si1-xGex 

films grown by MBE in reference [112].  A. Fischer et al., proposed a method for calculating 

ℎ1  by satisfying free surface boundary conditions by placing an "image dislocation" outside 

the crystal in such a manner that its stress field cancels that of the real misfit dislocation at 

the surface.  This creates an equilibrium theory which correctly predicts ℎ1  for Si/Si1-xGex 

structures [113].  The ‘image dislocation’ model proposed by Fischer et al., was modeled 

for InGaN on GaN and found to be quite accurate when compared to actual MOCVD grown 

InGaN on low TDD GaN substrates for In-compositions ranging from 5-16% [114]. 

 

Figure 3-2: Illustration showing how a pre-existing threading dislocation segment in the substrate will 
extend along the growth interface (glide) aided by the force from the energy of the strained layer.  The 

Peierls force and line tension of the dislocation oppose this force. 

 The Matthews-Blakeslee Model [110], People and Bean Model [111], and the Image 

Model proposed by A. Fischer [113] all work well for diamond or zincblende semiconductors 

such as the GaAs/AlGaAs or Si/SiGe systems where the crystal structure is isotropic and it 
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can be assumed that all of the components of the elastic tensors are equal.  Because these 

models assume a centrosymmetric crystal structure, utilizing them in wurtzite InxGa1-

xN/GaN (non-centrosymmetric structure) usually results in an ℎ1  as a function of In-

composition which is larger than what is found experimentally [114].  Furthermore, the 

primary slip system in wurtzite is 〈112N0〉{0002} which inactive since it lies perpendicular to 

the growth direction [115].  Freund and Suresh proposed the Energy Balance Model to 

calculate ℎ1  which takes into account the hexagonal symmetry of the wurtzite system [116].  

D. Holec et al., used this method to calculate ℎ1(𝑥89) for InGaN grown on GaN [114] which 

was slightly lower compared to experimental work done in another study where InGaN was 

grown on low TDD GaN-on-sapphire substrates by MOCVD [117], however it was 

significantly lower than what had been calculated by People and Bean [111].   

It is important to note that ℎ1  has a major dependence on growth temperature.  At 

low temperatures growth, where impinging atoms are unable to move in a correlated 

manner to reach the free-energy minimum surface, the in-plane lattice constant of the 

pseudomorphic film will remain matched to the substrate for much higher thicknesses and 

In-compositions [118].  This makes low-temperature PAMBE growth desirable for growing 

thick strained InGaN on GaN.  E. A. Clinton et al., demonstrated strained In0.2Ga0.8N on GaN 

with thicknesses well beyond the predicted theoretical predictions for ℎ1  by growing at 

ultra-low temperatures under N-rich conditions by PAMBE.  It was assumed that this delay 

in relaxation was related to dislocations not being able to move because of ultra-low 

temperatures [102]. 
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 Relaxation mechanisms and how they affect surface morphology and film quality is, 

like ℎ1 ,	dependent on growth conditions.  As mentioned previously, V-defects tend to form 

for relaxed InGaN grown at high temperatures by MOCVD [119] and MBE [120].  No matter 

the growth conditions, relaxation of InGaN on planar GaN is usually accompanied by some 

type of surface roughening.  A study conducted by H. Wang et al., involved growing three 

samples at different In0.1Ga0.9N thicknesses (50 nm, 100 nm and 450 nm) by MOCVD and 

characterizing surface morphology and film quality [121].  100 nm of In0.1Ga0.9N has been 

shown experimentally to be close to or slightly above the ℎ1  [114].  In the study by Wang et 

al., the surface morphology of the 50 nm layer showed spiral step-flow morphology and an 

XRD (0002) rocking curve FWHM comparable to the GaN substrate (3.2 arcminutes).  The 

100 nm layer resulted in a slightly higher XRD (0002) rocking curve FWHM (6.2 arcminutes) 

with some V-defects on the surface, however TEM results showed that the V-defects 

formed around pre-existing TDs and there were no new dislocations at the InGaN/GaN 

interface.  The 450 nm layer, which was found to be 100% relaxed, had an XRD (0002) 

rocking curve FWHM of 14.7 arcminutes (almost 4x that of the 50 nm layer) and a surface 

morphology covered in very large V-defects and a high density of dislocations from the 

growth interface seen by TEM [121].  In the case of the 100 nm InGaN layer in that study 

([121]) elastic relaxation via V-defect formation occurred which alleviated strain – an effect 

which has been observed in other cases [119], [122].  V-defects are an easy way to monitor 

whether relaxation has occurred for MOCVD grown InGaN layers, however, for low 

temperature MBE growth this is not necessary the case.  Hestroffer et al., grew thick relaxed 

compositional graded In0.1Ga0.9N layers on planar GaN which exhibited the same spiral 
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surface morphology observed for thin strained films [123], [124] even though TEM results 

revealed a high density of dislocations generated from relaxation of the InGaN layer [124].  

For InGaN layers grown at thicknesses close to ℎ1  other surface features, such as cross-

hatching have been observed by AFM [125], [126].  S. Srinivasan et al., demonstrated that 

for InGaN grown on low TDD substrates with thickness above ℎ1  calculated from the 

Matthews-Blakeslee model, the generation of MD activated the secondary slip system 

{112N2}〈112N3〉 which caused dislocations to glide to the surface resulting in line segments 

on the surface parallel to the 〈11N00〉 direction [117].  This was also observed in another 

study by TEM for 100 nm layers of InxGa1-xN on low TDD GaN for In-compositions xIn > 11% 

[115].  This ‘punch out’ theory arising from the activation of these secondary slip systems is 

illustrated in Fig. 3-3. 

 

Figure 3-3:  Punch out effect for InGaN grown on GaN where the secondary slip system {112 ̅2}〈112 ̅3〉 is 
activated from plastic deformation leading to a displaced section of the InGaN layer. Adapted from 

reference [125]. 
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3.4   PAMBE Growth of InGaN 
 

 Before going into a detailed experimental study of MBE InGaN grown on planar GaN, 

such as what will be presented in the following chapter, it is necessary to understand the 

basics of PAMBE InGaN growth and how it differs to the more conventional MOCVD growth 

technique.   

Cell flux: 

 With respect to other alloys, different cell fluxes play different, but equally 

important roles in InGaN growth by PAMBE.  For growing thin layers of AlGaN by PAMBE, 

for example, one can use the same growth conditions used for GaN growth and simply vary 

Al-flux to get the desired Al-composition.  This is because the Al-N bond has a higher bond 

energy compared to the Ga-N bond.  Thus all the Al adatoms absorbed on the surface will 

bond to N sites before any of the Ga adatoms incorporate [68].  Ga, therefore, becomes a 

surfactant (explained in chapter 1) in that is modifies the surface energy such that step-flow 

growth can occur while also incorporating into the film.  This is demonstrated 

experimentally in figure 3-4 where an increase in Al-flux leads to a linear increase in Al-

composition.  For InGaN growth by PAMBE, however, this is not the case.  There are two 

fundamental issues which impede InGaN growth under the same conditions as GaN: firstly, 

explained above, In will not incorporate at the typical growth conditions used for GaN (~700 

℃); secondly, Ga atoms have a higher affinity to bond with N compared to In.  In will not 

incorporate when growing in the presence of excess Ga [85].  Thus, for InGaN growth by 

PAMBE the following conditions must be satisfied: 
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𝝓𝑮𝒂 < 𝝓𝑵 < 𝝓𝑰𝒏                 3.7 

Where 𝜙./ , 𝜙0 , 𝑎𝑛𝑑	𝜙89 are defined as the incident fluxes impinging on the surface during 

growth for Ga, N and In respectively.  From equation 3.7 Ga is the limiting reactant and thus 

has the greatest effect on growth rate, and to a lesser extent In-incorporation.  Active N-

flux determines the In-composition whereas incident In-flux acts as an auto-surfactant 

providing a source of In for incorporation while simultaneously acting as an adlayer to 

promote step-flow growth [9].  Therefore In-flux in InGaN growth plays the same role as 

Ga-flux in GaN and AlGaN growth.  InGaN growth by PAMBE involves growing N-rich GaN 

with excess In on the surface.  Fig. 3-5 below shows a surface structure diagram adapted 

from reference [127] showing In-flux as a function growth temperature indicating the N-

rich regime, the intermediate regime and the In-droplet regime for InGaN growth by 

PAMBE.  Clearly from Fig. 3-5 at lower growth temperatures the intermediate regime 

shrinks and it becomes easier to go straight from the N-rich regime to the In-droplet regime.  

The curve separating the In-droplet regime from the intermediate regime is exponential 

because desorption of In as a function of surface temperature is exponential.  As you go 

higher and higher in temperature an exponential increase in In-flux will be needed to stay 

in the In-droplet regime. 
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Figure 3-4:  Al-composition extracted from (0002) ω-2θ XRD scans for approximately 30 nm of AlGaN grown 
on GaN templates with varying Al flux by PAMBE under typical GaN growth conditions (growth conditions 

shown in inset).  A clear linear trend is observed for Al-composition as a function of Al-flux. 

 

Figure 3-5:  Surface structure diagram indicating the N-rich, intermediate, and In-droplet growth regimes for 
InGaN using a constant Ga and active N-flux.  In-flux is given by the solid curved line, active N-flux is given by 

the dotted black line and Ga-flux is given by the solid thin black line.  This plot is adapted from Poblenz, 
(2005) [127] 

3.5   Growth Temperature and In-Composition 
 

Like MOCVD, PAMBE grown InGaN composition is highly temperature dependent 

due to the decomposition of In-N bonds.  Unlike MOCVD growth, however, which occurs 

close to atmospheric conditions, MBE growth is performed in an ultra-high vacuum 



 49 

environment.  As mentioned earlier, In-N bonds will fully decompose at 650 ℃  under 

vacuum, however, some In-N bonds will be begin to decompose, or not form at all, at 

approximately 565 ℃  under vacuum [128].  In-N will continue to decompose as the 

temperature is raised until there is no In-incorporation at all resulting in GaN grown in 

excess In.  C. Adelmann et al., demonstrated this early on by showing a clear linear decrease 

in In-composition for temperatures ranging from 565 ℃ to 620 ℃ [128].  This was also 

demonstrated by C. Skierbiszewski et al., where temperature was varied from 520 ℃ to 

approximately 580 ℃, without changing any other conditions to go from In0.28Ga0.72N to 

In0.2Ga0.8N [9].  It is possible to control In-composition by adjusting Ga-flux, however from 

Eq. 3.7 this will also affect growth rate (Ga is the limiting reactant).  Controlling active N-

species can also control In-composition, however, in PAMBE it is sometimes not ideal to 

change active N-flux because it may mean deviating from already well calibrated and ideal 

plasma conditions.  Substrate temperature, on the other hand, can be a means to control 

In-composition within an acceptable range of In-compositions without necessarily affecting 

other parameters. 

3.6   Conclusion 
 

 Whether by MBE or MOCVD InGaN growth possesses many challenges.  Issues such 

as phase separation, degradation of film quality due to low temperature growth and 

relaxation all need to be addressed when choosing growth conditions for a specific In-

composition and thickness.  The high vapor pressure of In means InGaN growth must be 

carried out at lower than ideal temperatures.  In-rich PAMBE growth at low temperatures 
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has the advantage growing thicker films at higher In-compositions without generating V-

defects on the surface and even suppresses plastic deformation.  For PAMBE growth, In-

composition can be effectively controlled via active N-flux or growth temperature whereas 

Ga-flux, being the limiting reactant, should in theory be used to tune growth rate within a 

certain range of In-compositions.  Experimental results presented for InGaN grown on 

planar GaN in the following chapter will demonstrate the topics covered in this chapter. 
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4 PAMBE InGaN Growth on Planar GaN 
 

 

 

 

 

 

 

4.1   Introduction 
 

Given the many challenges associated with InGaN growth discussed in the preceding 

chapter, an extensive growth campaign is needed to establish the optimum growth 

conditions for device quality InGaN.  In this chapter, several PAMBE InGaN growth studies 

on planar GaN-on-sapphire substrates are presented to observe how temperature, In-flux, 

Ga-flux, N-flux and thickness affect In-composition, growth-rate, film quality and surface 

morphology.  Much of the data in this chapter will help support the InGaN growth primer 

given in the preceding chapter including some observations which were not.  The results 

from this chapter will serve as a baseline for the following chapter which will involve PAMBE 

InGaN growth on porous GaN tiled substrates which promote elastic relaxation. 
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4.2   Experimental Details 
 

GaN and InGaN growth by PAMBE in this chapter was carried out in a Varian Gen 2 

system with conventional high-flux Ga and In effusion cells.  The background pressure of 

the growth chamber was in the low 10-10 torr in the absence of cell-flux and N2 gas.  Active 

nitrogen was supplied by 1 sccm of 99.9995% pure N2 via a VEECO Unibulb RF plasma source 

powered at 300 watts.  It should be noted that the plasma source in this study differs from 

the one used in chapter 2 for the N-polar GaN study which utilized a high-flux plasma 

source.  Background pressure in the chamber during growth was approximately  1 × 10"S 

torr.  The growth surface was monitored in-situ by RHEED to analyze the surface before, 

during and at the end of growth.  The optical pyrometer used on this system is not suited 

for the low temperatures used for InGaN growth in this study therefore all temperatures 

recorded in this study were taken from the thermocouple attached to the back of the 

substrate heater which will be referred to as the car temperature (Tc).  To separate the 

InGaN from the regrowth interface all growths in this study were initiated with GaN grown 

at 720 °C under Ga-rich conditions.  For the initial high-temperature GaN growth, a Ga-flux 

of approximately 1.7x10-6 torr was used.  Prior to the start of growth, the samples were 

brought up to the GaN growth temperature and the surfaces were exposed to Ga flux for 

30 seconds followed by thermal desorb as observed by RHEED intensity.  Following initial 

GaN growth, the substrate temperature was lowered for InGaN growth.  Following InGaN 

growth, the sample was capped with a thin layer (1.5-6 nm) of GaN grown at the same 

temperature as the InGaN layer.  There were no growth interruptions during the InGaN 

growth for desorption of excess metal. 
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 The surface morphology of every sample was characterized post-growth by AFM 

using an Asylum MFP3D.  Off-axis, {1N1N24}	reflection, XRD (𝜔 − 2𝜃) − 𝜔 RSM scans were 

carried out on certain samples to determine relaxation and In-composition.  Other samples 

were only characterized by (0002) XRD 𝜔 − 2𝜃 scans to extract In-composition, thickness 

and rocking curve FWHM values. 

4.3   In-Flux Study (IA) 
 

 It is necessary to begin any InGaN study by properly dialing in the right In-flux such 

that growth is occurring under In-rich conditions, i.e satisfying equation 3.7.  Alternatively, 

In-flux must not be too high such that In-droplets accumulate on the surface – an effect 

which may negatively impact surface morphology.  In this study, four growths were carried 

with varying In-flux and characterized by AFM and XRD (0002) 𝜔 − 2𝜃 scans to observe 

surface morphology and In-composition respectively.  Substrate temperature and Ga-flux 

were kept constant at 550 °C and 7e-8 torr respectively.  The active N-flux for this study 

corresponded to a growth rate of approximately 4 nm/min determined from GaN growth 

rate calibrations carried out in a separate study.  The InGaN layers were grown for 1 hour 

before being capped with 2 nm of low-temperature GaN for thermal desorption of excess 

In.  In-flux for each growth was 7.25e-7 torr, 6.18e-7 torr, 4.63e-7 torr, and 2.87e-7 torr for 

samples names IA1, IA2, IA3 and IA4 respectively.  Table 4-1 below summarizes the data for 

the In-BEP study.  Fig. 4-1 shows In-composition as a function of In-flux.  (0002) 𝜔 − 2𝜃 XRD 

scans for each run are displayed in the top left inset of the Fig. 4-1 plot.  10x10 𝜇𝑚# AFM 

images taken for each run are shown in Fig. 4-2 below.  The surface RMS values extracted 
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from AFM were found to be 1.76 nm, 1.68 nm, 2.05 nm and 5.64 nm for IA1, IA2, IA3 and 

IA4 respectively.  Data from this study is also shown in table 4-1. 

Table 4-1: Data for In-flux study (IA1-4) showing In-composition and surface RMS values extracted from the 
AFMs in Fig. 4-2. 

 

 

Figure 4-1:  Plot of In-composition as a function of In-flux for four growths.  Top left inset shows (0002) ω-2θ 
XRD scans for each sample where InGaN composition was extracted.  Bottom right inset displays the 

substrate temp and Ga-flux (BEPGa) which were kept constant across the four growths. 

 

 

 

 

 

Sample name 
BEPIn 

(torr) 

xIn 

(%) 

RMS 

(nm) 

IA1 7.25e-7 7.2 1.76 

IA2 6.16e-7 4.7 1.68 

IA3 4.63e-7 <1 2.05 

IA4 2.87e-7 0 5.64 
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Figure 4-2: AFM micrographs taken for samples (a) IA1, BEPIn =  7.25e-7 torr leading to In0.072Ga0.0928N grown 
in the In-rich regime.  The white dots on the surface are likely to be In-droplets.  (b) IA2, BEPIn =  6.16e-7 torr 
leading to In0.047Ga0.0953N grown under slightly N-rich conditions leading to a pitted surface.  (c) IA3, BEPIn =  
4.63e-7 torr leading to low temperature GaN grown under N-rich conditions with excess In on the surface 

acting as a surfactant.  (d) IA4, BEPIn =  2.87e-7 torr leading to N-rich GaN growth with rough surface 
morphology. 

 Considering In-composition vs. BEPIn shown in table 4-1 and Fig. 4-1, there is a clear 

increase in In-composition as a function of In-flux.  Comparing the (0002) 𝜔 − 2𝜃 XRD scans 

for IA1 and IA2 shown in the inset of Fig. 4-1, IA1 had an In-composition of approximately 

7.2% and IA2 had an In-composition approximately of 4.7%.  Estimating the thickness from 

the few visible thickness fringes to the left of the InGaN peak on IA1 from Fig. 4-1, the 

growth rate was approximately 1.3 nm/min.  There were no thickness fringes observed in 

any of the other (0002) 𝜔 − 2𝜃 XRD scans shown in Fig. 4-1 and therefore the thickness of 

the other three samples is unknown.  Interestingly, the InGaN peak for IA2 (BEPIn = 6.16e-7 

torr) is significantly broader than that of IA1 (BEPIn = 7.25e-7 torr).  A broader alloy peak in 

a XRD rocking curve scan points to issues with the film quality.  This is to be expected as 
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there is not enough In to induce a proper In-adlayer.  The AFM micrographs in Fig. 4-2 give 

a more thorough understanding of what is happening.  The AFM micrograph in Fig. 4-2.a 

for sample IA1 (BEPIn = 7.25e-7 torr) shows spiral surface morphology consistent with low-

temperature In-rich InGaN growth and was therefore grown with the ideal InGaN growth 

conditions satisfying equation 3.7.  Fig. 4-2.b for sample IA2 (BEPIn = 6.16e-7 torr) has a high 

density of V-pits on the surface.  Judging from this surface morphology and the lower In-

composition compared to IA1 (BEPIn = 7.25e-7 torr), it can be concluded that IA2 was grown 

such that 𝜙./ < 𝜙89 < 𝜙0.  In this N-rich regime, without a sufficient In-adlayer on the 

surface, adatom mobility decreases thereby impeding step-flow growth resulting in the 

pitted surface morphology shown in Fig. 4-2.b.  The broad InGaN peak seen in the (0002) 

𝜔 − 2𝜃 XRD scan in the inset of Fig. 4-1 also supports this.  Going to even lower In-flux, for 

sample IA3 (BEPIn = 4.63e-7 torr) In-composition is less than 1% (table 4-1) however, the 

surface morphology shown in Fig. 4-2.c shows clear step-flow morphology.  This points 

toward GaN grown in the presence of an In-surfactant such that (𝜙./ + 𝜙89) > 𝜙0.  Using 

In as a surfactant enables the growth of GaN at lower than optimum temperatures [129].  

The sample with the lowest In-flux (BEPIn = 2.87e-7 torr) IA4 had no In-incorporation (see 

Fig. 4-1) and significantly poorer surface morphology compared to IA3 (see Fig. 4-2.d).  This 

surface morphology for IA4 suggests N-rich GaN growth such that (𝜙./ + 𝜙89) < 𝜙0, that 

is, there is not sufficient metal to form an adlayer which will promote step-flow growth 

leading to the finger-like trench features observed in Fig. 4-2.d.  Based on these 

observations, the approximate location of where each growth is in the InGaN structure 

diagram can be made which is shown in Fig. 4-3. 
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Figure 4-3: Surface structure diagram showing the estimated location of IA(1-4).   

 This study demonstrates how to determine the appropriate In-flux needed to grow 

quality InGaN at a set growth temperature, Ga-flux, and active N growth rate.  From XRD 

and AFM analysis it was determined that for In0.072Ga0.0928N growth at 550 °C, a N-flux of ~4 

nm/min and a Ga-flux ~ 7e-8 torr, an In-flux of 7.25e-7 torr places the growth in the droplet-

regime of the surface structure diagram shown in Fig. 4-3.  These growth conditions will 

serve as a baseline for the subsequent studies shown below.  

4.4   Ga-Flux Study (IB) 
 

 Under the conditions used in the In-flux study, the InGaN growth rate was only 1.3 

nm/min.  Explained previously, in the case of PAMBE InGaN growth Ga is the limiting 

reactant and thus determined the growth rate.  This however is only true if the impinging 

Ga-flux that incorporates is less than the active N-flux (𝜙./ < 𝜙0).  In the following study 

five growths are carried out with varying Ga-fluxes to observe growth rate, In-composition, 
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and surface morphology.  In-flux was kept constant at approximately 7e-7 torr – slightly 

lower than what used in the previous study so to suppress In-droplet size and surface 

density.  Substrate temperature was kept constant at 550 ℃.  This high temperature limits 

In-incorporation, however it is necessary when trying to extract thickness from (0002) 𝜔 −

2𝜃 XRD scans; higher temperature growth yields the best film quality and thus the most 

defined thickness fringes from XRD.  Going to lower temperatures degrades the film quality 

such that thickness fringes cannot be observed to extract growth rate.  Table 4-2 below 

shows the data from this study. 

Table 4-2:  Data summary for the IB1-4 

Sample 
name 

BEPGa 

(torr) 

Growth time 

(hh:mm) 

xIn 

(%) 

tInGaN 

(nm) 

Growth rate 

(nm/min) 

RMS 

(nm) 

IB1 2.86e-8 03:00 9.3 88 0.49 0.25 

IB2 3.34e-8 0:40 10 26 0.65 - 

IB3 4.76e-8 0:40 8 36 0.90 0.55 

IB4 5.69e-8 0:40 8.8 44 1.10 - 

IB5 7.12e-8 0:40 7.9 58 1.45 1.05 

 

Knowing the growth with the lowest Ga-flux would yield an ultra-low growth rate, 

the first sample, IB1 with the lowest Ga-flux (2.86e-8 torr) was grown for 3 hours while the 

rest of the samples in this study had only 40-minute growth times.   

Fig. 4-4 below shows a plot of growth rate and In-composition as a function of Ga-

flux.  Clearly there is a linear increase in growth rate as a function Ga-flux (red circle data 

points) which supports equation 3.7 in that Ga is the limiting reactant.  The somewhat less 
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linear, and unrepeatable decrease in In-composition as a function of Ga-flux (blue diamond 

data points) points to the fact that increasing Ga-flux also increases Ga-incorporation - Ga 

will always displace In [85].  However, given the erratic trend of In-composition as a function 

of Ga-flux, it can also be speculated that at these growth conditions Ga-flux ought not be 

used to control In-composition, although it is very effective in controlling growth rate.  

Assuming the In-composition trend in Fig.4-4 is not decreasing but is in fact just run-to-run 

variation, that would mean the In-composition has a deviation of +/- 1.05 point-% across 

these different growth rates.  This deviation is in-agreement with appendix A.1 which shows 

In-composition over time.  

 

Figure 4-4:  Plot of experimental data for the IB1-5 series showing growth rate (left vertical axis in red) and 
In-composition (right vertical axis in blue) as a function of Ga-flux. 

 In addition to XRD, AFM was carried out on 3 of the samples from this study: IB1 

(2.86e-8 torr, tInGaN ~ 88 nm, GR ~ 0.49 nm/min), IB3 (4.76e-8 torr, tInGaN ~ 36 nm, GR~0.9 
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nm/min) and IB5 (7.12e-8 torr, tInGaN = 58 nm, GR~1.45 nm/min) to see how growth rate 

affects surface morphology (see Fig. 4-5).  Although the samples vary in thickness some 

speculation can be made about how growth rate affects surface morphology.  RMS values 

extracted from the AFM scans were found to be 0.253 nm, 0.55 nm and 1.05 nm for IA1, 

IA3 and IA5 respectively.   

 

Figure 4-5:  AFM height scans for (a) IB1, where BEPGa = 2.86e-8 torr, tInGaN ~ 88 nm, GR ~ 0.49 nm/min, (b) 
IB3, where BEPGa = 4.76e-8 torr, tInGaN ~ 36 nm and GR ~ 0.9 nm/min, and (c) IB5, where BEPGa =7.12e-8 torr, 

tInGaN = 58 nm, GR~1.45 nm/min.  RMS vales extracted from these scans were found to be 0.253 nm, 0.55 nm 
and 1.05 nm for IA1, IA3 and IA5 respectively. 

 Considering the AFM results from Fig. 4-5, there is an obvious increase in RMS 

roughness due to spiral height as a function of growth rate.  The sample that has the lowest 

growth rate (IB1 which also has the thickest InGaN layer) has the smoothest surface 

morphology with no sign of spiral growth around dislocations.  The AFM scans for IB3 and 

IB5, on the other hand, have large spirals and thus rougher surface morphology despite 

having around half the thickness as IA1.  Lowering the growth rate for growing any film 

allows adatoms on the surface longer time to find two-dimensional step edges resulting in 

better film quality [130].  For this reason it is common for LED MQWs to be grown at lower 

growth rates than those used for bulk InGaN growth [130].     
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4.5   Temperature Controlled In-composition (IC) 
 

 At the low temperatures employed by PAMBE InGaN growth, In adatom desorption 

from the surface can be neglected, however, In-N decomposition and restriction of In-N 

bond generation, both of which are both highly temperature dependent, cannot be 

neglected.  As was explained in chapter 3, in the case of InGaN growth, there is a continuous 

battle between the impinging In-flux and the decomposition of In-N bonds.  The impinging 

In-flux must be greater than the sum of In thermally desorbing from the surface and the 

decomposing In-N bonds for In to incorporate.  Thus, adjusting substrate temperature can 

be an effective way to control In-composition within a given composition range.  Provided 

equation 3.7 is satisfied, 𝜙0 should also limit how much In incorporates.  However, active 

N-flux is determined by well calibrated plasma conditions which are not always ideal to 

change between growths.  Temperature controlled In-composition has already been used 

extensively by both MOCVD [131] and MBE [127].  Therefore, it is necessary to conduct a 

study on how substrate temperature affects In-composition.  

 Four growths were carried out in this study labeled IC1-4 which were grown at a 

substrate temperature of 540 ℃, 550 ℃, 560 ℃ and 570 ℃ respectively.  Cell fluxes for all 

samples in this study were grown satisfying the conditions in equation 3.7 (i.e. N-rich GaN 

grown in In-excess).  Ga-flux in this study was kept constant at 9.9e-8 torr corresponding to 

a growth rate of approximately 2 nm/min.  Growth time for each sample was 30 minutes 

resulting in a film thickness of approximately 60 nm.  After capping the samples with 1.5 

nm of GaN, excess In was thermally desorbed by bringing the substrate temperature up to 
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630 ℃  until a saturation in RHEED intensity was observed.  Growth temperature, xIn 

extracted from XRD, and surface RMS values extracted from AFM are given in table 4-3.  The 

In-compositions extracted for samples IC1-4 were found to be 14.5%, 11.2%, 8% and 4.5% 

respectively.  The RMS values extracted from AFM for samples IC1-4 were found to be 0.6, 

0.7, 0.58 and 0.57 nm respectively.   

Table 4-3:  Experimental data for IC1-4 showing substrate temperature, In-composition extracted from 
(0002) ω-2θ XRD scans, and surface RMS extracted from AFM. 

Sample 
name 

Tc 

(℃) 

xIn 

(%) 

RMS 

(nm) 

IC1 540 14.5 0.6 

IC2 550 11.2 0.7 

IC3 560 8.0 0.58 

IC4 570 4.5 0.57 

 

 The AFM scans for the temperature series IC1-4 are shown in Fig. 4-6 below.  The 

AFM image for the sample grown at the highest growth temperature (IC4 grown at 570 ℃) 

which resulted in 4.5% In-composition, had step-flow surface morphology similar to high-

temperature GaN growth.  Some small craters were observed on the surface of IC4 (see Fig. 

4-6.d) which may be from desorbed In-droplets.  As the temperature was decreased to 560 

℃  and 550 ℃  (IC3 and IC2 respectively), resulting in 8% and 11.2% In-composition 

respectively, the surface morphology became more spiral-like consistent with low-

temperature growth.  At the lowest growth temperature, IC4 grown at 540 ℃ , which 

resulted in 14.5% In-composition, the spiraling step terraces become grainier.  The 

degradation in surface morphology with lower growth temperature, resulting in higher In-
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composition, can be explained by the lower surface adatom mobility which results from 

growing at lower temperatures.  Explained in chapter 3, the droplet craters seen on the 

sample grown at the highest substrate temperature (IC4) may be the result of surface In-

segregation, resulting in clusters of In or In-N which thermally desorb at the end of growth 

leaving behind the craters seen in Fig. 4-6.d.   

 

Figure 4-6: AFM scans for (a) IC1 grown at 540 ℃, (b) IC2 grown at 550 ℃, (c) IC3 grown at 560 ℃, (d) IC4 
grown at 570 ℃.  RMS values for samples IC1-4 were 0.6 nm, 0.7 nm, 0.58 nm and 0.57 nm respectively. 

 Fig. 4-7 below shows a plot of In-composition as a function of growth temperature 

for the IC series along with other growths done under slightly different active N-fluxes taken 

across a year and a half time span.  Over time and under extended use, the active N-flux 

from a plasma source will change.  Since the growth rate of GaN grown under Ga-rich 

condition is determined by the active N-flux, growth rate calibrations need to be carried out 
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every few months to check for deviations in the growth rate.  Since active N-flux impacts 

InGaN In-composition, InGaN calibrations must also be carried out before any InGaN growth 

campaign to check for drift in In-composition.  The data points in Fig. 4-7 other than the IC 

series, come from temperature-series calibrations grown under different plasma 

conditions.  Active N-flux equivalent growth rates determined from GaN growth rate 

calibrations are noted in the plot in Fig. 4-7.  All past InGaN calibration samples were growth 

on planar MOCVD grown GaN-on-sapphire templates.   

Although the growth conditions may be slightly different for the other growths in 

Fig. 4-7 there is an obvious decrease in In-composition with increasing substrate 

temperature.  From Fig. 4-7 it is also obvious that higher active N-equivalent growth rates 

leads to higher In-composition further supporting equation 3.7.  Thus, both temperature 

and active N-flux can be used to control In-composition.   
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Figure 4-7: Plot of In-composition as a function of substrate temperature for the IC1-4 series along with 
other InGaN calibration growths done under different N-equivalent growth rates.  The bottom left inset 

shows the (0002) 𝝎− 𝟐𝜽 XRD scans for the IC growth series for which In-composition was extracted from. 

 It can be concluded from this study that growth temperature can be used as an 

effective means to control In-composition when growing InGaN within a composition range 

of 4.5% to 14.5% by tuning the substrate temperature from 540 ℃ up to 570 ℃.  Although 

temperature controlled In-composition has been well documented and widely used in 

MOCVD and MBE [127], this work demonstrates reproducibility by using the UCSB MBE 

system.  Considering the degradation in surface morphology and film quality that 

accompanies low temperature growth this may not be the most ideal way to attain higher 

In-compositions.  Ideally, to get the best quality InGaN, growth conditions should be 

adjusted such that the highest possible growth temperature can be used for a given In-

composition.  However, when growing multiple InGaN layers at different compositions it 

may be advantageous to only have to change one condition (i.e. temperature) when going 
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between layers rather than multiple conditions (i.e. temperature, cell-fluxes, plasma 

conditions ect..) which would require growth interrupts that may lead to an accumulation 

of impurities on the surface.  This work will be helpful for future studies involving growth of 

multiple InGaN layers of different In-compositions for structures such as composition 

grades.  

4.6   Film quality and Relaxation (ID/IE) 
 

 The experimental data presented in this chapter up until now consists only of thin 

InGaN layers grown coherently strained to planar GaN.  Since the following chapters will 

focus a great deal on differentiating elastically relaxed InGaN layers with those which are  

plastically relaxed (i.e. through formation of defects) it is necessary to consider what 

happens to a pseudomorphic InGaN layer as it approached the critical thickness (hc) for 

which plastic relaxation occurs.  Higher In-composition InGaN will have a higher in-plane 

lattice mismatch to GaN and thus a smaller hc.  Furthermore, as mentioned in chapter 3, hc 

is known to be highly dependent on growth conditions.  By analyzing film quality, relaxation, 

and surface morphology for films grown at different thicknesses and In-compositions 

(controlled by temperature) we can see how the films start to behave as they approach or 

surpass hc.   

In the following study, two sets of three InGaN growths each, of varying thickness 

are carried out at different In-compositions.  The N-flux equivalent growth rate, extracted 

from GaN growth rate calibrations, was approximately 5 nm/min for this series.  The first 

series in this study, labeled as ID1-3 was grown at a 550 ℃ which resulted in an average In-
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composition of approximately 9% when grown coherently strained to GaN (see appendix 

A.1).  The second series, labeled as IE1-3 was grown at 530 ℃ which gave an approximate 

In-composition of 16% (see appendix A.1) when grown coherently strained to GaN.  For 

both ID1, ID2 and ID3, the InGaN thicknesses were 45 nm, 180 nm and 225 nm respectively.  

The same thicknesses for IE1-3 were also used (45 nm, 180 nm and 225 nm for IE1, IE2 and 

IE3 respectively).  For all six samples AFM, {1N1N24} XRD RSM and (0002) XRD 𝜔 − 𝑠𝑐𝑎𝑛𝑠 of 

the InGaN peaks were performed.  Fig. 4-8 shows the XRD RSM scans for ID1-3 and IE1-3.  

In-composition, extracted from {1N1N24} XRD RSMs, were found to be 16%, 17% and 15% for 

samples ID1, ID2 and ID3 respectively and 11%, 10% and 8% for IE1, IE2 and IE3 respectively.  

Relaxation values, also extracted from RSMs, were found to be 0%, 9.1% and 12.3% for 

samples ID1, ID2 and ID3 respectively and 0%, 4.9% and 8% for IE1, IE2 and IE3 respectively.  

The (0002) InGaN 𝜔 − 𝑠𝑐𝑎𝑛  FWHM (FWHM(0002),InGaN) values for ID1, ID2 and ID3 were 

found to be 264 arcseconds, 559 arcseconds and 579 arcseconds respectively.  

FWHM(0002),InGaN values for IE1, IE2 and IE3 were found to be 254 arcseconds, 333 

arcseconds and 351 arcseconds respectively.  To compare surface morphology of a strained 

layer with a partially relaxed layer, AFM scans were carried out on the thickest and thinnest 

samples from each respective growth temperature.  Fig. 4-9 shows the 2x2 𝜇𝑚# AFM scans 

for ID1, ID3, IE1 and IE3.  RMS values extracted from AFM scans for ID1, and ID3 were found 

to be 1.10 nm and 1.56 nm respectively.  Surface RMS values extracted from AFM scans for 

IE1 and IE3 were found to be 1.13 nm and 2.03 nm respectively.  Table 4-4 below gives the 

experimental data for this study.  Fig. 4-10 gives a plot of FWHM(002),InGaN and relaxation as 

a function of thickness for the ID series and IE series.   
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Table 4-4: Experimental data for the ID and IE series.  In-composition (xIn) and relaxation (R) were extracted 
from (1 ̅1 ̅24) XRD RSM scans shown in Fig. 4-8. 

Sample 
name 

Growth temp 

(℃) 

tInGaN 

(nm) 

xIn 

(%) 

R 

(%) 

FWHM(002),InGaN 

(arcsec.) 

RMS 

(nm) 

ID1 530 45 16 0 264 1.10 

ID2 530 180 17 9.1 559 - 

ID3 530 225 15 12.3 579 1.56 

IE1 550 45 11 0 254 1.13 

IE2 550 180 10 4.9 333 - 

IE3 550 225 8 8 351 2.03 

 

 

Figure 4-8: (1 ̅1 ̅24) XRD RSM scans for (a) ID1, 45 nm InGaN grown at 530 ℃, (b) ID2, 180 nm InGaN grown 
at 530 ℃, (c) ID3, 225 nm InGaN grown at 530 ℃, (d) IE1, 45 nm InGaN grown at 550 ℃, (e) IE2, 180 nm 

InGaN grown at 550 ℃ and (f) IE3, 225 nm InGaN grown at 550 ℃.  The vertical dotted line segment running 
from the center of the GaN peak (top peak) down, is the fully strained line.  The angled dotted line segment 

running from the GaN peak is the fully relaxed line. 
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Figure 4-9:  AFM micrographs for (a) ID1, 45 nm InGaN grown at 530 ℃, (b) ID3, 225 nm InGaN grown at 530 
℃, (c) IE1, 45 nm InGaN grown at 550 ℃, (d) IE3, 225 nm InGaN grown at 550 ℃.  RMS values extracted 

from AFMs were found to be 1.1 nm, 1.56 nm, 1.13 nm, and 2.03 nm for ID1, ID3, IE1, and IE3 respectively. 

 

Figure 4-10:  Plot of (a) (0002) 𝝎− 𝒔𝒄𝒂𝒏 FWHM of the InGaN (in arcseconds) as a function of film thickness 
for the ID series (growth at 530 ℃) and IE series (growth at 550 ℃) and (b) relaxation as a function of film 

thickness extracted from RSMs in Fig. 4-8.  For both plots red diamond data points represent ID series 
(growth at 530 ℃) and the dark blue circle data points represent the IE series (growth at 550 ℃). 

 Considering relaxation, In-composition, and thickness: an obvious increase in 

relaxation as a function of thickness in Fig. 4-10 is observed, furthermore, the data in table 

4-4 also shows that In-composition fluctuates and even decreases for the thickest layers.  
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This is particularly true for the InGaN grown at 550 ℃	where In-composition goes from 11% 

to 8% when the thickness is increased from 45 nm to 225 nm.  From the RSMs in Fig. 4-8.d-

e (growth at 550	℃) the InGaN peaks appear to move along the vertical dotted line segment 

closer to the GaN peak as the layers get thicker.  As mentioned earlier, from composition 

pulling, as InGaN relaxes there should be a corresponding increase in In-uptake.  However, 

this is only true for significant values of relaxation, whereas the 225 nm InGaN layer grown 

at 550 ℃ is only 8%.  The fact that there is slight relaxation in ID2 and IE2 (180 nm InGaN 

grown at 530 ℃  and 550 ℃  respectively) with a corresponding increase in the (0002) 

FWHM (see Fig. 4-10.a) suggests the critical thickness is less than 180 nm for these two In-

compositions and therefor some form of plastic relaxation is occurring.   

 The change is surface morphology of these films as they surpass hc is of particular 

importance.  As can be seen in Fig. 4-9.a and Fig. 4-9.c., the surface morphology of the 45 

nm InGaN grown at 530 ℃	and 550 ℃ have nearly identical spiral step-flow morphology.  

From Fig. 4-9.b and 4-9.d, it can be observed that when the thickness is increased to 225 

nm the surface morphology of the two films grown at different temperatures diverges.  For 

the 225 nm InGaN grown at 530 ℃, the surface still possesses spiral surface features, 

however the spirals become grainier with less defined terraces.  For the 225 nm InGaN 

grown at 550 ℃ the spiral step-flow morphology with well-defined step terraces is still 

present, however several V-defects are observed on the surface which contributes to the 

large RMS value of 2.03 nm.  The origin of these V-defects may be traced to the growth 

temperature.  Increasing the growth temperature can lead to a decrease in supersaturation 

and thus a reduction in the lateral growth rate.  Mentioned in chapter 1, the nature of V-
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defect growth heavily relies upon the slower growth rate of the 6 equivalent {101N1} facets 

compared growth on the {0001} plane.  This leads to an increase in the crater size as a 

function of growth time.  Therefore, It can be speculated that as the InGaN thickness 

surpasses hc for the higher temperature growth, V-defects form from pre-existing 

dislocations to alleviate strain near the surface, which, due to the higher growth 

temperature and thus lower supersaturation, grow in diameter over time.  This trend in 

growth temperature and V-defect formation was also observed by C. Bazioti et al., where 

higher temperature growth of InGaN on GaN by PAMBE led to strain relaxation via V-pit 

formation [120].  Appendix A.2 demonstrates how ultra-low temperature InGaN growth on 

tiles leads to an increase in lateral growth rate on the tile sidewalls.  It should be emphasized 

the surface pit density is consistent with the TDD of the MOCVD grown GaN template (mid 

108 cm-2 range) and therefore it can be assumed that the V-defects are from pre-existing 

dislocations in the substrate.  In the case of the InGaN layer grown at 530 ℃, the grainy and 

tall spiral growth for the 225 nm thick layer suggests the degradation in step-flow growth 

may be related to relaxation via roughening such as what has been observed by Snyder et 

al., [132] and Gao et al., [133], however this is subject to further study.   

4.7   Cross Hatching 
 

 Some past InGaN growths done on planar GaN revealed cross-hatched surface 

features.  Fig. 4-11 below shows the AFM (Fig. 4-11.a) and XRD RSM scan (Fig. 4-11.b) for 

sample IF1, 100 nm of In0.12Ga0.88N grown on planar GaN which exhibited cross-hatching on 

the surface similar to what had been observed by Q. T. Li et al., for 50 nm of In0.18Ga0.82N 
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[125].  This growth was carried out at 530 ℃ with growth conditions identical to sample 

ID1.  The surface RMS value extracted from the AFM in Fig. 4-11.a was found to be 

approximately 1 nm.  The RSM in Fig. 4-11.b showed approximately 6% relaxation.  Small 

pits are also visible on the surface of IF1; some of which run along the cross-hatching lines.  

These small pits are also indicative of dislocation networks.   

 

Figure 4-11: (a) AFM image of IF1 which had an RMS value of approximately 1 nm. (b) (1 ̅1 ̅24) XRD RSM scan 
for IF1 which showed approximately 6% relaxation. 

 Mentioned in chapter 3 (see Fig. 3-3), the observed cross-hatching observed in Fig. 

4-11 suggests that beyond the critical thickness of In0.12Ga0.88N grown at these growth 

conditions, the {112N2}〈112N3〉 secondary slip system gets activated via the formation of 

misfit dislocations.  This effect was not observed in AFMs for ID3 or IE3 which were well 

beyond the critical thickness for their respective In-compositions.  It could be speculated 

that the punch-out effect (see Fig. 3-3, chapter 3) due to dislocation glide along the 

{112N2}〈112N3〉 slip-system only occurs during cool down after growth when the thickness 

is slightly above ℎ1.  For the thicker films such as ID3 and IE3 it can be said that relaxation 

occurs during the growth by some other mechanism (i.e. formation of new TDs, or 
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roughening or V-pits).  The small pits on the sample surface which do not sit on top of a 

spiral are known to be from pure-edge dislocations or dislocation networks [49].  It is not 

the purpose of this experimental study to understand the nature of how and why this type 

of surface morphology occurs as this is outside the scope of this work.   

4.8   Conclusion 
 

 To summarize the results from the InGaN growth campaign given in this chapter: In 

the IA-series, an In-flux was established for growth at 550 ℃ with an active N-flux equal to 

approximately 4 nm/min.  More importantly, this study demonstrated how In-flux effects 

surface morphology and In-composition when growing below In-rich conditions when 

equation 3.7 is not satisfied.  The IB-study demonstrated how Ga-flux can effectively control 

growth rate and is less effective in controlling In-composition provided equation 3.7 is 

satisfied.  The IC-study demonstrated how growth temperature can be used to accurately 

control In-composition.  Furthermore, this study showed how active N-flux also impacts In-

composition.  The ID-study and IE-study shows how surface morphology behavior diverges 

for growth at different growth temperatures when exceeding the hc.  Higher temperature 

growth results in V-pits on the surface when the film relaxes which may be attributed to 

the suppressed lateral growth rate.  As shown in the IF-study, some samples which show 

cross-hatching on the surface when growing slightly past hc, due to misfit dislocations 

gliding along secondary slip systems.  It was speculated that this ‘punch-out’ effect occurs 

during the sample cool down.  This work will serve as a baseline for chapter 6 when InGaN 
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growth by PAMBE is explored on substrates which promote relaxation via a porous 

compliant underlayer.     
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5 Relaxed InGaN Substrates for Longer 
Wavelength micro-LEDs 

 

 

 

 

 

 

 

5.1 Introduction 
 

 Micro-LED displays, augmented reality (AR) and virtual reality (VR) are among the 

most profound emerging technologies of this decade.  These technologies require ultra-

small (<10 𝜇𝑚 ) LEDs of all three primary colors (red, green and blue) with ultra-high 

efficiencies.  Large area AlInGaP-based LEDs are commercially available however they suffer 

from poor efficiency when scaled to the micron-size.  Having micro-LEDs of all three primary 

colors from a single material system would be advantageous in terms of cost.  Although the 

nitride system covers a bandgap stretching from the UV to the deep infrared (IR) regime, 

achieving emission wavelengths beyond green has been a challenge.  While commercial 

grade blue and green nitride-based LEDs have already been in production for some time, 

nitride-based red LEDs are still inferior in terms of efficiency for commercial applications.  
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This is due to the lattice mismatch between GaN and InN which creates significant strain 

when growing high In-composition InGaN – something which is required for longer 

wavelengths such as amber and red.  In this chapter past results of nitride-based red LEDs 

will be discussed followed by the two main challenges associated with improving the 

efficiency of red nitride-based LEDs.  The motive for relaxed InGaN substrates and how they 

have been achieved through different means will be discussed following a more detailed 

discussion on the technique of using nanoporous GaN tiles for achieving device-quality 

relaxed InGaN.   

5.2   Red LED Literature Survey 
 

Aluminum gallium indium phosphide (AlInGaP) is currently the industry standard 

material for red LEDs.  Although large AlInGaP LEDs have efficiencies above 50%, when 

shrunk down to the micron-scale the efficiency drops significantly.  This is due to the high 

surface recombination rate inherent in AlInGaP [33], [134]–[136].  Furthermore, AlInGaP 

suffers from low thermal stability [33], [137] which impedes performance at higher 

temperatures.  Despite the issues associated with red nitride-based LEDs there has been 

progress in the last 15 years in making red nitride-based optoelectronics.  In 2006 M. Funato 

et al., demonstrated a 320x320 𝜇𝑚# amber LED with a peak EQE of 1.6% on semi-polar 

{112N2}	bulk GaN [138].  In 2014 Hwang et al., of Toshiba Corp. published its demonstration 

of a 460x460 𝜇𝑚# LED with a peak EQE of 1.6% at a wavelength of 629 nm [139].  Two years 

later, Iida et al., published its work on a 370x370 𝜇𝑚# 620 nm LED with a peak EQE of 0.6% 

[140].  Utilizing the V-defects which occur when growing thick InGaN on GaN by MOCVD, 
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Zhang et al., demonstrated a 621 nm wavelength, 1x1 𝑚𝑚# LED on Si(111).  Although peak 

EQE was not reported in this work, Zhang et al., did report a wall-plug efficiency (WPE) of 

16.8% [33].  Although these red nitride-based LEDs show promise, they are far too large and 

possess still too low efficiency to be considered for self-emissive display technology.  Most 

recently, however, P. Li et al., demonstrated a 5x5 𝜇𝑚# red LED with emission at 607 nm 

and a peak EQE greater than 2% by growing on a patterned sapphire substrate (PSS) [141].   

5.3   Composition Pulling Effect 
 

The lattice mismatch between GaN and InN is approximately 11%.  This is significant 

considering the lattice mismatch between AlN and GaN is approximately 2.4%.  The large 

in-plane lattice constant of InN is due to the size of the In atom which has an atomic number 

of 49 compared to Ga which has an atomic number of only 31.  This leads to complications 

when trying to grow high composition InGaN on relaxed GaN substrates.  For 

pseudomorphically strained InGaN grown on GaN, In-composition is limited due to high 

compressive strain.  This rejection of In due to the high biaxial compressive strain is known 

as the composition pulling effect (CPE) [142]–[144] which significantly limits growth of high 

In-composition InGaN on GaN. 

5.4   Quantum Confined Stark Effect 
 

Previously discussed in chapter 1, the piezoelectric charge from strain at the 

interfaces in an LED quantum well (QW) creates additional band bending in the LED QW 

which pushes the electron and hole wavefunctions further away from one another thereby 
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reducing radiative recombination.  This effect, known as the quantum confined stark effect 

(QCSE) [145] is illustrated in Fig. 5-1.   

 

Figure 5-1: Illustration of the quantum confined stark effect (QCSE).  Band bending in the InGaN quantum 
well due to the large strain-induced piezoelectric charge at the two heterointerfaces leads to separation of 

the electron-hole wave function which reduces radiative recombination. 

There is a significant amount of literature related to QCSE in nitride optoelectronics.  

Using a drift-diffusion model, Park et al. demonstrated, theoretically, that strain 

compensated InGaN QW structures would yield enhanced internal quantum efficiency (IQE) 

and improved efficiency droop over conventional strained InGaN structures grown on 

planar GaN [146].  Matthias Auf der Maur et al., demonstrated the magnitude QCSE has on 

IQE as a function of emission wavelength using simulation which is shown in the Fig. 5-2 

plot below [147].  Fig. 5-2 shows how QCSE is the dominating issue at higher wavelengths 

severely limiting maximum IQE.   
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Figure 5-2:  Maximum IQE as a function of emission wavelength showing the effects of alloy fluctuations and 
QCSE.  Reprinted with permission from [147] with data also taken from Schiavon et al., [148].  Copyright 

American Physical Society. 

5.5   Relaxed InGaN Literature Survey 
 

Relaxed InGaN substrates, would enable the growth of thicker and higher In-

composition InGaN layers while simultaneously reducing the piezoelectric charge at InxGa1-

xN/InyGa1-yN multi-quantum well (MQW) heterointerfaces thereby reducing efficiency 

droop.  This provokes an interest in the development of high-quality elastically relaxed 

InGaN substrates.  Valdueza et al. demonstrated relaxed In0.2Ga0.8N layers, up to 500 nm 

thick, grown by plasma-assisted molecular beam epitaxy (PAMBE) which exhibited 

enhanced In-incorporation, however, a large density of threading dislocations (TDs) and 

stacking faults were observed in these relaxed films [82].  Islam et al. demonstrated a 

reduction in edge-type dislocations by employing step-graded interlayers to achieve relaxed 

InGaN templates [149].  This was demonstrated by, Däubler et al. who, using a linear 

composition grade, demonstrated relaxed InGaN substrates grown by MBE.  These relaxed 
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InGaN substrates were subsequently used for MOCVD growth of InGaN MQWs which 

exhibited significantly higher IQE for green light compared to structures grown on planar 

GaN [150].  Hestroffer et al., also developed compositionally  graded relaxed InGaN layers 

by PAMBE on vicinal N-polar GaN templates grown by MOCVD [123], [151].  These graded 

InGaN buffers exhibited a higher PL intensity and a red-shift compared to planar GaN 

substrates [151].  It was shown that although compositionally grading InGaN grown on GaN 

helped to reduce edge-type dislocation densities, it did not reduce screw-component 

dislocation densities [149].   To reduce dislocations at the GaN/InGaN interface, Liu et al. 

employed a glancing angle ion flux treatment prior to InGaN growth on GaN, resulting in 

the presence of nanoscale surface corrugations.  By rotating the sample for continued 

InGaN growth, these surface corrugations smoothened yielding fully relaxed InGaN with 

extremely low dislocation density.  Unfortunately, when growing MQW layers on these 

structures the top p-InGaN layer exhibited poor crystal quality due to defects associated 

with relaxation of the top p-InGaN layer [152].  MOCVD-grown InGaN MQW nanostripe 

arrays showed uniaxial elastic relaxation perpendicular to the stripe direction [153], [154].  

Relaxed In0.17Ga0.83N grown on ScAlMgO4 (SCAM) has also been demonstrated with a 502 

nm PL peak, unfortunately the residual oxygen impurity incorporation in these InGaN films 

was high [155].  InGaN grown on ZnO has also been demonstrated with some success by 

both MOCVD [156] [157] and pulsed laser deposition [158].  More recently, Bi et al. 

demonstrated ~1 𝜇𝑚 wide platelets of relaxed In0.18Ga0.82N grown by MOCVD which show 

promise [159].  Soitec has developed relaxed InGaN pseudo-substrates using their Smart 

CutTM technology [160] to fabricate blue LEDs with increased In-content and reduced 
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efficiency droop.  For these LEDs, enhanced In-incorporation was observed through a red-

shift in the PL spectra with IQE values of 31% and 10% at a wavelength of 536 nm and 566 

nm respectively [146].  Later, using this same technology, Dussaigne et al. demonstrated 10 

𝜇𝑚 diameter circular red micro-LEDs with a peak wavelength of 625 nm and an external 

quantum efficiency (EQE) of 0.14% [161].  More recently, relaxed In0.04Ga0.96N films were 

demonstrated using a very thin compliant layer formed via thermal decomposition of an 

InGaN quantum well [162].  Reducing surface roughness and scalability of these relaxed 

films with higher In compositions, remains a work in progress [162].  

5.6   Porous GaN Tiles 
 

The work in this thesis focuses on utilizing porous GaN substrates to achieve high-

quality relaxed InGaN suitable for optoelectronic device fabrication.  For simplicity, porous 

GaN tiled pseudo-substrates will be referred to as ‘PS’ for the remainder of this thesis.  

Relaxed metal-polar InGaN tiles on porous GaN are achieved by patterning and reactive ion 

etching (RIE) of square tiles through a thin unintentionally doped (UID) GaN layer followed 

by a partial etch through a thick GaN:Si layer.  Following a well-calibrated electro-chemical 

(EC) etch, the mechanical stiffness (elastic modulus) of the GaN:Si underlayer is reduced via 

porosification enabling the compliant behavior of the tile [163].  The reduced mechanical 

stiffness of the porous underlayer has been previously reported in porous Si [164].  

Subsequent growth of InGaN on these porous GaN tiles results in an elastically relaxed layer 

of InGaN.  Fig. 5-3 offers a high-level overview of this process. 
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Figure 5-3: Process flow for obtaining high-quality relaxed InGaN on PS.  Starting from top left, MOCVD 
growth of 800 nm GaN:Si/100 nm GaN:UID on GaN-on-sapphire templates; top right, patterning and etching 
of 10x10 𝝁𝒎𝟐 tiles; bottom right, porosification of tiles by electro-chemical (EC) etch; and bottom left, MBE 

regrowth of UID GaN and InGaN resulting in bi-axial relaxation.  Reprinted with permission from [165]. 
Copyright AIP Publishing. 

Porosification of GaN, achieved by the EC etching of GaN:Si [166], has already been 

employed in a variety of applications, particularly for DBR lasers[167]–[171] and film 

delamination [172].   

Porosification: 

Before going into detail on the mechanisms behind elastic relaxation of InGaN on 

porous tiles it is necessary to understand the mechanisms behind porosification.  The EC 

etching of conducting GaN occurs when the GaN substrate is submerged in an electrolytic 

solution.  Metal deposited on the GaN substrate contacted to the conducting GaN layer acts 

as the anode while a Pt wire submerged in the solution acts as the cathode (see Fig. 5-4.a 

below).  A bias is applied to the contacts using a voltage controlled current source such as 
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a power supply.  The conductive GaN (usually Si-doped GaN) electrolyte interface acts as a 

reverse bias Schottky contact pulling the fermi-level below the valence band creating a large 

concentration of holes near the surface.  Hole-assisted oxidation occurs on the surface 

which is subsequently etched by the electrolyte and transported away from the interface 

[173].  This is illustrated in the band diagram shown in Fig. 5-4.b.   

 

Figure 5-4:  Diagram illustrating the EC etch setup used for Porosification.  (b) band diagram showing the 
generation of holes at the GaN:Si/electrolyte interface which leads to oxidation at the surface and 

subsequent etching of the oxide by the electrolyte. 

The reaction that takes place during this process can be broken down as such [174]: 

𝟐𝑮𝒂𝑵 + 𝟔𝒉[ → 𝟐𝑮𝒂𝟑[ +𝑵𝟐       5.1 

𝑯𝟐𝑶 + 𝟐𝒉[ → 𝟐𝑯[ + 𝑶𝟐              5.2 

𝟐𝑯[ + 𝟐𝒆" → 𝑯𝟐				         5.3 

Where the products (right hand side of equations 5.1-3) of these reactions are all 

transported away from the interface.  Near the Pt cathode 𝐻# also forms via a hydrogen ion 

reduction reaction [173].  This EC etching of GaN has been demonstrated using a variety of 

solutions including KOH [174], HBr + Na2SO4 (Sigma-Aldrich) [175], HF [176], and oxalic acid 

[166], [167], [169].  With the exception of oxalic acid, nearly all of the other EC etch 
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solutions mentioned required illumination to assist in hole generation.  Etching tiles with a 

non-conductive thin UID GaN layer above the GaN:Si layer (illustrated in Fig. 5-3) involved 

using oxalic acid without any illumination.  In the case of the tiles shown in Fig. 5-3, 

porosification took place laterally through the non-polar tile sidewalls.  Nanopores form 

when the EC etch begins resulting in a concentrated electric field due to the low radius of 

curvature in the pore.  The high electric field in the region of the pore which has the lowest 

radius of curvature (i.e. the tip) generates a high density of free holes leading to further 

oxidation of the tip resulting in deeper etching into the nanopore.  This results in finger-like 

pores which propagate laterally through the tile [173], [175].  This is illustrated in the tile 

cross-section FIB-SEM taken from a sample after Porosification shown in Fig. 5-5.a-b with a 

corresponding diagram illustrating how the fingerlike pore morphology occurs (Fig. 5-5.c).   

 

Figure 5-5: (a) FIB SEM cross-section showing the tile after Porosification, (b) close up of tile edge showing 
fingerlike pores and (c) a schematic showing the proposed EC etching of a nanopore which results in the 

observed finger-like pore, also described in reference [173]. 

5.7   Relaxation on Porous GaN tiles 
 

From equation 3.1 in chapter 3, strained InGaN grown on GaN results in a 

compressively strained pseuodomorphic layer with a corresponding strain energy ‘Eh’ that 

increases linearly as a function of InGaN thickness ‘ℎ’.  Increasing the InGaN thickness on 
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planar GaN increases the strain field until, at some critical thickness, relaxation of misfit 

strain via plastic flow occurs [114].  However, when a strained film is grown on PS the 

compliant nature of the porous underlayer leads to elastic relaxation of the InGaN film at 

thicknesses lower than what is expected for plastic relaxation.  Increasing the surface-to-

volume ratio of porous GaN has been shown experimentally to reduce the mechanical 

stiffness and the elastic modulus [163] (or Young’s Modulus) [177] thereby increasing 

compliance.  The thin UID GaN layer on top of the porous layer seen in Fig. 5-3 becomes a 

‘compliant layer’ stretching to confirm with the film above it.  The increase in relaxation and 

decrease in lattice mismatch leads to a corresponding increase in In-composition via CPE.  

These high quality elastically relaxed films are an attractive technology in strain engineering 

[165].   

The compliant nature of 10×10 𝜇𝑚# porous tiles was first demonstrated by Pasayat 

et al. [31] and have already been used as a substrate for red, green and yellow LEDs [178], 

[179].  Using MOCVD grown InGaN on porous GaN tiles, Pasayat et al., achieved a new in-

plane lattice constant of 3.216 Å [180] corresponding fully relaxed In0.076Ga0.924N [181, p.].  

6 𝜇𝑚 x 6 𝜇𝑚 micro-LEDs were fabricated on PS which had an on-wafer EQE of 0.2% for a 

wavelength of 632 nm at 10 A cm-2.  At the time this was the highest reported EQE for a red 

micro-LED [179].   

5.8   Conclusion 
 

 This chapter was meant to give a high-level understanding of porosification and how 

it can be used to make compliant substrates.  Porosification of tiles is carried out via a well-
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controlled EC-etch of a GaN:Si underlayer which enables the compliance of the top UID GaN 

layer.  Past work by MOCVD grown InGaN on PS has demonstrated that this technology has 

the potential to disrupt current display technology by making nitride-based red micro-LEDs 

available.  Because of this, RGB monolithic integration may be possible which will severely 

disrupt the growing micro-LED mass-transfer startup community.  Before this can take 

place, however, drastic improvements need to be made to increase the efficiency of the 

current proof-of-concept devices that have been demonstrated using PS.  For this to happen 

films with higher in-plane lattice constants and smooth surface morphology must be 

achieved.   
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6 PAMBE InGaN Growth on Porous GaN 
Tiles (PS) 

 
 
 

 

 

 

Mentioned previously, a major advantage MBE has over MOCVD is its ability to grow 

thicker and higher In-composition InGaN layers without generating V-defects on the 

surface.  Although optoelectronic devices with MBE-grown active regions have been 

demonstrated with some success [84], [182], producing films with superior optical and 

electrical properties by MBE is not the focus of this study.  Instead, this work will present a 

joint effort by both MOCVD and MBE to create relaxed InGaN pseudo-substrates on which 

highly efficient, longer-wavelength LED structures can be grown.  MBE/MOCVD hybrid 

devices have already been both speculated [183] and demonstrated with success [184].  

Furthermore, MOCVD regrowth on MBE-grown plastically-relaxed InGaN substrates has 

already been demonstrated [185].   

This work focuses on higher In-containing PAMBE-grown elastically relaxed InGaN 

pseudo-substrates with improved surface morphology and structural film quality compared 
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to past work by MOCVD.  Mentioned in the previous chapter, the highest reported 

equivalently relaxed In-composition (xIn,equiv.) achieved for InGaN grown on porous tiles by 

MOCVD was approximately 7.6% [181].  Considering the current limits possessed by MBE in 

terms of becoming a scalable growth technology, it is necessary to show a significant 

increase in the in-plane lattice constant to justify MBE as a method for making InGaN 

pseudo-substrates.  This is especially true for consumer products such as micro-LEDS for 

display technology.  This work demonstrates 125 nm of InGaN grown by PAMBE on PS with 

an in-plane lattice constant (anew) of 3.231 Å which corresponds to an 𝑥89,:;<$= . equal to 

12%.  Using a temperature-controlled In-composition step-grade, higher values of 𝑥89,:;<$= . 

were achieved (up to 15.8%), however, it was found that dislocations had formed in these 

InGaN layers.  When combining all of the data from this study, a saturation in 𝑥89,:;<$= . as a 

function of thickness was observed around 16%.  Not only do these results exceed past work 

by MOCVD in terms of 𝑥89,:;<$= ., these MBE-grown films exhibit surfaces free of V-defects 

making them attractive for red and amber micro-LEDs.  

6.1   Experimental Details 
 

 Control samples in this study were all grown on MOCVD grown Ga-polar GaN-on-

sapphire templates which will be referred to as ‘planar GaN’.  MBE growth of InGaN was 

conducted on both planar GaN, and on high fill factor GaN-on-porous-GaN tile arrays, using 

identical growth conditions.  The process flow to obtain the final relaxed InGaN layers 

grown on PS (illustrated in Fig. 5-3) is laid out as such: MOCVD growth of 

GaN:UID/GaN:Si/GaN:UID stack (~2 𝜇m/0.8 𝜇𝑚  /0.1 𝜇𝑚  respectively) on sapphire; 
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patterning of 10x10 𝜇𝑚# tiles; porosification of GaN:Si layer by EC etch; and PAMBE growth 

of GaN/InGaN.  Si doping in the 0.8 𝜇𝑚 porosified layer was ~5e18 cm-3.  10×10 𝜇𝑚# tiles 

were defined by photolithography and RIE etching using a 100 watt BCl3/Cl2 etch chemistry; 

each tile was spaced 2 𝜇𝑚 apart.  The RIE etch defining the tiles went through the top 0.1 

𝜇𝑚 GaN:UID layer and approximately 0.45 𝜇𝑚 into the GaN:Si layer.  Porosification of the 

GaN:Si layers was done in a 0.3 M oxalic acid solution, where the GaN:Si layer acted as the 

anode and a Pt wire in the solution acted as the cathode.  It is important to note that the 

top 100 nm UID GaN layers are not porosified as they are meant to provide a smooth surface 

for subsequent regrowth.  Doping and electro-chemical etch conditions in this study were 

identical to past work from reference [180] which resulted in 50-60% porosification of the 

GaN:Si layer.  Following porosification, the samples were subjected to a solvent clean and 

HF dip prior to PAMBE growth.  All samples were outgassed at 400 °C for one hour in a high 

vacuum buffer chamber prior to being transferred into the main chamber for growth.  

Planar GaN control samples were either co-loaded with the PS samples, or grown in 

succession. 

GaN and InGaN growth by PAMBE was carried out in a Varian Gen 2 system with 

conventional high-flux Ga and In effusion cells.  The background pressure of the growth 

chamber was in the low 10-10 torr in the absence of cell-flux and N2 gas.  Active nitrogen 

was supplied by 1 sccm of 99.9995% pure N2 via a VEECO Unibulb RF plasma source 

powered at 300 watts.  Background pressure in the chamber during growth was 

approximately  1 × 10"S torr.  InGaN growths were carried out under In-rich conditions so 

to achieve the best possible film quality and surface morphology [35].  Like in the previous 
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study of InGaN growth on planar GaN, the growth temperature was recorded from a 

thermocouple mounted behind the substrate heater which is referred to as Tc.  The growth 

surface was monitored in-situ by RHEED prior to, during and at the end of growth.  To 

separate the InGaN from the regrowth interface all growths in this study were initiated with 

a thin layer of GaN grown at 720 °C under Ga-rich conditions.  For the initial high-

temperature GaN growth, a Ga-flux of approximately 1.7x10-6 torr was used.  Prior to the 

start of growth, the samples were brought up to the GaN growth temperature and the 

surfaces were exposed to Ga-flux for 30 seconds and then thermally desorbed, as observed 

by RHEED intensity.  For both planar and PS samples, the Ga desorption time was 

approximately 25 seconds indicating surface temperature between planar and PS samples 

were approximately the same.  For growth on porous GaN tiles, approximately 30 nm of 

GaN was grown before lowering Tc for InGaN growth.  Following InGaN growth, the sample 

was capped with a thin layer of GaN grown at the same temperature as the InGaN followed 

by thermal desorption of excess In.  For thermal desorption of excess In, Tc was increased 

to 630 °C until a saturation in the RHEED intensity was observed indicating all of the In had 

desorbed.  

 The surface morphology of every sample was characterized post-growth by AFM 

using an Asylum MFP3D.  Off-axis, {1N1N24}	reflection XRD (𝜔 − 2𝜃) − 𝜔 RSM scans were 

carried out on every sample.  Composition and relaxation were determined from the 

experimental XRD RSM data using X-Pert Epitaxy software.  anew was calculated from 

Vegard’s law taken from reference [186]: 
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𝒂𝒏𝒆𝒘 = 𝟑. 𝟏𝟖𝟗𝟑Å × �𝟏 − o𝒙𝑰𝒏 ×
𝑹
𝟏𝟎𝟎
p� + 𝟑. 𝟓𝟑𝟖Å × 𝒙𝑰𝒏 ×

𝑹
𝟏𝟎𝟎

      6.1 

Where 3.1893	Å and 3.538	Å are the relaxed in-plane lattice constants for GaN and InN 

respectively.  𝑥89 and R refer to the In-composition and relaxation values extracted from 

the RSM scans respectively.  In determining anew from equation 1 using the R and 𝑥89 values 

extracted from XRD-RSM data, 𝑥89,:;<$=  can be determined by setting R=100%, 𝑥89  = 

𝑥89,:;<$= . in equation 6.1 and solving for 𝑥89,:;<$=..   

Cross-sectional and planar specimen for scanning transmission electron microscopy 

(STEM) was carried out on some samples using an in-situ focused ion beam (FIB) lift-out 

method performed in a Thermo-Fisher Helios G4 Xe plasma FIB/SEM at the Michigan Center 

for Materials Characterization (MCMC) at University of Michigan by Dr. Kai Sun.  A JEOl-

JEM-3100R05 transmission electron microscope at MCMC equipped with double-

aberration correctors was used for imaging the microstructures of the specimen. The 

microscope was operated at 300 keV in STEM mode with lens settings that define a probe 

smaller than 0.1 nm. High-angle annular dark-field (HAADF) imaging was performed 

together with bright-field (BF) imaging simultaneously.  

RT PL was also carried out on certain samples to observe emission peaks coming 

from the InGaN layers so to determine if a red-shift had occurred as a result of growing on 

PS.  The PL setup used in this study utilized a 325 nm laser in the UCSB Nanofab.   

A summary of the experimental results from this study are shown in table 6-1 below. 
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6.2   InGaN Grown at Tc = 550 ℃ (PA) 
 

 The chapter 4 demonstrated that higher temperature growth of InGaN on planar 

GaN would result in the best possible film quality and surface morphology.  It was also 

shown that growth temperature has a profound impact on In-composition and that higher 

temperature growth can lead to V-defect formation when the layer thickness surpasses ℎ1  

(see Fig. 4-9 from chapter 4).  Previous work done by Pasayat et al., demonstarted a strong 

coorelation between relaxation and InGaN film thickness on PS without increasing In-

composition in the gas phase by MOCVD [180].  In this section higher-temperature, lower 

In-composition InGaN growth on porous tiles was carried out in an attempt to achive 

maxium relaxation while maintaining the smoothest possible surface morphology and film 

quality.   

 For this section two growths were carried out on PS and two growths on planar GaN.  

For InGaN growth Tc was kept constant at 550 ℃.  In and Ga flux was set to 6e-7 torr and 

7e-8 torr respectively.  Previous calibration runs (shown in appendix A.1) demonstrated that 

InGaN growth at this temperature, using these fluxes, results in an In-composition of 

approximatly 9% with a deviation of +/- 1.5 point-%.  All samples were capped with 

approximately 1.5 nm of GaN at the end of growth.  For the first two growths, labeled PA1 

and PA1A, consisted of 80 nm of InGaN grown on PS and planar GaN respectively.  PA2 

consisted of 225 nm of InGaN grown on PS.  This growth was not repeated on planar GaN 

as it was already done in a previous study (chapter 4 sample IE3).  Therefore sample IE3 

(225 nm InGaN on planar GaN) from chapter 4 was used to compare with PA2 (225 nm 
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InGaN on PS).  {1N1N24}	XRD RSM scans are shown in Fig. 6-1 below.  In-composition, 

extracted from the RSMs in Fig. 6-1 for PA1, PA1A, PA2 and IE3 were found to be 13.5%, 

7.8%, 19.8% and 9.2% respectively.  Relaxation for PA1A, PA1, IE3 and PA2 were found to 

be  7%, 36.4%, 8% and 80% respetively.  Using equation 6.1, xIn,equiv. was calculated from In-

composition and relaxation to be 0.5%, 4.9%, 0.7% and 15.8% for PA1A, PA1, IE3 and PA2 

respectively.  Clearly, from these results shown in Fig. 6-1 and in table 6-1 the porous tiles 

significantly enhance relaxation and In-composition.  This increase in In-uptake as a function 

of relaxation is due to composition pulling.  Oddly, however, the InGaN peak for PA2 shown 

in Fig. 6-1.d appears far less defined compared to the other InGaN peaks in Fig. 6-1.  The 

XRD 𝐹𝑊𝐻𝑀(***#),89./0 values for PA1A (80 nm InGaN on planar), PA1 (80 nm InGaN on 

PS), IE3 (225 nm InGaN on planar) and PA2 (225 nm InGaN on PS) were 325 arcseconds, 480 

arcseconds, 351 arcseconds and 602 arcseconds respectively.  This clear increase in 

𝐹𝑊𝐻𝑀(***#),89./0  values for the InGaN on tiled samples suggests some coorelation 

between relaxation and a degradation in film quality due to plastic relaxation.  Other factors 

may include lateral variations in In-composition or spiral height.   
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Figure 6-1: {𝟏$𝟏$𝟐𝟒} XRD RSM scans taken for InGaN growth at Tc = 550 ℃ for (a) PA1A (80 nm InGaN grown 
on planar GaN), (b) PA1 (80 nm InGaN on PS), (c) IE3 (225 nm InGaN on planar GaN) and (d) PA2 (225 nm 
InGaN on PS).  Cooresponding sample structures are shown to the left of the RSMs and the substrate is 

indicated above the top two RSMs.  Extracted In-compositions for PA1, PA1A, PA2 and IE3 were found to be 
13.5%, 7.8%, 19.8% and 9.2% respectively.  Extracted relaxation values for PA1A, PA1, IE3 and PA2 were 

found to be  7%, 36.4%, 8% and 80% respectively. 

2x2 𝜇𝑚# AFMs from this study along with the AFM from IE3 are shown in Fig. 6-2.  

Surface RMS values for PA1A (80 nm InGaN on planar), PA1 (80 nm InGaN on PS), IE3 (225 

nm InGaN on planar) and PA2 (225 nm InGaN on PS) were found to be 1.46, 1.05, 2.03 and 

5 nm respectively.  The AFM of sample PA1A (80 nm InGaN on planar GaN at Tc = 550 ℃) 

shows step-flow growth with some craters on the surface approximatly 225 nm in diamater.  

Just as in the case of IC4 in chpater 4, these craters are believed to come from In-droplets 

which formed on the surface.  This effect has been observed before but it is not known as 

to why it happens in some cases and not in others.  For PA1 (80 nm InGaN on PS at Tc = 550 

℃), the AFM in Fig. 6-2.b shows step-flow growth, however there are some mall pin-holes 

on the surface which may be associated with dislocation networks from the GaN-on-
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sapphire substrate.  As was discussed in chapters 1 and 4, the V-defects on the surface of 

IE3 (shown again in Fig. 4-9) likely generate to relieve strain, leading to the observed 8% 

relaxation, and are associated with the higher growth temperature.  This effect is 

exacerbated in the case of PA2 (225 nm InGaN on PS at Tc = 550 ℃) which is an order of 

magnitude more relaxed than the planar sample IE3.  PA2 appears to have larger V-defects 

which coalesce forming large trenches.  It is likely that the poor InGaN peak observed in the 

RSM shown in Fig. 6-1 for PA2 is related to these surface features which may contribute to 

the high amount of relaxation.  Past work by Pasayat et al., showed that the highest elastic 

relaxation achieved for InGaN grown on 10x10 𝜇𝑚# porous GaN tiles was only 65% with an 

In-composition of 11.76% for an InGaN thickness of 200 nm [180].  Knowing this, in 

conjunction with the surface morphology and poor InGaN peak seen in the RSM, it can be 

concluded that the 80% relaxation observed for PA2 is both plastic and elastic. 
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Figure 6-2: AFM micrographs taken for InGaN growth at Tc = 550 ℃ for (a) PA1A (80 nm InGaN grown on 
planar GaN),(b) PA1 (80 nm InGaN on PS), (c) IE3 (225 nm InGaN on planar GaN) and (d) PA2 (225 nm InGaN 

on PS). Cooresponding sample structures are shown to the left of the AFMs and the substrate is indicated 
above the top two AFMs.  Surface RMS values for PA1A, PA1, IE3 and PA2 were found to be 1.46, 1.05, 2.03 

and 5 nm respectively. 

 Although the surface morphology of PA2 is not considered ‘device-quality’ it is 

important to note the enhanced relaxation facilitated by growth on PS and the 

corresponding increase in In-composition.  Comparing 80 nm of InGaN on planar GaN and 

PS, relaxation went from 7% to 36.4%.  This clearly demonstrating the compliance of the 

porous tiles just as had been done in past with MOCVD InGaN [31], [180], [181], [187], [187].  

The enhanced relaxation also leads to an increase in In-composition as in the case of PA2 

where the In-uptake doubled compared to the same InGaN thickness on planar GaN.  As 

was discussed in chapter 4, although higher temperature growth leads to enhanced step-

flow growh and film quality, the lower lateral growth rate tends to enhance V-defect 

formation. 
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6.3   InGaN Grown at Tc = 530 ℃ (PB) 
 

 From chapter 4, decreasing the InGaN growth temperature is an obvious way to 

prevent the formation of V-defects when growing thick InGaN by PAMBE.  Furthermore, the 

higher In-compositions which result from lower temperature InGaN growth can lead to a 

larger xIn,equiv. for a given amount of relaxation.  However, initiating growth with higher 

composition InGaN puts significant strain on the UID GaN compliant layer as the InGaN layer 

starts to relax.  This could result in the generation of dislocations in the GaN compliant layer 

which may propogate into the InGaN layer thereby degrading film quality.  In the following 

study, InGaN growth at Tc = 530 ℃ on PS is explored to see if a higher xIn,equiv. can be 

achieved without degrading film quality and surface morphology.   

 Because the higher In-composition which results from lower temperature InGaN 

growth will result in more strain for a given thickness, the InGaN layer thickness was 

reduced compared to the previous study.  Four growths were carried in this study: PB1A, 

60 nm of InGaN grown on planar GaN; PB1, 60 nm InGaN grown on PS; PB2, 120 nm InGaN 

grown on PS; and PB3, 60 nm of InGaN grown on PB1 (60 nm InGaN on PS).  For PB3, 3 nm 

of GaN was grown at 720 ℃ before lowering the temperature for InGaN growth resulting 

in a total GaN interlayer (IL) thickness of 4.5 nm.  Growth temperature of the InGaN layers 

were all kept constant at 530 ℃ with an In and Ga-flux of approximately 7.7e-7 torr and 

6.8e-8 torr respectively.  All samples were capped with approximately 1.5 nm of GaN at the 

end of growth.  Previous calibration runs (shown in appendix A.1) demonstrated that InGaN 
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growth at 530 ℃ under these conditions results in an In-composition of approximately 16% 

with a deviation of +/- 2 point-%.   

Fig. 6-3 below shows the {1N1N24} RSM scans for this study.  The extracted relaxation 

values for PB1A (60 nm InGaN on planar), PB1 (60 nm InGaN on PS), PB2 (120 nm InGaN on 

PS) and PB3 (60 nm InGaN on PB1) were found to be 0 (fully strained), 13%, 60% and 50% 

respectively.  Extracted In-composition for PB1A (60 nm InGaN on planar), PB1 (60 nm 

InGaN on PS), PB2 (120 nm InGaN on PS) and PB3 (60 nm InGaN on PB1) were found to be 

11.6%, 17%, 20.3% and 18.3%.  The calculated xIn,equiv. values for PB1A (60 nm InGaN on 

planar), PB1 (60 nm InGaN on PS), PB2 (120 nm InGaN on PS) and PB3 (60 nm InGaN on 

PB1) were found to be 0%, 2.2%, 12% and 9.1%.  Two InGaN peaks are observed in Fig. 6-

3.d for PB3 (60 nm InGaN on PB1).  The peak which is closest to the 100% strain line segment 

is likely from the initial 60 nm of InGaN growth (PB1) as it is in almost the same position as 

the peak observed in the RSM for PB1 (Fig. 6-3.b).  The second, more elongated peak in PB3 

which is centered approximately half-way between the 100% strained line segment and the 

100% relaxed line segment is likely top 60 nm InGaN layer (PB3 growth).  Thus the top layer 

relaxes more than the bottom InGaN layer when the two layers are seperated by a GaN IL.  

Furthermore, considering the higher relaxation and In-uptake observed in PB2, which has 

the same net InGaN thickness, the GaN interlerlayer in PB3 appears to restrict relaxation – 

PB3 is only 50% relaxed compared to PB2 (no GaN IL) which is 60% relaxed.  The XRD (0002) 

InGaN 𝐹𝑊𝐻𝑀(***#),89./0 values for PB1A (60 nm InGaN on planar), PB1 (60 nm InGaN on 

PS), PB2 (120 nm InGaN on PS) and PB3 (60 nm InGaN on PB1) were 237 arcseconds, 384 

arcseconds, 731 arcseconds and 875 arcseconds respectively.  The higher 
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𝐹𝑊𝐻𝑀(***#),89./0 for the thicker InGaN layers (PB2 and PB3) on PS may be related to the 

high amount of relaxation either by deformation (plastic) or by a strain gradient due to 

elastic relaxation.   

 

Figure 6-3: {𝟏$𝟏$𝟐𝟒} XRD RSM scans taken for (a) PB1A (60 nm InGaN grown on planar GaN), (b) PB1 (60 nm 
InGaN on PS), (c) PB2 (120 nm InGaN grown on PS) and (d) PB3 (60 nm InGaN grown on PB1 with a GaN IL). 

RSM color scale bar is shown on the far right.  Corresponding sample structures are shown to the left of 
each RSM.  In-composition extracted from these RSMs were found to be 11.6%, 17%, 20.3% and 18.3% for 

PB1A, PB1, PB2 and PB3 respectively.  Extracted relaxation values for PB1A, PB1, PB2 and PB3 were found to 
be 0 (fully strained), 13%, 60% and 50% respectively. 

 2x2 𝜇𝑚# AFM scans were taken after each growth in this study which are shown in 

Fig. 6-4 below.  Extracted RMS values for PB1A, PB1, PB2 and PB3 were found to be 0.796 

nm, 1.167 nm, 2.038 nm and 1.515 nm respectively.  The AFM for PB1A (Fig. 6-4.a), 60 nm 

of InGaN grown on planar GaN at at 530 ℃, exhibits spiral step-flow growth with a large 

number of small pin-holes on the surface, which like PA1, are likley related to dislocation 

networks from the underlying GaN-on-sapphire substrate – it is unlikely that dislocations 

were generated in the InGaN layer for this sample as the InGaN layer is fully strained to the 

GaN.  The surface of PB1, 60 nm of InGaN grown on PS at 530 ℃, also has some pin-holes 
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but as in the case of PB1A, they also likely come from the underlying GaN and do not 

generate in the InGaN given the low 𝐹𝑊𝐻𝑀(***#),89./0 values for these two growths.  The 

surface morphology for PB2 (Fig. 6-4.c)  posseses obvious step-flow spiral morphology 

however the step-terraces are not as defined as in the case of PB3 (Fig. 6-4.d).  As was 

observed for the 530 ℃ InGaN growth study on planar GaN (chapter 4 Fig. 4-9), the lower 

growth temperature results in grainer surface morphology for thick layers (thicknesses 

significantly higher than ℎ1) which appears to carryover for InGaN growth on PS.  

 

 
Figure 6-4: AFM micrographs for (a) PB1A, 60 nm InGaN grown on planar GaN, (b) PB1, 60 nm InGaN on PS, 
(c) PB2, 120 nm InGaN on PS and (d) PB3, 60 nm InGaN grown on PB1 (net InGaN thickness of 120 nm with 
GaN IL). Cooresponding sample structures are shown to the left of each AFM image.  RMS values extracted 
from these AFMs were fround to be 0.796 nm, 1.167 nm, 2.038 nm and 1.515 nm for PB1A, PB1, PB2 and 

PB3 respectively. 

RT PL measurements were performed on PB2 and PB3 to see how the wavelength 

of the InGaN on PS shifted when compared to the standard GaN templates.  RT PL scans 

shown in Fig. 6-5 were performed at a set stage position (i.e. not normalized to a set 
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intensity).  The peak wavelegth of PB2 and PB3 were found to be 415 nm and 405 nm 

respectively.  Clearly the sample with the higher xIn,equiv. had the longest emission 

wavelength of 415 nm (PB2, xIn,equiv. = 12%), however, the PL intensities were significantly 

lower than that of the GaN template (blue curve in Fig. 6-5).  Taking that into consideration, 

these samples are meant to serve as substrates to grow MQW structures which would 

hopefully lead to significantly better emission.  Therefore the broad, low intensity peaks 

seen in these two samples may not necessarly be deterimental to the device epi which 

would be grown on top of them. 

 

Figure 6-5: RT PL spectras using a 325 nm laser showing (a) PB2, 120 nm InGaN on PS (solid black curve); 
PB3, 60 nm InGaN grown on PB1 with a GaN IL (120 nm InGaN total – dotted black curve); and the peak 

from a standard MOCVD grown GaN template (blue curve).  (b) close up of the PB2 and PB3 peaks.  The PB2 
peak is at approximatly 415 nm and the PB3 peak is at approximatly 405 nm 

 To better understand the quality of the relaxed InGaN layers in samples PB2 (120 

nm InGaN on PS) and PB3 (60 nm InGaN on PB1), both samples were sent out for cross-

section STEM imaging at the Univeristy of Michigan.  Fig. 6-6 shows cross-sectional low 

angular annular dark-field (LAADF) STEM images, which show diffraction contrast with 

dislocations showing bright contrast, taken from the [112N0] zone axis for sample PB2 (Fig. 
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6-6.b) and PB3 (Fig. 6-6.a).  In both cases no new dislocations were observed in the InGaN 

layers suggesting the relaxation facilitated by the porous underlayer was elastic.  The 

vertical lines observed in PB3 (Fig. 6-6.a) originate from a curtaining effect which occurs 

during FIB milling of the cross-sections used for STEM imaging. 

 

Figure 6-6:  cross-section dark-field STEM images take one the [112 ̅0] zone axis for (a) sample PB3 (60 nm 
InGaN on PB1) and (b) sample PB2 (120 nm InGaN on PS) with corresponding sample structures to the left of 

each STEM image.  STEM analysis done by Dr. Kai Sun at the University of Michigan. 

Although we believe elastic relaxation to be the dominant relaxation mechanism for 

InGaN grown on PS in this study, the STEM images shown in Fig. 6-6 also suggest some 

plastic deformation in PB2 and PB3.  The horizontal lines observed in the UID GaN layer 

between the porous layer and the InGaN layer were found to be pure edge component 

dislocations.  These horizontal features appear to be both in the MOCVD grown UID GaN 

(100 nm) and the MBE grown UID GaN (30 nm) and may have formed during InGaN growth 

to relieve strain in the UID GaN layer.  Although dislocations are not desirable for ultra-high-

quality films, particularly for optoelectronics where they can act as leakage paths and 

recombination centers, these dislocations are confined to an area far from where the active 

regions of such devices will be and will likely not be detrimental to device performance.  

The dislocation lines seen in the STEM images in Fig. 6-6 do not appear to propagate into 
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the InGaN layer.  Rather, they may be traveling along the basal plane until they terminate 

at the edge of the tile.  Note that no defect formation in the GaN layers was observed in 

previous MOCVD experiments where the In-composition did not exceed 12%, posing less 

stress on the GaN compliant layer. We believe that the defect formation in the GaN layers 

observed in this study can be prevented through further process optimization, by for 

example grading the In-composition similar to past work by Däubler and Hestroffer et al., 

[150], [188]. 

In agreement with past work demonstrated by Pasayat et al., [31], [180], [187], 

samples PB2 and PB3 show promise as a pseudo-substrate.  This work already demonstrates 

a higher corresponding 𝑥89,:;<$=.  compared with past work by MOCVD (7.6% [181] 

compared to 12%).  The spiral growth observed in Fig. 6-4 is common for MBE grown InGaN 

and although the spiral height observed in these samples is generally higher than what is 

observed for MOCVD grown InGaN, it has been shown that smoother surface morphology 

can be obtained by subsequent MOCVD regrowth [185].  V-defects, on the other hand, are 

far more difficult to eliminate by regrowth making MBE relaxed InGaN advantageous for 

pseudo-substrates.   

6.4   In-Composition Step Grade (PC & PD) 
 

 Up to this point the highest 𝑥89,:;<$=. achieved without V-defects on the surface, or 

new dislocations in the InGaN layers is 12%.  Although this is a significant improvement 

compared to past work by MOCVD it believed that a higher in-plane lattice constant can be 

achieved on PS.  Mentioned previously, InGaN composition step-grades have been utilized 
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in the past by MBE InGaN on planar GaN to achieve relaxed InGaN substrates [188].  

Although these films had a high density of dislocations it was shown that using the 

composition step-grade led to a reduction in pure edge-component dislocations compared 

to InGaN layers of a set composition [188].  This section will demonstrate a temperature-

tuned compositional step grade on PS.  The initial study presented here will demonstrate 

an evolution of relaxation and In-composition for subsequent layers grown on a two-step 

composition grade.  In the later part, a 4-step composition grade, grown without 

interruption, will be shown.   

Step-Grade with Characterization Between Steps (PC Study): 

 In the following study a two-step temperature-controlled composition grade is 

grown on PS and planar samples co-loaded in the same run.  For the first run, PC1A and PC1 

(planar and PS respectively), two InGaN layers are grown, 80 nm each, at 530 ℃ and 550 ℃ 

coorespoding to an xIn of 9% and 16% respectively and capped with 1.5 nm of GaN grown 

at 530 ℃.  Following growth, both samples were characterized by XRD.  The samples then 

underwent a solvent clean (3 min/2 min sonication in acetone/isopropal) followed by a 2 

minute HF dip and 2 minute DI dip.  The samples were then mounted and loaded back into 

the MBE buffer chamber, baked at 400 ℃ for an hour before being transferred to the main 

growth chamber.  Following 3 nm of GaN growth at 720 ℃, the growth temperature was 

lowered to 530 ℃ for 60 nm of InGaN growth and then capped with 1.5 nm of GaN.  These 

samples, named PC2A and PC2 cooresponding to growth on PC1A (planar) and PC1 (PS) 

respectively, were again characterized by XRD, cleaned using the same process described 

above, and again loaded back into the chamber and the same process used for PC2A and 
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PC2 was repeated (3 nm GaN + 60 nm InGaN at 530 ℃ + 1.5 nm GaN).  This final growth, 

labeled PC3A and PC3 (growth on PC2A and PC2 respectively) was then characterized by 

XRD and AFM.  The XRD RSM scans and the sample structure for PC(1-3)A and PC(1-3) are 

shown in Fig. 6-7 below.  In-composition and relaxation values were extracted from the top 

InGaN layer (lowest peak in the RSMs).  2x2 𝜇𝑚# AFM micrographs for PC3A and PC3 are 

shown in Fig. 6-8 below. 

  For PC1A (planar) and PC1 (PS) the extracted In-composition values were found to 

be 15.3% and 21.2% respectively; relaxation values were found to be 7.6% and 51% 

respectively giving 𝑥89,:;<$=. values of 1.2% and 10.8% respectively.  For PC2A (planar) and 

PC2 (PS) the extracted In-composition values were found to be 14.4% and 22.1% 

respectively; relaxation values were found to be 12.7% and 63% respectively giving 

𝑥89,:;<$=.  values of 1.8% and 13.8% respectively.  For PC3A (planar) and PC3 (PS) the 

extracted In-composition values were found to be 14.4% and 22.3% respectively; relaxation 

values were found to be 11.8% and 68% respectively giving 𝑥89,:;<$=. values of 1.7% and 

15.1% respectively.   

 Considering just the RSMs for the InGaN layers grown on planar GaN (PC(1-3)A), the 

higher composition top layers appear slightly more relaxed compared to the bottom higher 

composition InGaN layers.  This is what had been previously reported by Hestroffer et al., 

for InGaN composition step-grades on planar GaN [188].  The layers further from the initial 

GaN/InGaN hetero-interface will always be more relaxed compared to the film closest to 

the hetero-interface.  It can be assumed, however, that this incremental relaxation of the 
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top InGaN layers on planar GaN is facilitated by some plastic deformation.  However, this is 

not the case for the InGaN step-grade on PS.  Looking at Fig. 6-7.b, InGaN step-grade on PS 

(PC1) the initial lower In-composition layers relax fully (~100%) whereas the top (higher In-

composition) InGaN layer relaxes 51%.  For the subsequent InGaN regrowths on PS (PC2-3) 

there is an incremental increase in relaxation for the top InGaN layer, however, the lower 

InGaN layer goes past 100% relaxation becoming tensile strained to the top InGaN layers.  

It can be observed Fig. 6-7 that the initial InGaN layer in the step grade sits on the same 

horizontal reciprocal lattice position (Qx) as the top InGaN layers.  This demonstrates that 

the initial InGaN layer in the step-grade becomes a ‘secondary compliant layer’ stretching 

to conform with the top InGaN layers.  This secondary-compliant effect was also observed 

in past work by Pasayat et al., for InGaN layers of different composition grown on PS by 

MOCVD [31].   
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Figure 6-7: {𝟏$𝟏$𝟐𝟒} XRD RSM scans taken for (a) PC1A (planar) (b) PC1 (PS), (c) PC2A (planar) (d) PC2 (PS), (e) 
PC3A (planar) and (f) PC3 (PS).  RSM color scale baris shown on the far right.  Cooresponding sample 

structures are shown on the left.  Extracted relaxation and In-composition values are shown in table 6-1. 

 From the 2x2 𝜇𝑚# AFM micrographs for PC3A and PC3 shown in Fig. 6-8 below, both 

the planar and PS samples show step-flow spiral growth.  The step-terraces, however, are 

less defined than the other samples in this study which is characteristic of thick InGaN 

grown at 530 ℃.  PC3A (step-grade on planar GaN) has a high density of pin-holes on the 

surface which may be associated with dislocations generated to relieve strain.  The surface 
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RMS values extracted from the AFMs were 1.55 nm and 1.43 nm for PC3A and PC3 

respectively. 

 

Figure 6-8:  AFM micrographs for the temperature controlled In-composition step-grade on (a) PC3A (planar 
GaN), (b) PC3 (PS).  RMS vales extracted from these scans were found to be 1.55 nm and 1.43 nm for PC3A 

and PC3 respectively. 

Fig. 6-9.a and Fig. 6-9.b below shows a zoomed out (5x5 𝜇𝑚#) AFM and an SEM 

image of the tiled surface at ~5000x magnification.  From these figures there appears to be 

V-defects on the surface of the sample that were not seen in the first 2x2 𝜇𝑚# AFM scan 

shown in Fig. 6-8.b.  These V-defects can be detrimental to device performance and make 

the justification for using MBE over MOCVD moot.   
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Figure 6-9: AFM micrographs for PC3 (temp controlled In-composition step-grade on PS) showing two V-
defects in the bottom region of the image, and (b) 5000x magnification SEM image taken of the tiles 

showing multiple V-defects across multiple tiles. 

Step-Grade Grown Without Interruption (PD Study): 

It can be speculated that the formation of these defects is strictly due to strain relief 

from the thick composition step grade.  This would imply that the highest xIn,equiv. for InGaN 

on 10x10 𝜇𝑚# PS without generating V-defects is somewhere between 12% and 15% based 

on the results of PB2 and PC3.  However, going back to chapter 2, where we see V-defects 

form during homoepitaxy of N-polar GaN-on-GaN (zero lattice mismatch) the generation of 

V-defects in this case was attributed to issues with the regrowth interface.  In the case of 

PC3, there are three MBE regrowth interfaces.  Each of these regrowth interfaces could 

potentially be the culprit behind the V-defects.  This could be verified by cross-section TEM 

imaging of the tile, however, given the time and cost associsted with TEM an alternative 

method to test this theory would be to grow another step-grade without interrupting the 

growth between layers for ex-situ characterization (i.e. growing an entire step grade in one 

shot). 
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 For sample PD1A and PD1, a 4-step temperature controlled composition step grade 

was grown on planar and co-loaded PS GaN respectively.  The step-grade consisted of 50 

nm of InGaN grown at 565 ℃, 50 nm of InGaN grown at 550 ℃, 50 nm of InGaN grown at 

540 ℃, a 4 nm GaN IL grown to thermally desorb excess In, followed by two 50 nm InGaN 

layers sepperated by a 4 nm GaN IL grown at 535 ℃.  The total InGaN thickness was 250 nm 

(not including the 5 nm GaN cap and two 4 nm GaN ILs).  Using the aformentioned growth 

temperatures the corresponding In-compositions of each layer (based on the study done in 

chapter 4) starting with the bottom would be 6.2%, 11.2%, 14.5% and 16.2% (top two InGaN 

layers).   

 RSM scans for PD1A and PD1 are given in Fig. 6-10 along with the cooresponding 

structure.  For PD1A (growth on planar GaN), the top InGaN peak had an In-commposition 

and relaxation of 20.3% and 13.5% respectively resulting in an xIn,equiv. ~ 2.7%.  For PD1 

(growth on PS), the top InGaN peak had a In-commposition and relaxation of 24.8% and 

64.4% respectively resulting in an xIn,equiv. ~ 15.8%.  Just as in the case of PC3, it can be seen 

from Fig. 6-10 that the bottom, lower In-compositon, layers act as secondary compliant 

layers stretching to conform with the top (higher In-composition) InGaN layers.   
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Figure 6-10: {𝟏$𝟏$𝟐𝟒} XRD RSM scans taken for (a) PD1A (step grade on planar) (b) PD1 (step grade on PS).  
RSM color scale bar is shown on the far right. Sample structures shown on the left.  Extracted relaxation and 

In-composition values are shown in table 6-1. 

 2x2 𝜇𝑚# AFM micrographs for PD1A (step-grade on planar) and PD1 (step-grade on 

PS)  shown in Fig. 6-11 below give surface RMS values of 1.84 nm and 2.48 nm for PD1A and 

PD1 respectively.  As in the case of PA2 (225 nm InGaN on PS), PB2 (120 nm InGaN on PS) 

and PB3 (60 nm InGaN on PB1 – 120 nm net InGaN thickness with GaN IL), the spiral height 

is considerable high in PD1 (step-grade on PS) which has the highest xIn,equiv. of any other 

sample in this study.  This trend is reflected in Fig. 6-12 which shows. Surface RMS extracted 

from AFM as a function of xIn, relaxation, xIn,equiv and net InGaN thickness.  In the case of 

relaxation, xIn and xIn,equiv., there is an obvious increase in surface RMS roughness, however 

surface RMS appears less dependnt on net InGaN thickness (Fig. 6-12.c).  From this it can 

be speculated that the tall spiral height is associated with the higher In-composition, 

however this is subject to further study.  The application of these pseudo-substrates for 

optoelectronics is dependent upon the ability to grow thick InGaN layers and MQWs by 

MOCVD.  The tall spiral height resulting in surface RMS values >2 nm could impede MOCVD 
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regrowth.  Furthermore, considering the growth temperatures used by MOCVD InGaN 

(>700 ℃) the high In-compositions (>20%) of these PAMBE grown InGaN pseudo-substrates 

may result in decomposition of the PAMBE InGaN on the surface which in turn will 

negatively affect MOCVD regrowth.  This is something that must be considered for future 

work. 

 

Figure 6-11:  AFM micrographs for the temperature controlled In-composition step-grade grown in a single 
run for (a) PD1A (step-grade on planar) and (b) PD1 (step-grade on PS).  RMS values extracted from these 

scans were found to be 1.84 nm and 2.48 nm for PD1A and PD1 respectively. 

 

Figure 6-12:  Surface RMS values extracted from AFMs as a function of (a) xIn (red diamond data points) and 
relaxation (blue circle data points), (b) xIn,equiv. and (c) InGaN net thickness. 
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 Fig. 6-13 below shows a 8000x magnification SEM image of one of the tiles showing 

no V-defects on the surface.  These results make a compelling case for the previously stated 

theory in that the V-defects seen in PC3 were generated at one or more of the regrowth 

interfaces and not necessarly from dislocations created to relieve strain.   

 

Figure 6-13:  8000x magnification SEM image of a tile from sample PD1 showing no V-defects on the surface.  
SEM imaging done by Boyu Wang. 

 RT PL was carried out on PD1A and PD1 (InGaN step-grade on planar and PS 

respectively).  Fig. 6-14 below shows the RT PL scans for PD1A (step-grade on planar), PD1 

(step-grade on PS) and the GaN template peak.  Also included in Fig. 6-14 is the approximate 

location of where the yellow YL peak would be.  As in the case of PB2 and PB3, the peaks 

for PD1A and PD1 are broad compared to the GaN substrate peak.  As in the case of PB2-3, 

this broadness in the PL peaks may be attributed to an increase in In-uptake as a function 

of thickness due to relaxation of the InGaN on PS.  It is our hope that growing MQWs on 

PD1 (step-grade on PS) may result in narrower MQW emission peak.  The large intensity of 

the PD1 PL peak compared to the PD1A and the GaN template peak suggests that PD1 may 

be device quality, however further characterization needs to be performed. 
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Figure 6-14: RT PL for the PD series: 4-step composition grade on planar GaN (PD1A - shown at the dotted 
grey curve) and on PS (PD1 - shown as the solid black curve).  GaN peak from a standard MOCVD grown 

template is shown in solid blue.  The yellow arrow indicates the approximate location of where the YL defect 
peak would be.  Peak wavelegths for PD1 and PD1A are approximatly 497 nm and 482 nm respectively. 

Cross-section STEM imaging was carried out on PD1 (step-grade on PS) to see if any 

new dislocations formed in the PAMBE grown InGaN.  Fig. 6-15.a and 6-15.b below show a 

STEM bright-field (BF) cross-section image and a high angle annular dark-field (HAAFD) 

cross-section image respectively of a PD1 tile.  The HAADF image in Fig. 6-15.b clearly 

differentiates the different InGaN layers grown in PD1 and shows the same edge-

component dislocation in the UID GaN compliant layer which were observed in PB2 (120 

nm InGaN on PS) and PB3 (120 nm InGaN with GaN IL).  From Fig. 6-15.a a TD traveling from 

the substrate is seen propogating through the InGaN which is to be expected.  More 

concerning, however, is the dislocation which appears to start at the interface between the 

2nd and 3rd InGaN layers and propogates through the top two InGaN layers terminating at 

the surface.  This, unfortunatly could be detrimental to device performance in terms of 

leakage current.  
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Figure 6-15:  Cross-section STEM image taken one the [𝟏$𝟏$𝟐𝟎] zone axis for sample PD1 (4-step grade grown 
on PS).  (a) STEM Bright-field (BF) image which shows a dislocation generated in the InGaN and (b) STEM 
HAADF image which shows the different layers more clearly and also shows the pure-edge component 
dislocations in the UID GaN layer under the tiles.  STEM analysis done by Dr. Kai Sun at the University of 

Michigan. 

 To more accuratly understand the dislocation density is in PD1, plane-view STEM BF 

imaging was carried out on PD1 along with sample PB2 which has an xIn,equiv. ~ 12%.  For 

anlayzing dislocations and dislocation density, plane-view STEM is considered supperior to 

cross-section STEM.  Fig. 6-16 below shows plane-view STEM BF images taken for sample 

PB2 (120 nm In0.2Ga0.8N on PS – Fig. 6-16.a) and sample PD1 (4-step grade on PS – Fig. 6-

16.b).  From Fig. 6-16, clearly PD1 is heavily dislocated compared to PB2.   
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Figure 6-16: Plane-view STEM BF images using a ~200 nm foil thickness for (a) sample PB2 (120 nm 
In0.2Ga0.8N on PS) and (b) sample PD1 (4-step grade on PS).  From this, PD1 is highly dislocated compared to 

PB2.  STEM analysis done by Dr. Kai Sun at the University of Michigan. 
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Table 6-1: Summary of experimental results from every study in this chapter on both PS and planar GaN.  
tInGaN refers to the total InGaN thickness of the sample, including InGaN layers from previous runs as in the 

case of PB3, PC2, PC2A, PC3 and PC3A which were InGaN regrowths on previously grown InGaN layers.  PB2 
which had the highest xIn,equiv. and was free of new dislocations in the InGaN is in bold. 

sample substrate Tc tInGaN FWHM(0002),InGaN xIn R xIn,equiv. 

name 
 

(℃) (nm) (arcsec.) (%) (%) (%) 

PA1 PS 550 80 480 13.5 36.4 4.9 

PA1A planar 550 80 325 7.8 7 0.5 

PA2 PS 550 225 602 19.8 80 15.8 

IE3 planar 550 225 351 9.2 8 0.7 

PB1 PS 530 60 384 17 13 2.2 

PB1A planar 530 60 237 11.6 0 0 

PB2 PS 530 120 731 20.3 60 12 

PB3 (GaN IL) PB1 (PS) 530 120 875 18.3 50 9.1 

PC1 PS 550/530 160 573 21.2 51 10.8 

PC1A planar 550/530 160 - 15.3 7.6 1.2 

PC2 PC1 (PS) 530 220 394 22.1 63 13.8 

PC2A PC1A (planar) 530 220 559 14.4 12.7 1.8 

PC3 PC2 (PS) 530 280 591 22.3 68 15.1 

PC3A PC2A (planar) 530 280 831 14.4 11.8 1.7 

PD1 PS 550/530 250 644 24.8 64.4 15.8 

PD1A Planar 550/530 250 455 20.3 13.5 2.7 

 

6.5   16% xIn,equiv. Ceiling  
 

 Fig. 6-17 below gives a plot of xIn,equiv. as a function of InGaN thickness for every 

sample in this study.  The dotted black line in Fig. 6-17, shows an obvious saturation (or 

ceiling) in xIn,equiv. as a function of InGaN thickness.  The chief motivator behind using PAMBE 
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in lieu of MOCVD was in its ability to grow very thick InGaN layers without generating V-

defects enabling MBE InGaN to push beyond the maximum xIn,equiv. of 7.6% previously 

achieved by MOCVD [181].  Given the different growth conditions and layer architecture 

used in this study, this saturation in xIn,equiv. appears independent of growth conditions and 

layer architecture suggesting the saturation in xIn,equiv. is related to the pseudo-substrate 

itself.  Clearly from the SEM image in Fig. 6-13 there is no significant sidewall growth of 

PAMBE InGaN using the growth conditions in this study.  It is believed that to get beyond 

this ~16% xIn,equiv. ceiling some change in the structure and/or growth conditions of the 

InGaN would have to occur.  This, however, is subject to further study. 

 

Figure 6-17: xIn,equiv. as a function of InGaN thickness for growth on PS (represented as diamonds) and planar 
GaN (represented as x’s).  The black dotted line shows the overall xIn,equiv. trend of the InGaN grown on PS 

which appears to have an approximate  ceiling of  16% xIn,equiv. under the explored experimental conditions. 
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6.6   Conclusion 
 

In summary, this work demonstrates high-quality elastically relaxed PAMBE-grown 

InGaN on PS can be achieved with a surface morphology free of V-defects.  For 120 nm of 

InGaN grown directly on PS a corresponding  𝑥89,:;<$= . = 12% was achieved far exceeding 

previous work by MOCVD which reported a 𝑥89,:;<$= . = 7.6%.  STEM results confirmed that 

no dislocations were generated at the GaN/InGaN interface for samples grown on PS 

suggesting these films may be suitable for optoelectronic applications.  An 𝑥89,:;<$= . = 15.8% 

was achieved using a temperature-controlled composition step-grade with a total thickness 

of 250 nm that was also free of V-defects, however cross-section and plane-view STEM 

imaging confirmed the presence of new dislocations in the InGaN layer.  This relaxation of 

InGaN on PS is owed in-part to the compliant nature facilitated by the underlying porous 

GaN layer.  When combining all the work done in this study, an 𝑥89,:;<$= . ceiling of 

approximately 16% was observed when plotting xno,pqrst. as a function of InGaN thickness.  

It was concluded that some change in growth conditions or structure would be necessary 

to break through this ceiling.  The tall spiral height on the surface of PAMBE grown InGaN 

on PS is of concern for future regrowth of MOCVD layers and is subject to further study.  

Where past work by MOCVD grown InGaN on PS has already demonstrated the compliance 

of porous GaN, MBE offers thicker, higher In-composition InGaN without V-defects on the 

surface thus offering substrates with higher in-plane lattice constants which can be utilized 

for red and amber micro-LEDs.   
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7 Conclusion & Future Work 
 

 

 

 

 

 

 

 This work highlighted the advantages PAMBE has over more commercially 

acceptable nitride growth methods.  Where MOCVD grown N-polar GaN must be grown on 

vicinal substrates, PAMBE grown N-polar GaN can be grown on on-axis GaN substrates.  

Although initial attempts of PAMBE N-polar GaN growth on bulk GaN resulted in the 

generation of V-defects on the surface, this was easily remedied by initiating growth with a 

thin layer of AlN thereby decoupling the substrate from the PAMBE-grown epi.  

Experimental evidence suggested that these V-defects were generated at the regrowth 

interface.  For metal-polar InGaN, PAMBE enables thicker, and higher In-composition films 

compared to MOCVD without generating V-defects.  Using PAMBE grown InGaN on PS an 

in-plane lattice constant equivalent to 12% In-composition InGaN was achieved which was 

significantly higher than what had been demonstrated by MOCVD.  Using a composition 

step-grade on PS an in-plane lattice constant of 15.8% was achieved, however STEM 

imaging revealed new dislocations in the InGaN layer.  With the knowledge acquired in the 
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N-polar GaN-on-GaN study, it was discovered that having multiple growth interrupts, for 

ex-situ characterization, when growing a composition-step grade led to a resurgence of V-

defects.  Growing a composition step-grade without interrupting growth in-between layers 

for post-situ characterization suppressed V-defects.  Comparing the two studies it can be 

concluded that V-defects in PAMBE grown nitrides generate at “unclean” regrowth 

interfaces. 

7.1   PAMBE for High-Frequency Power Amplifiers 
 

 The demonstration of high-quality N-polar GaN-on-GaN by PAMBE using the AlN 

initiation layer has already been utilized by other groups for growing HEMT structures which 

show record high 2DEG channel mobility [75].  It is believed that growing on low TDD GaN 

substrates will greatly improve efficiency in mm-wave power amplifiers.  PAMBE has also 

been utilized for source-drain n+ GaN regrowth in the N-polar HEMT work done by UCSB 

which showed record high output power at 94 GHz [7].  Although the actual HEMT epi is 

grown by MOCVD, MOCVD grown source-drain contacts are not yet ideal for N-polar deep 

recess technology due to the high amount of lateral growth on the SiO2 mask sidewalls 

resulting in a build-up of GaN at the edges of the channel [189].   Therefor PAMBE may yet 

play a pivotal role in the future of mm-wave communications. 

7.2   PAMBE for Optoelectronics 
 

 Highlighted in Chapter 6, two obstacles exist for growing LED MQWs on PAMBE 

grown InGaN on PS:  The high In-compositions (>20%) needed to attain the desired in-plane 

lattice constants for red micro-LEDs will be a challenge for MOCVD regrowth.  MOCVD 
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regrowth requires growth temperatures well above the temperatures which would lead to 

thermal decomposition of the PAMBE grown high In-composition InGaN.  This would 

require significant changes in the MOCVD growth recipes.  Secondly, the tall spiral hillocks 

inherent in PAMBE grown InGaN will also be challenging for MOCVD regrowth.  Both issues, 

however, could be remedied by growing the full LED structure by PAMBE.  PAMBE, 

however, is not considered ideal for optoelectronics due to vertical leakage arising from 

metal-decorated TDs.  Despite this, some groups have successfully grown LEDs by PAMBE 

[190].  

 The saturation in xIn,equiv. at approximately 16%, which was shown in  Fig. 6-17 in 

chapter 6, is another obstacle which may need to be addressed.  Getting a higher in-plane 

lattice constant, free of new dislocations, will significantly improve LED efficiency.  

Mentioned earlier, this may be remedied by either making some novel adjustment to the 

InGaN layer structure or growth conditions.  Pasayat et al., demonstrated that the 

relaxation could be tuned by scaling the tile size [178].  Thus smaller tiles may lead to a 

higher xIn,equiv.. 

 The future of porous GaN tiles being used in micro-LED display technology will likely 

be dependent on whether it can be utilized for monolithic integration of RGB (all three 

colors on one substrate).  Although micro-LED mass-transfer technology has matured over 

the last decade, many companies are already demonstrating monolithic integration of RGB 

[191].  One such company, Plessey in Devon U.K., which claimed full RGB monolithic 

integration [192], announced in 2020 that they would be partnering with Facebook to 

develop their future AR/VR display technology [193].  Lumiode, a New York based startup 
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working in micro-LED display technology has also demonstrated monolithic integration of 

RGB [194].  The Cambridge-based startup, Porotech, claims full RGB integration on a single 

wafer using their porous GaN technology [195], however it is not known if they are utilizing 

porous GaN for relaxation.   

 

Figure 7-1:  Proposed process flow for obtaining RGB monolithic integration using a single MOCVD MQW 
growth on tiles with varying sizes. 

 Monolithic integration of RGB using porous tiles may be achieved by doing a single 

MOCVD MQW growth on a substrate with varying tile sizes (i.e. increasing the aspect ratio 

thereby increasing the free-surface to promote relaxation) such as what is illustrated in Fig. 

7-1.  Discussed earlier, Pasayat et al., demonstrated a red-shift in EL wavelength when 

decreasing the tile width from 20 𝜇𝑚  to 8 𝜇𝑚  corresponding to an EL wavelength of 

approximately 525 nm and 560 nm respectively at a current density of 10 A/cm2.  This small 

of a red-shift as a function of tile size, however, may not be sufficient to get RGB from a 

single MQW growth.  Not considering how small the red micro-LED tile would have to be, 

the width of the blue micro-LED may have to be significant which would result in a pixel 
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pitch too large for AR/VR applications.  Doing multiple growths with different MQW 

conditions may also work, however, this would require multiple lithography and MOCVD 

growth steps which greatly increase the cost of processing.  Furthermore, the MOCVD 

lateral growth rate on an SiO2 mask for multiple growth and lithography steps would pose 

a challenge to LED processing. 

 Although commercial MBE systems are still far from achieving the same throughput 

as current production MOCVD systems, there has been significant progress in production 

MBE systems.  VEECO’s Gen 2000 and the Riber MBE 6000 systems are both capable of 

running multiple 4” or 6” wafers in a single run [196], [197].  The work presented in this 

thesis highlighting the benefits of PAMBE nitride growth may engender a ramp-up in 

production MBE technology. 
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Appendices 
 

 

 

 

 

 The purpose of the following sections are for the reader to better understand the 

Varian Gen 2 PAMBE system used in this thesis.  Future growers using this system will 

benefit greatly from these appendices.  PAMBE growth does vary from system to system 

and knowing results from previously unpublished studies will greatly reduce the probability 

of re-repeating redundant experiments.  For more information pertaining to GaN growth 

rate calibrations (GRCs), Al-composition studies and C-doping studies performed with this 

system, the author suggests to review the appendix section of reference [8].  A more 

comprehensive overview of the Varian Gen 2 system used for nitride growth at UCSB can 

also be found in the thesis by B. McSkimming [198]. 

A.1:  InGaN Composition Repeatability 

 When considering changes in composition due to CPE for InGaN on PS compared to 

InGaN on planar GaN, the In-composition repeatability should be known.  Not knowing the 

run-to-run deviation in In-composition for a given system may lead to false conclusions 

regarding how relaxation affects changes in In-uptake.  12 InGaN growths on planar GaN 

were carried out over a period of 18 days.  Every growth was characterized by (0002) 𝜔 −
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2𝜃  XRD scans to obtain In-composition.  Using the plasma conditions and cell fluxes 

described in section 4.6, five growths were performed at a growth temperature of 530 ℃, 

and six growths were carried out at 550 ℃ all at different thicknesses ranging from 30 nm 

to 225 nm.  Fig. A-1.a below shows In-composition as a function of time (i.e. date of growth) 

and Fig. A-1.b gives In-composition as a function of thickness.   

 

Figure A-1: (a) Plot of In-composition over time (18 days) and (b) plot of In-compositions as a function of 
thickness.  Data in plot (a) is the same data in plot (b).  Blue circles represent samples grown at 530 ℃ and 

the red diamonds represent samples grown at 550 ℃. 

 From both plots in Fig. A-1 it can be concluded that there is no visible trend in In-

composition as a function of time or thickness.  From this data it was found the average In-

composition at a growth temperature of 530 ℃ was 16% with a +/- 2 point-% deviation, and 

at a growth temperature of 550 ℃ the average In-composition was 9% with a +/- 1.5 point-

% deviation.  Give the fluxes were constant for each growth, these deviations may be 
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attributed to incremental changes in the plasma source or possibly changes in growth 

temperature.  It should also be re-emphasized that the substrate temperature was taken 

from the car (Tc) and not from a pyrometer.   

A. 2:  Sidewall Growth on PS Using Ultra-Low Growth Temperatures 

 Early work of InGaN grown on PS was carried out at significantly lower growth 

temperatures.  In this study 200 nm of InGaN was grown on PS at a Tc of 485 ℃ (see Fig. A-

2.a).  At these low growth temperatures, cell fluxes also had to be adjusted.  A Ga-flux and 

In-flux of 1.15e-7 torr and 5.75e-7 torr were used respectively.  Just as in chapters 4 and 6, 

300 watt, 1 sccm N2 plasma conditions were used which resulted in an InGaN growth rate 

of approximately 1.9 nm/min.  While the relaxation, In-composition and xIn,equiv. extracted 

from the RSM (shown in Fig. A-2.b) was significant (92%, 28% and 26% respectively) the 

InGaN was found to be heavily dislocated as shown in the cross-section STEM image in Fig. 

A-2.c.  
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Figure A-2: (a) sample structure (b) {𝟏$𝟏$𝟐𝟒} XRD RSM plot and (c) cross-section STEM image of LT InGaN 
grown on PS.  Inset in the RSM shows relaxation, xIn, anew and xIn,equiv. extracted from the RSM.  STEM analysis 

was done by Dr. Kai Sun at the University of Michigan. 

 Although the InGaN was heavily dislocated, the AFM micrographs taken of the 

sample revealed a large amount of growth on the a-plane tile sidewall which is shown in 

Fig. A-3.a.  A 2𝑥2	𝜇𝑚# AFM was also taken of the tile (see Fig. A-3.b) which showed spiral 

growth and a surface RMS value of 2.05 nm.  Mentioned previously in chapter 4, the lower 

growth temperature facilitates enhanced lateral growth which led to suppression of V-

defects.  In this case, the a-plane side of the tile exhibited a high amount of material buildup 

at the edges in addition to sidewall growth.  This enhanced growth on the a-plane compared 

to the m-plane was also demonstrated by Pasayat et al., for coalesced AlGaN on PS grown 

by MOCVD [199].   

 

Figure A-3: (a) AFM micrograph showing significant growth on the a-plane sidewalls and (b) AFM micrograph 
of the tile surface.  Surface RMS roughness extracted from the AFM was approximately 2.05 nm. 

 Although this sample was heavily dislocated (significantly more than sample PD1) 

and is therefore unfit for device applications, the lateral sidewall growth provokes some 

interest for future work.  Suppressing the dislocations seen in Fig. A-2.c at this low of a 

growth temperature would require significant adjustments to the active N-flux and the Ga-
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flux.  Fully coalesced tiles would indeed be advantageous for making substrates for 

commercial applications.   

A. 3:  AlN Homoepitaxy Study 

 A significant amount of time and resources were spent on developing high quality 

metal-polar AlN grown on low-dislocation density AlN substrates.  Instead of growing AlN 

at GaN growth temperatures using Ga as a surfactant, such as what was demonstrate in 

chapter 2 using the AIL for N-polar growth, this study utilized high temperature AlN growth 

without any Ga-flux.  In the first study, Al-flux was varied to determine metal-rich 

conditions.  In the next part, an Al-polishing treatment was performed on the AlN substrate 

to prior to growth to further improve film quality and surface morphology. 

 

Al-Flux Study: 

Plasma conditions for this study were 300 watts, 1 sccm N2 which resulted in an AlN 

growth rate of approximately 4.8 nm/min.  In the first study, the growth temperature was 

set to 780 ℃, measured by an optical pyrometer.  Al-flux for samples AI1, AI2 and AI3 were 

1.05e-7 torr, 2e-7 torr and 4.8e-7 torr respectively.  Approximately 100 nm of AlN was 

regrown on AlN-on-SiC.  Substrates used in this initial study were MOCVD grown AlN on SiC 

provided by Chris Zollner of Prof. Steve DenBaar’s Group at UCSB.  Table A-1 below shows 

the details of each growth including (0002) XRD 𝜔 − 𝑠𝑐𝑎𝑛 FWHM (FWHM(0002),AlN ) values 

measured for each sample after growth.  Fig. A-4 below shows the 2𝑥2	𝜇𝑚#  AFM 

micrographs for AI1-3.  The FWHM(0002),AlN values for AI1-3 were found to be 444 arcseconds, 
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640 arcseconds and 380 arcseconds respectively.  The bare substrate had a FWHM(0002),AlN 

value of 244 arcseconds.  Post-growth optical microscope (OM) analysis reviled no metal 

droplets on AI1, however AI2 and AI3 did have some droplets on the surface indicating that 

AI1 was perhaps grown under slightly N-rich conditions.  The AFMs in Fig. A-4 clearly show 

tall spiral features for AI1.  AI2 had a high density of spirals, however the spiral height is 

significantly lower compared to AI1.  AI3 has more than an order of magnitude lower spiral 

density with very well defined long step terraces.  The surface morphology and small 

FWHM(0002),AlN for AI3 suggests that 4.8e-7 torr is adequate Al-flux for AlN growth at these 

temperatures.  The presence of droplets on the surface of samples AI3 and AI2 suggests Al-

flux could be reduced below 4.8e-7 torr slightly and/or growth temperature could be 

increased slightly while still maintaining good film quality and surface morphology.  

 

Table A-1:  Growth conditions and experimental results for AI1-3 

Sample  BEPAl 

(torr) 

FWHM(0002) 

(arcseconds) 

RMS 

(nm) 

Droplets 

(Y/N) 

Substrate - 244 0.239 - 

AI1 1.1e-7 444 0.670 N 

AI2 2e-7 640 0.437 Y 

AI3 4.8e-7 380 0.391 Y 
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Figure A-4: AFM micrographs taken for (a) AI1, BEPAl = 1.1e-7 torr, (b) AI2 BEPAl = 2e-7 torr and (c) AI3 BEPAl = 
2e-7 torr.  RMS values extracted from the AFMs were found to be 0.67 nm, 0.437 nm, and 0.391 nm for AI1, 

AI2 and AI3 respectively. 

Al-Polishing: 

A major issue with bare AlN surfaces is oxidation.  Chemical cleaning of AlN prior to 

growth can help, however the surface can still oxidize when loading into the MBE chamber 

before starting a growth.  K. Lee et al., demonstrated an Al-polishing step prior to AlN 

regrowth that greatly improved surface morphology and film quality [200].  In this second 

study, low dislocation (<1e5 cm-2) AlN substrates were used to demonstrate how Al-

polishing improves surface morphology.  To reduce the probability of the samples slipping 

during the high temperature growth, 500 nm of Ti by electron-beam evaporation was 

deposited on the backside of these substrates prior to growth to improve adhesion to the 

In.  Sample AI4 was transferred into the main chamber and heated up to 930 ℃ and baked 

for 10 minutes for an in-situ bake.  Following the in-situ bake, the substrate temperature 

was reduced to 900 ℃ and exposed to an Al-flux of 3.17e-7 torr for 30 second intervals and 

allowed to thermally desorb.  This was repeated 10 times.  The sample was removed from 

the chamber and characterized by AFM.  A second sample, AI5, underwent the same Al-

polishing step, however, following the Al-polishing the sample was cooled down to 800 ℃ 
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and 100 nm of AlN was grown on it using a BEPAl
 ~ 3.17e-7 torr.  The RHEED intensity profile 

for one of the Al-polishing steps is shown in Fig. A-5 which shows a clear drop in intensity 

as a function of time when the Al-shutter is open and a corresponding increase in intensity 

approximately 28 seconds after the Al-shutter was closed indicating a complete thermal 

desorb of the Al from the surface.   

 

Figure A-5:  RHEED intensity as a function of time showing one of the Al-polishing cycles.  Vertical lines 
running through the graph indicate when the Al-shutter was opened and closed. 

AFM images were taken on AI4, AI5 and the bare substrate which are all shown in 

Fig. A-6 below.  Surface RMS values extracted from the AFMs for the substrate, AI4 and AI5 

were 0.12 nm, 0.10 nm and 0.25 nm respectively.  The small features on the surface of the 

bare substrate (Fig. A-6.a) may be attributed to surface oxides and hydroxides such as what 

was observed by Lee at al., [200].  Clearly from Fig. A-6.b these features are eliminated as a 

result of the in-situ Al-polishing revealing smooth periodic step-terraces.  The surface of 
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AI5, 100 nm of PAMBE grown AlN on AlN, following in-situ Al-polishing, revealed smooth 

undulated step-flow morphology.   

 

Figure A-6: AFM micrographs taken for (a) bare low TDD bulk AlN substrate (b) AI4, substrate after in-situ 
bake and Al-polishing and (c) AI5, sample subjected to in-situ bake and Al-polishing followed by 100 nm of 

AlN growth.  Surface RMS values extracted from the AFMs for the substrate, AI4 and AI5 were 0.12 nm, 0.10 
nm and 0.25 nm respectively. 

 The results of this study show how high-temperature growth using excess Al instead 

of Ga can be utilized for high-quality AlN growth.  It was also demonstrated that performing 

an Al-polishing step at 900 ℃ can improve surface morphology by stripping the surface of 

any oxides which may accumulate while exposed to atmosphere.  These results should be 

very helpful for those who wish to grow AlN on bulk AlN by PAMBE. 

 

A. 4:  N-polar InN Growth on Vicinal GaN-on-Sapphire Templates 

 In a separate study, not previously discussed in this thesis, growth of N-polar InN on 

miscut GaN-on-sapphire substrates was explored.  The following growth of N-polar InN 

grown on a miscut GaN-on-sapphire template was carried out at a Tc of 440 ℃ using an In-

flux of 4.5e-7 torr.  Plasma conditions used were 300 watts 1 sccm N2 which resulted in an 

InN growth rate of approximately 4.1 nm/min.  Approximately 41 nm of InN was grown; 

thickness was verified by an (0002) XRD 𝜔 − 2𝜃 scan shown in Fig. A-7.b.  Fig. A-7.a shows 
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a 5𝑥5	𝜇𝑚# AFM micrograph taken of the sample after growth which had a surface RMS 

value of 2.22 nm.  An (0002) 𝜔 −scan was taken for the InN which had a FWHM of 620 

arcseconds (see Fig. A-7.c). 

 

Figure A-7: (a) AFM micrograph taken for 41 nm of InN grown on a MOCVD grown miscut GaN-on-sapphire 
template along with corresponding (b) (0002) XRD 𝝎− 𝟐𝜽 scan and (c) (0002) InN 𝝎−scan.  Surface RMS 

extracted from AFM was found to be 2.22 nm. 

 The low temperatures needed for InN growth limits how smooth the surface 

morphology can be.  Furthermore, given the InN critical thickness for relaxation is less than 

a few monolayers when grown on GaN, it can be well assumed that this 41 nm of InN is 

relaxed and heavily dislocated.  Despite this, the rocking-curve FWHM value of only 620 

arcseconds and the defined thickness fringes observed in the XRD scan indicate the film 

quality may not be unusable for device applications.  This better-than-expected film quality 

and surface morphology may be assisted by the polarity and miscut of the GaN-on-sapphire 

template.  In-incorporation is enhanced when growing N-polar InN or InGaN [43].  Also, the 

short terrace lengths and periodic steps which are present in miscut templates may lead to 

improved surface morphology such as what is seen in Fig. A-7.a.  The author hopes this work 

will help those who wish to grow pure InN by PAMBE for device applications.   

A. 5:  Mg doping Using Titan Valved Effusion Cell 
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 The Nitride Gen 2 system at UCSB is equipped with a Titan Valved effusion cell for 

Mg-doping.  A significant amount of time was devoted to calibrating this Mg source.  Using 

this cell, Mg-doping can be controlled via cell temperature and valve position.  The cell 

contains two heaters (base and tip).  To avoid a buildup of material on the valve tip, the tip 

heater should always be 100+ ℃ warmer than the base temperature.   

 Fig. A-8 below shows a GaN:Mg SIMS stack that was grown at 650 ℃ (measured by 

pyrometer) using 300 watts plasma power and 0.5 sccm N2 which resulted in a GaN growth 

rate of approximately 3.5 nm/min.  A Ga-flux of approximately 3.8e-7 torr was used for this 

growth.  All samples in this study were grown on Ga-polar MOCVD grown GaN-on-sapphire 

templates.  These growth conditions were used for virtually all GaN:Mg doping studies.  For 

the growth in Fig. A-8 the cell tip temperature was set to 565 ℃ and the base temperature 

was floating at 400 ℃.  The valve position was varied from 10 mm to 200 mm.  Fig. A-9 

shows Mg-concentration as a function of valve position extracted from SIMS for different 

cell temperatures.  It should be noted that some of these runs have a cell/base temperature 

difference that is less than 100 ℃.		Mentioned previously, this is not advisable and is no 

longer practiced.  Clearly from figure A-9 Mg-concentration increases linearly as a function 

of valve position followed by saturation.   

To verify actual hole concentration, 600 nm of GaN:Si at a Mg-concentration of 3e19 

cm-3 was grown on a Ga-polar semi-insulating GaN-on-sapphire template and measured by 

4-point Van-Der-Pauw Hall.  From Hall, sheet resistance, hole concentration and hole 

mobility were found to be 15.3 𝑘Ω/sqr., 8.67e17 cm-3 and 7.5 cm2 V-1s-1 respectively.  
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Figure A-8: SIMS profile showing Mg-concentration as a function of depth from the growth which 
corresponds to the structure on the right-hand side of the plot. 

 

 

Figure A-9: Mg-concentration as a function of cell valve position for four growths performed at different 
base/tip temperatures using the growth conditions stated above. Base/tip temperatures are shown on the 

legend to the right of the plot. 

 As can be seen from Fig. A-9, the highest doping levels achieved were approximately 

3e19 cm-3.  Instead of going to higher cell temperatures which ran the risk of the Mg charge 

in the cell melting and falling out of the cell (this Mg cell is downward facing), an alternative 

method to achieve high Mg-doping was pursued.  Metal-modulated-epitaxy (MME), 
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mentioned in chapter 4, can be used to achieve ultra-high Mg-doping by growing in a 

pseudo-N-rich growth regime which enhances Mg-incorporation [201].  In the following 

study, using the same growth conditions stated above except for N2 flow being set to 1 sccm 

instead of 0.5 sccm, approximately 90 nm of GaN:Mg was grown on a GaN-on-sapphire 

template using MME.  The Mg cell temp base/tip temperatures were set to 450/600 ℃ and 

the cell valve was set to 200 mm giving a Mg-flux of approximately 4.2e-8 torr.  For this 

growth the N-shutter was kept open throughout the whole growth, however the Ga shutter 

was kept open only for the first 1 minute of growth, closed for 30 seconds to desorb excess 

Ga, followed by opening the Mg shutter for 5 seconds.  Then the Mg-shutter was closed, 

the Ga-shutter opened and the cycle repeated.  15 cycles were performed at an average 

growth rate of 5.7 nm/cycle.  This shutter cycle is shown in Fig. A-10.c.  The SIMS results, 

RHEED intensity profile and shutter cycle are shown in Fig. A-10.a-c respectively.   

 

Figure A-10: (a) SIMS profile of an MME layer showing Mg, Si, O, and C concentrations, (b) RHEED profile 
showing one MME cycle and (c) cell shutter table for one MME cycle 
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 The RHEED intensity profile shown in Fig. A-10.b shows a drop in intensity during 

the GaN growth (as would be expected from the Ga-adlayer).  After the Ga shutter is closed 

at 1 minute the intensity stays low for approximately 15 seconds and then rapidly spikes up 

to saturation indicating desorption of Ga.  A higher spike is seen when the Mg shutter is 

opened for 5 seconds and drops when the Mg shutter is closed and the Ga shutter is 

opened.  It is believed that the RHEED intensity spike during the time when Mg shutter is 

opened is due to heat coming from the Mg cell however this is not for certain and subject 

to further investigation.  The MME Mg-doped layer shown in the SIMS profile in Fig. A-10.a 

shows the Mg concentration jumps up to approximately 3e20 cm-3 and then falls to 

approximately 1.5e20 cm-3 after about 90 nm of growth.  The cause of this drop in 

concentration is unknown, however since this high of doping would only be utilized for thin 

contact layers (<50nm) it is not a major concern.  A major concern however is the high O 

concentration in the MME layer.  At the lower growth temperature used for GaN:Mg growth 

(~650 ℃) there will always be slightly higher O-concentration, however this is usually <1e18 

cm-3.  It is believed that the high O-concentration in the MME layer comes from the time 

that the Ga-adlayer evaporated and the surface is exposed.  This may be remedied by 

adjusting the time at which the Mg-shutter is opened to coincide at the precise time at 

which the Ga-adlayer is completely desorbed.  This however would require significant 

optimization or building a program to detect the peak in intensity when the Ga-adlayer is 

desorbed.  This problem will be left for future growers to solve. 
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