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SUMMARY 
 

The wide-bandgap material GaN (Eg = 3.4 eV) continues to mature due to its 

achievements in high-power electronic and optoelectronic devices. The fully vertical GaN 

high-power devices show high performance but are very expensive. Quasi-vertical GaN 

devices are cost-effective but lack high performance due to low quality films. Improvement 

in the performance of quasi-vertical devices would make this technology suitable for high 

volume production. Although the market of GaN based devices is still growing, 

significantly higher performance parameters can potentially be achieved with the 

ultrawide-bandgap semiconductor material AlN with the bandgap as high as 6.1 eV. The 

only limitation to AlN-based devices so far was doping. The improved growth kinetics of 

metal modulated epitaxy (MME) are applied to achieve high performance quasi-vertical 

GaN power electronics. Furthermore, for the first time in more than 8 decades of AlN 

research, substantial bulk conduction, both p-type and n-type, was achieved in MME AlN 

and the first known p-n junction AlN diodes was demonstrated to extend the high-power 

performance of nitride technology. 

MME is a modified molecular beam epitaxy (MBE) growth technique which 

utilizes three growth parameters, i.e., growth temperature, III/V ratio and excess Ga-dose 

per shutter cycle as compared to two growth parameters (growth temperature and excess 

Ga-dose) in the conventional MBE. MME has shown great achievements in the field of III-

nitrides and has demonstrated hyperdoping (hole concentrations 40 times higher than other 

techniques), the ability to control phase separation in ternary III-nitride alloys, growth rates 

up to ~10 µm/hr, and excellent uniformity and thickness control. While MME is capable 

of superb crystal quality, its optimized growth conditions are different than the traditional 
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MBE and performing MME in improper growth regimes can result in defective materials. 

An extensive study is required to explore the 3D phase diagram of MME to find the 

optimized morphological, electrical, structural, and optical growth conditions for various 

device applications. Furthermore, MME has the potential to grow thick abrupt Beryllium 

step-doped semi-insulating buffer films and I-layers for high power device applications. 

Moreover, the improved growth kinetics of MME are extended to achieve conductive AlN 

films showing great promise for AlN-based device applications that could potentially 

revolutionize deep ultraviolet light based viral and bacterial sterilization, polymer curing, 

high-temperature, high-voltage and high-power electronics among many societal impacts. 

Also, MME mixed AlN/GaN and AlN homojunction devices are demonstrated to achieve 

low turn-on voltage and higher breakdown performance simultaneously. 

The purpose of this research is to design, simulate, grow, and fabricate MME III-

nitride high-power electronic devices with huge potential for future high-temperature 

electronics, high-voltage/power/temperature transistors, and DUV photodetectors and light 

sources. 
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CHAPTER 1:   INTRODUCTION 

The III-nitrides semiconductors have direct tunable bandgaps ranging from 0.7 eV[1] for 

Indium Nitride (InN) through 3.4 eV[2] for Gallium Nitride (GaN) to 6.1 eV[3] for Aluminum 

Nitride (AlN). This wide range of coverage has enabled III-nitrides to achieve light emitting diodes 

(LEDs)[4]–[6], solar cells[7]–[9], laser diodes (LDs)[10]–[15], photodetectors (PDs)[16], [17], 

Schottky diodes[18]–[21], and high electron mobility transistors (HEMTs) [22], [23]. GaN is the 

most studied III-nitride material and is suitable to radio frequency (RF) and high power electronic 

devices due to its wide direct bandgap, low dielectric constant, high melting point, high mechanical 

strength, high temperature stability, high electron mobility, high breakdown electric field, high 

thermal conductivity, and high drift velocity [24]–[27]. Crystalline forms of GaN exist in cubic 

(zinc blende) and hexagonal (wurtzite) form, however wurtzite GaN is chemically more stable. 

The material properties of GaN depend on the underlying substrate. Heteroepitaxial techniques are 

used for the growth of GaN films, however it may result in threading dislocations (TDs), inversion 

domain boundaries, stacking faults, and cracks [28]–[31]. The TDs deteriorate device performance 

by reducing minority carrier diffusion lengths and increasing surface recombination velocity. GaN 

has a high absorption coefficient. High minority carrier diffusion lengths and low surface 

recombination velocity is desired in order to achieve high sensitivity for solar cells and PDs, as 

carriers are generated close to the films surface and recombine [32]. However, TDs would reduce 

their performance. Therefore, it is desired to grow GaN films on lattice and thermal matched 

substrates to achieve low threading dislocation densities (TDDs). The important factors to consider 

for heteroepitaxy of GaN on foreign substrates are lattice mismatch, thermal mismatch, thermal, 

chemical and mechanical stability, cost, availability, and size, thermal conductivity, and high 

substrate refractive index to avoid absorption of light from the grown films. However, lattice 
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mismatch and thermal expansion coefficient (TEC) mismatch is the primary criteria for selection 

of substrate for GaN epitaxial growth. Promising substrates for GaN growth are Silicon Carbide 

(SiC)[33]–[35], Sapphire (Al2O3)[36]–[38], and Silicon (Si) [39]–[41]. SiC is a better candidate 

for GaN homoepitaxy due to its low lattice mismatch of ~3.1% leading to smaller TDDs in the 

range 108 to 109 cm-2. Also, SiC has high thermal conductivity (3.8 W/(cm-K)) so that electrical 

contacts can be placed on the backside of the GaN/SiC structure. However, SiC is very expensive. 

Si substrates have low cost and established manufacturing capacity. But the high lattice mismatch 

between GaN and Si (~17%) results in high TDDs. Furthermore, growth of GaN on Si under N-

rich conditions results in SiN nucleation, and the AlN intermediate layers for GaN/Si growth are 

highly defective due to complex eutectic formation. The lattice mismatch between GaN and Al2O3 

is ~15% resulting in TDDs in the film of the order of mid 108 to 1010 cm-2 [42]. These defects 

reduce thermal conductivity, carrier mobility and lifetime. Sapphire is electrically insulating so 

only lateral and quasi-vertical GaN devices are possible on it. However, sapphire is still the most 

commonly used substrate for heteroepitaxy of GaN because of its availability, low cost and 

hexagonal nature. The GaN/sapphire growth can be improved by substrate surface preparation, 

nitridation, and thin intermediate AlN buffer layer.  

The growth techniques used to develop freestanding GaN substrates for homoepitaxial 

growth include high nitrogen pressure solution (HNPS)[43], [44], Na-flux[45]–[50], 

ammonothermal method[51]–[53], and hydride vapor-phase epitaxy [54]–[56]. The HNPS 

(growth rate=1-3 µm/hr) and Na-flux (growth rate=10-40 µm/hr) methods use the direct reaction 

between Ga and N to develop GaN with corresponding dislocation densities of 102 and 102-104 

cm-2, respectively [57], [58]. It is necessary to enhance N-solubility for both methods to realize 

GaN crystals. HNPS benefits from high temperature and pressure conditions while Na-flux method 
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involves the addition of Na into Ga-melt to achieve high N-solubility. However, the HNPS method 

has very slow growth rates, and the Na-flux method results in low purity material. The 

ammonothermal (growth rate=1-30 µm/hr) is a low temperature, high pressure growth method 

which involves the reaction of ammonia (NH3) solvent and KNH4/NH4Cl mineralizer to grow GaN 

crystals with TDDs of 103 cm-2 [59]. However, this method also results in low purity material. The 

HVPE growth method has the advantage of high growth rates (100-200 µm/hr) and high purity but 

it results in high TDDs (104-106 cm-2) and dopant control in this Cl environment is challenging. It 

involves the reaction between NH3 as a source of nitrogen and gallium chloride (GaCl) as a source 

of Ga. Homoepitaxial GaN films are commonly grown on bulk HVPE GaN templates for devices.  

Several epitaxial growth methods exist for GaN films. The choice of growth technique 

mainly depends on crystallinity and thickness requirements. The two commonly used GaN 

epitaxial growth techniques are metalorganic chemical vapor deposition (MOCVD) and molecular 

beam epitaxy (MBE). MOCVD is a thermally driven chemical reactions-based low-pressure 

growth technique with growth temperature for GaN ~1050°C. It utilizes nitrogen/hydrogen as a 

carrier gas, trimethylgallium (TMG) or triethylgallium gallium (TEG) as a Ga-precursor, and NH3 

as a nitrogen source. MOCVD can achieve growth rates of up to ~5 µm/hr and is generally suitable 

for mass level production. On the contrary, MBE is a kinetically driven growth technique which 

involves the direct deposition of a beam of Ga-atoms and active nitrogen in ultra-high vacuum 

(UHV) at a processed and heated substrate to form atomically clean GaN crystalline layers. The 

active nitrogen in MBE can either be supplied by cracking NH3 at high temperature or by radio 

frequency activated nitrogen plasma [60], [61]. MBE has the advantage of low thermal stresses, 

precise thickness control, high crystallinity, ultimate purity from the vacuum environment and 

reduced decomposition due to growth at low substrate temperatures. MBE is particularly useful 
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for the growth of indium gallium nitride (InGaN) as the decomposition temperature of InN is very 

low (~630°C) [62]. Typical growth rates for MBE are less than 1 µm/hr, often 0.1-0.3 µm/hr. 

However, metal modulated epitaxy (MME), which is a modified MBE technique, has shown 

growth rates as high as ~10 µm/hr [63]. MME is a shuttered growth technique which involves the 

modulation of metal sources per cycle while keeping the nitrogen flux constant throughout the 

growth [64], [65]. MME achieves increased adatom mobility by growing in the metal-rich regime 

when the shutter is open and consumption of the excess metal accumulated during the shutter open 

fraction of the cycle by active nitrogen when the shutter is closed. MME is a low temperature 

technique and has successfully achieved high alloy control, high adatom mobility, hyper p-type 

doping of GaN, and high quality nitride films with uniform reproducibility [65]–[71].  

MBE and MOCVD are common techniques for the growth of epitaxial films and HVPE is 

good at growing thicker films are faster rates with low TDDs. However, the conductivity control 

of GaN is a challenging task due to native defects for example N-vacancy[72]–[75], and surface 

contaminants such as Si[76], C[77], H[78], and O [79], [80]. It is stated that N-vacancy (donor) 

has the lowest formation energy in p-GaN, and Ga-vacancy (acceptor) in n-GaN [81]. Oxygen has 

been identified as an unintentional donor in GaN [82]. O has similar size but one more electron to 

nitrogen and readily substitutes the N-atom [83]. O has a low activation energy of ~33 meV in 

GaN and is responsible as a partial source of unintentional n-type conductivity of GaN [84]. 

Furthermore, substrates absorb contaminants by exposure to the atmosphere or residual gases in 

vacuum. MBE and metal organic vapor phase epitaxy (MOVPE) unintentionally doped (UID) GaN 

grown on HVPE substrates showed surface diffusion of a few hundreds of nanometers of O, Si, C, 

and H in the epitaxially grown films [78]. Surface contaminants can be partially ex situ chemically 

cleaned but there still remains a high concentration at the regrowth interface. A combination of ex 
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situ wet chemical clean and Ga-flashing (cycles of Ga-adsorption at low substrate temperatures 

and desorption at high substrate temperatures) used to grow GaN films on HVPE GaN templates 

in various MBE chambers showed further reduction of contaminants at the regrowth interface [85]. 

Even more reduction of oxygen and TDDs was observed by using an ultrathin AlN layer in 

combination with Ga-flashing for the growth of MBE GaN films [86]. Ga-flashing has successfully 

shown a reduction of the oxygen levels at regrowth interfaces [87]–[89]. A higher number of Ga-

flashing cycles would result in cleaner substrates. Reflection high energy electron diffraction 

(RHEED) can be used for in situ monitoring of the Ga-flashing process whereby transient intensity 

increase per cycle can be attributed to cleaner regrowth interfaces.  

Traditional MBE operates in a 2D phase diagram (growth temperature and Ga/N ratio) to 

control the material quality of GaN films. Unlike MME, it operates in continuous growth without 

interruptions whereby the surface kinetics operate in a steady-state condition. Material properties 

of the traditional MBE films have been reported to transition abruptly with variations in Ga/N ratio 

from low to high [90]–[92]. UID GaN films grown under Ga-rich conditions show streaky RHEED 

patterns and smooth surface morphology due to long Ga-surface diffusion, and high conductivity 

[93]. N-rich films have spotty RHEED patterns and rough surface morphology due to low adatom 

diffusion lengths, and are highly resistive. The surface diffusion lengths of adatoms in GaN films 

can be improved by an order of magnitude by terminating the films in a monolayer or bilayer of 

Ga in conventional MBE [94] but maintaining this delicate 2 monolayer balance is challenging as 

it varies dramatically with surface temperature and time. The diffusivity of Ga-adatoms was also 

reported to increase with increase in growth temperature and increased metal coverage [95]. The 

reverse bias leakage currents in the GaN films have been reported to depend on Ga/N ratio and 

TDs type [96]. Inferior electrical properties were observed with an increase in Ga/N ratio in the 
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Ga-rich regime due to metal nanodroplet formation [97]. Therefore, an optimal Ga-atom coverage 

is desired. Traditional MBE can target this optimal coverage only in small regions on the wafer by 

exhausting growth temperature calibration. The MME technique can better control the metal 

coverage in the growth of UID GaN films by optimizing the metal coverage through precise control 

of the excess Ga-dose per shutter cycle, in addition to growth temperature and Ga/N ratio. One 

key to the uniformity of MME that allows wafer scale Ga adatom uniformity is its low growth 

temperature that prevents desorption, an exponentially activated thermal process. 

Optoelectronic and photonic devices require pn-junctions. Si and Ge are the most suitable 

dopants for n-GaN, while Mg is a common p-type in GaN. Both Si and Ge are shallow donors in 

GaN with activation energies of 17 and 19 meV, respectively, for n~3x1017 cm-3 [98]. The covalent 

radii of Si and Ge are similar to Ga with discrepancies of 0.15 Å and 0.04 Å, respectively. This 

results in metal-nitrogen bond-length changes of 5.5 % for Si replacing Ga, and 1.4 % for Ge 

replacing Ga [99]. However, the doping of Si in GaN contributes to increases in edge type TDs 

resulting in tensile stress [100]–[102]. MOCVD GaN:Si is limited to mid 1019 cm-3 range due to 

morphological degradation and films cracking upon cooling [103]. MME has shown GaN:Si of 

2.5x 1020 cm-3 at Si cell temperatures of ~1200 °C and growth rate of ~ 1 µm/hr [104]. MME has 

the capability to achieve growth rates of up to 10 µm/hr, however, in order to achieve this, the Si 

cell temperatures have to be increased to even higher temperatures, which would limit the lifetime 

and quality of effusion cell crucibles. Compared to Si, Ge is closer in size to Ga and induces less 

strain in the GaN crystal. Furthermore, Ge can be operated at ~200 °C lower temperatures as 

compared to Si for the same doping levels. GaN:Ge result in doping of mid to high 1020 cm-3 

[105]–[107]. Furthermore, GaN:Ge secondary ion mass spectroscopy (SIMS) and Hall 

concentrations have linear correlation [108].  
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Contrary to n-type doping, p-type doping of GaN is more challenging due to the inherent 

n-type nature of UID GaN. Low p-type doping contributes high resistance while high p-GaN films 

are desired for optoelectronic devices. Mg and Zinc are potential candidates with for p-GaN with 

activation energies of 170 meV[109] and 330 meV[110], respectively. Other impurities such as 

Be, C and Ca investigated for p-GaN did not result in p-type success. Mg doping of GaN has its 

own limitations. It requires high activation energy and suffers from compensation by point defects 

such N-vacancy, background oxygen concentration, and Mg self-compensation (double donors). 

Furthermore, Mg has a tendency to segregate to the surface and accumulate due to its low sticking 

coefficient[111] and low solubility in GaN [112]. Due to the low solubility of Mg in GaN, high 

Mg concentrations need to be introduced, however, it can result in structural degradation such as 

inversion domains or complete inversion of polarity [113]–[116]. Mg-H complexes in MOCVD 

GaN:Mg can self-compensate holes and requires annealing to diffuse H and activate Mg [117]. 

Conventional MBE also operates at relatively higher substrate temperatures which limits the 

incorporation of Mg. Conventional effusion cells in MBE suffer from huge flux fluctuations and 

slow response times due to high vapor pressure of Mg at low temperatures. A valved Mg source 

can provide excellent stability and control of the Mg fluxes. The cracker tip controls the 

evaporation flux while the cracker valve controls its output beam [118]. Due to its low temperature 

operation and shuttered control, MME has successfully shown hyper Mg doping of GaN in excess 

of 1x1020 cm-3 on AlN buffer layers on MOCVD templates [66]. The AlN buffer layer is 

incorporated in the structure to bury surface contaminants for Hall measurements. However, the 

heteroepitaxial growth of GaN:Mg on AlN buffer layers is undesired as it would introduce 2D hole 

gas (2DHG) at the GaN:Mg/AlN interface and 2D electron gas (2DEG) at the AlN/GaN template 

interface due to heteroepitaxially induced polarizations. The heterostructure would cause growth 
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interruptions and defects due to lattice mismatch. A homoepitaxial semi-insulating film is highly 

desired for Hall measurements of the GaN:Mg films and for device applications to reduce extra 

processing steps along with improved films quality.  

Semi-insulating GaN films with abrupt dopant-profiles are very promising to the breakdown 

voltage performance of high-power electronic devices. Conducting buffer layers grown by both 

MBE and MOCVD have shown reduced device isolation and poor pinch-off characteristics. Fe is 

a good insulating dopant in both MOCVD and HVPE [119], [120]. However, if used in MBE, it 

may result in contamination of the chamber. It also requires a high temperature source in MBE 

which would limit the effusion cell lifetime. C doped GaN have shown highly resistive nature in 

MBE but it requires high temperature or gaseous sources which are not compatible with other 

sources such as p-type dopants [121], [122]. Be is a promising semi-insulating dopant candidate 

in GaN but Be metalorganic sources (Cp2Be) in MOCVD have very high toxicity. However, solid 

Be source was reported and now commonly used as a p-type dopant in InP due to its ease of use 

and safety [123]. MBE grown GaN:Be films have been reported as semi-insulating [124], [125]. 

The theoretical activation energy of Be in GaN is 60 meV making it a much shallower dopant in 

GaN films as compared to Mg (140-220 meV) [126]. However, Be has a low solubility limit and 

showed self-compensation [127]. Recent experimental studies have shown Be as a deep acceptor 

in GaN [128]–[130]. Due to these properties, MBE grown GaN:Be films were reported to be semi-

insulating in nature and have been used as buffer layers in HEMTs to reduce leakage currents 

[131], [132]. Be concentration in GaN does not significantly vary with change in Ga/N ratio, or 

polarity, or growth in Ga/nitrogen rich regime [133]. However, previous studies showed surface 

segregation and accumulation of Be in the GaN films [134], [135]. These non-abrupt Be dopant 

profiles would reduce the performance of these devices. MME achieves controlled dopant-profiles 
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due to its low temperature operation and shuttered control which makes it an excellent candidate 

for abrupt step-doped and controlled Be profiles insulating GaN:Be buffer films.  

PIN structures are very important components of high-power devices. PIN diodes can 

withstand very high reverse biased voltages and are used in high voltage rectifiers, PDs, 

photovoltaic cells, radio frequency switches, DC to DC convertors and attenuators. The theoretical 

value of critical electric field (Ec) for GaN is 3.3 MV/cm [136]. The high GaN Ec makes it suitable 

for high power applications. Due to high background residual doping and TDDs, the breakdown 

electric field observed in GaN devices is practically less than 1.9 MV/cm which is less than the 

theoretical value. However, recent developments have shown low TDDs bulk GaN substrates 

suitable to achieve high-power vertical homoepitaxial diodes. MOCVD grown vertical GaN PIN 

diodes with breakdown voltages (VBr) of 1.27[137], 3.7[138], and 4 kV[139] have been reported. 

A recent work reported MOCVD grown vertical GaN PIN diode with VBr of 4.9 kV with high 

avalanche capability [140]. Similarly, MOVPE grown vertical GaN PIN diodes with avalanche 

VBr of 1.7 kV[141], 3.9[142] and 4.7 kV[143]. Heteroepitaxial vertical GaN PIN diodes provide a 

low-cost high-power alternative to heteroepitaxial devices. MOCVD grown heteroepitaxial GaN 

on sapphire PIN diodes with VBr of 1.1 kV[144] and 730 V[145] were reported. Similarly, MOVPE 

grown GaN on sapphire PIN diode with VBr of 115 V[146] was reported. Furthermore, MOCVD 

grown GaN on Si vertical PIN diodes with VBr of 300[147], 350[148], and 500 V[149] were 

reported. Be doped isolation rings in MOVPE grown PIN PDs were shown to reduce lateral 

leakage currents and improve responsivity [150]. MME has recently shown high growth rates[105] 

necessary for thick devices and hyper p-type doping[66] useful for improved hole injection, which 

makes it attractive for GaN PIN junction diodes. MOCVD growth of GaN:Mg suffers from 

hydrogen passivation[151] and requires activation annealing but more importantly the H limits the 
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ultimate solubility of Mg in the films. MME growth of GaN:Mg results in sharp dopant profiles 

and does not require activation due to low hydrogen environment. However, TDDs have to be 

reduced in GaN PIN diodes grown by MBE as they would lead to increased leakage current paths 

resulting in low VBr and increased dark currents [152]–[155]. An MBE regrown GaN:Mg on 

MOCVD grown n-GaN was demonstrated to achieve a VBr of 1.1 kV vertical GaN PIN diode 

[156]. Full MBE grown GaN pn diodes have also been achieved. A vertical MBE GaN PIN diode 

on Ga-polar GaN bulk substrate reported VBr of 94V, EBr of 3.1 MV/cm, and on resistance of 0.23 

mΩ-cm2 [157]. Another study showed vertical MBE GaN PIN diode on N-polar GaN bulk 

substrate and reported VBr of 76 V, EBr of 2.2 MV/cm, and on-resistance of ~0.1 mΩ-cm2 [158]. 

Similarly, MBE grown GaN PIN structures on Si substrates have been studied with preliminary 

results [159], [160].  

As compared to GaN, significantly higher performance parameters can potentially be 

achieved with the ultrawide-bandgap semiconductor material AlN has the best or second-best 

material properties in terms of energy bandgap (6.1 eV), saturation velocity (1.3×107 cm/sec), 

critical electrical field (15.4 MV at n-type doping of 1016 cm-3), thermal conductivity (319 W/m-

K), and JFOM (31.9 THzV) [161]. The only limitation in the development of AlN based devices 

is its doping. Marginal advances have been made in n-type doping of AlN but no more than 1015 

cm-3 bulk electron concentrations have been achieved to date [162], [163] with some recent success 

in ion implantation [164]. However, p-type doping of AlN is still a major challenge. Due to its 

improved growth kinetics, MME has the potential to grow conductive p-type AlN films. 

MME has a huge potential for high power III-nitride devices due to its hyper p- and n-type 

doping, abrupt semi-insulating buffer films, low temperature operation, low particle environment 

and high growth rates making it suitable for both research and commercial applicability.  
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1.1   P-type doping of III-nitrides 
 

The III-nitrides are direct energy bandgap materials tunable from 0.65 eV[1] for InN 

through 3.4 eV[2] for GaN to 6.2 eV[3] for AlN. In particular, GaN is the most extensively studied 

III-nitride material due to its wide energy bandgap, high chemical, mechanical and thermal 

strength, high thermal conductivity, high electron mobility, high breakdown field, and high drift 

velocity. Ternary alloys of GaN with InN and AlN ideally covers the entire III-nitride energy 

bandgap range.  

The III-nitride materials are used in a variety of device applications such as light emitting 

diodes (LEDs)[4]–[6], laser diodes (LDs)[10]–[15], solar cells[7]–[9], high electron mobility 

transistors (HEMTs)[22], [23], photodetectors (PDs)[16], [17], and Schottky diodes [19]–[21], 

[165]. The significant progress in these device applications was made possible due to 

developments in achieving efficient activation of n- and p-type dopants. GaN is a mature 

semiconductor with both types of doping comprehensively studied. It is relatively easy to achieve 

n-GaN. Si and Ge are the most commonly employed dopants for achieving n-type GaN. Si and Ge 

are shallow donors in GaN with activation energies of 17 and 19 meV (at doping levels of ~3x1017 

cm-3), respectively. However, p-type doping of GaN is more challenging, primarily due to the 

inherent n-type nature of unintentionally doped (UID) GaN due to diffusion of contaminants (such 

as oxygen) from regrowth interfaces (up to ~300 nm into the regrown films)[166] and donor-like 

nitrogen vacancies, but, also because of the unavailability of shallow acceptors in GaN.  

Recent developments have shown significant improvement in achieving hyper p-type 

doped GaN[66], providing a means to achieve low ohmic contacts and high injection currents in 

electronic devices. However, these materials still have relatively high resistivity due to the 
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transport being partially in the impurity band not merely in the valence band which makes it 

difficult to achieve high conductivity p-type films. Significant efforts have also been made in order 

to achieve higher p-type doping in the extended compositional range of InGaN and AlGaN. This 

would allow the application of III-nitrides in longer and shorter wavelengths for high power 

devices and optoelectronics. However, p-InGaN and p-AlGaN have their challenges. P-type 

doping of higher Al-content AlGaN is difficult as activation energy of dopants increase with 

energy bandgap. Furthermore, InN materials are inherently degenerately n-type doped. So, 

achieving even low level of activated hole concentrations in low In-content InGaN is difficult due 

to compensation. 

Achieving good p-type doping was a key challenge in the initial development of III-

nitrides. GaN and InN are inherently n-type and for a long time were difficult to p-type dope. For 

AlN, neither doping worked for a while. Scientists were unable to achieve p-type doping for many 

years until it was discovered that hydrogen passivation from MOCVD carrier gas and cracking of 

metalorganic precursors in MOVPE reactor resulted in poor Mg doping of GaN [167]. The Mg- 

ion efficiently combines with the H+ ion to form a stable neutral MgH pair that deactivates the 

acceptor. The dissolution of Mg-H bonds to release hydrogen by low energy electron beam 

irradiation (LEEBI) [167] and thermal annealing[168] opened a new era in the development of III-

nitride devices.  

Significant achievements have been made to obtain high p-type doped nitride films and 

further research is in progress. In this chapter, we discuss the theory, challenges and achievements 

in p-type doping of III-nitrides by various growth techniques and dopant materials.  
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1.1.1   Unintentional Background Doping 

The purpose of p-type doping is to increase the conductivity of the films by activating free 

holes in the material. Nevertheless, III-nitride materials, such as GaN and InN, are inherently n-

type by nature [79]. MBE and MOCVD are promising growth techniques for p-type doping of 

nitrides. Nevertheless, the conductivity control in these materials is a challenging task due to native 

defects such as nitrogen vacancy[74], [169]–[171], and surface contaminants, for example, oxygen 

(O)[79], [80], carbon (C)[77], hydrogen (H)[78], and silicon (Si) [76]. The N-vacancy has the 

lowest formation energy in p-GaN and acts as a donor [172]. Oxygen has one more electron but 

similar size to nitrogen and is responsible for partial n-type conductivity of GaN by substituting 

for the nitrogen atom resulting in a donor with an activation energy of ~33 meV [76], [173], [174].  

For a long time, nitrogen vacancy was considered to be the only source of n-type 

conductivity in GaN. Nitrogen vacancy acts as a single donor and compensates p-type GaN. Van 

de Walle et al. developed a formalism to use the total energy of defects in order to calculate its 

concentration under thermodynamic equilibrium [79]. In thermodynamic equilibrium, the 

concentration of a defect or impurity is given by Equation 1. 

𝑐 = 𝑁𝑠𝑖𝑡𝑒𝑠 𝑁𝑐𝑜𝑛𝑓𝑖𝑔 𝑒
−(

𝐸𝑓

𝑘𝑇
)
      (1) 

In Equation 1, Nsites is the number of sites available to incorporate defects or impurities, 

Nconfig is the number of possible equivalent configurations in which impurities/defects can be 

incorporated, Ef is the formation energy and represents the energy expressing how likely the 

formation of the defect/impurity energy is, k and T  are the Boltzmann’s constant and temperature, 

respectively. It is observed that nitrogen vacancies have high formation energies in GaN and 

cannot occur in significant concentrations in thermodynamic equilibrium. Neither plasma assisted 

MBE, ammonia MBE nor even MOCVD occur in thermodynamic equilibrium making this 
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conclusion useful as a guide but not universally applicable. It is especially noted that when growth 

proceeds as in MBE under excess metal coverage, N-vacancies are prominent [175]. Nevertheless, 

O and Si have relatively lower formation energies in GaN as compared to nitrogen vacancies and 

are readily incorporated in GaN by forming shallow donors. 

Detailed experiments have shown that concentrations of contaminants, in particular 

oxygen, are partially responsible for the UID n-type nature of GaN. Furthermore, GaN is grown 

atop substrates which absorb surface contaminants from the atmosphere. MBE and MOVPE GaN 

on HVPE GaN templates have shown diffusion of the surface contaminants O, H, C, and Si 300 

to 400 nm into the regrown films from regrowth interfaces [78], [166].  Likewise, growth on 

sapphire, especially under improper nitridation conditions can yield high O-concentrations in GaN. 

Secondary ion mass spectroscopy (SIMS) and hall effect measurements (HEM) of these films have 

shown oxygen concentrations similar to the background electron levels in UID GaN. Wet chemical 

cleaning such as HF clean helps reduce the regrowth interface oxygen but there still remains a high 

concentration of contaminants. Ga-flashing, a technique in which Ga-flux is adsorbed at low 

substrate temperatures and desorbed at high substrate temperatures, has been shown to further 

reduce oxygen at the regrowth interfaces [85], [87]–[89]. Ultrathin AlN films used in combination 

with Ga-flashing is found to further improve the interface cleaning by gettering the oxygen in the 

buried interface layer [86].  

Achieving high p-type doping for wide bandgap semiconductors is a huge challenge due 

to various limiting factors of the dopants and the hosts. For example, low solubility and sticking 

coefficients, high dopants activation energy, unintentional background n-type doping levels of the 

hosts, creation of inversion domains at very high dopants incorporation levels, phase separation of 

impurities, structural degradation of the films associated with the dopants, and self-compensation 
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of impurities resulting in interstitials instead of substitutional impurities all complicate p-type 

growth. The equilibrium concentration of substitutional impurities in the crystal lattice defines its 

solubility and is determined by their formation energies. Impurities with smaller atomic radius, 

such as Be or Li, are more likely to be incorporated in films in interstitial configuration. 

GaN and AlN are wide bandgap materials and have deep binding energies. This requires 

high activation energies to achieve p-type doping. InN is inherently degenerately n-type doped. 

Some advanced growth techniques, such as, metal modulated epitaxy (MME) have achieved hyper 

p-type doped GaN, InGaN and AlGaN materials. Therefore, the realization of high quality highly 

doped p-type films is still a challenging task in the III-nitride industry. 

1.1.2   P-type Doping in GaN 

For p-type doping in GaN, a group-II substitutional impurity is required to replace a Ga 

atom, or, a group-IV substitutional impurity replacing the nitrogen atom is required. The potential 

group-II impurities are Be, Mg, Ca, and Zn. However, Zn and Ca have high activation energies as 

substitutional impurities in GaN and are not suitable either for p-type doping of GaN [176]. With 

the exception of carbon, the group IV elements however do not result in p-type doping of GaN 

owing to the difficulty of these elements to sit in the remarkably small N-lattice site. Ge and Si 

result in n-type doping of GaN while C-doping of GaN has shown amphoteric behavior in which 

the CN configuration acts as a shallow acceptor while the CGa configuration acts as a shallow donor 

controlled by the fermi-level location and strain compensation [177]. Thus, experimental results 

have shown that C-doping of GaN mostly result in the CN configuration in a deep acceptor state 

[178]. Therefore, GaN:C films are highly resistive.  

The acceptor activation energy for p-type dopants in GaN can be calculated from temperature-

dependent Hall Effect Measurements (HEM). The charge neutrality condition for a semiconductor 
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material is given by equation 2.  

𝑝 + 𝑁𝐷
+ = 𝑛 + 𝑁𝐴

−        (2) 

Where p is the free hole concentration, 𝑁𝐷
+ is the number of ionized donors, n is the number of 

free electron concentration, and, 𝑁𝐴
− is the number of ionized acceptors.  

For partial ionization and degenerate case, Equation (2) can be represented as Equation (3). 

𝑝 +  
𝑁𝐷

1+𝑔𝐷 𝑒
(𝐸𝑓−𝐸𝐷)/𝑘𝑇 = 𝑛 + 

𝑁𝐴

1+𝑔𝐴 𝑒
(𝐸𝐴−𝐸𝑓)/𝑘𝑇    (3) 

Where the second and fourth terms are the ionized donor and acceptor terms respectively, 𝑔𝐴 is 

the degeneracy factor for acceptors, and, 𝑔𝐷 is the degeneracy factor for donors. The degeneracy 

factors for electrons and holes for GaN are 2 and 4, respectively resulting from two spin states for 

electrons and holes and two degenerate valance bands for holes. 𝐸𝑓, 𝐸𝐴 and 𝐸𝐷 are the Fermi energy 

level, acceptor energy level and donor energy level, respectively. Pauli’s Exclusion Principle states 

that no two electrons with the same quantum numbers (energy and spin) can occupy the same 

energy state. The degeneracy factor accounts for two electrons with the same energy level but 

different spin. Furthermore, 𝑝 and 𝑛 are represented by Equation (4) and (5) for degenerate case. 

𝑝 = 𝑁𝑣
2

√𝜋
𝐹1/2(𝜂𝑣)       (4) 

𝑛 =
2

√𝜋
𝐹1/2(𝜂𝑐)       (5) 

Where 𝐹1/2(𝜂𝑣) is know as the Fermi-Dirac integral of order ½ and 𝜂𝑣 = (𝐸𝑣 − 𝐸𝑓)/𝑘𝑇.  The 

electron concentrations in Equation (3) can be represented by Equation (6). 

𝑛 =
𝑚𝑛

∗ √2𝑚𝑛
∗ (𝑘𝑇)3/2

𝜋2ℏ3 ∫
𝜂1/2

1+𝑒(𝜂−𝜂𝑐) 𝑑𝜂
∞

0
     (6) 

Where ∫
𝜂1/2

1+𝑒(𝜂−𝜂𝑐) 𝑑𝜂
∞

0
 is the Fermi-Dirac integral with a similar expression for the hole 

concentration. 

If we assume that all the donors are ionized, and, for high p-type doping, the free electrons 
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concentration is negligible as compared to the holes concentration which implies that n = 0.  

Where g,  𝐸𝐹 and 𝐸𝐴 are the ground state degeneracy factor, Fermi energy level, and, acceptor 

energy level, respectively. Therefore, Equation (3) is reduced to 

𝑝 + 𝑁𝐷 =
𝑁𝐴

1+g𝑒
(−

𝐸𝐹− 𝐸𝐴
𝑘𝑇

)
       (7) 

Reordering Equation (7) implies 

g𝑒(−
𝐸𝐹− 𝐸𝐴

𝑘𝑇
) =  

𝑁𝐴 −𝑝− 𝑁𝐷

𝑝+𝑁𝐷
        (8) 

Assuming Boltzmann’s statistics for non-degenerate case, the free holes concentration can be 

expressed in terms of effective density of states for holes 𝑁𝑉 as 

𝑝 =  𝑁𝑉𝑒(−
𝐸𝐹− 𝐸𝑉

𝑘𝑇
)
         (9) 

𝑁𝑉 is further expressed as a function of temperature as 

𝑁𝑉 = 2 (
2π𝑚ℎ

∗ 𝑘𝑇

ℎ2 )
3 2⁄

        (10) 

where 𝑚ℎ
∗  is the effective mass in GaN given by 𝑚ℎ

∗ = 0.8 𝑚0. 

Assuming negligible free electrons concentration and non-degenerate case, and, combing 

Equations (8) to (10), the free holes concentration is expressed by Equation (11). 

𝑝 =  
2

g
(

2π𝑚ℎ
∗ 𝑘𝑇

ℎ2 )
3 2⁄

𝑒(−
∆𝐸𝐴
𝑘𝑇

)  
𝑁𝐴 −𝑝− 𝑁𝐷

𝑝+𝑁𝐷
      (11) 

Where ∆𝐸𝐴 =  𝐸𝐴 −  𝐸𝑉 is the activation energy of Mg acceptors. The value of 
𝑁𝐴 −𝑝− 𝑁𝐷

𝑝+𝑁𝐷
 can be 

extracted from temperature-dependent HEM data. 

Activation energy (also called ionization energy or binding energy) is the required energy 

for a donor atom to move an electron associated with a donor impurity state into the conduction 

band, or, to move a hole associated with an acceptor impurity state into the valence band. For full 

ionization at room temperature, the impurities activation energy has to be comparable with the 
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thermal energy of ~26 meV. For deeper impurities, the activation energy is much larger than the 

thermal energy and the dopant remains unionized even if the impurity has good solubility and 

lattice incorporation. Figure 1.1 shows the simplified energy band diagram of GaN, and, inclusion 

of donor and acceptor levels along with the average thermal energies for comparison.  Si and Ge 

act as n-type dopants in GaN and have activation energies of 17 and 19 meV (at doping levels of 

3x1017 cm-3). Similarly, native defects and oxygen contaminant act as donors in GaN with oxygen 

having an activation energy of ~33 meV. However, the activation energy required for Mg is in the 

range of 140-220 meV in the dilute doping limit, inhibiting the experimental activation of Mg in 

GaN to 1-10% for traditional MOCVD and MBE (MME can exceed this value).  

 

Figure 1.1:  Activation energies of donors (oxygen contaminant) and acceptors in GaN. Shallow 

activation energies are required for n-type doping of GaN, however, p-type doping requires deep 

activation energies.  

 

It is noted that in many practical MBE relevant cases, the holes do not originate from a 

single ionized acceptor but from a “mini-band” of acceptors often partially occupied by electrons 

and partially empty. As shown in Figure 1.3, due to the Pauli exclusion principle, as the Bohr orbits 

of the holes, 0.59 nm for an effective mass of 0.8mo, approach overlap at high concentrations 

(>1x1020 cm-3)[66], [179] the energies of the individual acceptors spread out to form a mini-band 

as opposed to an isolated acceptor energy. The Bohr radius for Mg doped GaN is given by   
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𝑎 =
4𝜋𝜀𝜀𝑜ℏ2

𝑚ℎ
∗ 𝑞2 =  0.589 𝑛𝑚      (12) 

Where 𝜀𝜀𝑜 = 8.9 ∗ 8.854 × 10−12 𝐹/𝑚, the reduced Planck’s constant is 1.054 × 10−34 𝐽 −

𝑠𝑒𝑐, 𝑚ℎ
∗ = 0.8 𝑚𝑜 = 0.8 ∗ 9.1 × 10−31 𝑘𝑔, and q = 1.602 × 10−19 𝐶. This results in a fully Bohr 

orbit overlapped estimate of the Mg density of 𝑁𝐴 ≈ 4.6 × 1021 𝑐𝑚−3 compared to the practically 

obtainable hyperdoping limit achieved by MME of 𝑁𝐴 ≈ 0.4 − 1.2 × 1021 𝑐𝑚−3 based on an 

estimate of 50% activation efficiency and measured hole concentrations ~1/2 the Mg 

concentration[180] as shown in Figure 1.2. For AlN and InN, the relative dielectric constants are 

8.5 and 15.3 respectively. Also, the heavy hole effective masses for AlN are and InN are 3.53𝑚𝑜 

and 1.63𝑚𝑜, respectively [181], [182]. Therefore, the values of Bohr radii, 𝑎, for p-type AlN and 

InN from Equation 12 are 0.127 nm and 0.497 nm, respectively.  

 

Figure 1.3 shows a comparison of Mg inter-atomic spacing and fermi energy levels of 

traditional and MME grown hyperdoped GaN:Mg films. For traditional GaN:Mg films, low 

incorporation levels of Mg in GaN results in isolated Mg atoms leading to deep, isolated acceptor 

levels and low ionization efficiency. However, interacting Mg atoms in MME GaN:Mg films result 

in a Mg acceptor impurity band. When the impurity band merges with the valence band, and the 

GaN film becomes degenerately p-type doped, the mobility of holes is greatly reduced, often 

reported as less than 1 cm2/V-sec. However, until the Mg doping goes above a critical 

concentration level the fermi energy band can still be above the valence band and this Fermi energy 

level inside the Mg acceptor band leads to high ionization efficiency.   

A more accurate assessment of when energy bands begin to form was given by Mott et al. The 

Mott critical concentration where the impurity band begins to form, 𝑁𝐶𝑟𝑖𝑡, is given by[183] 
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𝑁𝐶𝑟𝑖𝑡 = ( 
0.2

𝑎
)

3
         (13) 

For GaN:Mg, the value of critical Mott critical concentration responsible for the acceptor 

energy band formation is ~4× 1019 𝑐𝑚−3. Similarly, for AlN and InN the values of 𝑁𝐶𝑟𝑖𝑡 are 

~4× 1021 𝑐𝑚−3 and ~6.5× 1019 𝑐𝑚−3, respectively. This value for GaN matches well the 

experimental doping of GaN by MME where hole concentrations in the mid-1019 cm-3 range can 

routinely be achieved.  Likewise, these predictions suggest AlN and InN will be harder to 

degenerately p-type dope, each requiring more doping until the impurity band effect kicks in. For 

AlN it may be impossible to reach such high doping concentrations. 

Likewise, the concentration at which the acceptor fermi energy band enters the valence band is 

given by[184]   

𝑁𝐶𝑟𝑖𝑡𝑉𝐵
=  

1

4𝜋𝑎3 ≈ 10𝑁𝐶𝑟𝑖𝑡       (14) 

The value of 𝑁𝐶𝑟𝑖𝑡𝑉𝐵
 for GaN:Mg films is calculated to be ~4× 1020 𝑐𝑚−3. Similarly, the 

values of 𝑁𝐶𝑟𝑖𝑡𝑉𝐵
 for AlN and InN are ~4× 1022 𝑐𝑚−3 and ~6.5× 1020 𝑐𝑚−3, respectively. This 

value for AlN is comparable to the atomic concentration of AlN, again signaling a physical 

impossibility.  However, GaN tunnel homojunctions with approximately this doping have been 

demonstrated and the value for InN, while high, may still be obtainable. 

Figure 1.2 shows the Mg secondary ion mass spectroscopy (SIMS) concentration of 1.28× 1020 

cm-3 for MME GaN:Mg sample grown at Dr. Doolittle’s group. HEM showed a hole concentration 

of 6.7× 1019 cm-3 indicating a 52.3 % activation efficiency as compared to 1-10 % for traditional 

MOCVD and MBE. 
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Figure 1.2:   SIMS concentration and HEM of MME GaN:Mg film shows a 52.3% Mg activation 

efficiency. 

 

 

Figure 1.3:  Comparison of Mg inter-atomic spacing and fermi energy levels between traditional 

GaN:Mg and MME GaN:Mg films. 

 

This mini-band resulting from the hole Bohr orbital overlap was optically verified with the 

Mg impurity band merging into the valence band by Fischer[179] as shown in Figure 1.4. 

Cathodoluminescence (CL) measurements of the MOCVD GaN:Mg film at a Mg doping 

concentration of  2-5× 1019 cm-3 shows a sharp emission peak at 3.471 eV. However, the MOCVD 

GaN:Mg peak at ~3.25 eV has a narrow emission and its donor-acceptor pair (DAP) that does not 

overlap into the GaN valence band at ~3.5 eV. In this case, clear phonon replicas (evenly spaced 
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in energy peaks) are also observed.  On the contrary, the MME GaN:Mg film in Figure 1.4 was 

doped at ~2-5× 1019 cm-3  has a broad DAP region crossing into the GaN valence band at ~3.5 eV 

and no obvious phonon replicas. Therefore, the MME Mg DAP is intercepting the valence band in 

GaN but the MOCVD Mg DAP is not. Due to this effect, traditional GaN:Mg films show high 

resistivity and carrier freeze-out at low temperatures. However, MME GaN:Mg films show 

absence of carrier freeze-out with small effective activation energies and remain highly p-type 

even at cryogenic temperatures [66]. In GaN:Mg with an impurity band, the HEM derived 

activation energy is merely an “effective activation energy” owing to both the thermal and 

energetic broadening of the acceptor band resulting in remarkably lower “effective activation 

energy” approaching ~0.04 eV instead of the ~0.17 eV commonly found at low Mg concentration 

[66]. Gunning et al. observed optical and electrical activation energies of 160 meV and 51 meV, 

respectively for MME GaN:Mg films doped at 2× 1019 cm-3 [66].  This drastically increases the 

hole concentration beyond what is possible in a single acceptor theory resulting in the need to 

know the distribution of acceptor and donor states in energy instead of using a single rational 

concentration number at a single energy.  In this case where acceptors and donors have a density 

of states function NA(E) and ND(E) with units of #/cm3-eV, Equation (15) should instead be: 

𝑁𝑣
2

√𝜋
𝐹1/2(𝜂𝑣) +  ∫

𝑁𝐷(𝐸)

1+𝑔𝐷 𝑒
(𝐸𝑓−𝐸)/𝑘𝑇 𝑑𝐸

∞

0
=

2

√𝜋
𝐹1/2(𝜂𝑐) + ∫

𝑁𝐴(𝐸)

1+𝑔𝐴 𝑒
(𝐸−𝐸𝑓)/𝑘𝑇 𝑑𝐸

∞

0
    (15) 

Where 

𝜂𝑣 =  
𝐸𝑣−𝐸𝑓

𝑘𝑇
        (16) 

and 

𝜂𝑐 =  
𝐸𝑓−𝐸𝑐

𝑘𝑇
        (17) 

𝑎𝑛𝑑 𝐹1
2⁄  𝑖𝑠 𝑡ℎ𝑒 𝐹𝑒𝑟𝑚𝑖 − 𝐷𝑖𝑟𝑎𝑐 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑜𝑟𝑑𝑒𝑟 1/2. 
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Figure 1.4:  Low-temperature Cathodoluminescence comparison of MOCVD (solid line) and 

MME (dashed line) grown GaN:Mg films with Mg doping concentrations in the range of 2-

5× 1019 cm-3 [179].  

 

Figure 1.5 (not to scale) shows that traditional GaN:Mg films can result in a single acceptor 

energy level for the Mg dopants while MME GaN:Mg films can achieve high doping 

concentrations and result in a acceptor energy impurity band. Furthermore, it is shown for the 

acceptor energy band in the MME GaN:Mg films in Figure 1.5 that electronic transitions from 

HEM show lower activation energy for Mg dopants as compared to relatively higher activation 

from optical transitions measured by photoluminescence (PL). 

 

Figure 1.5:  Optical and electronic energy transitions from acceptor energy band in MME 

GaN:Mg films show lower activation energies from electronic transitions (HEM) as compared to 

DAP optical transitions (PL). 
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1.1.3   Mg doping in GaN 

GaN is a direct bandgap III/V semiconductor material with an energy bandgap of 3.4 eV. 

It is mostly found in its chemically stable wurtzite form with lattice constants of a = 3.189 Å and 

c = 5.185 Å. N-type doping of GaN can be easily achieved because of the low activation energies 

required for Ge and Si doping. Ge has been shown to dope GaN to higher concentrations without 

degrading surface morphology owing to the similar size of Ge (125 pm) compared to Ga (136 pm) 

[185].  Unfortunately, Ge is not as useful for Al-rich AlGaN because of its autodoping effect 

making Si the more common MBE dopant. However, p-type doping of GaN took decades to be 

employed in device technology. Zolper et. Al.[186] experimentally examined several potential p-

type dopants theoretically predicted by [79] to result in acceptor behavior. The earliest to achieve 

p-type GaN:Mg films was Amano et al. who reduced H-passivation by LEEBI treatment [167] and 

by Nakamura et al. by thermal annealing[187] developed a huge interest in using Mg as a primary 

p-type dopant source for GaN. However, even after the initial breakthroughs, this Mg doping of 

GaN is still full of many challenges. Mg has a high activation energy of ~170 meV in GaN [188]. 

For traditional growths (MBE and MOCVD), roughly about 1% Mg atoms are activated at room 

temperature. So, a Mg concentration of ~1021 cm-3 is required to achieve p-type doping of ~1019 

cm-3 in GaN:Mg. Nevertheless, the conductivity and mobility of these films are low for high Mg-

dopant levels due to the solubility limit of Mg, ionized impurity scattering and defects 

incorporation – most notably precipitates [189]. Other factors which limit the doping capability of 

Mg in GaN are surface contaminants such as O known to getter Mg forming ultra-stable MgO, 

native defects such as nitrogen vacancies, and Mg incorporation into interstitial sites acting as 

double donors. Furthermore, Mg has a low solubility limit[190] and low sticking coefficient[191] 

in GaN which results in Mg surface accumulation in the GaN:Mg films. The following section 
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describes in detail the practical difficulties in achieving Mg doped p-type GaN. 

 

1.1.4   Experimental Difficulties in Achieving Mg-doped p-type GaN 

a. Solubility 

Solubility is the maximum achievable equilibrium concentration of a dopant as a substitutional 

impurity in a crystal and is determined by their formation energies. Formation energy of the 

dopants further depends roughly on two factors: 1. Atomic radius of the dopant (Mg) atoms 

matching the atomic radius of the host (Ga) atoms. 2. Bond strength of the dopant (Mg) and the 

neighboring atoms. Table 1.1 shows atomic radii of Ga atom and of different 

theoretical/experimental dopants in GaN. 

Table 1.1:  Atomic radii of Ga and theoretical/experimental p-type dopants in GaN [185].  

Element Atomic radius (pm) 

Al,Ga, In 118, 136, 156 

Mg 145 

Be 112 

Zn 142 

Ca 194 

 

Be has a smaller formation energy in GaN, however, it is more likely to be incorporated in 

GaN as an interstitial impurity due to its smaller atomic radius. Zn has an optimal atomic size 

match with Ga but it still requires high formation energy in GaN due to its low Zn-N bond strength. 

Ca-N has a good bond strength but requires very high formation energy due to its large atomic 

mismatch with Ga in GaN. Mg has a reasonable atomic size match with Ga and Mg-N bond 

strength making it the most suitable p-type in GaN. However, solubility is still the biggest issue in 

achieving high crystalline quality hyper doped GaN. Exceeding the solubility limit can result in 

growth complications such as impurity precipitation/segregation, competing compound phases and 
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substitution of Mg on the wrong site (MgN).  The atomic density of GaN is 4.4×1022 cm-3 while 

the Mg thermodynamic solubility limit in GaN is ~5 × 1019 𝑐𝑚−3.  By using kinetic limitations, 

this thermodynamic limit has been exceeded without crystal degradation by Gunning et al.[66] by 

enhanced Mg incorporation at low growth temperatures by metal modulation epitaxy (MME), a 

transient derivative of MBE. 

Substitutional Mg configuration (MgGa) has lower formation energy as compared to Mg antisites 

(MgN) and interstitial Mg configuration (Mgi) [79]. However, the N-vacancy which has a higher 

formation energy in n-GaN, has a lower formation energy in p-GaN [79]. Therefore, the N-vacancy 

would act as a compensating center for p-type doping in GaN:Mg films. 

Furthermore, it has been shown that MgGa has a lower formation energy under N-rich conditions 

as compared to Ga-rich conditions. The preference for lower compensating N-vacancies and 

preferred MgGa substitution implies that N-rich growth conditions should be favorable.  

Unfortunately, N-rich growth tends to increase structural defects due to short adatom diffusion 

lengths. 

b. Formation of defects 

Due to the low ionization efficiency and low Mg solubility in GaN, high Mg concentrations 

need to be incorporated in the films to achieve reasonable free hole concentrations. But 

incorporation of high Mg concentrations has shown to result in Mg precipitates, polarity inversions 

that result in inversion domains [192]–[195]. These inversion domains  are a few nm wide regions  

resulting in N-polar GaN:Mg local regions in an otherwise Ga-polar GaN film. The inversion 

domains originate at a hexagonal prismatic stacking fault induced by excessive Mg accumulation.   

c. Surface segregation 

Because Mg is infinitely soluble in liquid Ga, incorporation of Mg into GaN films grown under 
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metal rich conditions can be out of phase with the opening and closing of the metal shutter in 

traditional MBE schemes for both Ga and N-polar films [195]. Up to approximately one monolayer 

of Mg can segregate and form on the surface of the growing film and remains a source of doping 

until depleted from the Ga:Mg surface metal coverage.  

Selective and abrupt dopant profiles are very important to the performance of electronic devices. 

The surface segregation property of Mg makes the traditional MBE scheme complicated, and, in 

some cases, unsuitable for its use in p-type doping for device purpose. However, MME has 

successfully achieved abrupt and selectively controlled Mg-doped GaN profiles through its 

optimized GaN:Mg growth conditions of low substrate temperature, low III/V ratio and long N-

plasma exposure time per MME shutter cycle to limit the Mg diffusion to the intended doped layer, 

and, simultaneously achieving high crystalline quality films through its modulated shutter scheme.  

d. Memory effect  

The Mg memory effect is the undesirable accumulation of Mg on the walls of the growth 

environment, particularly the substrate heater assembly and shutters. This effect is especially more 

severe in chemical vapor deposition (CVD) systems where the Mg could reevaporate post-growth 

from the growth chamber walls upon heating. It is a common observation in CVD growths that a 

precondition of sufficient accumulation of Mg on the chamber walls has to be reached in order to 

achieve a steady-state Mg doping concentration in the film. MBE and particularly MME mitigates 

this issue by further reducing the re-evaporation of Mg from substrate related heated components 

through growing the GaN:Mg films at relatively lower substrate temperatures. MBE systems have 

colder chamber walls so memory effect is not as serious a problem for this growth technology.  

e. High vapor pressure of Mg in vacuum environment 
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The dopant level cell temperatures are relatively low for Mg in the ultra-high vacuum 

environment. Mg has a high vapor pressure slope at these low cell temperatures and its flux is 

highly sensitive to even minor thermal fluctuations of the Mg source cells. The precise control of 

Mg flux in the conventional effusion cells operated at ~150-250 degrees C is extremely difficult 

due to long thermal time constants for such low cell temperatures leading to slowly drifting fluxes 

influenced by long PID integration times and varying radiant flux from the substrate heater , and 

the inability to change flux during a growth. Burnham et al. introduced a better means of delivering 

Mg flux [196].  A valved Mg cracker source solves this problem by controlling the evaporation 

flux in the bulk region building up excess pressure that can be throttled by a control valve.  This 

provides additional control over the output flux energetics by adjusting the cracker tip temperature 

independently of the Mg bulk region temperature and controlling flux via a valve opening.  There 

is some limited evidence the high temperature (~900 degrees C) Mg heated as it passes through 

the tip hitting a colder substrate provides a benefit for incorporation. However, the primary benefit 

of such sources are to use higher more stable bulk temperatures of ~280-400 degrees C for a more 

stable flux source that can be quickly throttled real time by the inline valve.   

f. Low sticking coefficient of Mg in GaN 

The coverage of Mg on a GaN surface depends on its impinging flux and its sticking 

coefficient. The sticking coefficient is the probability of the impinging Mg atoms to adsorb at the 

growing surface. Ultra-high vacuum is required inside MBE chambers in order to negate the 

influence of adsorbed contaminants. In order to keep a growing surface fairly clean in an MBE 

system, it is very important to keep the residual gas base pressure vacuum below 10-10 Torr. 

Observations of 10 times higher oxygen contamination have been observed in GaN for base 

pressures changing from ~5x10-11 to 5x10-10 Torr.  Experience has shown that titanium sublimation 
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pumps are critical for achieving good p-type doping as they remove much of the oxygen 

contaminants that compensate Mg acceptors. The ultra-high vacuum (UHV) environment is 

important for growing contaminant-free clean films. The relationship between the impinging flux 

and the gas density above the growth surface is giving by the Equation 18.  

𝐹 =
1

4
𝑛𝑣𝑇ℎ𝑎𝑣

       (18) 

Where F is the incident flux, n is the atomic gas density (particles-m-3), and 𝑣𝑇ℎ𝑎𝑣
  is the average 

particles speed (m-sec-1).  

From the ideal gas equation, the atomic gas density is given by Equation 19.  

𝑛 =
𝑁

𝑉
=

𝑃𝑇

𝑘𝑇
 [

1

𝑚3]        (19) 

where k is the Boltzmann’s constant and T is the temperature in Kelvin and 𝑃𝑇 is the pressure of 

the effusion cell flux at a particular temperature. The average particle velocity is obtained from 

Maxwell-Boltzmann distribution given by Equation 20. 

 

𝑣𝑇ℎ𝑎𝑣
= √

8𝑘𝑇

𝑚𝜋
 [

𝑚

𝑠𝑒𝑐
]        (20) 

where m is the mass of the particle in kg.  

From Equation 15, the impinging flux is given by Equation 21.  

𝐹 =
𝑃𝑇

√2𝜋𝑚𝑘𝑇
=  

𝑃𝑇𝑁𝐴

√2𝜋𝑀𝑘𝑇
 [

1

𝑚2−𝑠𝑒𝑐
]      (21) 

where 𝑁𝐴 is the Avogadro’s constant.  

The MBE technique allows controlled alloy compositions and sharp dopant profiles for the 

nitride films. Ideally, the beam sources in MBE are considered to be Knudsen cells with condensed 

phase and vapor such that particles flux leaving the effusion cells is a scaled version of the flux 

impinging the growth surface due to the UHV environment.  The scaling factor relates to the shape 
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of the crucible used but in general is considered approximately a 1/L2 relationship where L is the 

effusion cell to substrate distance. From Equations 15 to 18, we can deduce Equation 22.  

𝐹 =
𝑃𝑇𝐴𝑁𝐴

𝜋𝐿2√2𝜋𝑀𝑘𝑇
[

1

𝑚2−𝑠𝑒𝑐
]       (22) 

Where A is the effusion cell aperture area and M is the molar mass of the gas species in Kg/mol,  

Equation 15 can be further written in terms of gas constants as Equation 23.  

𝐹 =
𝑁𝐴𝑃𝑇𝐴

𝜋𝐿2√2𝜋𝑀𝑅𝑇
[

1

𝑚2−𝑠𝑒𝑐
]= 

𝑟2

𝐿2

1.11×1021𝑃𝑇

√𝑀𝑇
[

1

𝑐𝑚2−𝑠𝑒𝑐
]    (23) 

Where r is the radius of the effusion cell in cm, and, 𝑃𝑇 is the equilibrium ambient pressure in Torr 

at the effusion cell temperature T in K. The concentration of evaporated species with unity sticking 

coefficient is given by Equation 24.  

𝑛𝑖 = 
𝑟2

𝐿2

1.11×1021𝑃𝑇

𝐺𝑅√𝑀𝑇
[𝑐𝑚−3]      (24) 

Where 𝐺𝑅 is the growth rate in cm/sec. Letting n be the actual concentration of the adsorbed species 

in the growing film. The sticking coefficient is defined by Equation 25.  

𝑆 = 
𝑛

𝑛𝑖
         (25) 

Using the values of r as 0.6 cm for a Veeco effusion cell and L as 13.4 cm for a Riber 32 MBE, 

and, using other parameters of 𝐺𝑅 as 1.94 × 10−8 cm/sec (700 nm/hr), TMg of 588.2 – 1173.2 K in 

a Veeco corrosive series valved source, and n~2 × 1020𝑐𝑚−3, the value of S for Mg is ~0.1 to 

0.14 for MME which is relatively higher than other traditional techniques (TMg < 473 K) but still 

a low sticking coefficient.  It is noted that MBE effusion cells are not generally considered to 

operate at equilibrium vapor pressures owing to the large apertures needed to supply ample flux 

and thus, deviating from the Knudsen assumptions. The actual effusion cell flux can be as much 

as a factor of 10 lower pressure than equilibrium predicts.  Making this correction to the effusion 

cell flux, the sticking coefficient for the above MME conditions approaches 1.   
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g.  Self-compensation and compensating defects 

With an increase in Mg substitutional doping (MgGa), the fermi energy moves closer to the 

valence, and, it is observed that the formation energy decreases for Mg as interstitial impurity 

(Mgi) and, for Mg replacing N (MgN) both resulting in compensating n-type doping So the increase 

in Mg compensating defects along with additional N-vacancies puts an upper limit on the hole 

concentration possible. Thus, all successful p-type doping approaches must pay special attention 

to minimizing compensating defects and impurities. However, regardless of doping strategy, these 

compensating defects eventually win out resulting in increasing resistivity with added Mg doping.  

Increase in Mg flux further above this critical value decreases the net p-type concentration of the 

GaN:Mg films. The goal should then be to make the Mg concentration at which this resistivity 

increase begins (compensation overtakes acceptor doping) as high as practically achievable.   

1.1.5   MME Growth of GaN:Mg 

Traditional MBE systems operate at a relatively high growth temperatures for Mg doping 

which limits Mg incorporation. Conventional effusion cells in MBE are not suitable for Mg doping 

due to the high vapor pressure of Mg at low temperatures. Mg has high vapor pressure and high 

dopant-level flux variations under ultra-high vacuum environment in MBE which makes the 

control fluxes for GaN:Mg films difficult. Furthermore, the thermal energy of the impingent Mg-

flux is dependent on the Mg-cell temperature. The sticking coefficient of Mg in GaN be improved 

by increase the Mg-flux thermal energy[197]. However, it is a huge challenge to control the desired 

cell temperatures in a conventional effusion cell in order to achieve high thermal energetics at 

dopant levels of Mg. Originally, Burnham et al used a Veeco corrosive series valved “cracker” 

originally designed for antimony use to provide a stable Mg flux and enhance the sticking 



32 

 

coefficient by thermally exciting the Mg as it left the source [196]. Such  a valved source gives 

independent control of beam flux set by the bulk zone temperature and beam flux energetics set 

by the tip heater with an intermediately placed valve to rapidly modulate the flux. Because Mg 

alloys with almost all known metals, the Mg valve must be made of pyrolytic boron nitride (PBN) 

material or similar materials, so that so that it does not alloy with the Mg and to prevent freezing 

of the valve.  

In the Mg valved source, the molecular beam is energized by the thermal tip and the 

energetic species are independent of the flux in the bulk material evaporator which results in 

enhanced Mg incorporation and enhanced control making abrupt and graded profiles possible. 

The cracker valve can be modeled by a needle valve as they are similar in operation. The BEP of 

Mg flux can be modeled by conductance theory of an ideal needle valve. Dimensions of the 

modeled needle source are shown in Figure 1.6 in which ro corresponds to the outer radius of the 

needle valve while ri shows the inner radius.  

 

Figure 1.6:   A valved Mg source modeled as a needle valve.  

Burnham et al. predicted the beam equivalent pressure (BEP) of a Mg valved cracker 

source by conductance theory of an ideal needle valve [196]. The resulting model for the Veeco 

cracker source is taking into account expansion and contraction of the inner radius of the valve 
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due to thermal fluctuations is: 

 BEP = 4.2 × 10−4 (2.08 × 105 −  𝜋(𝑥 −  290)2) [10−10 𝑇𝑜𝑟𝑟]   (26) 

Equation 26 is valid for 𝑥 greater than 48 mils in the conductance limited flux regime for a bulk 

evaporator temperature of 350 °C. 

The background limited conduction for 𝑥 less than 48 mils in the background limited flux regime 

for a bulk evaporator temperature of 350 °C is represented by an exponential function as show in 

Equation (27). 

 BEP = 0.172 (𝑒
𝑥

11.287) [10−10 𝑇𝑜𝑟𝑟]      (27) 

The boundary between background limited regime and conductance limited regime is 

determined by the bulk evaporator temperature.  

Hyper p-type doped GaN films have been achieved by MME by employing the Mg valved cracker 

source. MME is a modified MBE technique in which the metal fluxes are modulated while keeping 

the nitrogen flux constant. MME achieves high adatoms mobility due to its growth in the high 

droplet regime during the shutter cycle while consuming the any remnant metal flux during the 

closed cycle. The MME growth process of GaN:Mg films is schematically illustrated in Figure 

1.7. 
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Figure 1.7:  Schematic illustration of the MME growth of GaN:Mg films shows modulated 

control of the Ga and Mg fluxes while the N-flux is kept constant throughout the growth process. 

MME operates under a “time average nitrogen richness” which promotes Mg incorporation 

on the proper Ga-substitutional site, minimizes compensating N-vacancies and provides enhanced 

surface faceting and thus, increased surface states for Mg to incorporate via slightly faceted growth 

morphology.  But the periodic metal rich doses repeatedly smooth the surface, preventing the 

faceting from becoming severe and thus preventing the crystal quality from degrading 

MME has 3D phase diagrams for growth parameters as compared to 2D phase diagrams in 

the conventional MBE systems. Ahmad et al. extensively studied growth temperature, excess Ga-

dose per MME growth cycle and III/V ratio for UID MME GaN films [198]. They demonstrated 

that MME has some distinctive features which makes it a unique technique as compared to the 

conventional MBE growth technique. It is shown that the preferred growth condition in the 

traditional MBE, e.g. bilayer coverage, could result in the worst films in MME. High crystalline 

and optical quality films are achieved in MME at 75-100 °C below the traditional MBE growth 

temperatures which makes MME more suitable for commercial use. Huge variations are observed 

in the effective Ga-flux at the traditional growth temperatures which makes it nearly impossible 

for MBE to achieve commercial scalability. MME also gives high compositional control for 
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ternary III-nitride alloys. MME has illustrated its ability to control phase separation in immiscible 

III-nitride materials [68], [199]. Furthermore, MME has recently achieved abrupt and selectively 

controlled GaN:Be semi-insulating films suitable for high power devices [166]. MME has 

demonstrated hole concentrations approximately 40 times higher than other growth techniques by 

limiting desorption of dopants resulting in excellent control of surface chemistry and wafer 

uniformity at low substrate temperatures to achieve dopant incorporation levels beyond its 

solubility limits [66].  

Figure 1.8 shows purlieu symmetric rocking curve measurements from XRD for MME 

GaN films. The films are compared at fractional full-width of the max-peak to define optimal and 

non-optimal MME regions. Optimal structural quality films in MME are achieved at the lowest 

III/V ratios for Ga-rich films, at pre-bilayer coverage, in the growth temperatures range of 600-

700 °C, and, in the moderate droplet regime.   

  

Figure 1.8:  The crystalline and optical quality of GaN films in MME are defined by 3D growth 

parameters, i.e., growth temperature, excess Ga-dose per MME growth cycle and III/V ratio 

defining optimal and non-optimal growth regions. Purlieu symmetric rocking curve 

measurements from XRD are shown in this figure in which crystalline quality of the films is 

represented as fractional (1/10000) full-width of the max-peak to extract the film quality from 

the quality of the HVPE templates. 

Furthermore, the best optoelectronic films in MME are grown at the growth temperatures 



36 

 

around 650 °C, excess Ga-dose per MME cycle just before the droplet formation, and at a III/V 

ratio of ~1.3 as shown in Figure 1.9. 

 

Figure 1.9:  3D growth parameters of MME GaN films show the optimal growth temperature, 

excess-Ga dose per MME growth cycle and III/V ratios to achieve the best optoelectronic films. 

There is also a fourth important growth parameter in MME, the dead time (N-plasma 

exposure per MME growth cycle after the metal adlayer has been fully consumed). Initial studies 

of this parameter has resulted in huge improvement in achieving hyper p-type doped GaN films 

approximately 40 times higher in doping than other growth techniques.  

Previous studies have shown surface segregation and accumulation of Mg in GaN:Mg films in 

both Ga-polar and N-polar films [195]. Optimization of the dead time in MME eliminates this 

issue to achieve sharp dopant profiles of Mg in MME along with hyper p-type doped films. 

Improved growth conditions of MME such as low substrate temperature, low III/V ratios and 

longer dead time result in hole concentrations of GaN:Mg films in excess of 1×1020 cm-3. However, 

excessive dead times have been shown to damage the growing film as all plasmas contain high 

energy particles [68]. The low substrate temperature prevents longer diffusion of the Mg atoms 

minimizing surface accumulation and segregation while the periodic formation and consumption 

of Ga-metal adlayers enable smooth morphology of the GaN:Mg films. As is shown in the RHEED 
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images of Ref. [66], a good p-type doping RHEED signature shows a partially broken specular 

streak but not so broken as to result in faceting.  This feature is reflective of the deadtime providing 

a time averaged N-richness that pushes the film toward faceting, but that progression being 

repeatedly and periodically curtailed by a smoothing cycle as the metal accumulates. The low 

substrate temperatures reduce the desorbed Mg atoms from the films’ surface as well. Longer dead 

times of 8.5 sec are employed in the growth of highly doped GaN:Mg films. The longer dead time 

ensures consumption of all the Ga and Mg metal in each MME growth cycle. However, it should 

be noted that this dead time is an optimized value and too long a dead time (extended N-plasma 

exposure time after the Ga-metal is fully consumed) would result in rough surface morphology, 

plasma induced damage and introduction of defects in the films. Furthermore, the longer dead time 

of 8.5 sec works as an in situ anneal reducing compensating N-vacancies in GaN:Mg films. The 

lower III/V ratio of 1.3 serves a similar purpose of reduced N-vacancies resulting in decreased n-

type background donor concentration and resulting in higher p-type doping. A low III/V ratio, low 

substrate and high dead time per shutter cycle in MME results in incorporation of Mg in the crystal 

lattice boosting Mg solubility in GaN films above its solubility limit.  

By adjusting the IIII/V ratio tradeoffs in the surface morphology and hole concentration 

can be achieved.  This is particularly useful when thick layers are desired which require good 

surface morphology control and/or where sources of holes for contact or electrical injection 

purposes are desirable 

 Table 1.2 shows various growth parameters for the GaN:Mg samples grown in the III/V range of 

1.2 to 2.8 by Ref. [66].  
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Table 1.2:  Growth conditions and net free hole concentrations from [66]. 
Substrate 

temperature 

(°C) 

III/V 

ratio 
Open 

time 

(sec) 

Closed 

time 

(sec) 

Growth 

time 

(sec) 

Consumption 

time (sec) 
Dead 

time 

(sec) 

Bulk free hole 

concentration 

(cm-3) 
600 1.2 5 10 6.0 1.0 9.0 ~3.2×1019 

600 1.4 5 10 7.0 2.0 8.0 ~2.4×1019 
600 2.0 5 10 10.0 5.0 5.0 ~5×1018 
600 2.8 5 10 14.0 9.0 1.0 ~3×1018 

 

The lowest III/V ratio of 1.2 resulted in the highest Mg activation and bulk free hole 

concentration (subtracting out the 2D hole gas contribution to obtain only the bulk free hole 

concentration as described later) of ~3.2×1019 cm-3. With an increase in III/ratio, nitrogen 

vacancies increase resulting in increased compensation. With an increase in III/ratio to 1.4 the hole 

concentration for the III/V ratio was found at 1.4 was ~2.4×1019 cm-3. Mixed spotty/streaky 

RHEED patterns indicating relatively rough surface morphology were observed at III/V ratios of 

1.2 and 1.4. For the III/V ratios of 2.0 and 2.8, the GaN:Mg films have 2×2 streaky RHEED 

patterns indicating smooth Ga-polar GaN:Mg films even at low growth temperatures of 600 °C 

which is a hallmark of MME to achieve high quality III-nitride films at low substrate temperatures 

making it suitable for commercial applications. The GaN:Mg films grown at III/V ratios of 1.2 and 

1.4 showed HEM hole concentrations in the low 19s range while the films grown at III/V ratios of 

2.0 and 2.8 showed Mg hole concentrations of mid 18s. 

MME is capable of exceeding the equilibrium solubility of Mg – a process known as 

hyperdoping. To demonstrate this unique capability, a sample consisting of several layers of 

GaN:Mg films grown by MME at a III/V ratio of 1.3 and growth temperature of 600 °C with Mg 

cracker valve opening in the range of 25 to 250 mils was characterized by secondary ion mass 

spectroscopy (SIMS) at Evans Analytical Group (EAG) and the results are shown in Figure 1.11. 

The Mg bulk temperature was kept at 315 °C while the Mg cracker tip temperature was kept at 

900 °C. Prior to growing the SIMS sample, BEP were measured for the Mg fluxes at a bulk 
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temperature of 315 °C, cracker tip temperature of 900 °C and cracker valve position in the range 

of 50-250 mils in the conductance limited regime. The ramp up and ramp down time for both Mg 

cracker bulk and tip are extremely slow. Flux control through the Mg cracker valve opening allows 

for an easier and faster control for growing devices. The Mg flux BEPs are shown in Figure 1.10. 

This figure shows a similar trend of Mg flux vs valve position in mils in Ref. [199] but at a lower 

bulk temperature of 315 °C and in the conductance limited regime. More than one order of 

magnitude increase in the Mg flux BEP is observed with Mg valve position in the range of 50-250 

mils. The GaN:Mg films were grown under two different growth conditions. The orange regions 

in Figure 1.11 correspond to shutter open/close condition of the MME cycle of 5s/10s with a 

deadtime, the surface nitrogen exposure time, of 8.5 sec after the adlayer metal is consumed. The 

blue regions correspond to shutter open/close condition of the MME cycle of 21.3s/10.7s with 

exposure deadtime of 4.25 sec after the adlayer metal is consumed. The two conditions varied the 

total metal dose on the surface for a fixed III/V ratio between a historically used condition and one 

found optimal in a later study for improving crystalline quality [198].  It was found that longer 

deadtime/larger dose sample resulted in higher Mg incorporation up to a valve position of ~200 

mils. However, further increase in the Mg cracker valve opening attenuates the incorporated Mg 

which could be attributed to inversion domains in the films or improvement in surface smoothness 

where a smooth non-faceted surface lowers Mg incorporation surface site density and thus, reduces 

the Mg incorporation. This was first observed by Namkoong et al. for the use of this style Mg 

source where they found that Mg incorporation decreases beyond critical Mg concentration levels 

[200]. They grew GaN:Mg films with Mg BEPs in the range of 1.6×10-11 to 1.6×10-8 Torr at two 

different substrate temperatures of 550 and 615 °C. They found reduction in Mg incorporation 

above maximum concentrations of 3.5×1020 and 9×1019 cm-3 at the substrate temperatures of 550 



40 

 

and 615 °C, respectively. They proposed that the higher max concentration of Mg in GaN films at 

the lower substrate temperatures was attributed to increased sticking coefficient of Mg at lower 

substrate temperatures. Furthermore, Namkoong et al. proposed the decrease in Mg incorporation 

above critical fluxes to be presumably due to Mg smoothing the surface and acting as a surfactant 

improving the crystal quality and surface smoothness but reducing the number of surface sites for 

incorporation of Mg [200].  

 

Figure 1.10:  Mg flux BEP plotted vs Mg cracker valve position at Mg bulk temperature of 315 

°C and Mg cracker tip temperature of 900 °C. 

 

 

Figure 1.11:  Mg SIMS concentration plotted vs sample depth for Mg cracker valve opening in 

the range of 25 to 250 mils. Mg incorporation in the GaN:Mg films saturates at 200 mils. 

Namkoong et al. also observed another interesting effect in which they found a local Mg 

incorporation increase upon shutter closing. It was found that when the shutter is open, some of 
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the Mg flux desorbs from the growth substrate and deposits on the back of the cold shutter [200]. 

Upon shutter closing, the shutter heats up and reevaporates the Mg back into the films resulting in 

a short live local Mg incorporation increase in the growing film. 

Another sample was grown consisting of several GaN:Mg films grown by MME at a III/V 

ratio of 1.3 and growth temperature of 600 °C with a different vendor’s Mg cracker with a bulk 

temperature in the range of 230 to 280 °C was characterized by SIMS at EAG and the results are 

shown in Figure 1.12. It was found that for the VESCO Mg valved source, an increase in Mg 

cracker bulk temperature increases the Mg flux and flux energetics resulting in increasing Mg 

incorporation up to 260 °C. However, Mg incorporation attenuates once again at 280 °C 

presumably due to inversion domains in the GaN films for very high flux levels of Mg dopants 

flux. In this case, the Mg induced inversion domain formation occurs within the shutter open cycle 

at 280 degrees C.  Here it is observed that as the shutter opens, the high Mg concentration begins 

to invert the surface polarity creating a significantly lower solubility for Mg resulting in significant 

rejection of the incoming Mg and a near constant 1.5x lower concentration at the end of the Mg 

doped layer. 

 

Figure 1.12:  Mg SIMS concentration plotted vs sample depth at different Mg cracker bulk 

temperature shows attenuation in Mg flux incorporation at 280 °C.  

Furthermore, Burnham et al. showed an increase in Mg incorporation in GaN films with 
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increase in Mg cracker tip temperature attributed to the increase in Mg sticking coefficient due to 

increase Mg flux beam energetics. The Mg incorporation for a hot cracker at 900 °C was found to 

be an order of greater than the colder cracker at 625 °C for Mg BEP of 3×10-10 Torr [197]. The 

Mg incorporation is about 2 times higher for the hotter valve tip in the moderate Mg fluxes range 

while a faster drop-off of Mg incorporation at higher Mg fluxes indicates a more rapid onset of the 

inversion domain solubility reduction for the hotter valve cracker which reaches the Mg 

concentrations necessary to form inversion domains before the colder cracker tip does. This data 

suggests that for this substrate temperature and III/V ratio, the threshold for Mg induced inversion 

domain formation is about 3-5x1020 cm-3.  All of these characteristics for the hotter Mg valve 

cracker indicate a higher sticking coefficient of Mg.  

Low temperature operation, increased dead time (nitrogen exposure while no growth 

occurs at the film’s surface), and low III/V ratio in MME enables Mg incorporation in nitrides 

films beyond its theoretically predicted solubility limit (1019 cm-3) [127]. Low temperature growth 

of GaN:Mg is beneficial for several key reasons. Firstly, it gives thickness and uniformity control 

of the films making them more suitable for commercial use. Secondly, since defect formations like 

anti-sites and vacancies have a Boltzmann-like concentration behavior, low temperature growth 

results in reduced point defect formation which is very important as higher point defects would 

result in higher compensation of Mg in the GaN films. The nitrogen vacancy has a lower formation 

energy in p-type GaN as compared to n-type GaN [201][202]. The VN donors compensate MgGa. 

This compensation is further increased at higher substrate temperatures because 

[NVacancies]~Natomice(-Ea/kT) The concentration of MgGaVN complexes is lower in MME as compared 

the conventional MBE and MOCVD growth techniques due to its low temperature growth. 

Fourthly, Mg has lower desorption at lower substrate temperatures. Generally, films have lower 
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crystal quality at lower substrate temperatures, however, MME corrects for this by building a metal 

adlayer during the shutter open time of the modulated shutter control resulting in higher adatoms 

diffusion length and improved crystal quality.  

In contrast to the conventional MBE, MME has successfully achieved hyper p-type doping 

of GaN:Mg in excess of 1x1020 cm-3 . In early work, the inability to remove surface contamination 

that resulted in high background electron doping required that much of this early work be 

performed on AlN insulating layers grown on MOCVD GaN templates [66].  In these films the 

total sheet charge determined by Hall Measurements consists of a bulk GaN:Mg contribution and 

a 2D hole Gas (2DHG) contribution from the AlN/GaN:Mg interface.  Since Hall measurements 

actually measure sheet charge which is converted to a concentration by dividing by the thickness, 

one has to adjust the measured sheet charge by the 2DHG sheet charge before making the 

conversion to determine the actual bulk concentration.  The 2DHG contribution of hole mobilities 

and concentrations had to be extracted by various samples with different thicknesses to find the 

actual holes contribution for the bulk GaN:Mg  films. Gunning et al. grew GaN:Mg films in the 

range of 28 nm to 440 nm grown on intermediate AlN insulating films [66]. A linear increase is 

observed in the lower thickness range (below 110 nm) of the GaN:Mg films. The extrapolated red 

curve demonstrates a zero-thickness sheet charge density of 5.5×1013 cm-2. This value is close to 

the theoretically calculated sheet charge density (5.3×1013 cm-2) of holes for fully strained GaN on 

relaxed AlN films. This 2DHG contributed sheet charge density must be subtracted from the Hall 

measured hole concentration to calculate the bulk hole concentration of the GaN:Mg films. As the 

thickness of the GaN films increases, the films become more relaxed resulting in a smaller 

contribution of the 2DHG at the GaN/AlN interface due to reduced piezoelectric polarization.  

In later work, the heteroepitaxial AlN films in the MME growth of GaN:Mg were 
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effectively replaced by homoepitaxial semi-insulating GaN:Be films in order to reduce processing 

steps, measurement ambiguity and to grow high quality hyperdoped homoepitaxial GaN:Mg films 

more suitable for optoelectronics and high power device applications [166]. Ahmad et al. grew 

GaN:Mg films under three different conditions [166]. 1) GaN:Mg films directly grown on semi-

insulating HVPE GaN:Fe templates with three cycles of Ga-flashing to reduce the amount of 

contaminants at the regrowth interface. These GaN:Mg films were grown in the range of 100 nm 

to 800 nm. 2) GaN:Mg film grown on HVPE GaN:Fe films with 100 nm of heteroepitaxial 

intermediate AlN insulating films. 3) GaN:Mg films grown on the HVPE GaN:Fe templates with 

intermediate GaN:Be semi-insulating layers. It was observed in that there is diffusion of surface 

contaminants such as oxygen and carbon from the regrowth interface on the template. These 

contaminants diffuse approximately 300 nm into the regrown MME GaN films.  

The diffused O contaminants results in partial compensation of the substitutional Mg atoms 

in the GaN:Mg films. Hall measurements of the GaN:Mg films with thicknesses up to 400 nm 

grown directly on the HVPE GaN:Fe templates are compensated by the diffused contaminants and 

show indeterminant conductivity. Indeterminant Hall concentrations indicate that the Hall voltage 

is smaller than the combined electric, geometry, thermal, and self-heating induced voltages in 

compensated materials. The thicker 800 nm GaN:Mg film showed definite p-type conductivity of 

6×1018 cm-3. So, even the thicker 800 nm GaN:Mg film directly grown on the GaN:Fe template 

showed significant compensation of ~75% of the activated holes in the entire volume by the 

diffused O contaminants. The MME GaN:Mg film grown on the intermediate AlN insulating film 

resulted in p-type carrier concentration of 2.3×1019 cm-3, however, taking into account the 2DHG 

contribution of ~3.25×1013 cm-2, the net bulk hole concentration comes out to be ~2×1019 cm-3. 

The 100 nm GaN:Mg film grown on the Be doped GaN semi-insulating film showed a p-type 
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concentration of 2.5×1019 cm-3. So, the Be structure gives a direct measurement of the bulk holes 

concentration without a buried channel that would be hard to shut off in a FET device. 

Furthermore, the Be-structure based homojunction film will have lower intrinsic electric fields. 

Also, experimentally, the heterojunction AlN insulating buffer layers introduce lattice-mismatch 

associated defects and growth complications (caused by growth interruptions due to the difference 

in growth temperatures of AlN and GaN). The homoepitaxial GaN:Be films reduce breakdown 

electric fields and suppress leakage currents from buried conducting channels. Furthermore, 

N4402 showed 5 times higher electrical mobility from Hall measurements as compared to the 

sample N4222. 

While most readers will already notice this advantage, both the studies carried out by Ref. 

[166] and [66] show hole concentrations achieved by MME which is ~1 to 2 orders of magnitude 

higher than the p-type GaN films grown by traditional growth techniques. Thus, MME has been 

shown an important tool for achieving p-type hyperdoping in III-Nitrides and has been successfully 

used to demonstrate exceptional homojunction tunnel diodes [104]. 

 

1.1.6   Structural Properties of GaN:Mg 

In order to achieve reasonable or even hyperdoped p-type GaN, a significant increase in the 

Nitrogen richness, either static as in MBE or dynamic as in MME, is required.  This increase in N-

richness necessary raises the surface energy and thus lowers adatom diffusion lengths resulting in 

poorer quality surfaces and crystals.  Key to successful p-type doping is a compromise in the 

surface chemistry, specifically nitrogen richness, required to achieve proper placement of the Mg 

on the cation site and the crystalline quality that leads to compensation. MME achieves this by 

periodic metal richness that smooths the crystal followed by N-rich growth + anneal times that 



46 

 

convert 1-10 nm of doped material per cycle.  Two aspects of structural quality are discussed here: 

surface morphology and polarity inversion. 

 

A. Surface Morphology 

Generally, the higher the III-V ratio of the GaN:Mg films, the smoother the surface and the 

lower the doping (due to N-vacancy compensation). However, too low of a III/V ratio can result 

in formation of surface pits as demonstrated in Figure 1.13.  While the exact III/V ratio that pits 

form also depends on N-flux, substrate temperature, total metal dose, for the conditions described 

in Ref. [66] and shown in Figure 1.13, the pits occur around a III/V ratio of ~1.3.  Additionally, 

the pits seem to form and enlarge randomly during growth.  Thus, thicker films grown with lower 

III/V ratio can exhibit device debilitating pit densities.  When thicker p-type layers are needed, it 

is advised to use a III/V ratio of ~2 or even slightly higher so as to maintain smooth surfaces at the 

expense of hole concentrations as tabulated in Table 1.2. 
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Figure 1.13:  5µm×5µm AFM of 100 nm GaN:Mg films at Mg valve opening of (a) 150 mils (b) 

200 mils (c) 250 mils. The corresponding incorporation levels are shown in Figure 2.12. 

 

B. Inversion Domains 

Very high Mg incorporation levels in GaN can result in polarity inversion of the GaN film 

from Ga-polar to N-polar which significantly reduces the subsequent incorporation of dopants 

because Mg incorporation in Ga-polar GaN is 20-30 times higher as compared to N-polar GaN 

[195]. When this happens, it generally does not happen uniformly across the film resulting in N-

polar domains next to Ga-polar domains.  Transport across domain boundaries is impeded by large 

electrostatic barriers and is reflected in plummeting carrier mobilities. Figure 1.11 shows a 

reduction in Mg SIMS incorporation at Mg incorporation levels above 2x1020 cm-3 suggesting 
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polarity inversion of the GaN films above these critical Mg incorporation levels. Care in 

interpreting such results is warranted as high Mg surface concentrations can also act as surfactants, 

smoothing the film and leading to lower Mg incorporation due to reduced surface site availability.  

However, if the surfaces are already smooth, as in MME where RMS roughness is ~<1 nm, such 

drops in Mg incorporation are a reliable sign of inversion domain formation. 

The surfactant effect of Mg is made possible by the surface segregation of Mg, which is another 

issue in GaN that eventually can lead to polarity inversion. Mg tends to segregate and can 

precipitate at the surface of GaN resulting in highly concentrated areas of Mg which can build up 

to ~1 ML leading to the formation of defects. The defects have been shown to be prismatic planes 

that are saturated in Mg forming a diamond shaped cup structure [203].   

These prismatic Mg decorated defects change the polarity of the GaN film inside the 

prismatic cup from Ga-polar to N-polar only for Mg concentration above the critical Mg 

concentration that initiates the Mg precipitation along the facets of the prismatic planes.  The lattice 

constant of crystalline Mg is remarkably close to that of GaN making Mg decoration of the GaN 

prismatic planes energetically favorable and temperature dependent.  Romano et al.[204] found a 

critical flux for Mg inversion to be 1 ML/sec at effusion cell (not cracker) temperatures of TMg = 

400 °C and substrate temperatures Tsub = 710 °C with the corresponding critical doping 

concentration of ~ 1020 cm-3 while the inversion shown above for Figure 1.12 corresponds to a 

critical flux for inversion of ~5×10-4 ML/sec at Tsub =600 °C. The higher critical flux for lower 

substrate temperature is an important driver for low temperature growth when one seeks 

hyperdoped GaN.  

Transmission electron measurements (TEM) have shown different types of defect 

incorporation levels below and above the Mg solubility limit of ~5×1019 cm-3. Similarly, high 
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defect density and isolated inversion are shown by TEM for Be incorporation level of ~5×1019 cm-

3 in GaN:Be [134].  

For N-polar GaN:Mg films, the uniformly distributed planar defects in the form of 

inversion domains are more dominant [203]. For the Ga-polar GaN:Mg films, 3D hexagonal 

prismatic defects decorated with Mg on the facets are found with their base along the c-direction 

(0001). TEM of these defects appear as triangular in the <11-20> projection, and, as trapezoidal 

features along the <1-100> projection [203].  

1.1.7   Photoluminescence Properties of GaN:Mg 

Photoluminescence (PL) is a non-destructive method to analyze the optical properties of 

GaN and energy levels of impurities and point defects. Temperature and excitation intensity 

dependent PL peak measurements results in enhancing of some PL bands and suppression of other 

bands to show insightful information about defects present in the films. The low temperature near-

band-edge (NBE) emission of UID GaN is found at 3.471 eV, however, room temperature 

measurements show a photoluminescence (PL) peak at 3.43 eV for both HVPE GaN template and 

high crystalline quality MME regrown UID GaN films. However, a red-shift occurs in the PL peak 

of GaN with Mg doping. The donor-acceptor-pair (DAP) PL peak of GaN:Mg occurs at 3.2-3.3 

eV and is strongly dependent on the Mg concentration and thus the epitaxy method. RT PL 

measurements of MME grown UID GaN show a PL peak at 3.43 eV and as expected for high 

quality GaN. As discussed previously, acceptor depth determined optically for this moderately 

dilute (compared to MME case but still remarkably high compared to MOCVD cases) Mg 

concentration is ~0.213 eV with the Mg related DAP found at 3.21 eV.  The MME regrown 

GaN:Mg films at SIMS concentrations of 2x1020 cm-3 and activated holes concentration of 

2.5×1019 cm-3 (~12% activation efficiency) show a PL peak at 3.26 eV with peak intensity an order 
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of magnitude lower than the MME UID GaN films [166]. Note that all band edge luminescence is 

absent in the hyperdoped MME grown GaN:Mg case.  This feature along with the wide peak tailing 

toward and overlapping the GaN band edge at 3.43 eV is a feature of PL associated with the 

formation of an impurity band. Essentially, the 3.43 eV bandgap GaN with a sharp conduction 

band edge is replaced by a smeared impurity band / conduction band feature when GaN is grown 

hyperdoped.  It is likewise important to note that while the luminescence peaks are consistent with 

cubic GaN, and that explanation has been previously offered to explain the high p-type 

conductivity, neither RHEED, XRD nor TEM show any evidence of cubic GaN for this range of 

hyperdoping.  If the doping is increased to ~5-7×1020 cm-3 (not shown here), TEM shows cubic 

stacking faults that can give additional anomalous PL signatures.    

When p-type doping a semiconductor, the Fermi-energy lowers in the bandgap, resulting 

in the deoccupation of bandgap states. This is well known to reduce the PL intensity for the same 

way that donor doping tends to brighten a PL response. Thus, it would be tempting to ascribe the 

reduction in PL intensity merely to the acceptor doping effect.  However, it is prudent to point out 

that the optimal growth condition for p-type GaN (lower III/V ratio and substrate temperatures) 

tends to degrade optical quality even when Mg doping is absent.  Therefore, some aspect of the 

reduced PL should be ascribed to the less than optimal GaN growth conditions that ARE optimized 

for best Mg doping.  The combined intrinsic and extrinsic effects imply GaN:Mg results in 

decreased emission for both MBE and MME films with more degradation (x10 vs x5) resulting 

from the heavier doping. 

1.1.8   Ca and Zn Doping in GaN 

The two main factors which define acceptor incorporation in GaN are bond strength 

between the dopant and its neighbors, and, atomic radius match of the host with the substituting 
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dopant atom which determines the strain state of the dopant [205]. The atomic radius of Zn (142 

pm) closely matches with the atomic radius of its host atom Ga (136 pm), however, the bond 

strength between Zn and its surrounding N-atoms in GaN is low which increases the formation 

energy of ZnGa. Ca (atomic radius of 194 pm) has a large size mismatch with Ga. Therefore, despite 

its large bond strength, CaGa has a very large formation energy in GaN. The activation energies of 

Zn and Ca are ~330 meV and ~640 meV, respectively, too large to act as efficient substitutional 

impurities in GaN [176]. UID GaN films are inherently n-type but sufficient addition of Zn or Ca 

concentrations in GaN films compensates these donors and results in highly resistive films. 

However, given the complications of using Zn and Ca in an MBE system, and the efficient use of 

Be (or C) for the same purpose, Be (or C) is a preferred dopant for achieving high resistivity III-

Nitride films.  Therefore, p-type doping of GaN is mainly limited to Mg-dopants.  

1.1.9   Investigation of Beryllium Doping of GaN 

The activation energy of Be in GaN was originally theoretically predicted to be 60 meV as 

compared to 140-220 meV for Mg in GaN which was thought to make Be a much shallower 

acceptor in GaN [206]. However, the same predictions said Be has low solubility limit of low 1017 

cm-3 [206]. Furthermore, Be has experimentally shown self-compensation  due to incorporation as 

interstitial impurity because of its smaller atomic radius. An electrical resistivity activation energy 

of 1.5 eV was shown by Suski et al. for GaN:Be grown by high nitrogen pressure solution (HNPS) 

method [207]. Storm et al. achieved reduced buffer layer conductivity in AlGaN/GaN high electron 

mobility transistor (HEMT) by MBE grown resistive GaN:Be films but these same transistors 

showed dispersion characteristics they attributed to carrier trapping dynamics [131]. Similarly, 

Katzer et al. achieved three orders of magnitude improvement in leakage current performance in 

HEMTs by GaN:Be semi-insulating buffer films [132]. Ptak et al. achieved semi-insulating Be 
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incorporated GaN films and showed that growth conditions such as polarity, Ga/N ratio and Ga/N 

rich conditions do not have a significant effect on the incorporation in these films [134]. Dashdorj 

et al. found an activation energy of 670 meV by electron paramagnetic resonance (EPR) 

measurements for HNPS grown GaN:Be [208]. while Willoughby et al. found an activation energy 

of 700 meV [209]. Given all the experimental data pointing to a deeper acceptor with lower 

solubility than Mg, Lyons et al. revisited the theory and showed an activation energy of 550 meV 

of Be as a substitutional impurity on Ga-site in GaN by hybrid functional calculation [210].  

The deeper ionization energy of Be in GaN as a substitutional impurity (GaBe) is 

presumably due to its small atomic size. Be has a relatively small atomic radius of 112 pm as 

compared to Mg (atomic radius of 145 pm). Therefore, Be results in larger local lattice distortion 

in the GaN crystal in neutral charge state and creates deep levels (greater hole localization), 

requiring higher ionization energy. Be interstitials have a lower formation energy under Ga-rich 

conditions, however, BeGa have a lower formation energy under N-rich conditions [210]. Be 

interstitials are the dominating Be configuration for p-type materials when the fermi energy level 

is within ~1.4 eV of the valence band maximum under both N- and Ga-rich growth conditions.  

Thus, Be seems to be relegated to a role of donor (intentional or otherwise) compensation and is 

an effective means of achieving semi-insulating films. 

Tuomisto et al. used positron annihilation spectroscopy and found a amphoteric behavior 

for Be in GaN between interstitial and substitutional sites with temperature variations [211]. 

Teisseyre et al. and Lamprecht et al. found strong yellow luminescence in GaN:Be films grown by 

HNPS [212], [213].  Similarly, Teisseyre et al. used GaN:Be as a yellow light converter by blue 

light excitation and showed a monolithic white LED [214], [215]. GaN:Be films previously grown 

by MBE have shown semi-insulating nature [131], [132]. However, conventional MBE grown 
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GaN:Be films exhibit Be surface segregation and surface accumulation causing the use of Be to 

be abandoned by many MBE growers [134], [195].   

MOCVD and MBE grown GaN films undergo diffusion of contaminants such as oxygen, 

carbon and silicon from regrowth interfaces [79], [80]. Ahmad et al. successfully achieved semi-

insulating GaN:Be films by MME exhibiting selectively controlled abrupt Be profiles without Be 

surface segregation and accumulation, and, showed effective electrical compensation of surface 

contaminants from regrowth interfaces [166]. Therefore, Be is not a suitable acceptor in GaN but 

its self-compensation properties makes it a better candidate for achieving semi-insulating films for 

high power device applications [131].  

1.1.10   Investigation of Carbon Doping of GaN 

Carbon is a Group IV element and it would theoretically show amphoteric behavior in GaN 

acting as an n-type dopant when incorporated on a Ga-site, and, acting as a p-type dopant when 

incorporated on a N-site. Boguslawski et al. studied hexagonal GaN and AlN by quantum 

molecular dynamics and showed amphoteric behavior of the C-dopant. They found that due to 

self-compensation carbon can be incorporated as a shallow donor in the CGa configuration or as a 

shallow acceptor in the CN configuration [177]. Furthermore, Van de Walle  et al. proposed that 

the formation energy of Carbon on a Ga-site is much larger than its incorporation on a N-site [79]. 

Experimental study of MOCVD grown carbon doped films were found highly resistive. From this 

study, Armstrong et al. found two levels of GaN:C bandgap states at Ec-Et =1.35 and 3.28 eV 

suggesting carbon to be a deep donor and a shallow acceptor. The two bandgap states were 

assumed to contribute to the semi-insulating nature of GaN:C films [216]. 

In a recent study, Lyons et al. performed hybrid functional calculations of GaN:C and 

demonstrated that the GaN:C is mostly found in the CN configuration in which it is not a shallow 
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acceptor but a deep acceptor with an activation energy of 0.9 eV [178]. However, they found that 

the formation energy of GaN:C depends on the growth conditions (Ga-rich vs N-rich) and the 

position of the Fermi level [178]. Tang et al. grew GaN:C films via MBE. They found that these 

films were highly resistive (>108 Ω-cm) and quenching the near band edge excitonic emissions 

while simultaneously showing yellow luminescence [217]. Lyons et al. found that the CN 

configuration results in optical emission line at 2.14 eV which explains the yellow luminescence 

found in GaN:C films [178]. 

Carbon can also incorporate as interstitial impurity in GaN. Wright et al. found that the 

formation energy for interstitial carbon impurity in GaN is similar to the CGa and CN configuration 

[218]. They predicted that CGa are the primary compensating species for N-rich GaN while CI 

resulting in self-compensation are the main compensation species under Ga-rich growth 

conditions. 

In MBE, carbon doping can be performed via high temperature graphite filament 

sublimation as in Dr. Eberl’s carbon sublimation source as sold by MBE-Komponenten [219] or 

with gas source, most notably carbon tetrabromide.  For III-Nitrides, there is no known example 

of use of the carbon sublimation sources.  D.S. Green et al. showed the use of CBr4 as a source of 

C doping in GaN which was found to result in compensation of Si dopants [220]. Furthermore, 

Poblenz et al. have shown the use of carbon doping via CBr4 as buffers for AlGaN/GaN HEMTS 

[221]. Special precautions and gas handling requirements need to be included for CBr4. CBr4 may 

damage the eyes, liver and kidneys. Also, a contact to CBr4 can cause sever skin burns. Therefore, 

it needs to be dealt with special personal protective equipment and require enclosed operations. 

1.1.11    p-AlN and p-AlGaN 

AlN and AlGaN materials are very difficult to dope p-type as compared to GaN. The 
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ionization energy of p-dopants significantly increases with increase in Al-content in AlGaN 

resulting a decrease in doping efficiency. Furthermore, nitrogen vacancies are more easily formed 

in AlN as compared to GaN and act as compensating centers. The formation energy of the N-

vacancy is lower in AlN as compared to GaN [222]. Van de Walle et al. suggested that the nitrogen 

vacancies may be partially responsible for decreased doping efficiency of Mg with increase in Al-

content in AlGaN [222]. 

Mg and Be are two potential p-type dopants in AlN. The atomic radii of Al and Mg are 118 and 

145 pm, respectively. Mgi formation is not favorable in AlN due the relatively larger atomic size 

of Mg as compared to Al. The atomic radius of Be is 112 pm so BeAl causes less lattice distortion 

in AlN as compared to MgAl. Hence, BeAl has a lower formation energy in AlN than MgAl.  

The activation energies of MgAl in AlN are relatively higher as compared to the activation 

energies of MgGa in GaN under the same corresponding Ga- and N-rich conditions. The formation 

energy of MgAl was theoretically found to be higher under Al-rich conditions vs N-rich conditions 

[223]. The ionization energy of MgAl in AlN is theoretically predicted to be ~400 meV [222]. 

Another study showed the activation energy of Mg in AlN to be 510 meV [224]. 

Wu et al. theoretically predicted the activation energy of BeAl to be ~340 meV via ab initio 

study [225]. Sedhain et al. used time-resolved PL spectroscopy in accordance with Haynes’ rule 

and found that the acceptor binding energy of Be in AlN is about 330 meV [226]. However, Szabó 

et al. studied Mg and Be in wurtzite AlN by screened hybrid density functional calculations, and, 

found that Mg is a shallower acceptor in AlN with activation energy of 500 meV as compared to 

Be in AlN for which they found a much higher activation energy of 970 meV [227]. They 

suggested that the previously calculated lower activation energy of Be in AlN should be revisited. 

While Be may have a slightly lower ionization energy in AlN as compared to Mg as 
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indicated by majority of the studies, Be tends to favor as interstitial impurity even though it has 

only a slightly smaller atomic radius. Similar to MgAl in AlN, the formation energy of BeAl in AlN 

is lower under N-rich conditions. Also, Be is expected to have a higher solubility in AlN than Mg 

as the formation energy is lower by 0.2 eV for BeAl than MgAl. However, due to the smaller atomic 

size difference between Be and Al, Be is expected to have slightly higher interstitial defects 

compensating BeAl. Growing AlN:Be under N-rich conditions could potentially limit the 

compensating Bei defects but doing so would be problematic for MBE as it would require 

excessively high temperatures for adequate adatom mobility. 

Other candidates for p-type doping of AlN and AlGaN are Ca and Zn.  Heavier impurities, 

such as Ca and Zn, have large ionization energies in AlN and AlGaN, and, are not suitable for p-

type doping of AlN and AlGaN. The atomic radius of Ca is 194 pm and is expected to create the 

largest lattice distortion in AlN. The formation energy of CaAl is the highest as compared to BeAl 

and MgAl indicating the lowest doping efficiency of Ca in AlN.  

MME has shown hole concentrations of 2.4×1019 and 2.3×1019 cm-3 for Mg doped 

Al0.11Ga0.89N and Al0.27Ga0.73N, with resistivity values of 0.3 and 1.2 Ω-cm, respectively [66]. 

Experimental studies confirm predictions that Mg doping of Al-rich AlGaN result in very high 

activation energies significantly reducing the holes concentrations resulting in high resistivity. 

However, Clinton et al. employed low-temperature MME growth technique to achieve heavily 

doped AlxGa1-xN layers [104]. They investigated the Al compositional limits of tunneling in 

AlxGa1-xN P++/n++/n homojunction tunnel diodes. The p-AlGaN films were grown at Mg 

incorporation levels of 5.3×1020 cm-3. They found negative differential resistance up to Al 

composition of 19% in AlGaN indicating tunneling due to a very narrow depletion width resulting 

in high doping concentrations. Furthermore, they observed reverse biased tunneling up to 58% Al 
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composition in AlGaN showing promise for devices.  Employing these AlGaN tunnel contacts in 

a UV LED, the output power density was increased by 110%. 

 

1.1.12    p-InN and p-InGaN 

InN is a narrow bandgap material of 0.65 eV and its alloy with GaN resulting in InGaN 

ideally covers the whole visible illumination spectrum extending its application to high-efficiency 

tandem solar cells, LEDs and laser diodes. Furthermore, the narrow bandgap of InN makes it a 

useful candidate for optoelectronic applications in the near-infrared (NIR) range, and, its high 

saturation velocity and electron mobility makes it a good candidate for high-frequency electronics. 

Low temperature growth of MBE makes this technique more suitable for the growth of InN and 

its alloys due to the low decomposition temperature of InN. In containing III-Nitride alloys are 

universally easier to grow with MBE than MOCVD due to the need for low temperatures where 

ammonia cracking is inefficient, aggravated by the loss chemical catalyzation as more and more 

In is included in the film. 

InN and InGaN films are inherently n-type in nature with electron concentrations in the 

range of mid-1017 to high 1020 cm-3. Native donor defects result in pinning of the surface Fermi 

level well above the conduction band edge in InN. The ability to dope a semiconductor material 

p- or n-type depends on the position of its conduction and valence band energy with respect to the 

Fermi-level stabilization energy (EFS). EFS is an intrinsic property of the material controlled by 

native defects and is located at ~4.9 eV below the vacuum level for nitride materials irrespective 

of the doping type. In the case of InN the EFS lies ~0.8 eV above the conduction band edge while 

in case of GaN the EFS is located ~0.9 eV below the conduction band edge [228]. Therefore, native 

point defects in InN result in very high n-type doping. Also, the surface Fermi level in InN is 



58 

 

pinned at EFS level creating very high accumulation of electrons and since this is fundamental, is 

unaffected by chemical/physical cleaning. Therefore, standard models of determining Hall 

concentrations in p-type InN involve the deconvolution of n-type surface electron accumulation 

and p-type bulk holes concentrations as the n-type surface electron accumulation layers in InN 

have made it impossible to measure the bulk transport characteristics of p-type InN. HEM would 

only calculate the average contribution of carriers to determine the transport properties of a sample.  

The surface electron accumulation layer in InN has been previously found through 

capacitance-voltage (C-V) measurements and transport properties of InN films of various low 

thicknesses [229], [230]. The electron sheet concentration from these studies for InN was 

calculated to be mid 1013 cm-2. It has been suggested by Electrochemical C-V (ECV) 

measurements that Mg doped InN films have an electron accumulation layer in addition to buried 

shallow acceptors [230]–[233]. However, one should interpret these results with caution as the 

ECV curve for which these conclusions are derived are identical to those resulting from an n-type 

semiconductor with an excessively leaky (lossy) electrochemical depletion barrier as shown in 

Figure 1.14.  This degeneracy of explanations of the data could be eliminated by multi-frequency 

CV analysis which has yet to be performed.  This warning is further warranted by the inability of 

any known metal contacts of any electron affinity to form a rectifying contact suggesting the ECV 

barriers being measured are in fact the liquid depletion regions not the semiconductor depletion 

regions, making the conclusions a characterization of the electrolyte not the semiconductor under 

study. While capacitance meters generally only use one frequency to measure the ECV, a multi-

frequency impedance analyzer can distinguish between a ECV inflection point from a buried p-

type layer and one from excessive ECV barrier leakage. By accounting for the losses using a three 

component model (two resistors and a capacitor) as compared to the simpler and inaccurate model 
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under excessive leakage two component model (a capacitor and resistor), such a tool can correct 

he leaky CV curve and typically show no inflection (see the example for a leaky MOS capacitor 

shown in Figure 1.14b.  As an example of this measurement issue, consider the ECV curve from 

P. A. Anderson et al. [231] in Figure 1.14a. InN films with a staggering 1×1021 cm-3 Mg showed 

n-type conduction and only at this enormous level does the ECV curve decrease at positive 

voltages as would be expected for a buried p-type layer.  At this doping level the Mg is approaching 

~2% of the atomic concentration and is highly unlikely to retain any of its inherent InN crystalline 

characteristics, becoming instead a different phase altogether. Indeed, this concentration is above 

the Mott transition concentration described above for InN.  It is not likely that InN at this doping 

remains InN and is likely extremely defective. 

 

Figure 1.14:   (a) ECV measurements on UID InN and InN:Mg films [231]. (b) Measured and 

corrected capacitance using the minimum phase detection method to accurately obtain C-V 

results through Agilent 4294A Precision Impedance Analyzer. 

L.H. Dmowski et al. [234] and R. Jones et al. [230] infer a buried p-type InN layer by ECV 

but also by other means including thermopower and photoluminescence.  However, to date, no 

irrefutable evidence exists of p-type conduction in InN (thermopower is electrostatic, i.e. no 

current flow and PL is optical).  

InGaN can ideally cover the energy bandgap range from 0.65 to 3.4 eV, however, 
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traditional InGaN alloys have shown inhomogeneities in the crystal resulting in phase separation 

due to thermal decomposition, lateral “spinodal-like” surface phase separation and vertical indium 

surface segregation (under metal rich growth). MME mediates this issue by low substrate 

temperature growth of InGaN by modulated shuttering of the metal and dopant atoms while 

keeping the nitrogen plasma constant. The low substrate temperature in MME suppresses 

desorption of In atoms while high metal doses during the shutter cycle open time result in increased 

adatom mobility. The excess-metals are consumed during the shutter closed cycle. Moseley et al. 

have achieved Hall holes concentrations in the range of 2x1018 to 2x1019 cm-3 for MME grown 

Mg-doped InGaN films with In content in the range of 0 to 22% [65]. 
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CHAPTER 2:   COMPREHENSIVE ANALYSIS OF THE 

SUBSTRATE TEMPERATURE ON MME UID GaN FILMS 
 

While metal modulated epitaxy (MME) has been shown useful for hyper-doping, where hole 

concentrations 40 times higher than other techniques has been demonstrated and the ability to 

control phase separation in immiscible III-Nitrides, the complexity of the dynamically changing 

surface conditions during the cyclic growth is poorly understood.  While MME is capable of superb 

crystal quality, performing MME in an improper growth regime can result in defective material.  

These complications have made the transfer of MME knowledge challenging. This work provides 

a comprehensive study of the conditions necessary for achieving the benefits of MME while 

avoiding undesirable defects.  The effect of growth temperature, Ga/N ratio and excess Ga-dose 

per cycle on the morphological, structural, electronic, and optical properties of Unintentionally 

Doped (UID) MME grown Gallium Nitride (GaN) have been investigated. Optimal structural and 

electrical quality were achieved for GaN films grown at ~650°C, at pre-bilayer Ga coverage and 

at moderate droplet regime. However, high defect concentrations were observed at the lowest 

growth temperatures and as the excess Ga-dose transitioned from bilayer coverage to the low 

droplet regime. Optoelectronic properties were optimal for films grown at intermediate growth 

temperatures, an excess Ga-dose condition just before the droplet formation, and at III/V ratios 

closest to stoichiometry. The optimization of growth temperature, Ga/N ratio and excess Ga-dose 

results in a range of growth conditions achieving smooth surfaces with step-flow surface 

morphology and high crystalline quality UID GaN films with low threading dislocation densities 

would allow researchers to utilize the extensive advantages of MME. Three experiments were 

performed to explore the effects of growth temperature, excess Ga-dose per cycle, and Ga/N ratio 

on the MME grown UID GaN films. Each study used the results of the previous study or studies 
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to optimize growth parameters and narrow the parameter space to better understand the strengths 

and limitations of MME.  For clarity, each study will be described in chronological order in this 

chapter and the following two chapters. 

Introduction 

The GaN-based semiconductor technology has attracted an immense interest among the 

scientific community due to its accomplishments in semiconductor devices such as solar cells[7]–

[9], light emitting diodes (LEDs)[4]–[6], laser diodes (LDs)[10]–[15], high electron mobility 

transistors (HEMTs)[22], [23], photodetectors (PDs)[16], [17], and Schottky diodes[18]–[21]. 

Significant performance improvements have been added to the progress of these semiconductor 

devices by plasma-assisted molecular beam epitaxy (PA-MBE) due to its potential of highly 

crystalline nitrides-growth at low substate growth temperatures under optimized stoichiometric 

growth conditions.[23], [235], [236] Metal modulated epitaxy (MME) has achieved further 

improvements in nitrides-growth in terms of crystal growth, doping, ternary alloys, and wafer scale 

reproducibility due to the ability to limit desorption resulting in excellent wafer uniformity and 

control of surface chemistry at low temperatures affording the control of dopant incorporation 

beyond the normal solubility limits[67], [69]–[71], [237]. MME is a modified low temperature 

(below the desorption regime) MBE growth technique in which the metal fluxes are periodically 

modulated by shuttering while keeping the nitrogen plasma constant throughout the growth 

process. MME significantly improves the morphological and structural quality of the epitaxially 

grown nitride films by a low temperature technique as compared to the traditional MBE. Active 

research is underway on homo-epitaxial growth of MBE-GaN on HVPE GaN templates due to its 

suitability for epitaxial growth with high crystalline quality[238]. Several groups have reported the 

effect of growth stoichiometry and substrate temperature on the crystalline quality of PA-MBE 
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grown GaN thin films on HVPE GaN templates. These results are for traditional MBE using 

continuous growth without interruptions where, unlike MME, the surface chemistry reaches a 

steady state condition. An abrupt morphological and structural transition from high Ga/N ratios to 

low Ga/N ratios has been reported by many research groups[90], [92], [239]. GaN films grown 

under Ga-rich conditions have step-flow surface morphology due to high adatoms mobility, have 

streaky RHEED patterns and are highly conductive even without intentional doping[93]. 

Threading dislocations in Ga-rich films appear as spiral hillocks. N-rich GaN films have rough 

surface morphology due to low adatoms diffusion lengths, have spotty RHEED patterns and are 

highly resistive. Several orders of magnitude improvement in the surface diffusion coefficient can 

be obtained by terminating a GaN surface in a monolayer or bilayer of Ga[94]. Hsu et al. studied 

the effect of growth stoichiometry on the electrical activity of screw dislocations in MBE GaN 

films and have shown that reverse bias leakage current in these films depends on the type of 

dislocations and growth stoichiometry[96]. Heying et al showed that Ga-rich traditional MBE 

resulted in inferior electrical properties with increase in III/V ratio in the Ga-rich regime[97]. The 

diffusivity of Ga-adtoms on GaN increases with increase in substrate temperature[95]. Kushvaha 

et al. studied the effect of growth temperature on the surface defect density of GaN films for 

substrate temperatures of 730 °C, 740 °C and 750 °C well in excess of MME growth conditions 

which are typically <730 °C[240]. They found low surface defect density at high substrate 

temperatures. These studies show that some structural metrics are improved with increasing metal 

coverage due to the higher adatom mobility to promote 2D growth. Although the structural quality 

can improve with more metal coverage, too high of Ga coverage can result in droplets and 

increased amounts of N-vacancies. The metal rich growth can be terminated at monolayer or 

bilayers of Ga and result in higher crystal quality. Traditional MBE can target this narrow region 
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of metal-richness by exhaustively calibrating substrate temperature to control the exponentially 

sensitive desorption of Ga. Unfortunately, this also requires run to run and across wafer 

temperature accuracy difficult to achieve in a practical MBE environment.  For example, the phase 

diagrams of Adelmann[241] suggest that even a 1.4% temperature variation across the wafer at 

740 °C results in a change in ~50% effective change in flux due to desorption, making it nearly 

impossible to achieve precise steady state growth conditions over large areas.  The MME technique 

which operates well below the desorption regime can instead target this optimal metal rich regime 

range with precise control of metal shutter times with accuracies <<1 sec and thus achieve sub-

monolayer control across an entire wafer with better than 2% thickness and flux stoichiometry 

uniformity. 

In this work, we have investigated the effect of growth substrate temperature, growth 

stoichiometry, and Ga-dose on the homoepitaxial growth of GaN layers by MME on HVPE-grown 

Ga-polar GaN templates on sapphire. In situ thermal cleaning of HVPE GaN templates was 

optimized by three cycles of Ga-flashing, Ga adsorption at lower substrate temperature and 

desorption at high substrate temperature, and, monitored by reflection high energy electron 

diffraction (RHEED). A comparison of MME UID GaN films under different growth conditions 

is presented based on RHEED, atomic force microscopy (AFM), hall effect measurements (HEM), 

X-ray diffraction (XRD), photoluminescence (PL), and transmission electron microscopy (TEM). 

It is noted that doping is known to improve some of the absolute metrics like PL intensity and 

mobility in highly dislocated materials.  However, to examine the lower limits of MME, no doping 

is included.  The effect of substrate temperature, Ga/N ratio and Ga-dose on the morphological, 

structural, electronic, and optical properties of homo-epitaxial MME UID GaN films have been 

investigated.   
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Experimental Details 

Homoepitaxial unintentionally doped (UID) GaN films were grown by MME in a Riber 32 

RF PA-MBE system. HVPE semi-insulating GaN templates on sapphire from MSE Supplies 

(MSES) were employed as substrates. Two-inch diameter HVPE GaN templates were first piranha 

cleaned in a solution of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) (3:1 volume ratio) 

followed by Hydrofluoric (HF) acid and DI water (5:1 volume ratio) solution clean. The templates 

were then backside metallized with Tantalum with layer thickness of 2 µm for uniform distribution 

of heat during growth. The two-inch diameter GaN templates were subsequently diced into 1 cm 

x 1 cm samples. All the growths in this experiment were carried out on the 1 cm x 1 cm templates. 

Prior to growth, the templates were first ex situ wet chemical cleaned in piranha solution 3:1 

volume ratio of H2SO4:H2O2 for 10 minutes at 150 °C. The templates were then cleaned in a 

solution of 10:1 volume ratio of DI-H2O:HF for 30 seconds followed by a DI water rinse and dried 

with nitrogen. The GaN templates were then transferred into load blocks and secured in custom 

Molybdenum spring plates held in Veeco UniblocksTM. The templates were subsequently loaded 

into an introductory vacuum chamber with a base pressure of mid 1x10-9 Torr. Based on prior 

growth experience, the transfer time between wet chemical clean and Introductory chamber was 

kept as small as possible (less than 2 minutes) in order to reduce the exposure of the samples to 

oxygen for decrease background concentration in the homoepitaxial MME GaN films. Storm et al. 

carried out homoepitaxial growth of GaN on HVPE GaN templates in different MBE systems at 

different substrate temperatures and recommended a combination of wet chemical clean and Ga 

deposition and desorption for optimal homoepitaxial growth of GaN[85]. Storm et al. employed 

Ga deposition and Ga desorption in combination with ultrathin AlN nucleation layer to reduce the 

density of oxygen and threading dislocations in subsequent growth of PA-MBE GaN films[86]. 

Thus, thermal cleaning of the samples was carried out in two stages. First, the GaN templates were 



66 

 

outgassed in the introductory chamber at 200 °C for 10 minutes and subsequently loaded into the 

growth chamber via a transfer vacuum chamber. Secondly, the templates were outgassed inside 

the growth chamber at 650 °C for 10 minutes. Ga Flashing of the HVPE GaN on sapphire templates 

was employed inside the growth chamber as it improves the growth interface by reducing the 

oxygen level [87]–[89]. In Ga Flashing, 4-5 nm of Ga was first adsorbed on the HVPE GaN 

template at a substrate temperature of 600 °C. The recorded specular RHEED transient during the 

Ga adsorption cycle is shown in Figure 2.1(a). The Ga flux is shutter controlled. Ga shutter is 

opened at A. Point B represents one monolayer coverage, also called pseudomorphic monolayer 

coverage. Point C represents the adsorption of the second monolayer of Ga, also called laterally 

contracted monolayer. Feature C-D in Figure 2.1(a) corresponds to the Ga droplet adsorption 

regime. The Ga shutter is closed at D which cuts off Ga flux. Afterwards, the substrate temperature 

is ramped up to 710 °C for Ga desorption cycle. Figure 2.1(b) shows specular RHEED transient 

of the Ga desorption cycle. The substrate temperature is still ramping up at point E. The local 

maxima at E occurs at around substrate temperature of 690 °C. It is associated to the desorption of 

laterally contracted monolayer. RHEED Intensity keeps constantly rising and stabilizes at F. Point 

F is attributed to the desorption of the pseudomorphic monolayer during the Ga desorption cycle. 

This completes one cycle of Ga flashing. Desorption of the excess metal Ga droplets occurs 

quickly, however, it takes more time to desorb the laterally contracted monolayer and 

pseudomorphic monolayer making up the bilayer due to their desorption activation energy of 3.7 

and 4.9 eV, respectively[242]. Also, it takes more time for the pseudomorphic monolayer to desorb 

as compared to the laterally contracted monolayer. The longer desorption time for pseudomorphic 

monolayer is further explained by the fact that it is a metal-to-semiconductor bond not a metal to 

metal bond. Three cycles of Ga flashing were carried out for all the samples grown in this 
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experiment. Inset of Figure 2.1(a) shows RHEED image of the HVPE GaN template after 

outgassing. Inset of Figure 2.1(b) depicts RHEED image of the GaN template after Ga flashing 

indicating a marked improvement in RHEED brightness. Figure 2.2(a) to (e) shows progression of 

RHEED after thermal cleaning and Ga flashing depicting a cleaner growth interface. Figure 2.2 (f) 

shows specular RHEED transient intensity plot for the three cycles of Ga flashing. “0x” is the 

RHEED intensity after substrate outgas but before Ga flashing. “X”, “Y” and “Z” correspond to 

dipping of the intensity transient upon Ga-flux deposition during Ga-flashing cycle 1, 2 and 3, 

respectively. “1x”, “2x” and “3x” show RHEED intensity levels upon Ga-desorption completion 

for Ga-flashing cycle 1, 2 and 3. It is shown that average specular RHEED intensity increases with 

each Ga-flashing cycle. Step-wise increase in RHEED intensity after 3x Ga flashing is attributed 

to a marked improvement in the substrate interface cleaning. 
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(a) 

Specular RHEED transient recorded in Ga Flashing during Ga adsorption cycle as well as the 

temperature profile. Inset shows RHEED image of GaN template after substrate outgas at Tsub 

600 °C. (b) Ga desorption cycle. Inset in (b) shows GaN template after 3x Ga Flashing at Tsub 

600 °C. Marked improvement in RHEED brightness is observed after Ga-flashing cycle 

 

 
 

 

Figure 2.1:  Inverted RHEED of the HVPE GaN substrate after (a) outgass (b) 1 cycle of Ga 

flashing (c) 2 cycles of Ga flashing (d) 3 cycles of Ga flashing (e) N2 plasma exposure. (f) 

RHEED specular spot intensity transient for 3x Ga flashing. Marked improvement in RHEED 

brightness and intensity is observed after each cycle of Ga-flashing. 

 

Ga fluxes were supplied from a standard effusion cell for the MME UID GaN films. Veeco 
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UNI-Bulb RF nitrogen plasma source was used to supply nitrogen plasma at a flow rate of 2.5 

sccm and RF plasma power of 350 W. RF plasma flow and power was kept constant for all the 

growths. The base pressure of the growth chamber was in low 10-10 Torr. The nitrogen plasma 

resulted in a beam equivalent pressure of 2.2x10-5 Torr. The MME technique, as described in detail 

in previous works by this research group was employed for the growth of each GaN film reported 

here[64], [65]. RHEED was used for surface level in situ monitoring of the homoepitaxial GaN 

films during growth. Philips X’Pert Pro MRD was used for post growth XRD of the grown films. 

The surface morphology of the films was characterized by Bruker Dimension Icon Scanning Probe 

Microscope in tapping for AFM. Traditional In-dot contacts were used for HEM of the films by 

employing a 0.3 T fixed magnet at room temperature (RT) with high precision Keithley 

electronics. A Renishaw in-Via Raman Spectrometer with a solid-state 266 nm CRYLAS FQCW 

266-10 laser was used for room temperature PL spectroscopy. FEI Tecnai G2 F30 TEM 300 kV 

instrument was used for TEM of the films in bright/dark field observed under two-beam condition 

with g=<0002> and g=<1-100>. 

Results and Discussion 

MME UID GaN films were grown on HVPE semi-insulating GaN templates at substrate 

temperatures in the range of 500 to 750 °C. The Ga/N stoichiometric growth condition was kept 

constant for this series of growths at III/V of 1.8 based on previous research group standards. We 

note that this historically established condition was later found to be non-optimal for some of the 

electronic properties affecting some of the metrics presented here.  In order to achieve this III/V 

ratio, the Ga flux BEP was 1.5x10-6 Torr for the samples in the substrate temperature range of 500 

to 700 °C. However, the Ga flux BEP had to be increased to 3.4x10-6 Torr for the sample grown 

at a substrate temperature of 750 °C due to considerable Ga desorption at this high substrate 
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temperature in order to achieve the same III/V ratio of 1.8. All the MME grown GaN layers in this 

experiment were 500 nm thick. Since  secondary ion mass spectroscopy (SIMS) indicates oxygen 

impurity incorporation due to regrowth on GaN templates extends ~300 nm into the film, the 

results are likely influenced by the oxygen contamination from the MME/HVPE GaN regrowth 

interface making some metrics lower than found elsewhere for thicker films[243]. III/V 

calculations during growths were recorded from in situ RHEED transients according to the process 

described elsewhere[64], [244]. 

Figure 2.3 shows a typical RHEED transient for the intensity of the specular spot from this 

series of growths at a substrate temperature of 650 °C. A periodic Ga shutter scheme of 10 sec 

open and 10 sec closed was employed while the growth surface was exposed to constant nitrogen 

plasma all the time during growth. In Figure 2.3, Feature “A-B” depicts Ga shutter opening. As 

confirmed by in situ residual gas analysis[64], the local RHEED intensity maxima at “B” occurs 

because of the exchange of physisorbed nitrogen with a high electron density Ga flux resulting in 

high electron reflectance immediately after the shutter is opened. Feature “C” represents 

adsorption of the first Ga monolayer denoted by the oscillation dampened by the exponential 

intensity drop as the randomly placed and dynamically changing metal coverage increases. Feature 

“D-E” corresponds to the RHEED intensity decay saturation due to Ga bilayer coverage wherein 

the RHEED beam begins to only sample Ga and not the underlying GaN. Feature “E-F” represents 

Ga droplet accumulation. The Ga shutter is closed at time “F”. Feature “F-G” corresponds to 

RHEED intensity increase due to consumption by the nitrogen plasma of the accumulated Ga, 

initially the droplets and later the bilayer. This time will be designated as the “Ga consumption 

time”. Feature “G” corresponds to the excess Ga being fully consumed. No growth occurs during 

“G-A” and this region will be referred to as the “growth dead time”. During this time, it is found 
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that the surface can roughen due to the nitrogen plasma exposure and thus this time should be 

minimized[68]. There is an interdependence of III/V ratio and shutter times but the Ga/N ratio was 

kept constant for growths in Section III-A. The Ga consumption time in this experiment was kept 

at 8 sec and the dead time was chosen to be 2 sec. MME shutter cycle “growth time” is the actual 

time during which GaN growth occurs and it is the sum of shutter cycle open time and consumption 

time. A RHEED behavior similar to Figure 2.3 is explained in more detail at growth temperature 

of 600 °C by Moseley et al.[64] 

 

Figure 2.2:  Typical RHEED transient response at a III/V ratio of 1.8 (a) full cycle view (b) half 

cycle view. The shutter open and close times are 10 sec each.

Each sample exhibits a 2x2 surface reconstruction from RHEED (see insets in Figure 2.4) 

during and after growth which is a signature of Ga-polar GaN growth.[37], [245] All the RHEED 

patterns in Figure 2.4 are streaky indicating growth of smooth films. The RHEED intensity in 

Figure 2.4(a) is dimmer as compared to the other samples implying relatively rougher surface 

morphology of this sample as compared to the other samples. Figure 2.4(c) to (f) show very streaky 

RHEED 2x2 patterns indicating Ga-polar layer-by-layer (Frank-van der Merwe) growth mode. 

Figure 2.4 represents 5 µm x 5 µm AFM images of the GaN films grown at different 

substrate temperatures. Figure 2.4(c) to (f) corresponding to GaN samples grown in the range of 
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600 to 750 °C have spiral-hillocks-mediated step flow surface morphology with interlocking steps 

wound around threading dislocations. Spiral hillocks are generally associated with mixed 

threading dislocations in MBE grown GaN films under Ga-rich conditions[246], [247]. Spiral 

hillocks are caused by the winding of two interlocking steps flowing around and pinned to a mixed 

dislocation[248]. Step flow surface morphology is not observed for the sample grown at 500 °C 

due to low adatoms diffusion length of Ga at this substrate temperature. Surface morphology 

improves at a substrate temperature of 550 °C but small regions of speckled island formation are 

observed in the planar valleys located near the spiral mounds likely resulting from lower local Ga 

coverage due to scavenging of Ga by the nearby spiral facets.  Figure 2.4 (g) shows 5 µm x 5 µm 

AFM root mean square (RMS) roughness of this series of growths. Surface roughness initially 

decreases with increase in substrate temperature and is the lowest for the samples grown at 600 

and 650 °C due to long Ga adatoms diffusion lengths and near infinite adsorbed adatom lifetimes 

(no desorption). AFM RMS roughness increases for the samples grown above 650 °C due to the 

interplay of long surface diffusion lengths but shorter average adatoms residence lifetimes as 

desorption begins to increase as we observed significant Ga desorption at substrate temperatures 

above 670 °C. 
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Figure 2.3:  AFM of the substrate temperature dependent UID GaN films at: (a) 500°C (b) 550 

°C (c) 600 °C (d) 650 °C (e) 700 °C (f) 750 °C. Insets show the corresponding RHEED 

reconstructions. (g) 5 µm x 5 µm AFM RMS roughness plot of the substrate temperature 

dependent MME GaN growths. Films are rougher at extreme substrate temperatures but have 

smooth surface morphology at intermediate growth temperatures.  

Hall effect measurements were carried out for electronic characterization of these films and 

are shown in Figure 2.5. The GaN film grown at 500 °C was too resistive to measure. Figure 2.5(a) 

shows high resistivity at extreme temperatures and low resistivity at the intermediate substrate 

temperature range of 600 to 700 °C. Mobility is the lowest at the extreme temperatures and is the 

highest for the sample grown at 650 °C as depicted in Figure 2.5(b) which is attributed to very low 

threading dislocations and high crystalline quality for this growth condition validated by its XRD, 



74 

 

PL and TEM results.  

 

Figure 2.4:  Substrate temperature dependent MME UID GaN films: (a) Hall resistivity (b) Hall 

mobility measurements showing best electrons mobilities achieved at Tsub of 650 °C associated 

with high crystalline quality of the film. The sample at Tsub of 500 °C too resistive to measure. 

Threading dislocation densities (TDDs) in GaN films can be generally quantified by their 

full width at half maximum (FWHM) values from symmetric and asymmetric rocking curve 

measurements[249]. The 500 nm MME UID GaN films were grown on 2 microns HVPE semi-

insulating GaN on sapphire templates so the main contribution to peak and FWHM intensities 

would be from the template instead of the MME grown layer. However, thorough investigation of 

the films in the current study supported by TEM results showed that any defects and dislocations 

introduced by the MME grown layer would broaden the base of the symmetric and asymmetric 

rocking curves from XRD measurements. Figure 2.6(a) shows (002) symmetric rocking curve for 

the GaN sample grown at 500 and 650°C, compared to the GaN template. A significant broadening 

is observed in the base of of the rocking curve and peak position shift due to differences in strain 

from defects is observed from the MME GaN film grown at 500 °C.  There is no observable 

broadening in samples grown at higher temperatures as shown for example at 650 °C. The film 

grown at 650 °C replicates the crystalline quality of the semi-insulating GaN template. For 

quantitative analysis of screw and mixed threading dislocations in these films, purlieu (002) full 
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width at 1/1000 of the maximum peak (FW002 at 1/1000) and (002) full width at 1/10,000 of the 

maximum peak (FW002 at 1/10, 000) were carried out. Similarly, for quantitative analysis of edge 

and mixed threading dislocations in these films, (105) full width at 1/100 of the maximum peak 

(FW105 at 1/100) and (105) full width at 1/1000 of the maximum peak (FW105 at 1/1000) were 

measured. Figure 2.6(b) and (c) show these results. Broadening in the (002) symmetric curves 

correspond to screw and mixed dislocations, and, broadening in (105) asymmetric rocking curves 

correspond to edge and mixed dislocations[249]. Figure 2.6(b) indicates a sharp decrease in screw 

and mixed dislocations with increase in substrate temperature from 500 °C to 600 °C. The 

attributed screw and mixed dislocations are fairly constant in the temperatures range of 600 to 700 

°C because the film quality mimics the substrate but increases at 750 °C. Similarly, Figure 2.6(c) 

shows a sharp decrease in edge and mixed dislocations with increase in substrate temperature from 

500 to 600 °C. The attributed edge and mixed dislocations are fairly constant in the temperature 

range of 600 °C to 700 °C but indicate a slight decrease at a substrate temperature of 750 °C 

behaving oppositely to the screw dislocations. The MME films quality generally mimic the 

substrate in the temperature range of 600 to 750 °C. 
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Figure 2.5:   (a) (002) symmetric rocking curve measurement of the GaN sample grown at 500 

°C shows high broadening in the curve at 1/100, 1/1000 and 1/10,000 of the peak due to high 

density of defects and dislocations introduced by the MME film. The film grown at 650 °C 

shows crystal quality similar to the semi-insulating GaN template. Purlieu (b) symmetric and (c) 

asymmetric rocking curve measurements from XRD show poor crystalline quality at substrate 

temperatures of 500 and 550 °C. Higher crystalline quality matching that of the substrate (the 

HVPE substrate is represented by the *) is observed for the samples grown at higher substrate 

temperatures.

In order to further examine the quality of the MME UID GaN films, PL measurements 

were done at room temperature (RT). The penetration depth for 266 nm laser in GaN was measured 

to be 180 nm[250], [251] for the PL results shown in Figure 2.7(a), ensuring only the 500 nm thick 

MME films are probed. The RT PL for the MSES GaN template showed a RT near-band-edge 

(NBE) emission peak at 3.433 eV and FWHM of 35 meV. This shows thermal mismatch induced 

compressive strain along the a-direction (tensile strain along the c-direction) in the GaN template 

on sapphire as compared to the reported RT bandgap of GaN of 3.39 eV in literature[26]. The 

MME GaN samples grown at 500 and 550 °C have PL peaks at 3.427 and 3.428 respectively. A 
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downward shift in bandgap corresponds to an upward shift in lattice constants along the a-direction 

which indicates reduced compressive strain in the MME GaN films with respect to the MSES GaN 

template. However, this strain release in these relatively colder grown samples is attributed to the 

formation of defects and threading dislocations as observed in the cross sectional TEM (XTEM) 

images of Figure 2.8(a). For the substate temperatures in the range of 600 to 750 °C, the MME 

grown PL peaks were at 3.433 eV representing no stress change with respect to the MSES GaN 

template.  

Low FWHM values of PL correspond to higher crystalline quality with lower threading 

dislocations in epitaxial films. The RT PL FWHM for the MSES GaN reference template was 35 

meV. A decreasing FWHM trend from 50 meV to 45 meV was observed with increase in substrate 

temperature for the MME GaN samples from 500 to 750 °C as shown in Figure 2.7(a) representing 

improvement in the optical crystal quality with an increase in substrate temperature. From Raman 

measurements, the Raman shift wave number for MSES GaN template was 572.5 (cm-1). For the 

MME grown samples, the wave numbers for the samples grown at 600 °C to 750 °C was measured 

to be 572.5 (cm-1) which implies fully commensurate status of these films with respect to the GaN 

template. However, the Raman peaks for the MME GaN samples grown at substrate temperatures 

of 500 °C and 550 °C were 570 (cm-1). A downward shift in wave number attributes to reduced 

compressive strain with respect to the GaN template. Figure 2.7(b) depicts the lowest PL peak 

intensity for the UID GaN sample grown at 500 °C which is attributed to very high non-radiative 

recombination in this low temperature grown film. The sample grown at 650 °C shows the highest 

PL peak intensity indicating the highest radiative recombination. 



78 

 

 

Figure 2.6:   (a) PL shows a decrease in FWHM with increase in Tsub. Also, peak PL position 

shifts downwards at low substrate temperatures indicating reduced compressive strain in this film 

at the cost of increased defects and dislocations shown by its TEM. (b) PL peak intensity vs 

temperature for the UID GaN series which implies relatively higher band-to-band recombination 

for the samples grown at intermediate substrate temperatures. 

Representative cross-sectional transmission electron microscopy (XTEM) measurements 

are shown in Figure 2.8. A very high density of screw and mixed TDDs, edge and mixed TDDs 

and stacking faults are observed in the MME GaN sample grown at 500 °C as shown in Figure 

2.8(a). The 500 °C growth condition is unsuitable for devices. The density of screw and edge TDs 

and stacking faults is considerably reduced in XTEM (not shown here) for the sample grown at 

550 °C and further reduced for the sample grown at substrate temperature of 600 °C (not shown 

here). XTEM of the samples grown at substrate temperatures of 650 °C and 750 °C in Figure 2.8(b) 

and (c) indicate a very clean MME GaN with no added screw, edge and mixed TDDs introduced 

by the MME process. XTEM of the sample grown at 700 °C (not shown here) exhibited a similar 

behavior. 
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Figure 2.7:  XTEM images of MME GaN samples grown at substrate temperature of (a) 500 °C 

(b) 650 °C (c) 750 °C. XTEM image along c-plane and m-plane exhibit high threading 

dislocations at low substrate temperatures. However, XTEM of sample grown at 650 °C and 

above show very high crystalline quality and low threading dislocations. 
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CHAPTER 3:   Ga-DOSE COVERANGE ANALYSIS OF MME UID 

GaN FILMS 

Traditional RF-MBE GaN growth is carried out under Ga-rich conditions in order to 

achieve smooth surface morphology and high crystalline films. Traditional MBE is unshuttered 

and the metal adlayer is constant from incoming and desorbing metal. However, it has been found 

that excess Ga under the droplets regime growth would preferentially adhere to TDs at surface 

terminations and forms metal droplets which would inhibit growth of GaN underneath the micro-

droplet[96], [235], [252]. The GaN underneath the micro-droplets has reduced crystalline quality 

and poorer device performance. Since MME can periodically create, smaller nano-scale droplets 

of varied size depending on the total metal dose per cycle, the effect of Ga-dose (Ga surface 

coverage) during the MME shutter open cycle on the morphological, electronic, structural, and 

optical properties of the films is studied. It is noted that the large micron scale droplets formed in 

traditional MBE are comparatively stationary compared to the nano-scale droplets formed during 

MME.   

From the RHEED transient analysis in Figure 2.3, the time required to reach the initial 

undulation in the transient time C is 0.35 to 0.45 sec. It can be shown that this undulation is 

equivalent of ~¾ a monolayer Ga coverage corresponding to the maximum destructive interference 

of two composite signals for ¾th of the growth oscillation. This transient is modeled as the sum of 

an exponential fall due to the accumulation of non-crystalline Ga adatoms and a sine wave growth 

oscillation due to the single monolayer of Ga initially displacing the adsorbed N. Given the errors 

in temporal measurement, for simplicity, we round this to 0.4 seconds equivalent to ¾ a monolayer.  

For full bilayer coverage, this time was measured to be ~1.5 sec owing to the 4/3x0.4 sec initial 

monolayer times 2.4 monolayers of Ga in the contracted bilayer[242]. Given the uncertainty in the 
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temporal measurements of at least 0.2 seconds, the 0.4 sec monolayer coverage time during the 

open time of MME shutter cycle is designated as ¾ MLOT (monolayers open time). Similarly, 

1.5, 1.9, 2.3, 3, 6, 12, 24, and 48 MLOT correspond to MME shutter cycle open time of 0.8, 1, 1.2, 

1.6, 3.2, 6.4, 12.8, and 25.6 sec, respectively. Given this time labeling, the 2.3 MLOT time is 

slightly below the bilayer coverage of 2.4 contracted monolayers.  It is also noted that the long 

MLOT times of 48 or more are representative of the droplet elimination by radical-beam irradiation 

(DERI)[253] and traditional MBE in droplet modes[37], [235], [243], [246] except the growth 

temperature is substantially lower in MME.  Nine homoepitaxial MME GaN samples were grown 

at these MME shutter open cycles in order to observe the effect of Ga-dose on the material 

properties prior to full monolayer coverage (MLOT<1), in the range of monolayer-to-bilayer 

coverage (1<MLOT<2.3), at bilayer coverage (MLOT~2.3), at the interface of bilayer-to-droplets 

coverage (MLOT~3), at droplets regime coverage (MLOT>3), and deep into the droplets regime 

coverage (MLOT~48). The substrate temperature for this series of growths was kept at 650 °C 

based on the results of the temperature dependent study.  For uniformity, the dead time during 

MME shutter cycle was kept constant at 2 sec. Growth conditions for this series of UID GaN 

samples are shown in Table 3.1. 

Table 3.1:  Sample ID and growth conditions for the excess Ga-dose UID GaN films study. 

Sample 

ID 

Substrate 

Temperature 

(°C) 

MLOT MME Cycle 

Growth Time 

(sec) 

MME Cycle 

Consumption 

Time (sec) 

MME Cycle 

Dead Time 

(sec) 

N4334 650 3/4 0.8 0.4 2 

N4335 650 1.5 1.6 0.8 2 

N4336 650 1.9 2.0 1.0 2 

N4337 650 2.3 2.4 1.2 2 

N4338 650 3 3.2 1.6 2 

N4339 650 6 6.4 3.2 2 

N4340 650 12 12.8 6.4 2 

N4341 650 24 25.6 12.8 2 

N4342 650 48 51.2 25.6 2 



82 

 

Specular RHEED intensity transients were also measured and plotted for all these growths 

as shown in Figure 3.1. Figure 3.2 shows 5 µm x 5 µm AFM and RHEED images of the MBE 

GaN samples.  The specular RHEED transient of 1 MLOT sample in Figure 3.1(a) showed 

completion of at least 3/4 a monolayer Ga coverage during each MME cycle open time. Without 

establishing a Ga-adlayer, this ¾ MLOT condition results in a larger surface diffusion barrier and 

thus rougher films as observed in a spotty RHEED pattern as depicted in Figure 3.2(a). Figure 

3.2(a) shows a hexagonal pitted surface morphology for the 3/4 MLOT GaN sample with an 

average peak-to-valley height of 50 nm. This effect is also envisaged in the Cross-sectional TEM 

(XTEM) of N4334 (3/4 MLOT) in Figure 3.3(a) in which the cross-sectional view shows a 

corrugated surface. For 1.5MLOT, 1.9 MLOT, and 2.3 MLOT, the specular RHEED intensity 

transient showed Ga coverage of more than 1 monolayer excess Ga but less than bilayer coverage 

during the MME cycle open time as shown in Figure 3.1(b) to (d).The RHEED pattern for 1.5 

MLOT sample is still spotty but the spots are  brighter than the ¾ MLOT sample and its AFM 

shows regions with sparser but larger hexagonal pits along with regions of small hexagonal pits. 

Average peak to valley height for this sample was 30 nm. For 1.9 MLOT and 2.3 MLOT GaN 

samples, the RHEED spots start connecting and getting brighter indicating a transition from island 

nucleation toward (but incompletely so) layer by layer growth mode while their AFMs show 

regions of small and large hexagonal pits as depicted in Figure 3.2(c) and (d). The peak-to-valley 

height for these two samples is 25 nm each while average reduced pit size could also be envisaged 

from XTEM of N4336 (1.9 MLOT) in Figure 3.3(b). N4338 (3MLOT) is the most interesting 

sample in this series of growths. For this sample, the RHEED transient showed completion of Ga-

bilayer coverage and barely transitioning into the droplets regime as depicted in Figure 3.1(e).The 

inset of Figure 3.2(e) shows a streaky RHEED pattern representative of a spiral hillocks-mediated 
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step-flow smooth surface morphology but this surface has isolated regions of the largest surface 

pits in this series reminiscent of the intermediate growth mode for traditional MBE[235] even 

though at these low substrate temperatures the growth phase diagram of Adelmann et al. predict 

no such intermediate mode is possible via steady state growth[241]. MME establishes this 

intermediate growth mode in transient form resulting in similar flat surfaces with deep large pits 

found in traditional MBE intermediate growth at elevated temperatures. 
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Figure 3.1:  RHEED transients for the UID GaN films grown at MME excess Ga-dose of (a) 3/4 

MLOT showing less than a monolayer coverage. (b) 1.5 MLOT. (c) 1.9 MLOT. (d) 2.3 MLOT 

representing less than bilayer coverage. (e) 3 MLOT representative of slight droplets regime. (f) 

6 MLOT. (g) 12 MLOT. (h) 24 MLOT. (i) 48 MLOT high droplets regime growth. 
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Figure 3.2:  AFM and RHEED of the MME GaN growths at: (a) 3/4 MLOT. (b) 1.5 MLOT. (c) 

1.9 MLOT. (d) 2.3 MLOT. (e) 3 MLOT. (f) 6 MLOT. (g) 12 MLOT. (h) 24 MLOT. (i) 48 

MLOT. (j) 5 µm x 5 µm AFM RMS roughness shows high surface roughness in the monolayer 

and bilayer coverage regime but sub-nm roughness in the droplets regime. 

The streaky RHEED pattern in Figure 3.2(e) comes from the fact that RHEED beam 
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samples only the flat regions intermediate to the deep pits. The AFM reveals that the micro-scale 

smooth areas are interspersed with deep pits that the RHEED cannot detect. The 6, 12, and 24 

MLOT samples all show streaky RHEED patterns as shown in Figure 3.2(f)-(h). The 48 MLOT 

GaN sample (N4342) in Figure 3.2(i) also has streaky RHEED pattern but it is dimmer because a 

high droplet density on the surface partially blocks the RHEED beam. 5 µm x 5 µm AFM of 6, 12, 

24, and 48 MLOT samples show step flow surface morphology with spiral hillocks as shown in 

Figure 3.2(f)-(i). This shows very high surface quality for these films. The AFM RMS roughness 

plotted against MLOT is shown in Figure 3.2(j). RMS roughness decreases as Ga dose increases 

from 3/4 to 6 MLOT. Sub-nanometer RMS roughness is observed for 6 MLOT to 48 MLOT and 

is correlated with growth in the droplet regime.  

XTEM measurements were performed for all the samples in the droplet series. Figure 3.3 

shows representative dark field XTEM measurements with g=<0002> representing screw plus 

mixed threading dislocations, and with g=<1-100> representing edge plus mixed threading 

dislocations. N4334 (3/4 MLOT) in Figure 3.3(a) shows threading dislocations and stacking faults 

created inside the MME film with the TDDs growing in size towards the surface in the form of 

hexagonal inverted pyramids which is likely due to limited excess-Ga diffusion as supported by 

its AFM (Figure 3.2(a)) as well.  N4336 (1.9 MLOT) is grown in monolayer-to-bilayer excess Ga 

coverage regime and its XTEM is shown in Figure 3.3(b). This film is highly crystalline and no 

threading dislocations or stacking faults were created in the MME film, although surface 

roughening can still be seen  In contrast, very high stacking faults and threading dislocations are 

created in slight droplet regime (3 MLOT) in Figure 3.3(c) for which XRD, Hall and PL also show 

very poor crystalline quality implying that this growth regime results in highly defective films. 

Poor crystalline quality of N4338 is attributed to island growth mode exhibiting Ga atoms bonded 
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to N-atoms before diffusing to step edges due to the strong bond between Ga and N similar to 

traditional MBE GaN 3D island growth at intermediate III/V ratios [254]. Threading dislocations 

cause rapid recombination of electrons with holes resulting in non-radiative recombination and 

heating in devices. The dislocations lead to scattering and non-radiative recombination centers 

causing deteriorated performance and reduced efficiency of devices. N4339 (6 MLOT) (TEM not 

shown here) showed partial improvement in crystalline quality over N4338 (3 MLOT). The 

structure of N4341 (24 MLOT), shown in Figure 3.3(d), is typical of the films grown in the high 

droplet regime. These films have high crystalline quality without apparent defects and threading 

dislocations. XTEM results from droplet series growths in Figure 3.3 exhibit edge and mixed 

dislocations to be more dominant in the MME grown GaN films as compared to screw and mixed 

dislocations. Hsu et al. reported microscopic Ga nano-droplet accumulation at screw dislocations 

[96]. From combined TEM and Scanning current-voltage microscopy (SIVM), they observed the 

electrical activity of reverse bias leakage currents to be predominantly carried by screw 

component. The absence of screw component dislocations in the optimized droplet series MME 

UID GaN films will potentially lead to high quality optoelectronic devices and field-effect 

transistors. 
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Figure 3.3:  Dark field XTEM of the droplet series growths for excess Ga of: (a) less than a 

monolayer excess dose (3/4 MLOT) (b) monolayer-to-layer excess dose (1.9 MLOT) (c)slight 

droplet regime excess Ga-dose (3 MLOT) (d) high droplet excess Ga-dose (24 MLOT). A very 

high level of threading dislocations is seen at slight droplet regime in N4338 (3 MLOT) in (c). 

No new threading dislocations and defects were introduced by the MME GaN films as observed 

in (b) and (d) showing very high crystalline quality of these films. 

Hall measurements were carried out for electronic characterization of these samples and 

shown in Figure 3.4. Figure 3.4(a) shows a rise in electron mobility with an increase in Ga dose 
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for samples in the monolayer-to-bilayer regime. A local maximum is observed just before the 

transition between the bilayer and droplet regime. The high value of hall mobility for the 1.9 

MLOT excess Ga-dose can be attributed to reduced defect states and threading dislocations as seen 

in XTEM in Figure 3.3(b). Hall mobility decreases sharply for the highly defective films grown at 

the interface of bilayer-to-droplet regime before increasing again in the droplet regime up to the 

12 MLOT film. Mobility then decreases as the Ga-dose is increased further to 24 and 48 MLOT, 

likely due to an increase in the density of deep trap states [255]  and an increase in droplet size [97] 

as reported for high Ga-flux conditions in traditional MBE growth. Figure 3.4(b) shows a 

decreasing trend in Hall resistivity through the monolayer-to-bilayer regimes, followed by a sharp 

decrease as the growth transitions to the droplet regime. The resistivity stays relatively constant 

until the Ga dose exceeds 12 MLOT, where it begins to slowly increase again. Overall, HEM 

shows that GaN should be grown in the low Ga droplets regime around 12 MLOT for optimal 

electronic properties. 

 

Figure 3.4:  (a) Hall mobility (b) Hall resistivity vs Ga-dose. Hall mobility plot shows that the 

highest mobility is found in the12 MLOT sample. The 1.9 MLOT sample also shows high 

mobility which can be attributed to its high crystalline quality. 

(002) symmetric, and, (105) and (102) asymmetric rocking curves were measured using 
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double-axis XRD measurements and their Purlieu FW002 at 1/1000 and FW002 at 1/10,000, FW105 

at 1/100 and FW105 at 1/1000, and, FW102 at 1/100 and FW102 at 1/1000 are plotted as shown in 

Figure 3.5. As already discussed in Section III-A, broadening (002) symmetric rocking are 

associated with increases in screw and mixed TDDs while broadening in (105) and (102) rocking 

curves correspond to increase in edge and mixed TDDs. This observation is supported by the 

XTEM results of the UID GaN MME films. Figure 3.5(a) shows an increasing trend in screw and 

mixed TDDs with increase in Ga coverage in the monolayer-to-bilayer coverage regime. The 

dislocation density reaches a maximum at the transition from bilayer-to-droplet regime, and then 

decreases in the droplet regime from 3 MLOT to 24 MLOT before increasing again deeper in the 

droplet regime at 48 MLOT. Figure 3.5(b) shows similar trends for edge and mixed TDDs but the 

dislocation density seems to plateau as Ga dose is increased deeper into the droplet regime. 

Figure 3.5:  XRD peak full-widths of Ga-dose dependent MME GaN films: (a) FW002 at 1/1000 

and FW002 at 1/10, 000. (b) FW102 at 1/100 and FW102 at 1/1000. Both (a) and (b) correspond to 

low crystalline quality at bilayer coverage but high crystalline quality in the droplet regime at 12 

MLOT and 24 MLOT. (The HVPE substrate is represented by the *) 

Strain free bulk GaN has a RT PL peak at 3.39 eV [26]. However, for epitaxy which usually 

results in strained material, the 3.39 eV peak for wurtzite GaN has been reported due to strain 

relaxation indicative of stacking faults and defects[256]. This es in agreement with the most 

defective film from in this study, which has a PL peak at ~3.4 eV. N4338 (3 MLOT excess Ga-



91 

 

dose) in Figure 3.6(a) and (b) showed the broadest FWHM, the highest relaxation related PL peak 

shift (release in compressive strain along the a-direction) and the lowest peak intensity (lowest 

band-to-band recombination), and, showed the highest defect density in the slight droplet regime 

in Figure 3.3(c) indicating poor film quality. Thus, in terms of surface morphology, structure and 

optical properties, there is a correlation of the slight droplet MME phase to intermediate phase for 

traditional MBE. A decreasing trend in PL FWHM and an increasing trend in the PL peak intensity 

is observed in the monolayer-to-bilayer regime and again in the low droplet regime indicating an 

improvement in film quality with increase in excess Ga-dose in each regime. However, PL FWHM 

and intensity are constant deeper into the droplet regime indicating that increasing the Ga dose 

only benefits the optical quality of these films up to a certain point. The highest PL peak intensity 

and lowest FWHM were observed for N4336 (1.9 MLOT) and N4337 (2.3 MLOT) replicating the 

crystalline quality of the substrate in the slightly less than bilayer coverage regime and shown in 

Figure 3.3(b). Therefore, MME GaN films grown between 1.9 and 2.3 MLOT Ga-dose would 

result in the best optical properties, while films grown around 12 MLOT would be able to maintain 

good optical properties while also having optimal structural and electrical properties. 

 

Figure 3.6:  PL measurements for Ga-coverage dependent MBE GaN growths (a) FWHM and 

PL peak plotted vs excess-Ga dose (b) PL peak intensity plotted vs MLOT. PL measurements 

exhibit narrow optical linewidth in the droplet regime while peak shifting is observed for the 

N4338 (3 MLOT) full bilayer coverage. PL peak intensity in (b) is the highest for N4336 (1.9 

MLOT) attributed to the highest band-to-band recombination in this film. 
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CHAPTER 4:   EXTENSIVE STUDY OF THE EFFECT OF Ga/N 

RATIO ON THE QUALITY OF MME UID GaN FILMS 
 

The time required for the surface to accumulate excess Ga during MME is affected by the 

III/V ratio.  Likewise, this can determine the time in which the surface sees fractional metal 

coverage and thus is susceptible to plasma induced damage.  For this reason, the effect of Ga/N 

growth stoichiometry on the morphological, electronic, structural, and optical properties of 

homoepitaxial MME GaN are examined from III/V ratios of 1.3 to 2.8 and at substrate 

temperatures of 650 and 675 °C under excess Ga-dose condition of 12 MLOT. Ga/N growth 

stoichiometry has a high impact on the surface morphology and incorporation of defects in GaN 

films. From Section III-A, 650 °C was found to be the best substrate temperature for MME UID 

GaN films. Similarly, 12 MLOT corresponding to low excess Ga droplet coverage proved to be 

the best excess Ga-dose growth condition from Section III-B. Two sets of five samples were grown 

at fixed substrate temperatures of 650 and 675°C, under constant total metal dose in the low droplet 

regime of 12 MLOT but at different Ga/N ratios from 1.3, 1.8, 2.0, 2.3, and 2.8. The excess Ga-

dose per shutter cycle was fixed, the MME shutter cycle for these growths was adjusted to a fixed 

consumed time of 6.4 sec and growth time duty cycle of 86.5 %. So, the only variable parameter 

in this set of growths was III/V ratio. Table 4.1 shows growth conditions for these samples.  

RHEED at the end of growth showed very streaky 2x2 reconstruction associated with 

spiral-hillocks mediated step-flow surface morphology indicating layer-by-layer (Frank-van der 

Merwe) growth mode for all the samples in Table 4.1. The smooth surface morphology is 

associated with uniform excess Ga-dose coverage in the low droplet regime at 12 MLOT for these 

films. 

Figure 4.1(a) to (e) show 5 µm x 5 µm AFM for the samples N4408 to N4412 grown at 
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650 °C substrate temperature. These films have sub-nanometer RMS roughnesses with no 

significant perceptible differences in morphology other than a tendency to be mildly smoother on 

the extremes of III/V ratio (see Figure 4.1(g)). The 675 °C samples N4388 to N4392 show similar 

surface morphology to the 650 °C samples with improved roughness at the extreme III/V ratios 

except the 1.3 ratio sample N4390. Figure 4.1(f) for a substrate temperature of 675 °C shows an 

increased terrace width of 110 nm in N4390 compared to 70 nm for N4410 and the appearance of 

hexagonal small surface pits reminiscent of traditional MBE in the intermediate regime due to the 

interplay of spiral-hillock mediated step-flow surface morphology and modified surface growth 

kinetics at higher substrate growth temperature. This is similar to the work of Kushavaha et al. 

who observed the increase in lateral size and depth of hexagonal pits as well as increase in terrace 

width with an increase in substrate temperature[240]. Heying et al.  observed interlocking spiral 

hillock ramps wound tighter with an increase in III/V ratios [247]. Low RMS roughness at Ga/N 

of 1.3 in Figure 4.1(g) can be explained from the fact that the interlocking spiral hillocks are wound 

less tight at the lowest III/V ratio ratios resulting in lesser spiral hillocks turns which reducing the 

RMS roughness of the films and peak-to-valley heights of the hillocks. 

Table 4.1:  Sample ID and growth conditions for the Ga/N ratio study. 

Sample 

ID 

Substrate 

Temp. 

(°C) 

Droplet 

Dose 

(MLOT) 

Ga/N 

Ratio 

MME 

cycle 

Growth 

Time (sec) 

MME cycle 

Consumption 

Time (sec) 

MME 

Growth 

Duty Cycle 

(%) 

N4410 650 12 1.3 27.7 6.4 86.5 

N4412 650 12 1.8 14.4 6.4 86.5 

N4408 650 12 2.0 12.8 6.4 86.5 

N4411 650 12 2.3 11.3 6.4 86.5 

N4409 650 12 2.8 10.0 6.4 86.5 

N4390 675 12 1.3 27.7 6.4 86.5 

N4389 675 12 1.8 14.4 6.4 86.5 

N4388 675 12 2.0 12.8 6.4 86.5 

N4391 675 12 2.3 11.3 6.4 86.5 

N4392 675 12 2.8 10.0 6.4 86.5 
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Figure 4.1:  5 µm x 5 µm AFM of the stoichiometry dependent MME GaN films grown at a 

Ga/N ratio of (a) 1.3, (b) 1.8, at (c) 2.0, (d) 2.3, and (e) 2.8, all at 650 °C, with (f) 1.3 at 675 °C. 

(g) depicts the RMS roughness vs Ga/N ratio for both growth temperatures. A 12 MLOT Ga-

dose was used for these growths. 
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Electronic characterization was carried out using HEM and shown in Figure 4.2. Figure 

4.2(a) shows increasing trend of electron concentration associated with increased number of 

nitrogen vacancies (Ga dangling bonds) with increase in Ga/N ratio. This observation is very 

important for growing p-type GaN films in order to efficiently compensate the background n-type 

concentrations. Historically we find our best p-type doping at a III/V ratio of 1.3 [66]. Hall mobility 

was observed to be the lowest for N4411 (Ga/N of 2.3) in Figure 4.2(a). The samples grown of 

675 °C showed relatively lower electrons mobilities resulting from higher residual electron 

concentrations as compared to the samples grown at 650 °C for their corresponding III/V ratios. 

This is associated with inherently higher background pressures, particularly oxygen, at higher 

substrate temperatures. While some historical data likely a result of improper transfer protocols 

(discussed later) suggest otherwise, two fundamental drivers result in lower residual doping at 

lower temperature.  First, vacancy concentration is a Boltzmann relationship with temperature with 

higher Nitrogen vacancy concentrations predicted at higher temperature.  Secondly, MBE systems 

result in higher background pressures from outgassing of the metallic substrate heater fixtures at 

high temperatures.  These emit more oxygen locally near the substrate which raises the residual 

doping.  However, much of the desorption of oxygen is controlled by the scrubbing of oxygen by 

Ga like Section III where Ga flashing was used to reduce the oxygen content.  Not until one reaches 

extremes in temperature where Ga desorption is excessive does the benefits of Ga scrubbing of 

oxygen outweigh the detriment of increased outgassing of oxygen from the heater assemblies. The 

corollary to this situation is when a transfer system has a high oxygen background which leaks 

into the chamber during wafer loading.  In such an impure starting condition case, the oxygen 

source is not strongly related to the heated fixture and higher temperatures lead to lower residual 

electron concentrations.  Thus, at these moderate MME substrate temperatures where oxygen 
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sticking coefficients are not significantly changing on a Ga metal terminated surface, the best 

mobilities are found at the lower temperature. The best mobilities in all samples were observed at 

III/V ratios of 1.8 and 2.8.  

Figure 4.2(b) shows a nearly 2 decade decreasing trend in hall resistivity with increase in Ga/N 

ratio from 1.3 to 2.8. Figure 4.2(a) shows only a modest change in mobility which indicates that 

hall resistivity in these films is mostly dependent on electrons carrier concentration which is a 

strong function of III/V ratio.  
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Figure 4.2:  Stoichiometry dependent GaN growths (a) Electron concentration and 

mobility. Electron concentration increase with III/V ratios due to rise in non-compensated 

N-vacancies. (b) Hall resistivity at 650 °C shows dependence on hall concentrations.  

Double-axis symmetric and asymmetric purlieu rocking curves measurements for 

the Ga/N ratio study are plotted in Figure 4.3. (002) symmetric Purlieu rocking curve 

measurements of the samples N4404 to N4412 (grown at 650 °C) in Figure 4.3(a) show a 

relatively rising trend in FW002 at 1/1000 and FW002 at 1/10,000 with increase in Ga/N 

ratio. Since broadening in (002) symmetric rocking curves correspond to screw and mixed 

TDs, this implies an increase in screw and mixed dislocations with Ga/N ratio. However, 

(102) asymmetric rocking curve measurements for the in Figure 4.3(b) display FW102 at 

1/100 and FW102 at 1/1000 showing minimum value for the intermediate III/V ratio but 

highest values for the extreme III/V ratios. As (102) asymmetric rocking curve linewidths 

correspond to edge and mixed TDs, this indicates that edge and mixed TDs are minimum 

for the intermediate Ga/N ratio films grown at 650 °C. Figure 4.3(c) and (d) correspond to 

XRD measurements for N4388 to N4392 grown at a substrate temperature of 675 °C but 

the same excess-Ga-dose condition as N4408 to N4412. The growth dynamics are different 

at higher substrate temperatures incorporating higher surface diffusion but also higher 

desorption flux and the combined effect of these dynamics make N4388 to N4392 resulting 

in different XRD trends as compared to N4408 to N4492. Unlike the case for 650 °C, 

Figure 4.3(c) indicates a fairly constant screw and mixed dislocations over the entire III/V 

range at 675 °C substrate temperature. However, Figure 4.3(d) shows a slightly increasing 

trend of edge and mixed TDDs with III/V ratio. 
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Figure 4.3:   (a) FW002 at 1/1000 and FW002 at 1/10, 000 for the stoichiometry dependent 

GaN growths at 650 °C.  (b) FW102 at 1/100 and FW102 at 1/1000 for the stoichiometry 

dependent GaN growths at 650 °C. (c) FW002 at 1/1000 and FW002 at 1/10, 000 for the 

stoichiometry dependent GaN growths at 675 °C. (d)  FW102 at 1/100 and FW102 at 

1/1000 for the stoichiometry dependent GaN growths at 675 °C.  (The HVPE substrate is 

represented by the *) 

PL measurements in Figure 4.4(a) showed peak positions close to the peak position 

of the HVPE GaN template (3.433 eV) indicating no considerable strain introduction in the 

MME GaN films in the range of III/V ratios of 1.3 to 2.8 at substrate temperatures of 650 

and 675 °C. Raman peaks were observed at 572 cm-1 very similar to the template indicating 

an identical strain state for all samples. Considering both PL FWHM and intensity in Figure 

4.4(a) and (b), the optical quality was found to be better at the lower III/V ratios. This 

suggests that the MME UID GaN film at Ga/N of 1.3 replicated the crystalline quality of 

the template without the introduction of large number of defects and dislocations at the 

homoepitaxial GaN interface. Therefore, we can conclude that the III/V ratio of 1.3 is 
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optimal for optoelectronic devices.  

 

 

Figure 4.4:   (a) PL FWHM and peak positions of the III/V series films grown at 650 and 

675 °C. (b) PL peak intensities for the films in (a). The films grown at a III/V ratio of 1.3 

showed the minimum FWHMs and maximum PL peak intensities, which can be 

attributed to high crystalline quality and high direct band-to-band recombination, 

respectively. Also, the films grown at 675 °C have relatively lower FWHMs and higher 

peak intensities than the films grown at 650 °C.   

 

MME Growth Parameters Conclusion 

A comprehensive analysis of the MME UID GaN films showed several growth 

regimes with excellent material quality as measured by structural, electrical and optical 

figures of merit and identified other regimes where defects were introduced.  The best 

mobilities were found at 650 °C substrate temperature and excess Ga-dose coverage of 12 

MLOT in the droplet regime providing a regime where desorption is minimized and thus, 

without the concern of temperature variations across the wafer leading to non-uniform 

growth.  This low temperature aspect of MME allows the inherent uniformity of MBE to 

be utilized for GaN, which is not the case for high temperature GaN MBE.  The lowest 

background hall concentrations, the best optical quality and the lowest screw and mixed 

dislocations were observed at III/V ratios of 1.3 presumably due to reduced nitrogen 
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vacancies concentrations. These same conditions were previously found to also result in 

the best p-type doping conditions and are explained here as minimizing the compensation 

effects from defects.  All the characterization methods proved the worst crystalline and 

optical properties for the films grown at 500 °C and slight droplet regime (3 MLOT) 

defining a clear limit to how low the temperature of MME can be applied. A new purlieu 

scheme was introduced to characterize defects and threading dislocations in MME GaN 

homoepitaxially grown on HVPE GaN on sapphire templates by measuring symmetric and 

asymmetric rocking curves at 1/100, 1/1000, and 1/10,000 of the peak value and validated 

by TEM results. Defect and dislocation densities probed by XRD, PL and TEM indicate 

the highest crystalline quality of films grown at 650 °C, a III/V ratio of 1.3 and ~12MLOT 

in the droplet regime. The highest PL peak intensities and lowest PL FWHMs were 

observed at a 675°C substrate temperature, excess Ga-dose coverage of 1.9 MLOT and 2.3 

MLOT slightly below droplet regime, and Ga/N ratios of 1.3 making these growth 

conditions the best for optoelectronic devices.  MME has been shown to provide crystalline 

quality comparable to traditional MBE, MOCVD and HVPE methods but at substantially 

lower temperatures more suitable for the MBE environment. 
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CHAPTER 5:   BERYLLIUM DOPED SEMI-INSULATING GaN 

WITHOUT SURFACE ACCUMULATION FOR 

HOMOEPITAXIAL HIGH POWER DEVICES 

Semi-insulating GaN films with controlled dopant profiles have significant 

potential to improve the performance of high-power electronics. Beryllium doped GaN 

(GaN:Be) films previously demonstrated semi-insulating nature, but the Be-dopant profiles 

in these films exhibited Be surface segregation and accumulation, which would lead to 

undesired leakage current paths in devices and deterioration of breakdown voltage. 

Improved growth kinetics of Metal Modulated Epitaxy (MME) at low growth temperatures 

are applied in the study of GaN:Be films to achieve selectively controlled and abrupt-step 

doped Be-profiles. The GaN:Be films were found to be semi-insulating via Hall effect 

measurements at elevated temperatures of 495 K. The films were shown to effectively 

electrically compensate surface contaminants at regrowth interfaces. Surface contaminants 

(O, Si, and C) typically result in unintentional n-type doping at the GaN on GaN regrowth 

interface. In order to demonstrate the utility of Be doping, GaN:Mg p-type films are grown 

atop GaN:Be buffer, AlN buffer, and control samples without any insulating buffer, on 

GaN:Fe templates. Remarkably, the p-type films grown atop control samples up to 400 nm 

thick are compensated from surface contaminants, whereas the films grown atop AlN and 

GaN:Be insulating layers effectively electrically neutralize the surface contaminants and 

result in high hole concentrations of 2.3 and 2.5×1019 cm-3 respectively.  The use of 

GaN:Be instead of AlN buffers eliminates the need to deconvolve the effects of the 

AlN/GaN 2D sheet charges and defects from lattice-mismatch, removes lateral conduction 

paths, and reduces inherently high static vertical electric fields that detract from power 

device performance. 
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5.1   Introduction 

There is enormous potential for improved insulating layers in III-nitride high power 

electronics and radio frequency (RF) devices. Poor pinch off characteristics and lower 

device isolation is observed in AlGaN/GaN High Electron Mobility Transistors (HEMTs) 

due to conducting buffer layers grown by both Molecular Beam Epitaxy (MBE) and Metal 

Organic Chemical Vapor Deposition (MOCVD). Semi-insulating GaN films  have 

previously been demonstrated via Fe doping for both MOCVD and Hydride Vapor Phase 

Epitaxy (HVPE).[257], [258] Fe is a good insulating dopant for GaN in MOCVD and 

HVPE, however, it is difficult to employ in MBE as it would result in permanent 

contamination of the ultra-high vacuum (UHV) growth chamber. Fe would also require a 

high temperature source such as an electron beam evaporator or comparable source, which 

are incompatible with most MBE systems. Tang et al. showed highly resistive carbon 

doped GaN epilayers by MBE,[217] but carbon has shown limited solubility in GaN[259] 

and requires gaseous or high temperature sources that are not always compatible with other 

sources, for example Mg, which is critical for p-type doping. Pritchett showed semi-

insulating properties for C-doping with carbon concentrations in excess of 1×1020 cm-3 

using ungettered carbon from a metalorganic source.[260] Metal-organic sources such as 

Bis(cyclopentadienyl)beryllium (Cp2Be) have a remarkably low toxicity limit and have 

been outlawed for commercial use in the United States due to its inherent danger, leaving 

no Be doping option for MOCVD. However, solid source Be is safe, simple to use for 

MBE, and routinely used as a p-type dopant in InP.[261] MBE grown GaN:Be films have 

previously shown semi-insulating nature.[131], [132] 

The activation energy of Be in GaN is predicted to be 60 meV making it a much 
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shallower p-type dopant in GaN films as compared to Mg, for which the ionization energy 

is reported to be in the range of 140 to 220 meV.[127] However, Be has experimentally 

shown self-compensation and a low solubility limit in the low 1017 cm-3 range.[127] Be is 

therefore not a suitable acceptor for achieving p-GaN, but the self-compensation properties 

of Be in GaN makes it a suitable candidate for semi-insulating GaN films and devices.[131] 

Suski et al. showed highly resistive GaN:Be films with an electrical resistivity activation 

energy of 1.5 eV by High Nitrogen Pressure Solution (HNPS) growth.[262] Storm et al. 

grew resistive MBE Be doped GaN (GaN:Be) films and incorporated it in AlGaN/GaN 

HEMT to achieve reduced buffer layer conductivity.[131] Katzer et al. showed three orders 

of magnitude reduction in leakage currents in HEMTs by GaN:Be buffer layers.[132] Ptak 

et al. showed the semi-insulating nature of GaN:Be films and that Be incorporation does 

not significantly change with  polarity and III/V ratios or nitrogen/Ga rich regimes.[134] 

GaN:Be has sparked a considerable research interest recently and has shown some 

interesting applications. Teisseyre et al. used GaN:Be as a substrate for a blue light emitting 

diode (LED) and employed the GaN:Be as a yellow light converter to grow a monolithic 

white LED.[263], [264] These Be doped GaN films were grown by the HNPS method. 

Electron paramagnetic resonance (EPR) measurements for bulk HNPS GaN:Be films by 

Dashdorj et al. showed an acceptor level of 670 meV above the valence band[208], 

substantially higher than predicted in by Bernardini et al.[127] Willoughby et al. showed 

acceptor levels of 700 meV above the valence band in HNPS GaN:Be.[209] Lyons et al. 

performed hybrid functional calculations of Be on a Ga site (BeGa) in GaN and found its 

activation energy to be 550 meV concluding that it is not a shallow acceptor[210] as 

previously proposed. Tuomisto et al. studied MBE GaN:Be films via positron annihilation 
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spectroscopy (PAS) and found a switching behavior of Be in GaN between substitutional 

and interstitial sites as temperature is varied.[265] Teisseyre et al. and Lamprecht et al. 

found unusually strong yellow luminescence in HNPS GaN:Be films.[266], [267] 

MBE and MOCVD have been used to grow high quality unintentionally doped 

(UID) GaN, highly doped n-type GaN, and moderately doped p-type GaN. UID GaN is 

inherently n-type due to defects such as nitrogen vacancies and unintentional incorporation 

of contaminants such as carbon, silicon and oxygen.[79], [80] HVPE can be used to grow 

thick GaN substrates with low threading dislocations densities (TDDs) and MOCVD/MBE 

have the fine control to grow device structures atop them. But in order to grow high 

performance power electronics, substrate surface contaminants must be eliminated or have 

their effects mitigated. The surface contaminants can be partially cleaned, but remaining 

contaminants need to be electrically compensated with an insulating layer in situ. Several 

studies have shown the semi-insulating characteristics of Be doped GaN. However, 

selective dopant profiles were not successfully achieved due to precipitation and surface 

accumulation of Be in these films.[134], [195] Controlled dopant profiles are very 

important for the performance of high-power devices. The surface segregation property of 

Be in GaN has previously made it unsuitable for device structures requiring precise dopant 

control. Surface segregation and accumulation of Be in GaN films would create undesirable 

leakage current paths and would reduce the breakdown performance of high-power 

devices. Metal Modulated Epitaxy (MME) is shown to have potential for abrupt step-

doping of GaN and can achieve controlled doping profiles at high growth rates, which is 

promising for power electronics requiring thick, high-field current blocking regions. 

Selective dopant control over a wide range of dopant fluxes and abrupt step-doped 
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Be incorporation into GaN films was achieved in this work by MME. MME is a low 

temperature growth technique in which the metal fluxes are periodically shuttered while 

keeping the nitrogen flux constant in order to achieve low temperature, high quality films 

with uniform reproducibility.[64], [65] MME has successfully achieved high surface 

diffusion at low temperatures, high alloy control, and approximately 40 times higher 

dopant capability than other growth techniques.[69]–[71], [237] MME  has also been used 

to achieve both GaN and AlGaN homojunction tunneling, which is only possible with 

electron and hole concentrations in excess of 1×1020 cm-3.[268] Hyper doping was achieved 

in MME-grown p-GaN on AlN buffer layers on MOCVD GaN templates.[66] The AlN 

layer was used as an insulating buffer layer to bury surface contaminants for Hall 

measurements of the Mg doped MME GaN films. However, due to the polarity of the III-

nitrides in the c-plane, this structure involves a 2D hole gas (2DHG) at the p-GaN/AlN 

interface, which has been speculated to contribute to the extremely high hole 

concentrations. Gunning et al. demonstrated that the extreme hole concentrations are 

indeed due to the bulk by varying the GaN:Mg thickness by determining the two 

dimensional hole gas (2DHG) contribution to the overall conduction.[66] But until now, 

due to the inherent low mobilities associated with the impurity band conduction mechanism 

induced by the extreme hole concentrations, GaN:Mg films were not measurable without 

an AlN buffer to bury the interface contamination. Before this work, it was unknown 

whether the AlN buffer provides the boost in hole mobility necessary to measure the hole 

concentration in Hall, or if it was simply insulating the p-type film from compensating 

charges at the regrowth interface.  An AlN buffer is not desirable because the 

heterojunction structure introduces defects and even cracking (that must be overgrown) 
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due to the tensile strain from the lattice mismatch. Additionally, the optimal growth 

temperatures of AlN and GaN are significantly different, lengthening the growth process 

for films and devices that require insulating layers. Homoepitaxial MME GaN films avoid 

these complications, however, surface diffusion of contaminants into the films still takes 

place.   

The precise dopant control without surface segregation of Be in this work was 

achieved by MME through improved growth kinetics of Be in GaN at low substrate 

temperatures to achieve semi-insulating films to electrically compensate surface 

contaminants from the regrowth interfaces. The GaN:Be films were grown at identical 

conditions to GaN:Mg films, which result in hole concentrations in excess of 1×1020 cm-3 

with  a substrate temperature of 600 °C and III/V ratio of 1.3.[66] The low substrate 

temperatures prevent longer diffusion of Be, minimizing surface accumulation while the 

metal rich conditions enable the films to have smooth surface morphology. The films were 

grown on iron doped HVPE semi-insulating GaN (GaN:Fe) on sapphire templates. All of 

the MME grown GaN:Be films were unmeasurable at room temperature due to high 

resistivity and remain semi-insulating at elevated measurement temperatures of 495 K. The 

MME GaN:Be films electrically compensated surface contaminants at the MME 

GaN/HVPE GaN interface and facilitated a comparative study of growing Mg-doped GaN 

(GaN:Mg) films on HVPE GaN templates, MME AlN films and MME GaN:Be films, 

which proves definitively that these high hole concentrations are indeed void of significant 

contribution from a 2DHG. 
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5.2   Experiment 

All the films were grown by MME in a Riber 32 RF plasma-assisted MBE 

(PAMBE) system on HVPE semi-insulating GaN on sapphire templates from MSE 

Supplies (MSES). The sample size was 1 cm x 1 cm for each film. The templates were first 

ex situ solvent cleaned followed by a chemical clean in a piranha solution (3:1 volume ratio 

of H2SO4:H2O2) for 10 minutes at 150 °C and a chemical clean of 10:1 volume ratio of 

deionized water and hydrofluoric acid (DI H2O:HF) for 30 seconds to partially remove the 

surface oxide layer. The templates were rinsed in DI:H2O, dried by nitrogen, and 

subsequently thermally cleaned at 200 °C for 10 minutes in situ in an introductory chamber 

with a base pressure of ~1×10-9 torr. The templates were then outgassed inside the growth 

chamber at 650 °C for 10 minutes. Previous studies show that Ga flashing (Ga adsorption 

at lower substrate temperatures and desorption at higher substrate temperatures) reduce 

surface contaminants at the growth interface.[85]–[89] For homoepitaxial MME growth of 

GaN, three cycles of Ga-flashing were used to reduce surface contaminants levels to 

achieve a cleaner interface. The Ga adsorption and desorption were carried out at 600 °C 

and 710 °C, respectively. The Ga-flashing was monitored through Reflection High Energy 

Electron Diffraction (RHEED). Figure 5.1(a) shows RHEED image of the template before 

the Ga-flashing. Figure 5.1(b) to (d) show RHEED images of the template after subsequent 

cycles of Ga-flashing. Upon exposure to nitrogen plasma, a 2x2 RHEED reconstruction is 

observed, indicating smooth Ga-polar GaN films, as shown in Figure 5.1(e). Figure 5.1(f) 

shows specular RHEED spot intensity transient plot for the 3 cycles of Ga-flashing. 

Features A, B and C in Figure 5.1(f) represent Ga-adsorption and features 1x, 2x and 3x 

correspond to the completion of Ga-desorption for the respective Ga-flashing cycles. An 
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increase in RHEED specular spot intensity with each desorption cycle shows improvement 

in RHEED of the template with each cycle of Ga-flashing. However, p-type GaN was not 

measurable due to residual surface contamination even after Ga-flashing and showed 

compensated Hall characteristics.  Thus, a semi-insulating buffer was needed. 

 

Figure 5.1:  Inverted RHEED patterns of the HVPE GaN template after (a) outgas (b) 1 

cycle of Ga-flashing (c) 2 cycles of Ga-flashing (d) 3 cycles of Ga-flashing (e) N2 plasma 

exposure. (f) RHEED specular spot intensity transient for three cycles of Ga-flashing. 

Significant improvement in RHEED brightness and intensity is observed after each cycle 

of Ga-flashing. 

 

For all samples, Ga and Be fluxes were supplied from conventional effusion cells. 

The nitrogen plasma was supplied at 2.5 sccm and at 350 W from a Veeco UNI-Bulb 

nitrogen plasma source, corresponding to a growth rate of 700 nm/hr for this work, but 

with the configuration capable of growth rates up to 10 µm/hr for fast growth of thick 

buffer layers.[105] The chamber base pressure was ~1×10-10 torr. Magnesium (Mg) was 

supplied by a Veeco corrosive-series valved cracker.[196] RHEED was used for in situ 

monitoring of the surface morphology of the films. Electrical, morphological, and optical 

properties of the films were measured by Hall Effect Measurement (HEM), Atomic Force 
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Microscopy (AFM) and Photoluminescence (PL). The GaN:Be films four point resistivity 

measurements were performed in a Lakeshore CRX-VF probe station and M91 FastHall 

Controller at the Naval Research Laboratories (NRL). A Pd/Au stack was deposited on the 

GaN:Be samples for these measurements by van der Pauw method. HEM of the GaN:Mg 

films was performed by employing a 0.3 T fixed magnet at room temperature (RT) with 

high precision Keithley electronics. A reference sample was utilized to calibrate Be 

incorporation levels from Secondary Ion Mass Spectroscopy (SIMS) measurements taken 

at Evans Analytical Group (EAG). A Renishaw  Spectrometer with Crylas 266 nm diode 

pumped continuous wave solid-state ultraviolet laser system with a 1/e penetration depth 

of ~180 nm in GaN was used for room temperature (RT) photoluminescence (PL) 

measurements of the grown MME GaN:Be films, UID GaN films, and GaN:Mg films. 

5.3   Results and Discussion 

A 500 nm MME UID GaN film grown on an HVPE semi-insulating GaN template 

without Ga flashing was characterized by SIMS at EAG and showed ~300 nm diffusion of 

oxygen and carbon into the grown film entirely generated by a huge contaminant dose at 

the regrowth interface as depicted in Figure 5.2. Murthy et al. observed a similar surface 

diffusion trend of contaminants in MBE homoepitaxial growth of GaN on HVPE GaN 

substrates.[78] The surface diffusion of contaminants from the regrowth interface would 

result in undesired added background n-type concentrations that would significantly 

complicate the measurement of p-type doped films. Therefore, even with proper mitigation 

of surface contamination via ex situ chemical cleaning and in situ thermal and Ga-flashing 

based cleaning, growth of insulating GaN layers are necessary to electrically compensate 

the contaminants which diffuse from the MME GaN/HVPE GaN regrowth interface. 



110 

 

 

Figure 5.2:  SIMS depth profile of 500 nm MME UID GaN film on HVPE GaN:Fe on 
sapphire template. O and C diffused ~300 nm into the grown film. 

The Arrhenius plot of the Be flux measured inside the MBE chamber represents a 

straight-line flux profile on log scale corresponding to exponential dependence of Be flux 

on its cell temperature as depicted in Figure 5.3. The Beam Equivalent Pressure (BEP) 

shows a fairly constant offset with the literature Equilibrium Vapor Pressure (EVP), and 

has an activation energy of EBEP=39 meV compared to the EVP activation energy of 

EEVP=31 meV.  
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Figure 5.3:  Arrhenius plot of the Be flux measured inside the MBE UHV growth 
chamber shows a fairly constant offset with literature EVP. Activation energy of the Be 
SIMS concentration in the GaN:Be films shows a slightly lower activation energy (34 

meV) than the activation energy of the MBE measured Be flux (39 meV). The straight-
line flux and doping profiles show exponential dependence of the fluxes and SIMS 

concentration on the Be cell temperature. 

To further calibrate the Be incorporation into GaN, seven 200 nm thick MME 

GaN:Be films were grown at Be cell temperatures in the range of 706 to 880 ºC at a III/V 

ratio of 1.3. Al0.02Ga0.98N films were employed as marker layers between the GaN:Be films. 

This sample was characterized by SIMS at EAG and showed Be concentrations in the range 

of 6.00×1017 to 1.16×1020 cm-3. Previous studies showed surface segregation and 

accumulation of Be doped MBE GaN films.[134], [195] However, abrupt step-doped Be 

profiles were observed in this work, as shown in Figure 5.4, through enhanced control of 

the metal dose by improved growth kinetics at lower substrate temperatures by MME. The 

profile showed a rate-of-rise of 1.2×1018 cm-3/nm for the growth direction leading step edge 

(rightmost sides in Figure 5.4) and a rate-of-fall of 2.25×1018 cm-3/nm for the trailing step 

edge (leftmost sides in Figure 5.4) indicating very steep dopant profiles at the 

measurements limits of SIMS. This is a significant result as controlled dopant profiles are 
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very important for selective dopant regions in high power electronic and RF devices. Figure 

5.3 shows an Arrhenius plot of the Be concentrations in Figure 5.4 representing a straight-

line dopant profile on a logarithmic scale showing exponential dependence of the Be 

incorporation on its cell temperature.  This is noteworthy since it supports the observation 

that no surface accumulation of Be occurred during MME growth. Surface accumulation 

would alter the desorption characteristics of Be with varied flux leading to a varied 

incorporation coefficient with concentration. When desorption of the dopant occurs, the 

Arrhenius slope of the incorporated dopant is flatter than the slope of the measured flux 

BEP. Such is the case here where the activation energy derived from the SIMS data is 34 

meV which is slightly lower than the 39 meV activation energies for the BEP flux 

measurement. 

 

Figure 5.4:  Be SIMS concentration analyzed at EAG. Abrupt step-doped GaN:Be 
profiles are observed.  

Six 100 nm thick MME GaN:Be films were grown on MME AlN insulating layers 

on HVPE semi-insulating GaN on sapphire templates at substrate temperatures of 600 ºC. 

The targeted Be incorporation levels from Figure 5.3 were 4×1018, 1×1019, 2×1019, 5×1019, 
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1×1020, and 2×1020 cm-3. Four-point resistivity measurements of these films were 

performed at NRL and the results are shown in Table 5.1. These measurements were taken 

at 495 K as all room temperature attempts were not successful. All these films showed 

semi-insulating nature with sheet resistances above 525 kΩ/sq indicating a potential to 

electrically compensate the parasitic effects of surface contaminants, and, to be used as 

highly resistive current blocking layers in high power electronic device applications. 

Table 5.1:  MME GaN:Be films grown under various Be flux conditions show the 

insulating nature of the films from four-point resistivity measurements at 495K. 

Sample Tsub 

(°C) 

TBe 

(°C) 

Polarity Be 

incorp. 

(cm -3) 

Resistivity (Ω-

cm) at 495 K 

Sheet Resistance 

(Ω/sq) at 495 K 

N4331 600 760 Ga 4x1018 No meas. No meas. 

N4324 600 786 Ga 1x1019 No meas. No meas. 

N4330 600 813 Ga 2x1019 9.21 9.21x105 

N4323 600 850 Ga 5x1019 5.25 5.25 x105 

N4327 600 880 Ga 1x1020 5.83 5.83 x105 

N4326 600 900 Ga 2x1020 161 1.61x107 

The GaN:Be films were grown at a III/V ratio of 1.3 and dead time (nitrogen 

exposure time after excess Ga-metal dose is consumed) of 8.5 sec. The shutter cycle open 

and close times were 5 sec and 10 sec respectively. The lower III/V ratio and longer dead 

time ensures the consumption of the Ga and Be metals per shutter cycle, and, prevents any 

metal from segregating and accumulating on the surface. More importantly, the long 

nitrogen exposure time acts as an in situ anneal reducing compensating N-vacancies and 

has been shown important in achieving hyper-doped GaN:Mg.[66] A low substrate 

temperature, low III/V ratio, and high dead time per shutter cycle limit the growth kinetics 

of the Be adatoms and presumably increase its solubility as is found for Mg in GaN.[66] 

Therefore, as with Mg in GaN, it may be possible to exceed the solubility limit of Be in 
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GaN by trapping Be into the film lattice under these kinetically limited growth conditions.  

The root mean square (RMS) roughness of the GaN:Be films, which are extracted 

from 5 µm × 5 µm AFM scans, are shown in Figure 5.5. An increasing trend in the RMS 

roughness is observed with increase in Be concentration as depicted in Figure 5.5 with a 

sharp roughness increase for Be > ~1×1020 cm-3. These concentrations are close to the 

hyper-doped Mg morphology limits for identical growth conditions.[66] RHEED shows a 

slight 2×2 reconstruction for the films, which indicates a Ga-polar spiral hillocks mediated 

surface morphology similar to that found in GaN films grown by traditional MBE. It is 

noted that this 2×2 RHEED reconstruction is substantially streakier than what is typically 

observed for identical conditions for Mg doping.   

 

Figure 5.5:  5 µm × 5 µm AFM RMS roughness shows higher surface roughness with 

increase in Be concentration for the films.  

A series of GaN:Mg samples were grown with and without intermediate insulating 

layers to demonstrate the improved surface contamination burying capability of the semi-

insulating GaN:Be films. Table 5.2 shows a layer description of these samples along with 

their Hall measurements. The Mg flux conditions were kept constant for these growths. 
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Homoepitaxial growth of the MME GaN:Mg films without insulating layers in samples 

N4242, N4237, N4236, and N4360 showed indeterminant type doping behavior due to the 

residual surface contamination at the MME/HVPE template regrowth interface, and only 

shows definite p-type conduction for the thickest GaN:Mg layer grown well past the 

contamination tail shown in Figure 5.2 to extend ~300 nm. Indeterminant Hall carrier types 

result when the Hall voltage is smaller than the sum of the thermal, electric, geometry, and 

self-heating induced voltage offsets, which is typically the case for heavily compensated 

materials. Thus, only the homoepitaxial MME GaN:Mg film in N4361 showed p-type 

conductivity due to electrically compensating surface contaminants by the thicker 800 nm 

film. The hole concentration of N4402 grown on the Be doped template with identical 

growth conditions was 2.5 x1019 indicating that the use of GaN:Fe surface contaminated 

growth templates can compensate ~75% of the impurities in an 800 nm film.  

The GaN:Mg film in N4222 with an AlN intermediate insulating layer showed p-

type carrier concentration. However, the heterojunction incorporates lattice mismatch 

associated defects and requires deconstruction of the 2DHG contribution at the 

GaN:Mg/AlN interface for achieving an accurate measure of the bulk hole 

concentration.[66] Similarly, the heterojunction also incorporates a 2DEG contribution at 

the AlN/GaN:Fe template interface, intrinsic vertical electric fields due to the interplay of 

polarization of the wurtzite nature of nitrides, and, potentially allows for impurity 

collection at the heterointerfaces due to process interruptions as GaN and AlN. These 

effects were shown in N4222 by Silvaco TCAD models and plotted energy band diagram 

(EBD), electron and hole concentrations, and intrinsic electric field in Figure 5.6 at 

equilibrium. Figure 5.6(a) and (c) show 2DHG at the GaN:Mg/AlN interface and 2DEG at 
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the AlN/GaN:Fe template interface at equilibrium. The 2DHG and 2DEG effect is absent 

in the improved homoepitaxial GaN:Mg on GaN:Be semi-insulating design as depicted in 

Figure 5.6(b) and (d) eliminating buried lateral conduction paths that can harm off-state 

conductance.  Likewise, Figure 5.6(e) shows a very high intrinsic vertical electric field at 

equilibrium at the two heterojunction interfaces. The high intrinsic field is a result of the 

high polarization in AlN and stress related increased piezoelectric polarization due to the 

lattice mismatch between AlN and GaN. These large electric fields are already near the 

breakdown field of GaN, 3-5 MV/cm[136], indicating any additional device operational 

field penetrating to this region would result in excessive vertical leakage current or charge 

injection into the AlN which could modulate the threshold voltage of transistors.  

Contrarily, the intrinsic electric field at equilibrium is ~1.5 orders of magnitude smaller for 

the Be doped homoepitaxial films, as shown in Figure 5.6(f), providing additional device 

fringing field margin before breakdown/threshold shift.   

Table 5.2:  Doping concentrations of GaN:Mg films grown with and without insulating layers on 

semi-insulating HVPE GaN on sapphire templates at constant Mg-flux conditions. 

Sample 

ID 

Description HEM carrier 

concentration 

(cm-3) 

Doping type 

N4242 100 nm GaN:Mg/3x Ga 

Flashing/GaN:Fe template 

6x1019 Indeterminant 

N4237 150 nm GaN:Mg/3x Ga 

Flashing/GaN:Fe template 

4x1019 Indeterminant 

N4236 200 nm GaN:Mg/3x Ga 

Flashing/GaN:Fe template 

3x1019 Indeterminant 

N4360 400 nm GaN:Mg/3x Ga 

Flashing/GaN:Fe template 

2x1018 Indeterminant 

N4361 800 nm GaN:Mg/3x Ga 

Flashing/GaN:Fe template 

6x1018 p-type 

N4222 100 nm GaN:Mg/100  nm AlN/GaN:Fe 

template 

2.3 x1019 p-type 

N4402 100 nm GaN:Mg/100 nm GaN:Be/3x 

Ga Flashing/ GaN:Fe template 

2.5 x1019 p-type 
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Figure 5.6:  Equilibrium modeling results of (a) Energy Band Diagram of the 

heteroepitaxial GaN:Mg film on AlN insulating layer. (b) Energy Band Diagram of the 

homoepitaxial GaN:Mg film on GaN:Be semi-insulating layer. (c) Carrier concentration 

of the heteroepitaxial GaN:Mg film on AlN insulating layer. (d) Carrier concentration of 

the homoepitaxial GaN:Mg film on GaN:Be semi-insulating layer. (e)  Intrinsic electric 

field of the heteroepitaxial GaN:Mg film on AlN insulating layer due to the interplay of 

spontaneous polarization and piezoelectric polarization. (f) Intrinsic electric filed of the 

homoepitaxial GaN:Mg film on GaN:Be semi-insulating layer. 

 

The room temperature (RT) PL measurements of the GaN:Be films in Table 1 are 

shown in Figure 5.7(a) and their PL peak intensities vs Be-concentrations are plotted in 

Figure 5.7(b). A decrease in PL peak intensity was observed in GaN:Be films with increase 

in Be concentration in the range of 4×1018 to 2×1020 cm-3, which represents reduced band-

to-band recombination in the GaN:Be films with increased Be-concentration. Figure 5.7(c) 
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shows normalized representative room temperature (RT) PL measurements of the MME 

GaN:Mg, MME UID GaN, and MME GaN:Be films. The RT PL peaks of the MME UID 

GaN films, semi-insulating GaN:Be films and semi-insulating HVPE GaN templates were 

measured at 3.43 eV. A weak shoulder peak was observed at 3.38 eV for the GaN:Be films 

which represents BeGa in Be doped GaN as a shallow substitutional impurity with Ea~60 

meV consistent with the original theory.[127] Given the predicted solubility of this shallow 

acceptor in the range of low 1017 cm-3, the vast majority of Be incorporated into these films 

must exist in a non-acceptor state, presumably a deep state resulting in reduced 

luminescence. García-Gutierrez et al. observed a similar RT PL peak at 3.39 eV in their 

study of GaN:Be powders.[269] In contrast to this study, they observed an order of 

magnitude luminescence intensity enhancement in GaN:Be powders over GaN powders 

for an unspecified concentration of Be. However, approximately a two orders of magnitude 

decrease in RT PL intensity was observed in the main peak for the GaN:Be films over the 

MME UID GaN films in this study. The decrease in PL peak intensity is attributed to 

reduced band-to-band recombination due to deep compensating Be states in the GaN 

energy band in addition to the lower concentration of shallow acceptors present. The RT 

PL peak for MME GaN:Mg films was measured at 3.26 eV which is similar to the RT PL 

peak observed by Gunning et al. for GaN:Mg deposited on AlN films.[66]  
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Figure 5.7:   RT PL measurements of the GaN:Be films plotted at various Be-

concentrations. (b) PL peak intensity plotted vs Be concentrations for the GaN:Be films 

in part (a) shows a decreasing trend in peak intensity with increase in Be-concentration. 

(c) RT PL measurements of the MME GaN:Mg, MME UID GaN, and MME GaN:Be 

films. Main peaks for the MME UID GaN and GaN:Be films were observed at 3.43 eV. 

A shoulder peak was observed for the GaN:Be film at RT PL. The GaN:Mg RT PL peak 

was observed at 3.26 eV. 

5.4   Conclusion 

Abrupt step-doped Be concentration profiles were successfully shown for the first 

time by Metal Modulated Epitaxy (MME) without surface segregation and accumulation, 

which was an outstanding problem in previous studies of the Be incorporation in GaN:Be 

films. The MME GaN:Be films were semi-insulating at elevated temperatures ~200 K 

above room temperature and resistivity was impossible to measure at room temperature. 

The GaN:Be semi-insulating films effectively electrically compensated surface 

contaminants at the regrowth interface of the MME GaN films and the HVPE GaN:Fe 

templates, and effectively replaced the heteroepitaxial AlN intermediate layers with 

homoepitaxial films to achieve highly resistive current blocking growth buffers without 
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additional defects and growth complications, which can be applied for various high power 

diode and transistor applications.  The use of Be doped GaN buffers instead of AlN was 

shown to reduce buried vertical electric fields by ~1.5 orders of magnitude and eliminate 

2D electron and hole gases making possible improved vertical and lateral performance in 

future devices grown on these buffer layers. 
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CHAPTER 6:   DRAMATIC IMPROVEMENT IN THE 

SURFACE QUALITY OF HIGH TEMPERATURE ANNEALED 

SAPPHIRE SUBSTRATES AND ITS IMPACT ON THE 

QUALITY OF AlN FILMS FROM 1 nm TO 2 µm 

 

6.1   Introduction 

Group III-nitride epitaxial semiconductors routinely have the highest defect densities 

of any mature inorganic semiconductors. These large defect densities play a role in limiting 

device performances and are attributed to lattice mismatch with and defect propagation 

from the substrates. Sapphire is a common substrate material for epitaxial III-nitrides but 

it still leaves much to be desired. High temperature annealing is an effective method to 

achieve atomically flat surfaces of sapphire substrates which will be shown to correspond 

to higher quality III-nitride films grown by molecular beam epitaxy (MBE). AlN is a 

promising material for UV LEDs, MEMS applications and SAW devices. Sapphire is a 

suitable substrate for AlN because of its high melting point (2050 °C), transparency to UV 

light, mature growth technology, low cost, and availability in large wafer size. Improving 

the surface morphology of sapphire will result in higher crystalline quality of subsequently 

grown AlN. 

6.2   High Temperature Annealing of The Substrates 

Several annealing studies have been carried out for the formation of ordered terrace-

and-step structure on c-plane sapphire to facilitate improved epitaxial films growth.[1]-[4] 

These studies were able to achieve ordered step structures on sapphire substrates upon 

annealing at temperatures above 1200oC. However, at sapphire annealing temperatures 

ranging from 1000 oC to 1200 oC, only small scale ordered steps are observed with very 
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small terrace widths. In this study, a multi-step annealing approach, as shown in Figure 6.1 

is introduced to achieve highly ordered terrace-and-step structures on sapphire substrates 

at annealing temperatures below 1200oC. MBE epitaxial growth of 200 nm AlN was 

carried out on annealed sapphire substrates. X-ray diffraction (XRD) characterization of 

this sample was carried out to check the quality of the AlN layer. The as delivered sapphire 

wafers were placed in a quartz boat and were pre-heated at 1075oC for 5 minutes under 

Nitrogen environment. The wafers were then moved to the center furnace zone and heated 

at 1075oC under Nitrogen environment for 15 minutes. The wafers were subsequently 

heated under Ultra Zero Grade Air environment at 1075oC for 1 hour. Temperature was 

ramped up to 1175 oC and the sapphire wafers were annealed at this temperature under 

Ultra Zero Grade Air for 5 hours. Subsequently, the wafers were allowed to naturally cool 

down under Nitrogen. 

 

Figure 6.1:  Multi-step annealing approach is used to anneal sapphire substrates under ultra-zero 

grade air environment. 

AFM of the un-annealed sapphire wafer in Figure 6.2(a) shows disorderly 
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corrugations on the substrate surface with a surface roughness of 0.4 nm rms, while AFM 

of the annealed sapphire wafers in Figure 6.2(b) have a surface roughness of approximately 

0.05 nm. This shows a one order of magnitude improvement in the surface smoothness as 

compared to the un-annealed wafer. In contrast to the random surface of the un-annealed 

sapphire, a distinct terrace-and-step structure is also observed on the annealed sapphire 

wafers with terrace widths of 550 nm. This is a significant improvement as compared to 

the annealing experiments performed by other groups [270]–[273]. While the terrace width 

is improved, the terrace step height from the annealing experiment is 0.3 nm, which is 

comparable to step height available in literature at this or slightly higher annealing 

temperatures.

 

Figure 6.2:  (a) AFM of un-annealed sapphire substrate. (b) High temperature annealing reduces 

the surface energy of sapphire substrates. The reduction of the surface energy results in the 

formation of a terrace-and-step structure on the sapphire surface. This structure improves the 

nucleation and thus crystallinity of subsequent AlN film growth. 

6.3   RHEED and XRD Characterization of the MME AlN Films 

Several MME grown AlN films ranging from 1 nm to 2 µm were examined via 

RHEED and XRD. Figure 6.3 shows RHEED images of the AlN films. The RHEED 
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patterns are streaky (indicating smooth surface morphology and 2D layer-by-layer growth) 

for the 1 nm AlN film, and, AlN films grown in the range of 20 nm to 2 µm. However, the 

AlN films grown in the range of 2 to 10 nm show mixed spotty/streaky RHEED patterns 

indicating 2D layer-by-layer plus 3D island growth formation and relatively rougher 

surface morphology. This is clear evidence of elastic AlN growth below 2 nm, island 

nucleation and coalescence between 2-20 nm and 2D epitaxy on the coalesced islands for 

greater than 20 nm. 

 

Figure 6.3:  RHEED images show rough surfaces and island growth for AlN thicknesses 

of 2 nm to 10 nm. All other samples show smooth surfaces. 

Furthermore, the MME-grown 50 nm AlN film showed a 5 µm × 5 µm AFM RMS 

roughness of 0.25 nm, which corresponds to atomically smooth surfaces limited by the ½ 

unit cell height of AlN. XRD characterization of a 200nm film revealed a diffraction peak 

at 2θ = 35.96o, which is attributed to AlN (002) and implies that the AlN layer is fully 

relaxed. A symmetric (002) rocking curve of the AlN layer has a full-width at half-
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maximum (FWHM) of 69 arcsec, and an asymmetric (105) rocking curve has a FWHM of 

429 arcsec. Low values of FWHM for AlN show high crystalline quality of the epitaxial 

film. These XRD figures of merit are some of the lowest in the literature for combined 

symmetric and asymmetric reflections, indicating state of the art AlN epitaxy, even at the 

low temperatures used by MME – almost 400-600 degrees below modern AlN MOCVD 

state of the art growth temperatures. 

Detailed (002) symmetric and (105) asymmetric rocking curves XRD 

measurements were performed on the AlN films as shown in Figure 6.4. (002) symmetric 

curves show that the thinner films up to ~20 nm are strained to the sapphire substrate while 

the 30 nm AlN film shows partial relaxation. The AlN films in the range of 40 nm to 2 µm 

are fully relaxed. 

 

Figure 6.4:  X-ray rocking curves show strain for the thinner films and partial relation for the 

thicker films. 

 

Figure 6.5 shows full-width at half-maximum (FWHM) the (002) symmetric and 
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(105) asymmetric rocking curves for the MME grown AlN films. Both (002) symmetric 

and (105) asymmetric rocking curves FWHMs show indicate decrease in both screw and 

edge dislocations (increase in the corresponding crystalline quality) with increase in the 

AlN film thickness up to ~200 nm. The (105) asymmetric rocking curves FWHM shows a 

decreasing trend for the thicker AlN films as well. However, the (002) symmetric rocking 

curves FWHM shows an increasing trend indicating an increase in screw dislocations with 

increase in thickness in the range of 500 nm to 2 µm.  

 

Figure 6.5:  Both symmetric and asymmetric rocking curves improvement in the AlN crystalline 

quality with thickness up to ~ 200 nm.  

In conclusion, it was shown that the crystalline and surface quality of MME grown 

AlN films on sapphire can be improved by high temperature anneal of the sapphire 

substrates. This improvement of the AlN could lead to fewer defects on overgrown III-

nitride films and eventually play a significant role in the performance of III-nitride devices, 

possibly even offering a means of bypassing AlN pseudo-templates grown by HVPE on 

sapphire. Moreover the excellent crystal quality of AlN motivated the later doping study 

of AlN described in Chapter 7.  
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CHAPTER 7:   SUBSTANTIAL P-TYPE CONDUCTIVITY OF 

AlN ACHIEVED VIA BERYLLIUM DOPING 

 

Beryllium has long been predicted by first principles theory as the best p-type dopant 

for GaN and AlN. But experimental validation of these theories has not, until now, borne 

out the original predictions. A key challenge is the dopant induced strain leading to Be 

rejection from substitutional sites in favor of interstitial sites, leading to self-compensation. 

More flexible growth methods like Metal Modulated Epitaxy (MME) that can operate at 

substantially lower temperatures than traditional approaches, can more effectively place 

Be into the proper substitutional lattice sites. MME grown Be doped AlN shows substantial 

p-type conductivity with hole concentrations in the range of 2.3×1015 to 3.1×1018 cm-3 at 

room temperature. While others have achieved sizable carrier concentrations near surfaces 

via carbon doping or Si implantation, this is the only known demonstration of substantial 

bulk p-type doping in AlN and is a nearly 1000 times higher carrier concentration than the 

best previously demonstrated bulk electron concentrations in AlN. The acceptor activation 

energy was found to be ~37 meV, ~8 times lower than predicted in literature but on par 

with similar results for MME p-type GaN. Preliminary results suggest the films are highly 

compensated. A p-AlN:Be/i-GaN:Be/n-GaN:Ge pin diode is demonstrated with substantial 

rectification. 

7.1   Introduction 

The wide-bandgap (WBG) material GaN (Eg = 3.4 eV) continues to mature due to its 

achievements in light-emitting diodes (LEDs)[5], solar cells[7], photodetectors[17], high 

electron mobility transistors (HEMTs)[23], and laser diodes[10]. Although the market of 
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GaN based devices is still growing, significantly higher performance parameters can 

potentially be achieved with the ultrawide-bandgap semiconductor material AlN with the 

bandgap as high as 6.1 eV.[274] As summarized by Table 7.1, AlN ranks as either number 

one or two in all major figures of merit (FOM). AlN is especially advantageous for high-

power and high-temperature devices owing to it having the largest bandgap of any of the 

semiconductors that possess a native substrate. Theoretically, the critical field for 

breakdown scales as ~EG
2.5 in direct bandgap materials. Thus, the FOM of power devices 

scale non-linearly with increasing bandgap. In unipolar power switches, Baliga’s figure-

of-merit (BFOM)[275] is used to characterize the trade-off between reverse breakdown 

voltage (VBR) and forward specific on-resistance (RON) at low operating frequencies. 

BFOM is given by Equation 1. 

𝐵𝐹𝑂𝑀 =  
𝑉𝐵𝑅

2

𝑅𝑂𝑁
=  

𝜀µ𝐸𝐶
3

4
        (1) 

Where 𝜀 is the permittivity, µ is the majority carriers mobility and EC is the critical 

electrical field of the semiconductor at which the avalanche breakdown occurs. The critical 

electrical fields for GaN and AlN are 4.9 and 15.4 MV/cm[161] giving a theoretical 

improvement in BFOM for AlN over GaN of (3.14)2.5 ≅ 17.5 times. For high-frequency 

high-power transistor applications, the Johnson’s figure-of-merit (JFOM)[276] is used 

which characterizes the trade-off between the maximum operating frequency and power 

amplification in transistors. The JFOM is given by Equation 2.  

𝐽𝐹𝑂𝑀 =  
𝜐𝑠𝑎𝑡𝐸𝐶

2𝜋
          (2) 

Where 𝜐𝑠𝑎𝑡 is the carriers saturation velocity. The 𝜐𝑠𝑎𝑡 is 1.4×107 and 1.3×107 cm/sec for 

GaN and AlN, respectively. So the JFOM of AlN as compared to GaN would potentially 

increase by (1.3/1.4)*(15.4/4.9) ≅ 2.9 times.  
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Other potential applications of AlN include high-voltage switching, protection and 

distribution, extreme environments (radiation and heat), high-temperature electronics, 

high-temperature sensors, deep ultra-violet (DUV) LEDs for water purification, 

sterilization and biological warfare neutralization, solar blind detection for threat detection, 

industrial welding automation, acoustic devices for actuators, filters and sensors, DUV 

lasers for atmospheric communications, cutting and lithography. AlN has the best or 

second-best material properties in terms of energy bandgap (6.1 eV), saturation velocity 

(vsat) (1.3×107 cm/sec), critical electrical field (Ecrit) (15.4 MV at n-type doping of 1016 cm-

3), thermal conductivity (TC) (319 W/m-K), and JFOM (31.9 THzV).[277] The only 

limitation in the development of AlN based devices is its doping. Marginal advances have 

been made in n-type doping of AlN but no more than 1015 cm-3 electron concentrations 

have been achieved to date.[162], [163] F. Mehnke et al. have shown that activation energy 

for Si doped AlGaN increases from 24 meV for Al0.85Ga0.15N to 211 meV for 

Al0.96Ga0.04N.[278] Recently, work from Sitar’s group showed ion implantation and rapid 

thermal annealing with promise for shallow n-type doping suitable for electrical contacts 

but not for bulk conductivity control.[164] While we think that the Sitar advance does not 

solve the issue of minimal bulk conductivity, we acknowledge that it is an important 

milestone in device development, and one that when combined with the advances reported 

here could result in remarkable future device demonstrations. However, p-type doping of 

AlN is still a major challenge. Recently there was a report of surface p-type conductivity 

in AlN using carbon induced band bending.[279] But there is no experimental evidence of 

bulk p-type doping. There are two main limitations in p-type doping of AlN: the low 

acceptor solubility limit which describes how many of the impurities can be placed on a 
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substitutional site, example Be on an Al site; and the high activation energy of the dopants 

leading to few free holes for a given concentration of acceptors. The solubility limit of 

dopants depends on their formation energy of the acceptor and dopant related defects such 

as interstitial dopants which further depends on the atomic radii matching of the host atoms 

(Al in this case) with respect to the dopant atoms. Table 7.2 shows atomic radii of the III-

nitride host atoms and their potential p-type dopants. 

Table 7.1:  Materials properties and theoretical limits comparison of AlN with other 

semiconductors.[277] 

 

 

Table 7.2:  Atomic radii of the III-nitride host atoms and theoretical/experimental p-type 

dopants.[280] 
Element Atomic radius (pm) 
Al,Ga, In 118, 136, 156 
Mg 145 
Be 112 
Zn 142 
Ca 194 

In addition to other considerations, the atomic radii of Mg and Ga closely match and 

Material 

Property 
Si SiC GaN β-Ga

2
O

3
 AlN (Rank) 

E
G

   (eV) 1.12 3.26 3.45 4.8 6.1 (#1) 

v
sat

   (10
7
 cm/s) 1.0  1.4 1.1 1.3 (#2) 

E
crit

 @10
16

cm
-3

   (MV/cm) 0.3 3.1 4.9 10.3 15.4 (#1) 

TC   (W/m-K) 145 490 253 27 319 (#2) 

JFOM   (10
12

 V/sec) 0.48  11 18 32 (#1) 

~V
BD

 @10 mΩ-cm
2   (V) 100 3000 5000 6000 20,000 (#2) 

N-Type Yes Yes Yes Yes 
Marginal Previously. 

Yes this work 

P-Type Yes Yes Yes No 
Absent Previously. 

Yes-This Work 

Light Emission No No Yes No Yes 
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therefore the activation energy of Mg is relatively low, at ~170 meV in GaN at dilute 

dopant concentrations.[188] However, due to the high atomic radii mismatch of Mg and 

Al, Mg has relatively higher activation energy in AlN as compared to GaN. Several studies 

have shown high ionization energies of Mg in AlN as 510[281], 580[223] and 630 

meV[282]. Contrary to Mg, the atomic radii of Be and Al closely match. So Be would 

cause less lattice distortion (and thus reduced strain) resulting in a lower formation energy 

of BeAl in AlN as compared to MgAl. Mireles et al. employed effective-mass theory to 

calculate the acceptor binding energy for Be in AlN. They found the acceptor binding 

energy for BeAl in AlN in the range of 223-262 meV for wurtzite AlN.[283] Wu et al. 

performed ab initio study of AlN:Be and found the activation energy of BeAl to be ~340 

meV.[225] Sedhain et al. found the ionization energy of Be in MOCVD AlN as 330 meV 

via time-resolved PL spectroscopy in combination with Haynes’ rule but no conductivity 

was reported.[284] However, Szabó et al. found a much higher activation energy of 970 

meV for AlN:Be performed via screened hybrid density functional calculations.[285] The 

above studies show a potential for Be as a p-type acceptor in AlN. However, until this 

work, no experimental p-type conduction has been achieved in this regard.  

Several studies have reexamined the nature of Be in the crystal structure of GaN. While 

originally assumed by Bernardini et al. to be a shallow substitutional acceptor 

impurity,[206] later studies indicated a much deeper energy level, temperature dependence 

of the Be geometrical configuration and an incorporation that could be related to the 

presence of hydrogen, similar to Mg.[286] Tuomisto et al. investigated the position of Be 

as a substitutional or interstitial impurity in MBE grown GaN:Be films via Positron 

Annihilation Spectroscopy (PAS).[211] They found that the behavior of Be in GaN 
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switches from a substitutional position at room temperature to interstitial position at a high 

anneal temperature of 900 °C.  Furthermore, they suggested the switching behavior of light 

dopants for heavy cations to be universally applicable to compound semiconductors. This 

result lays the motivation for examining Be doping at lower-than-normal growth 

temperatures. In another study, Demchenko et al. studied the formation energies of Be 

related energy levels in GaN via Heyd-Scuseria-Ernzerhof (HSE) hybrid functional 

calculations.[287] From HSE calculations, they found that the formation energy of BeGa-

Hi complex is much lower as compared to the formation energy of Be on a Ga site (BeGa) 

under both N-rich and Ga-rich growth conditions, concluding the presence of hydrogen 

enhances Be incorporation during growth. In our prior MME work, we did not see any 

limitation in the incorporation of Be into GaN nor did we see a need to use hydrogen to 

enhance its incorporation.[166]  Demchenko et al. also investigated the effect of annealing 

on hydrogenated and hydrogen free MBE grown GaN:Be samples in a nitrogen 

environment post growth.  They observed ~2 orders of magnitude increase in the PL peak 

intensity of Be related ultraviolet light (UVLBe) they associated with acceptors upon 

annealing under nitrogen environment at 900 °C for two hours seemingly in contradiction 

of the work of Tuomisto et al. The increase in UVLBe presumably occurred due to the 

dissociation of hydrogen from BeGa-Hi complexes that could potentially lead to p-type 

conductivity of GaN but no such p-type conductivity was experimentally measurable. Both 

hydrogenated and hydrogen free samples showed improved PL acceptor signatures but the 

hydrogenated samples showed a stronger acceptor PL peak. In the case of MME grown 

compounds, high concentrations of Be can be incorporated at low substrate temperature 

growth and optimized shutter cycles.[166] But in all cases spanning from SIMS determined 
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Be concentrations of 6×1017 to 1.2×1020 cm-3 no p-type conductivity of GaN:Be was 

observed.  Substantially less experimental information is available about Be doped AlN 

but Tuomisto’s suggested universality of substitutional site selection at lower temperatures 

motivates us to examine the case of AlN:Be.  

Unlike traditional Molecular Beam Epitaxy, Metal Modulated Epitaxy (MME) has 

three growth parameters: substrate temperature, III/V ratio and excess-metal dose per 

shutter cycle, enabling it to have more growth control especially over the challenging 

problems in nitrides such as ternary alloys and p-type doping. Specifically, by controlling 

the excess metal dose per shutter cycle, MME enables lower substrate temperatures without 

sacrificing adatom surface mobility.  MME has achieved approximately 40 times higher p-

type doping in GaN as compared to other growth techniques, high ternary alloy control and 

has successfully shown high adatom mobilities at low growth temperatures suitable for 

commercial use.[69]–[71], [237] MME is a modified MBE growth technique in which the 

metal fluxes are periodically modulated while the N-flux is kept constant throughout the 

growth.[64], [65], [198] MME has achieved electron and hole concentrations in excess of 

1×1020 cm-3 for GaN and AlGaN homojunction tunneling and even has shown high enough 

doping at 60% Al to demonstrate AlGaN homojunction tunneling.[268] Furthermore, 

MME has shown hyper p-type (doping above the solubility limit) GaN via Mg doping 

wherein the accepter effective activation energy is dramatically lowered by the formation 

of an acceptor band instead of an isolated acceptor.[66], [179] Ahmad et al. studied MME 

grown GaN:Be films and unlike previous studies, achieved abrupt step-doped control of 

Be in GaN without surface segregation or accumulation via improved growth kinetics such 

as low substrate temperature, low III/V ratio and longer MME dead time (the time during 
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which the metal shutter is closed while the film is still exposed to the N-plasma to dry the 

surface. No growth occurs during the dead time) per shutter cycle to prevent Be diffusion 

along the growth direction.[166] However, the GaN:Be films were found to be semi-

insulating in nature, more suitable as i-layers in high power device applications but without 

achieving  p-type doping. This is very likely due to the induced strain resulting from the 

high atomic radii mismatch of Be with Ga atoms in GaN, resulting in high activation 

energies as predicted by several theoretical[210] and experimental [208], [209] results.  

However, there is a higher potential for achieving p-type AlN via Be doping as the 

atomic radii of Be (112 pm) closely matches with the Al (118 pm). Furthermore, the 

activation energy of BeAl in AlN[225], [283], [284] is lower by 250-400 meV than the 

activation energies of BeGa in GaN[208]–[210]. The low activation energy of BeAl in AlN 

in combination with the capability of MME to surpass the solubility limit of dopants in 

nitride material via improved growth kinetics (high quality films at low substrate 

temperatures, low III/V ratios and MME shutter cycle dead time) makes a strong case to 

examine p-type doped AlN films via MME. 

7.2   Experiment 

The films were grown in a Riber 32 plasma-assisted molecular beam epitaxy (PAMBE) 

system via MME on HVPE AlN on sapphire templates from MSES. Two-inch diameter 

AlN and GaN on sapphire wafers obtained from MSES were first piranha (3:1 volume ratio 

of H2SO4:H2O2) cleaned for 1 minute at 150 °C followed by 5:1 volume ratio of deionized 

water to hydrofluoric acid (DI H2O:HF) for 30 seconds. The cleaned wafers were then 

backside metalized with 2 µm Tantalum for uniform heating during growth. The backside 

metalized wafers were later diced into 1 cm × 1 cm templates for growth inside the MBE 
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chamber. The metalized and diced templates were subsequently solvent cleaned (acetone 

clean at 45 °C for 20 minutes, 3 minutes methanol clean, DI water clean, and dried with 

nitrogen) followed by a more rigorous 10 minutes piranha (3:1 volume ratio of 

H2SO4:H2O2) clean at 150 °C to remove organic solvents. The templates were then ex situ 

chemically cleaned in a 10:1 volume ratio of DI H2O:HF for 30 seconds to partially remove 

the surface oxides followed by DI water rinse and nitrogen dry procedure.  

The templates were subsequently loaded into an introductory chamber at a vacuum 

level of ~10-9 Torr. The transfer time after ex situ wet chemical clean into the introductory 

vacuum chamber was kept less than a minute to avoid large exposure of the templates to 

oxygen in the air. The templates were later thermally outgassed for in situ thermal cleaning 

first in the introductory vacuum chamber at 200 °C for 20 minutes and subsequently 

outgassed in the growth chamber at 675 °C for GaN templates and at 850 °C for AlN 

templates for 10 minutes.  

Al, Ga and Be fluxes were supplied from standard effusion cells for the MME grown 

films. Mg flux was provided from a Veeco corrosive series valved cracker with a bulk 

temperature control and a cracker temperature control.[196] A Veeco UNI-bulb radio 

frequency (RF) nitrogen plasma source was employed to supply nitrogen plasma for the 

MME films at an RF plasma power of 350 W and a flow rate of 2.5 sccm. The RF plasma 

power and flow were kept uniform for all the growths. The MBE growth chamber base 

pressure was ~5×10-11 Torr and the beam equivalent pressure (BEP) of the nitrogen plasma 

was ~2×10-5 Torr. The growth rate was 700 nm per hour for the AlN:Be, GaN:Be and 

GaN:Mg films, and, 1.40 µm per hour for the GaN:Ge film. However,  MME is capable of 

growing films at growth rates as high as 10 µm/hr.[105] A STAIB Instruments RH20S 20 
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kV Reflection High Energy Electron Diffraction (RHEED) gun was used in combination 

with k-Space Associates kSA 400 analytical RHEED system to monitor in situ surface 

morphology of the regrown films. The AlN:Be films were grown at a III/V ratio of 1.3 and 

at two different substrate temperatures of 600 and 700 °C using precisely controlled excess 

metal coverage to compensate for the loss of adatom mobility at low temperatures.  Al, N 

and Be atoms hopping on a metal terminated surface need only to break weak metallic 

bonds that are several eV smaller than the AlN bonds of a stoichiometric AlN surface. The 

dead time (see Ref.[198] for MME tutorial and detailed description of MME terms) was 

kept at 8.5 sec to consume the dopants in each cycle and not let it diffuse vertically during 

growth. The metal-rich conditions result in smooth surface morphology of the films while 

the low substrate temperature helps in limiting Be-diffusion in the growth direction.  

A Philips X’Pert Pro MRD X-ray diffraction (XRD) system was used for post-growth 

structural characterization of the films. The samples were subsequently annealed under 

purified nitrogen inside a MILA-3000 rapid thermal annealing (RTA) furnace for contacts 

annealing. Secondary Ion Mass Spectroscopy (SIMS) of a Beryllium doped calibration 

sample was performed at Evans Analytical Group (EAG). A state-of-the-art precision Hall 

measurement tool, M91 FastHall Controller from Lake Shore Cryotronics, was utilized for 

Hall effect measurements. The FastHall station has a 1T magnet. It can measure sample 

resistances in the range of 1 mΩ - 1 GΩ and mobilities in the range of 10-2-106 cm2/Vs. A 

contact fabrication procedure was employed to deposit Pt/Pd/Au (10 nm/10 nm/100nm) on 

the top of the films in the van der Pauw configuration for Hall measurements. In all cases, 

care was taken to ensure the current-voltage curves of the contacts crossed the zero-voltage 

point at zero current so as to eliminate any concern of piezoelectric or thermal voltages 
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skewing results. X-ray Photoelectron Spectroscopy (XPS) measurements were performed 

via Thermo Scientific K-Alpha XPS equipment to verify there was no diffusion of the 

contact metals into central regions of the AlN:Be film, eliminating metallic surface 

conduction as a possible source of error.  Temperature-dependent DC and FastHall Hall 

measurements of the AlN:Be films were performed at Lake Shore Cryotronics, Inc. Finally, 

hot probe polarity measurements were performed via 6517A high input impedance 

electrometer and a 450 °C thermal probe to confirm the polarity of the films.   

 

7.3   Results and Discussion 

One of the hallmark achievements of MME is surpassing the solubility limit of Mg in 

GaN as compared to literature. The activation energy of dilute Mg in GaN is ~170 meV in 

literature. Activation energies in the doped GaN and AlN films at room temperature can 

roughly be estimated from Equation 3. 

 

𝑝 = (𝑁𝐴 − 𝑁𝐷) 𝑒−(𝐸𝐴 𝑘𝑇⁄ )        (3) 

 

Where 𝑝 represents the hole concentrations, 𝑁𝐴 is the doping, 𝑁𝐷 is the concentration 

of compensating donors, 𝐸𝐴 is the effective acceptor activation energy, 𝑘 is the 

Boltzmann’s constant, and 𝑇 is the temperature in Kelvin. In general, this equation can be 

fitted to temperature dependent data and with the knowledge of p from Hall measurements, 

NA from SIMS measurements, both compensating donors ND and EA can be determined.  

However, as is the case here, often temperature variable data is unobtainable. In those 

cases, the compensation 𝑁𝐷 is not obtainable and when the doping efficiency (p/NA) is 
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sufficiently large to suggest compensation is small (on the order found in other p-type III-

Nitrides estimated here to be p/NA> ~0.1), it is helpful to use Equation 3 absent of ND to 

establish an upper limit for EA. Compensation reduces the term in the parenthesis resulting 

in an EA lower than this estimated upper limit. The MME grown GaN:Mg film (N4222) 

shown in Table 7.3 achieves a hole concentration of 2.3×1019 cm-3 at a doping level of 

1×1020 cm-3 resulting in an effective activation energy of ~50 meV from Equation 3. For a 

GaN:Mg film grown under similar Mg doping conditions, Gunning et al. found an effective 

experimental activation energy of 51 meV.[66] We use the term effective activation energy 

because in heavily doped GaN, an acceptor band forms instead of a single acceptor energy 

level.[66], [288], [289]  Equation 3 above accounts for other possible reductions in the hole 

concentration from other sources like self-compensation and carrier trapping via the factor 

ND which is found to be significant for AlN.  Furthermore, the GaN:Mg, GaN:Be, GaN:Ge, 

and UID GaN samples shown in Table 7.3 were used to calibrate the MME grown AlN:Be 

films via both Hall and hot probe measurements.   

Table 7.3:  Description of MME grown GaN:Mg, GaN:Be and GaN:Ge films. The 

conductivity type of these films was confirmed via both Hall and hot probe measurements.  
Sample 

ID 
Description SIMS 

Concentration 

(cm -3) 

Hall Type & 

Concentration 

(cm -3) 

Hot Probe 

Magnitude & 

Polarity 

N4222 100 nm 

GaN:Mg/100  nm 

AlN/GaN:Fe 

template 

1×1020 p=2.3×1019 -16 mV 
p-type 

N4330 100 nm GaN:Be/100  

nm AlN/GaN:Fe 

template 

2×1019 p=2×1014 -19 mV 
p-type 

N4061 465 nm GaN:Ge/100  

nm AlN/GaN:Fe 

template 

 n=1.3×1020 +0.5 mV 
n-type 

N4383 100 nm UID GaN/2 

µm GaN:Fe template 
 n=1×1016 +9.3 mV 

n-type 
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In an attempt to extend the capability of MME to achieve lower-than-literature 

activation energy for the Be-doped GaN films, a 100 nm GaN:Be film was grown at a 

doping level of 2×1019 cm-3 which resulted in hole concentration of 2×1014 cm-3. Carrier 

concentrations were only measurable as the limit of the Hall system was approached, 

around temperatures 495 K.  Thus, the low hole concentrations obtained prevented 

temperature variable Hall measurements that are necessary to extract the true effective 

activation energy independent of compensation ND.  A 300 meV estimate of the upper limit 

(not accounting for compensation ND) of the effective activation energy is obtained from 

Equation 3 but should not be considered accurate as there is no way to account for 

compensating factor ND. With exception of the original predictions of Bernardini[206], the 

theoretical[210] and experimental [208], [209] activation energy of GaN:Be films in 

literature are in the range of 550-700 meV. Bernardini predicted an activation energy of 60 

meV but this value was later updated by Lyons et al.[210]  because it did not account for 

localized hole states.  Therefore, MME has also achieved a lower-than-literature predicted 

activation energy for the GaN:Be films as well. Although the hole concentration of 2×1014 

cm-3 in GaN:Be is not suitable as a p-type film in devices, it has some potential applications 

as a semi-insulating layer in devices. One such potential application of this level of doping 

in a film is in high-voltage PIN switches that utilize low doped drift regions to withstand 

large voltages. 

 Given that the acceptor band formation from MME has shown improvement in 

activation energy from ~170 meV in literature to ~50 meV for GaN:Mg films and from 

~700 in literature to ~300 meV in GaN:Be films, the next goal was to apply the improved 

growth kinetics of MME to AlN films to achieve conductive AlN films. First, the Be 
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incorporation into AlN was calibrated via SIMS at EAG. 100 nm thick MME AlN:Be films 

were grown at a growth temperature of 600 °C and III/V ratio of 1.3. Figure 7.1(a) shows 

Be SIMS concentration plotted vs sample depth. Abrupt Be profiles were observed in the 

AlN films. Figure 7.1(b) shows a straight-line Be doping profile on a logarithmic scale 

indicating exponential dependence of the Be doping on its cell temperature indicating that 

the effusion cell is still in its Knudsen limit. 

 

  

Figure 7.1:   (a) Be SIMS concentration in AlN indicate steep dopant profiles. (b) 

Arrhenius plot of the Be SIMS concentration shows exponential dependence of the Be 

doping on the Be cell temperature.  

 

Later, AlN:Be films were grown via MME at a substrate temperature of 600 °C 

with Be SIMS concentrations in the range of 2×1016 to 2×1020 cm-3. The samples’ 

description is given in Table 7.4. N4436 is the control sample without intentional Be 

doping. Another set of AlN:Be samples were grown at a substrate temperature of 700 °C 

with Be SIMS concentrations in the range of 1.1×1018 to 2×1020 cm-3 to study the effect of 

growth temperature on the conductivity of the MME grown AlN:Be films. The samples 

description is listed in Table 7.4. Figure 7.2 shows a layer schematic diagram and the 

corresponding representative RHEED patterns of these films confirming crystalline 
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material even at these excessively low growth temperatures. After cleaning and outgassing 

of the MSES HVPE AlN template, first an undoped 300 nm AlN buffer layer was grown 

at a substrate temperature of 800 °C atop the HVPE AlN template so as to bury surface 

contaminants, critically oxygen which is a strong compensating defect for Be. Al is well 

known to getter oxygen and there would presumably be diffusion of oxygen up to a few 

hundred nanometers into the regrown AlN film. The buffer layer was intended to limit high 

concentrations of oxygen that could otherwise compensate the AlN:Be film. The buffer 

layer growth condition was kept the same for all the samples in Table 7.4. The top 100 nm 

AlN:Be was grown at the optimized p-type MME growth conditions usually grown for 

GaN.[198] The lower substrate and longer shutter closed times  limited the vertical surface 

diffusion of Be in the growth direction while the metal-rich III/V ratio of 1.3 enables 

smooth surface morphology that targets a slightly spotty RHEED indicative of a slightly 

faceted surface (details provided in Ref[166]). The top layer was doped with Be. The 

progression of the RHEED images with time and the post growth Atomic Force 

Microscopy (AFM) suggest that the MME grown AlN does develop a slightly rougher (~2-

3 nm root mean square (RMS) roughness films versus ~1.9 nm RMS roughness for the 

template) morphology common for all p-type III-Nitrides by all growth methods as well as 

surface pitting common to MBE grown in the intermediate phase regime, as the film 

thickens.[97] Furthermore, the highest doped film has additional surface features that may 

be segregated Be owing to the concentration being substantially greater than the solubility 

limit.  Interestingly, the pit density is remarkably higher in the undoped film and reduces 

with increasing Be concentration suggesting the Be may have some beneficial surfactant 

effect. Next, contacts were deposited via electron beam evaporation on these films.  
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Table 7.4:  Description of MME grown AlN:Be films at a growth temperature of 600 and 

700 °C with their SIMS and Hall concentrations, and, hot probe measurements. The 

conductivity type of the AlN:Be films is validated from both Hall and hot probe 

measurements.   
Sample ID SIMS 

Concentration 

(cm -3) 

Growth 

Temperature 
(°C) 

Hall Type & 

Concentration 

(cm -3) 

Hot Probe 

Magnitude & 

Polarity 

N4436 0 600 Not measurable Not measurable 

N4481 2×10
16

 600 p=3.4×10
12

 -90 mV p-type 

N4487 5×10
16

 600 p=2.3×10
15

 -100 mV p-

type 
N4434 2.2×10

17

 600 p=4.7×10
16

 -25 mV p-type 

N4472 2×10
18

 600 p=2×10
16

 -80 mV p-type 

N4435 7×10
18

 600 p=1.4×10
17

 -30 mV p-type 

N4484 7×10
18

 600 p=2.2×10
17

 -160 mV p-

type 
N4480 7×10

18

 600 p=7.6×10
17

 -140 mV p-

type 
N4483 4×10

19

 600 p=7×10
15

 -200 mV p-

type 
N4476 2×10

20

 600 p=3.6×10
16

 -240 mV p-

type 
N4492 7×10

18

 700 p=1.1×10
18

 -90 mV p-type 

N4491 4×10
19

 700 p=3.1×10
18

 -160 mV p-

type 
N4490 2×10

20

 700 p=8.1×10
17

 -200 mV p-

type 

 

Applying ohmic contacts to AlN is one of the key challenges in AlN-based devices 

due to its wide energy bandgap of 6.1 eV. It’s particularly challenging to apply highly 

ohmic contacts to p-type AlN films due to its high metal work function requirement of the 

contacts. A metal stack of 10 nm Pt/10 nm Pd/100 nm Au was chosen as contacts to the 

AlN:Be films due to the highest known metal work functions of 6.40[290], 5.65[290] and 

5.30[291] eV for Pt, Pd and Au, respectively. The contacts were deposited at the corners 

of very large 1×1 cm2 samples via lithography and lift-off. The use of large samples ensures 

that the measured properties are global properties and not merely local anomalies.  First 
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the samples were cleaned via acetone, isopropanol (IPA), DI water, and dried with nitrogen 

followed by dehydration bake at 100 °C for 5 minutes. Subsequently, NR9-1500PY 

negative photoresist (PR) was spin coated at 3000 rpm for a dwell time of 40 sec and at a 

ramp rate of 5 sec followed by a pre-exposure bake at 150 °C for 60 sec. The PR spin-

coated and baked samples were then exposed under ultraviolet light at 350 mJ/cm2 

followed by a post-exposure bake at 100 °C for 60 sec. The PR spin coated and exposed 

samples were then developed in RD6 for 10 sec followed by a 1:1 ratio of buffered oxide 

etch (BOE):DI water clean for 30 sec. The 10 nm/10 nm/100 nm Pt/Pd/Au contacts were 

deposited inside a Denton Explorer e-beam evaporator at a deposition rate of 0.1 nm/sec a 

background pressure of ~1×10-6 Torr followed by a lift-off in acetone for 20 minutes. The 

samples were finally rinsed via IPA and DI water, and dried via nitrogen. The lithography 

and lift-off process resulted in van der Pauw configuration for contact current-voltage 

linearity checks and Hall measurements. 

 

Figure 7.2:  Layer schematic diagram of the samples grown in the AlN:Be study. O/C 

correspond to the MME open/close times of the shutter sequence for the films during 

growth. The corresponding RHEED pattern indicate relatively smooth surface 

morphology of the films.  
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After deposition of the contacts, the samples were then annealed in a MILA-3000 

rapid thermal annealing (RTA) furnace. The annealing time was 1 minute with a ramp-up 

and ramp-down time of 60 sec each. The AlN:Be samples were annealed at 800 °C for 1 

minute under nitrogen environment. XPS was performed on the regions between the 

contacts after annealing and found no trace of metal contamination from the contacts nor 

any accumulated Be that could skew electrical measurements. 

The effect of the annealing process on the electrical contact properties of the 

samples was studied by investigating its I-V characteristics through a four-point probe 

measurement by the M91 FastHall Controller from Lake Shore Cryotronics. I-V 

characteristics for the Pt/Pd/Au contacts on the representative MME grown films are shown 

in Figure 7.3.  

Figure 7.3(a) shows the I-V characteristics of a representative AlN:Be film before 

annealing for which the current is found to be non-linear, mostly positive currents even for 

negative voltages  and at the system noise limit. This indicates the sample is resistive 

beyond the 1GΩ limits of the FastHall system.  The post-annealed AlN:Be film in Figure 

7.3(c) achieved ~5-6 orders of magnitude improvement in current magnitude and critically 

crosses zero current at zero voltage, an indication thermal voltages or piezoelectric offsets 

are not present. Also, the post-annealed AlN:Be contacts are highly linear. Contrary to the 

annealed AlN:Be film, the post-annealed undoped (we cannot rule out a slight amount of 

doping due to a reactor memory effect but no Be flux was used) MME AlN control sample 

shown in Figure 7.3(b) has ~4 orders of magnitude lower conductivity as compared to the 

annealed AlN:Be film. This confirms that improvement in conductivity of the AlN films is 

achieved by the Be doping. The contacts for the undoped MME AlN control sample also 
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show a linear trend. However, the current is ~ +85 pA at zero volts indicating a significant 

thermal or piezoelectric voltage and significant improvement in the contacts’ current is not 

observed indicating the contact is not sufficiently ohmic for either resistivity or Hall 

measurements. 

 

 

Figure 7.3:  Current-voltage characteristics of the Pt (10nm)/ Pd (10 nm)/ Au (100 nm) 

contacts on (a) a representative pre-annealed AlN:Be film. (b) Post-annealed MME AlN 

control sample. (c) Post-annealed AlN:Be film. Annealing improves the current 

conductivity of the AlN:Be film by many orders of magnitude. Also, the post-annealed 

AlN:Be film has several orders of magnitude higher conductivity as compared to the 

post-annealed control sample.  

The conductivity of the AlN:Be samples was investigated through hot probe technique 

and Hall measurements. The hot probe measurement is a simple technique to identify the 

majority charge carriers in a semiconductor to determine its conductivity type.[292] 
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Although the I-V characteristics of the AlN:Be films showed highly linear ohmic contacts 

upon annealing,  the current levels are still in the microamps range. Therefore, the hot probe 

polarity measurements were performed via 6517A high input impedance (210 TΩ) 

electrometer so as to prevent voltage loading that can skew results when a voltage source 

has a high output impedance. The measurements were first validated for standard GaN:Mg 

(N4222), GaN:Ge (N4061) and UID GaN (N4383) samples listed in Table 7.3 with known 

Hall concentrations and type. The GaN:Mg film (hole concentration of 2×1019 cm-3) 

showed a hot probe change of -16 mV indicating p-type nature. The GaN:Ge (electron 

concentration of 2×1020 cm-3) sample showed a hot probe change of +0.5 mV indicating n-

type nature. The UID GaN (electron concentration of 1×1016 cm-3) sample showed a hot 

probe change of +9.3 mV indicating n-type nature. Hot probe measurements of the AlN:Be 

films grown at 600 and 700 °C (listed in Table 7.4) showed p-type conductivity with 

voltage values more reflective of the SIMS doping values than the Hall measured hole 

concentrations.  This is not surprising given the ~450 ᵒC Hot Probe temperature where hole 

activation should be substantial. However, hot probe measurements of the control sample 

N4436 (MME AlN film) shown in Table 7.4 was inconclusive, indicating a floating 

(constantly changing) voltage expected from an insulating film. 

 Hall measurements of the AlN:Be samples were performed by the M91 FastHall 

Controller from Lake Shore Cryotronics. The system is capable of measuring sample 

resistances up to 1 GΩ. The contact resistance of the AlN:Be films were in the MΩ range 

which is well within the measurement capability of the Lake Shore Hall tool. However, 

Hall measurements of the undoped AlN film N4436 could not be performed due to their 

very high contact resistances. Hall measurements of the AlN:Be films grown at 600 and 
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700 °C substrate temperatures are listed in Table 7.4. These measurements were in reliable 

range with symmetry factors 96 to 99.9% and Hall voltage signal-to-noise ratios of 100 to 

900 for all measurements. Confirmation of the conductivity type was also achieved via hot 

probe measurements. The hot probe measurements of the unintentionally doped sample 

N4436 was unmeasurable (the voltage drifted as when a voltage probe floats on an 

insulator). The Hall result of N4481 (Be doping of 2×1016 cm-3) listed in Table 7.4 is 

questionable as its corresponding hole concentration is presumably at the system 

measurement limit. The AlN:Be films grown at 600 °C in Table 7.4 in the Be doping range 

of 5×1016 to 7×1018 cm-3 show reliable results with hole concentrations in the range of 

2.3×1015 to 7.6×1017 cm-3. These results are plotted in Figure 7.4. The activation efficiency 

of Be extracted from this figure is found at ~5% in MME AlN:Be films grown at 600 °C. 

 

Figure 7.4:  Hole plotted vs SIMS concentration shows an average Be activation 

efficiency of 5% in AlN films but with wide variance at a substrate temperature of 600 

°C. At a growth temperature of 700 °C, the average Be activation efficiency is ~12%. 

  

The AlN:Be films grown at 600 °C in the Be doping range of 4×1019 to 2×1020 cm-
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3 showed massive compensation as evidenced in a reduction of holes with increasing 

doping, presumably due to doping above the solubility of Be in AlN at this growth 

temperature. V. Soltamov et al. observed substantial dopant compensation by diffusion of 

interstitial Be which possesses a donor-type conductivity.[293] The compensation in our 

films could be attributed to Be’s possible role in self-compensating our films by taking an 

interstitial position instead of a substitutional position or may be due to yet another 

impurity such as oxygen. 

The AlN:Be films grown at 700 °C in Table 7.4 in the Be doping range of 7×1018 

to 2×1020 cm-3 show reliable Hall measurement results with higher doping efficiencies for 

N4492 and N4491with hole concentrations of 1.1×1018 and 3.1×1018 cm-3, respectively.  

Applying the estimate of effective activation energy from Equation 3, one finds ~0.05-0.07 

eV. These two AlN:Be films grown at 700 °C showed relatively higher activation 

efficiency of Be in AlN of ~12% as compared to ~5% for those grown at 600 °C. However, 

for higher doping (N4490) the hole concentration reduces. N4490 had a hole concentration 

of only 8.1×1017 cm-3 for Be doping of 2×1020 cm-3.  Since high doping is known to produce 

impurity band formation and thus reduce the effective activation energy[179], this opposite 

effect (reducing hole concentration) is presumed due to compensation when Be is doped 

above the solubility limit.  We speculate that this may push Be into compensating 

interstitial sites but further analysis is needed to confirm this speculation. Clearly there is 

a wide range of concentration and temperature dependent compensation that needs further 

investigation. 

Another set of samples was grown and characterized to investigate the effect of 

annealing on the AlN:Be films prior to contact deposition. The annealing was performed 
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at 800 °C, for 2 hours in a nitrogen ambient post growth but prior to contact deposition 

followed by a contact anneal as describe above. The pre-contacts annealed samples had no 

measurable differences in the compensation or hole concentration.  Thus, we conclude the 

role of the anneal is only to improve the contact formation. 

Xuewei Li et al. studied Ti (20 nm)/ Al (130 nm)/ Ni (50 nm)/ Au (150 nm) contacts 

on undoped AlN films and found optimum annealing temperatures in the range of 800 and 

950 °C.[294] To test this contact structure, a MME AlN:Be sample (N4512) was grown at 

a substrate temperature of 600 °C and at a Be doping level of 2×1020 cm-3. Ti (20 nm)/ Al 

(130 nm)/ Ni (50 nm)/ Au (150 nm) contact stack was deposited on the AlN:Be film and 

the contacts were annealed at 800 °C under nitrogen environment for 1 min. Figure 7.5 

shows IV-characteristics of the post-annealed for N4512. Hall measurements of this 

samples showed hole concentration of 2.7×1015 cm-3. The contacts conductivity of the 

annealed Ti/Al/Ni/Au contacts in Figure 7.5 is however 1-2 orders of magnitude lower than 

the Pt/Pd/Au contacts conductivity in Figure 3.  

 

Figure 7.5:  Current-voltage characteristics of the post-annealed Ti/Al/Ni/Au contacts on 

the N4512 MME AlN:Be film. 

 

Independent confirmation of the conductivity type and experimental activation 
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energy measurement for the N4472 AlN:Be sample was performed at Lake Shore 

Cryotronics. This sample was selected because relative to a lower doped sample, N4434, 

it showed a lower hole concentration suggesting a significant degree of compensation.  

High temperature DC and FastHall Hall measurements of this sample was performed in 

the temperature range of 325 to 475 K and shown in Figure 7.6. All the measurements 

showed p-type conductivity with the fit resulting in a curve p=1×1017e-(0.037/kT).  For this 

sample, the compensation appears to be ~95% since the SIMS concentration is 2×1018 cm-

3. This provides insight into the likely source of run-to-run variability as shown in Figure 

7.4 where several different hole concentrations are measured for approximately the same 

doping.  Beyond self-compensation from Be placed on interstitial sites, compensation 

either by defect trapping due to the low growth temperatures used or impurities like oxygen 

may play a significant role in the hole concentrations obtained.  We note that for both Mg 

and especially Be doping, reactor runs at the beginning of the day are significantly more 

consistent than those grown later in the day after other growths. More work is needed to 

understand the role and magnitude of compensation.  However, for the Be that is not 

compensated, a very low activation energy of ~37 meV consistent with and lower than the 

previous overestimates obtained from Equation 3 was achieved for the AlN:Be film. This 

value is much lower than the predicted activation energy of ~300 meV for Be in AlN. 

Further confirmation of the Be activation energy in the remaining MME AlN films will be 

performed in the future.  
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Figure 7.6:  Temperature dependent Hall measurements for the N4472 AlN:Be sample 

showed Be activation energy of ~37 meV. 

As indicated by Figure 7.3, despite substantial hole concentrations, a 1×1 cm2 film 

with van der Pauw contacts at the corners is on the order of 1 MΩ resistance, ~5-6 orders 

of magnitude lower than an undoped sample.  Much of this resistance is in the contact 

resistance. High contact resistance, even when contacts are linear, are a concern for Hall 

mobility determination. When measuring Hall Voltages, the current and voltage are 

measured from different sets of contacts implying there is no concern for voltage drops 

over the current driven contacts.  This leads to reliable Hall Voltage measurements and 

thus, reliable Hall concentration measurements.  But to extract mobility, one needs to also 

have resistivity measurements. Unfortunately, during the van der Pauw resistivity 

measurement, the current is driven across the same contacts the voltage is measured 

introducing significant contact resistance induced error. This is easily identified 

experimentally by variable resistivity results with varied current drive. For this reason, we 

do not at this time have reliable Hall mobilities for the AlN:Be films. 
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While detailed microscopic Transmission Electron Microscopy (TEM) 

characterization is planned, XRD measurements of these films was performed via a Philips 

X’Pert Pro MRD system to characterize the macroscopic crystalline quality of the MME 

AlN and AlN:Be films. Due to the homoepitaxial nature of these films, purlieu (0002) 

symmetric, and, (1015) and (1012) asymmetric measurements were performed for these 

films to determine the crystalline quality of the regrown films from the template. Purlieu 

X-ray measurements are fractional full-width measurements useful for characterizing 

homoepitaxially grown films (details are described in Ref.[198]) and show broadening 

when the grown film is of poorer quality than the underlying substrate. XRD symmetric 

and asymmetric rocking curve (RC) measurements of these films are shown in Figure 7.7. 

Both symmetric and asymmetric RC measurements of the regrown AlN:Be films are very 

similar to the MME regrown film (N4436) and the HVPE AlN template suggesting no 

significant degradation of the film relative to the template. However, detailed investigation 

of the fractional full-widths at 1/1000 and 1/10,000 of the max-peak for symmetric (0002) 

measurements, and, fractional full-widths at 1/10 and 1/100 of the max-peak for 

asymmetric (1012) and (1015) RC measurements showed modest trends with varied Be 

doping for screw dislocations and edge dislocations in the AlN:Be films. Specifically, 

Figure 7.7(b) indicates that even though the MME undoped sample has a slightly lower 

qualitative screw dislocation density (lower 0002 rocking curve width) than the AlN 

template, the introduction of Be results in a slightly higher qualitative number of screw 

dislocations for the AlN:Be samples as compared to the template. However, similar to the 

observation of reduced pit density, the crystalline quality of the AlN:Be films improve 

(screw dislocations decrease) with an increase in Be SIMS concentration from 2.2×1017 to 
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1×1020 cm-3. Contrary to the screw dislocations trend, the edge dislocations tend to increase 

slightly with increase in Be doping from 2.2×1017 to 1×1020 cm-3 as indicated by Figure 

7.7(d) and (f). More detailed study on the structural properties of the AlN:Be films will be 

performed in the future.  

 

Figure 7.7:   (0002) symmetric, and, (1015) and (1012) asymmetric RC measurements of 

the MSES HVPE AlN template, the regrown MME AlN film (N4436) and the AlN:Be 

films N4433, N4434 and N4435 are shown on the left (a), (c), and (e). The fractional full-

width of the max-peak symmetric RC measurements on the right (b), (d) and (f) show a 

slight decrease in the corresponding screw dislocations of the AlN:Be films with increase 

in Be SIMS concentration. However, fractional full-width of the max-peak asymmetric 

RC measurements show a slight increase in the corresponding edge dislocations of the 

film with increase in Be SIMS concentration. 

For further validation of the p-type nature MME grown AlN:Be films, a pn junction 

is desired as conclusive evidence of the presence of holes.  Unfortunately, n-type AlN is 
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not presently available. Thus, a p-AlN:Be/i-GaN:Be/n-GaN:Ge diode structure was grown 

understanding that it would contain a significant defect density inside the depletion region 

and lead to high leakage current. For the pin diode, first a 500 nm n-type GaN:Ge film with 

electron concentration of 5×1019 cm-3 was grown via MME on a 4 µm HVPE n-type GaN 

on sapphire template. Then a 200 nm GaN:Be film followed by a 100 nm AlN:Be film 

grown via MME. The GaN:Be and AlN:Be films were grown at a substrate temperature of 

625 and 700 °C, respectively, and at Be SIMS concentration of 1×1018 cm-3. 

After growth, devices were fabricated on the sample. Ti (30 nm)/Al (100 nm)/Ti 

(30 nm)/Au (500 nm) contacts were deposited on the GaN:Ge layers while Pt (10 nm)/Pd 

(10 nm)/Au (100 nm) contacts were deposited via e-beam evaporation on the AlN:Be 

layers. All the p- and n-type contacts were annealed at 800 °C under nitrogen environment 

for 1 min. 

 

Figure 7.8(a) and (b) show circular transmission line measurements (CTLM) for n- 

and p-type contacts of the pin diode structure with a constant outer radius of 200 µm and 

gaps of 10, 20, 30, 40, and 50 µm. These are much smaller gaps than used for the Hall 

measurements (~1 cm) of the p-type AlN:Be films in Table 7.4. The n-type contacts are 

highly linear while the p-type contacts also show linear trend and are carrying significant 

currents of 100 mA useful for devices. Figure 7.8(c) shows semi-log current-voltage 

characteristics of the PIN diode. The small reverse to large forward current sweep shows 

~7 orders of magnitude rectification which may be further improved by growing the 

AlN:Be at higher substrate temperatures or using n-type AlGaN instead of n-type GaN to 

further improve the crystalline quality The inset of Figure 7.8(c) shows faint yellowish 
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light emission from the PIN diode. This clearly confirms the p-type nature of the AlN:Be 

films.  

 

Figure 7.8:   (a) n-contacts transmission line measurement (NTLM) (b) p-contacts 

transmission line measurement PTLM and (c) semi-log IV-characteristics of the 

AlN:Be/GaN:Be/GaN:Ge pin diode. The inset shows yellowish light emission from the 

pin diode. 

 

7.4   Conclusion 

The improved growth kinetics of MME were applied to the AlN:Be films. The close 

matching of Be and Al atomic radii combined with the improved growth kinetics of MME 

for p-type doping of nitrides were implemented for successful first-time experimental 

achievement of p-type AlN films via Be-doping with holes concentrations in the range of 

2.3×1015 to 3.1×1018 cm-3 at room temperature. Annealing of the Pt/Pd/Au contacts at 800 
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°C improved the contacts’ conductance by ~5-6 orders of magnitude and the AlN:Be films 

showed highly linear ohmic contacts. P-type conductivity of the films were successfully 

demonstrated from both hot probe technique and Hall measurements by performing the 

characterizations on state-of-the-art tools. A very low Be activation energy of ~37 meV 

was achieved for the MME grown AlN:Be films but substantial dopant compensation was 

also observed. The first pin heterojunction AlN/GaN diode was demonstrated that showed 

substantial rectification and modest defect related light emission. With the successful 

experimental achievement of conductive p-type AlN films, a new era has potentially 

emerged for AlN-based DUV, high-power and high-frequency devices capable of 

operation in extreme radiation and heat environments. 
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CHAPTER 8:   SUBSTANTIAL n-TYPE CONDUCTION OF 

AlN AND DEMONSTRATION OF THE FIRST AlN 

HOMOJUNCTION DIODE 

 

8.1   MME n-type AlN:Si Films 

Size (strain) dictates that Si is the best donor dopant atom substituting the Al atom 

in AlN. The atomic radius of Si (111 pm) closely matches with the atomic radius of Al (118 

pm). Marginal advances have been made in n-type doping of AlN but no more than 1015 

cm-3 electron concentrations have been achieved to date.[162], [163] F. Mehnke et al. have 

shown that activation energy for Si doped AlGaN increases from 24 meV for Al0.85Ga0.15N 

to 211 meV for Al0.96Ga0.04N.[278] Recently, work from Sitar’s group showed ion 

implantation and rapid thermal annealing with promise for shallow n-type doping suitable 

for electrical contacts but not for bulk conductivity control.[164]  

Unlike traditional Molecular Beam Epitaxy, Metal Modulated Epitaxy (MME) has 

three growth parameters: substrate temperature, III/V ratio and excess-metal dose per 

shutter cycle, enabling it to have more growth control especially over the challenging 

problems in nitrides such as ternary alloys and p-type doping. The atomic radius matching 

of Si with Al in AlN in combination with the capability of MME to surpass the solubility 

limit of dopants in nitride material via improved growth kinetics (high quality films at low 

substrate temperatures, low III/V ratios and MME shutter cycle dead time) makes a strong 

case to examine n-type doped AlN films via MME. 

First, the Si incorporation into AlN was calibrated via SIMS at EAG. 150 nm thick 

MME AlN:Si films were grown at a growth temperature of 800 °C, III/V ratio of 1.3 and 

MME O/C shutter cycles of 21s/11s. Later, 500 nm AlN:Si films were grown via MME on 
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MSES HVPE AlN on sapphire templates at a substrate temperature of 800 °C III/V ratio 

of 1.3 and MME O/C shutter cycles of 21s/11s with Si SIMS determined concentrations in 

the range of 5×1017 to 7×1019 cm-3. 

A metal stack of 10 nm Pt/10 nm Pd/100 nm Au was chosen as contacts to the 

AlN:Si films for Hall and resistivity measurements. The contacts were deposited at the 

corners of very large 1×1 cm2 samples via lithography and lift-off. The use of large samples 

ensures that the measured properties are global properties and not merely local anomalies. 

First the samples were cleaned via acetone, isopropanol (IPA), DI water, and dried with 

nitrogen followed by dehydration bake at 100 °C for 5 minutes. Subsequently, NR9-

1500PY negative photoresist (PR) was spin coated at 3000 rpm for a dwell time of 40 sec 

and at a ramp rate of 5 sec followed by a pre-exposure bake at 150 °C for 60 sec. The PR 

spin-coated and baked samples were then exposed under ultraviolet light at 350 mJ/cm2 

followed by a post-exposure bake at 100 °C for 60 sec. The PR spin coated and exposed 

samples were then developed in RD6 for 10 sec followed by a 1:1 ratio of buffered oxide 

etch (BOE):DI water clean for 30 sec. The 10 nm/10 nm/100 nm Pt/Pd/Au contacts were 

deposited inside a Denton Explorer e-beam evaporator at a deposition rate of 0.1 nm/sec a 

background pressure of ~1×10-6 Torr followed by a lift-off in acetone for 20 minutes. The 

samples were finally rinsed via IPA and DI water, and dried via nitrogen. The lithography 

and lift-off process resulted in van der Pauw configuration for contact current-voltage 

linearity checks and Hall measurements. 

After deposition of the contacts, the samples were then annealed in a MILA-3000 

rapid thermal annealing (RTA) furnace. The annealing time was 1 minute with a ramp-up 

and ramp-down time of 60 sec each at 875 °C under nitrogen environment. The effect of 
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the annealing process on the electrical contact properties of the samples was studied by 

investigating its I-V characteristics through a four-point probe measurement by the M91 

FastHall Controller from Lake Shore Cryotronics. I-V characteristics for the Pt/Pd/Au 

contacts on the representative MME grown films are shown in Figure 8.1. The annealed 

AlN:Si film in Figure 8.1 critically crosses zero current at zero voltage, an indication 

thermal voltages or piezoelectric offsets are not present. Also, the post-annealed AlN:Si 

contacts are highly linear. 

 

Figure 8.1:  Current-voltage characteristics of the Pt (10nm)/ Pd (10 nm)/ Au (100 nm) contacts 

on annealed AlN:Si film. 

 

The conductivity of the AlN:Si samples was investigated through Hall 

measurements. Hall measurements of the AlN:Si samples were performed by the M91 

FastHall Controller from Lake Shore Cryotronics. The system is capable of measuring 

sample resistances up to 1 GΩ. The contact resistance of the AlN:Si films were in the kΩ 

range which is well within the measurement capability of the Lake Shore Hall tool. 

However, Hall measurements of the lowest doped AlN film, N4591, could not be 

performed due to asymmetry in the various measured contact resistances. Hall 

measurements of the AlN:Si films in the Si doping range of 5×1017 to 7×1019 cm-3 show 
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reliable results with electron concentrations in the range of 9×1017 to 6×1018 cm-3 as listed 

in Table 8.1. Given known measurement concerns described in the past chapter, we provide 

only preliminary electron mobilities that need additional verification.  

Table 8.1:  Description of MME grown AlN:Si films at a growth temperature of 800 °C with their 

SIMS and Hall concentrations.   

Sample ID SIMS Concentration 
( cm-3

 
) 

Hall Concentration  

( cm-3
 
) 

Hall Mobility 

( cm2/V-Sec ) 

N4591 
5×10

17

 
Not measurable Not measurable 

N4592 
3×10

18

 9×10
17

 
63 

N4595 
8×10

18

 5×10
17

 
370 

N4596 
3×10

19

 1×10
18

 
273 

N4597 
7×10

19

 6×10
18

 
17 

 

8.2   AlN Homojunction Diodes 

For further validation of the p-type nature MME grown AlN:Be films and the n-

type nature of the AlN:Si films, an AlN homojunction diode is desired. In this regard, an 

MME AlN PIN diode (N4633) was grown. For the pin diode, first a 500 nm n-type AlN:Si 

film with Si doping of 8×1018 cm-3 was grown at a substrate temperature of 800 °C and 

MME O/C cycle of 21s/11s via MME on a 4 µm HVPE n-type GaN on sapphire template. 

Then a 200 nm AlN:Si film with Si doping of 5×1017 cm-3 i-layer was grown at a substrate 

temperature of 800 °C and MME O/C cycle of 21s/11s, followed by a 200 nm AlN:Be p-

type film with Be doping of 7×1018 cm-3 grown at a substrate temperature of 700 °C and 

MME O/C cycle of 5s/10s. 

After growth, devices were fabricated on the sample. Pt (10 nm)/Pd (10 nm)/Au 

(100 nm) contacts were deposited via e-beam evaporation on the N4633 homojunction AlN 

PIN diodes. Both the p- and n-type contacts were annealed at 875 °C under nitrogen 
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environment for 1 min. Also, separate Pt (10 nm)/Pd (10 nm)/Au (100 nm) contacts were 

formed on N4491 an AlN:Be film grown at a substrate temperature of 700 °C and MME 

O/C cycle of 5s/10s for circular transmission line measurements (CTLM) measurements 

for contacts comparison of individual films vs device contacts. 

Figure 8.2 shows CTLM for the N4491 AlN:Be planar film (not a device) with a 

constant outer radius of 200 µm and gaps of 25, 35, 45, 55, 65, and 75 µm. These are much 

smaller gaps than used for the Hall measurements (~1 cm) of the p-type AlN:Be film and 

thus, the current levels are significantly higher. The contacts of p-type film N4491 are 

highly linear carrying a significant current of ~0.5 mA. 

 

 

Figure 8.2:  p-contacts transmission line measurement (PTLM) of N4491 AlN:Be film. 

 

Figure 8.3 shows circular transmission line measurements (CTLM) for n- and p-

type contacts of the pin diode structure with a constant outer radius of 200 µm and gaps of 

10, 20, 30, 40, and 50 µm. Both n- and p-type contacts all show a linear trend. However, 

the current levels of n- and p-type contacts for the N4633 AlN diode are lower than the p-

type N4491 AlN:Be film presumably due to some anomaly from the plasma tool during 
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the fabrication process. Specifically, unlike when the film was etched, when the PIN diode 

was etched a dark tint formed in the wafer from an unknown origin, likely chamber 

contamination that occurs from time to time at the IEN facility. This contamination could 

not be removed and could introduce a combined increase in the contact resistance of the 

homojunction AlN diode by 3-4 orders of magnitude for two contacts. 

Figure 8.4 shows the linear and semilog current density-voltage (JV)  

characteristics of the N4633 AlN PIN diode. The turn on voltage in the linear plot is ~6 V, 

which is in line with expectations for a 6.1 eV AlN semiconductor. While a clear 6-7 orders 

of magnitude of rectification is shown, a very high series resistance is also evident by the 

high current density tail on the semilog plot. The current density of this sample can be 

further improved by 3-4 orders of magnitude by optimizing the fabrication process of the 

device to match that of the previously processed films. Still, the small reverse to large 

forward current sweep shows ~6-7 orders of magnitude rectification in this first ever AlN 

homojunction diode which may be further improved by optimizing the growth and 

fabrication conditions. 
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Figure 8.3:  n-contacts transmission line measurement (NTLM) and p-contacts transmission line 

measurement (PTLM) of the AlN homojunction PIN diode. 

 

 

 

Figure 8.4:  JV and semilog JV characteristics of the N4633 AlN homojunction PIN diode. 
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In conclusion, with the successful experimental achievement of AlN homojunction 

PIN diodes, a new era has potentially emerged for AlN-based DUV, high-power and high-

frequency devices capable of operation in extreme radiation and heat environments.  

Additionally, the evidence of rectification with the proper turn on voltage for a 6.1 eV AlN 

semiconductor, ~6 V, offers additional confidence that the pioneering doping results shown 

here are in fact real. 
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CHAPTER 9:   P-TYPE AlN BASED HETEROEPITAXIAL 

DIODES WITH SCHOTTKY, PIN AND JUNCTION BARRIER 

SCHOTTKY CHARACTER ACHIEVING SIGNIFICANT 

BREAKDOWN PERFORMANCE 
 

The recent achievement of p-type AlN films via Be doping was utilized to achieve 

novel heteroepitaxial diodes with Schottky, pin and Junction Barrier Schottky (JBS) 

electrical behavior.  Although, the heteroepitaxial structures were quasi-vertical which is 

subject to many issues lowering the breakdown voltage, the pin diode achieved a 

breakdown voltage of ~25V for a 200 nm thick unintentionally doped (UID) intrinsic layer 

indicating ~50% of the theoretical breakdown voltage performance for a similar 

homoepitaxial GaN pin diode. JBS and Schottky diodes were implemented using the 

inherent and intentional stress cracking properties of AlN grown on GaN films avoiding 

regrowth and plasma etching, both known to be technology impediments. The density of 

the intentional cracks and crystalline quality of the p-AlN films was controlled via Be 

doping and the total metal dose supplied during the MME shutter cycle resulting in 

differing degrees of grown stress. Since the intentional crack density determines the surface 

area ratio of the Schottky diode to the pin diode, it is a key design parameter in optimizing 

device performance. Furthermore, a novel current spreading layer was implemented to 

improve the current uniformity in these devices. The high breakdown voltage and good 

forward voltage characteristics of these devices shows potential to enable high-

performance III-nitride high-power devices. 

9.1   Introduction 

The III-nitrides have direct tunable energy bandgaps from 0.65 eV[1] for Indium 

Nitride (InN) through 3.4 eV[2] for Gallium Nitride (GaN) to 6.1 eV[3] for Aluminum 
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Nitride (AlN) covering a wide range of devices such as Schottky diodes[18]–[21], solar 

cells[7]–[9], light emitting diodes (LEDs)[4]–[6], photodetectors (PDs)[16], [17], laser 

diodes (LDs)[10]–[15], and high electron mobility transistors (HEMTs)[22], [23]. Schottky 

diodes and pin diodes are the basic blocks of most of these devices and are critical elements 

in power electronics.  

Schottky Diodes have the advantage of low turn on voltage for current conduction and 

faster switching from the on and off state. However, Schottky diodes suffer from high 

reverse leakage current resulting in low breakdown voltage. On the contrary, pn junction 

diodes and pin diodes have the advantage of low leakage current and high breakdown 

voltage but they have reduced switching speed compared to Schottky diodes and higher 

turn on voltage that creates power loss in the conducting state. Junction barrier Schottky 

(JBS) diode is an advanced structure to achieve high breakdown voltage with good forward 

voltage characteristics. Typically, for more mature semiconductors like Si or SiC, the layer 

structure of JBS consists of an n-type doped layer followed by an unintentionally doped 

(UID) layer. The p-type layer in Si and SiC JBS devices is usually ion-implanted into the 

UID layer to obtain cyclic n and p regions distributed laterally along a flat surface.[295] 

However, given the difficulty of activating ion implanted regions in III-Nitrides, a second 

approach, using etching is employed for GaN JBS diodes. After the growth of the UID 

layer, a p-type layer is grown, patterned, and etched to produce cyclic n and p regions 

distributed laterally along a corrugated surface.[296] Alternatively the UID/n-type regions 

can be etched and a subsequent p-type layer is overgrown in a regrowth step.  The 

disadvantages of the etched p-type and regrown p-type approaches are the resultant etching 

damage and contamination that causes poor Schottky barrier formation and cause high 
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current flow along the etched cyclic n- and p-type layers which would reduce the 

breakdown performance of these devices.  

For the first time, Metal modulated epitaxy (MME) has recently achieved p-type 

AlN:Be films with hole concentrations exceeding 1x1018cm-3.[297] The first objective of 

this paper is to achieve increased field tolerance by including MME grown Be doped AlN 

films. While no one has demonstrated breakdown at the theoretical limits, the theoretical 

critical electrical field of AlN (15.4 MV/cm) is much higher as compared to that of GaN 

(4.9 MV/cm) resulting in even higher breakdown performance for AlN-based 

devices.[161] The theoretical breakdown voltage of a simple (no complex fabrication 

challenges) 200 nm intrinsic layer (i-layer) GaN based pin diode would be ~50 V. The 

purpose of this work is to examine how close to this theoretical break down field a device 

can achieve by adding AlN layers that can act as field partitioning structures. 

The second goal of this paper is to achieve Schottky, JBS and PIN diodes by 

engineering the current-voltage response of AlN:Be/GaN:Be/n-GaN structures by utilizing 

the inherent cracking of AlN heteroepitaxially grown on GaN. The material properties of 

III-Nitrides depend on the underlying films. Without proper strain engineering 

heteroepitaxial growth of the III-Nitride films beyond a critical thickness results in cracks 

due to lattice and thermal mismatch.[28]–[31] The lattice mismatch between AlN and GaN 

is 2.4%, which results in elastic or plastic strain relaxation.[298] For elastic strain 

relaxation, the critical thickness has been found to be 2-5 monolayers (MLs) depending on 

the growth technique.[299]–[301] This offers a novel solution to avoid the two issues 

(activation of ion-implanted dopants and etching damage) in the traditional JBS diodes by 

forming in situ cavities wherein Schottky metals can be deposited. This property was 
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utilized to create diodes with Schottky, pin, and JBS electrical behavior that incorporate p-

type AlN layers grown beyond the crack formation thickness on top of the GaN i-layer. 

Because the intentional cracks extend down to the i-layer, Schottky metals deposited on 

the surface will cover the p-type AlN and contact the GaN:Be i-layer forming cyclic 

Schottky diodes in the crack gaps separated by p-AlN/ i-GaN/ n-type GaN diodes adjacent 

to the Schottky diodes.  Depending on the density and openness of the cracks, three 

different diode behaviors can be achieved.   

Finally, a new approach to current spreading in quasi-vertical diodes is demonstrated 

that avoids excessive current flow, field crowding and premature breakdown at the mesa 

edges. Thus, the third objective of this work is to introduce an i-layer doped with a semi-

insulating dopant such as Be to lower the background carrier concentration. Specifically, 

we have previously achieved metal modulated epitaxy (MME) grown semi-insulating 

GaN:Be films suitable as i-layers for devices.[166], [198] The practical limitation in 

achieving high GaN vertical pin diode breakdown performance is the background carrier 

concentration and the achievable i-layer thickness while the breakdown performance of 

quasi-vertical GaN pin diodes is limited by threading dislocations (TDs) and surface 

defects introduced by plasma etching during the fab process. It is well known that 

molecular beam epitaxy (MBE), typically grown metal rich, suffers from higher 

background conductance owing to N-vacancy concentrations, which act as donors. 

Additionally, until recently, slow growth rates hampered the practical implementation of 

thick intrinsic layers, and no viable method existed for growing p-type AlN. Finally, high 

ion content due in part to inappropriate operation of RF plasma sources have introduced 

point defects that can lower breakdown voltages. In very recent years, each of these prior 
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limitations imposed by MBE methods was overcome by a modified, cyclic form of MBE 

known as MME that has demonstrated ~10 µm/hour growth rates, semi-insulating Be 

doped GaN, p-type Be doped AlN, and new plasma source understanding.[68], [105], 

[166], [297]  

9.2   Experiment 

The device structures were grown by MME in a Riber 32 radio frequency (RF) plasma-

assisted MBE (PAMBE) system on Lumilog MOCVD n-GaN on sapphire templates. The 

sample size was 1 cm × 1 cm for each structure. The templates were first ex situ solvent 

cleaned followed by a piranha solution (3:1 volume ratio of H2SO4:H2O2) wet chemical 

clean for 10 minutes at 150 °C and a 10:1 volume ratio of deionized water and hydrofluoric 

acid (DI H2O:HF) for 30 seconds to partially remove the surface oxides. The templates 

were rinsed in DI H2O, dried by nitrogen, and subsequently in situ thermally cleaned in an 

introductory chamber at 200 °C for 10 minutes with a base pressure of ~1×10-9 Torr. The 

templates were then thermally outgassed inside the growth chamber at 675 °C for 10 

minutes at a base pressure of ~5×10-11 Torr.  

Ga, Al, Ge, and Be fluxes were supplied from standard effusion cells. Be was used for 

achieving UID GaN and p-type AlN as described elsewhere.[166], [297]  The nitrogen 

plasma was supplied at a flow rate of 2.5 sccm and at a power of 350 W from a Veeco 

UNI-Bulb nitrogen plasma source, corresponding to a growth rate of 1.40 µm/hr for this 

work, but with the configuration capable of up to 10 µm/hr.[105] Magnesium (Mg) flux 

was supplied by a Veeco corrosive-series valved cracker.[196] A STAIB Instruments 

RH20S 20 kV reflection high energy electron diffraction (RHEED) system was used for in 

situ monitoring of the metal fluxes and surface morphology of the films. Morphological 



170 

 

characterization of the films was performed by Bruker Dimension Icon atomic force 

microscopy (AFM) and Hitachi SU8230 scanning electron microscopy (SEM). Ni (50 

nm)/Au (50 nm), Ti (30 nm)/ Al (130 nm)/ Ni (50 nm)/ Au (50 nm) and Pt (10nm)/ Pd (10 

nm)/Au (100 nm) were deposited on GaN:Mg, GaN:Ge and AlN:Be films respectively for 

their corresponding device contacts. The contacts were subsequently annealed under 

purified nitrogen inside a MILA-3000 rapid thermal annealing (RTA) furnace at 700 °C 

for one minute for n- and p-type GaN films, and at 800 °C for one minute for p-type AlN:Be 

films. Details of the effects of contact annealing on p-type AlN are published 

elsewhere.[297] 

9.3   Results and Discussion 

A potential application of the semi-insulating GaN:Be films is improvement of 

current uniformity in GaN-based devices. Typical GaN devices suffer from premature 

breakdown due to high current flow along the mesa edges.[302] Various structures are 

investigated via Silvaco TCAD as shown in Figure 9.1 to investigate the current uniformity 

improvement property of the GaN:Be films. The p- and n-type layers in these simulations 

have doping concentrations of 2x1019 in these structures.  We note that while other growth 

methods cannot achieve 2x1019 hole concentrations, this is routine for MME.[66], [166] 

The lines in Figure 1 represent the integrated current flow starting from zero at the mesa 

edge (right most edge).  The leftmost line represents where 100% of the current is 

accounted for. Figure 9.1(a) has a 200 nm UID GaN i-layer doped with a typical MBE 

background doping of 1×1017 cm-3 and shows a cumulative current flow distribution 

spanning ~75% of the p-type contact area with current crowded near the mesa edge. The 

cumulative current flow distribution further deteriorates for thicker i-layers in the structure 
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shown in Figure 9.1(a). For example, TCAD simulation of a 10 µm i-layer based PIN diode 

in Figure 9.1(d) showed cumulative current flow distribution spanning only ~40% of the 

p-type contact area. Figure 9.1(b) has a 200 nm GaN:Be i-layer doped to an experimentally 

demonstrated  background doping of 5×1014 cm-3 and an additional 50 nm GaN:Be thin 

film sandwiched inside the n-type GaN layer. The 50 nm thin GaN:Be acts as a small 

barrier for electron flow inside the n-type layer as shown Figure 9.1(c) which is the energy 

band diagram of Figure 9.1(b) under 3.4V forward bias. The thin GaN:Be small barrier 

forces the lateral current to travel deeper into the mesa central region before it makes the 

transition to vertical conduction. The cumulative current flow distribution is drastically 

improved to ~90% of the p-type contact. Of particular note is the lack of current crowding 

at the mesa edge. The thin GaN:Be current spreading layer (CSL) however resulted in 

reduction of current level from 30 mA in Figure 9.1(a) to 25 mA in Figure 9.1(b) at a 

voltage of 3.4 V. Figure 9.1(e) has a 10 µm GaN:Be i-layer doped to an experimentally 

demonstrated  background doping of 5×1014 cm-3. The cumulative current distribution in 

this structure is improved to ~60% of the p-type contact but current remains crowded near 

the mesa edge. Figure 9.1(f) has a 10 µm GaN:Be i-layer and an additional 50 nm GaN:Be 

thin film sandwiched inside the n-type GaN layer. The cumulative current flow distribution 

is drastically improved to ~100% of the p-type contact. Thus, the utility of the buried Be 

doped current spreading layer increases with device thickness while its inclusion does 

introduce a higher series resistance. We note that since the critical field in GaN is 

directionally dependent, breakdown can preferentially initiate at the lateral to vertical 

transition near the mesa edge. By having a smoother transition from lateral to vertical 

conduction, breakdown can be improved.  
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Figure 9.1:  A PIN diode structure having: (a) 200 nm typical MBE UID GaN i-layer. (b)  

200 nm GaN:Be i-layer and buried 50 nm GaN:Be thin film as current spreading layer 

inside the n-type GaN layer. Current uniformity is improved from ~75% in (a) to ~90% 

in (b). (c)  Energy band diagram of (b) at a forward bias of 3.4V indicating a small energy 

barrier introduced by the thin GaN:Be current spreading layer (CSL). (d) 10 µm typical 

MBE UID GaN i-layer. (e) 10 µm GaN:Be i-layer. (f)  10 µm GaN:Be i-layer and buried 

50 nm GaN:Be thin film as current spreading layer inside the n-type GaN layer. Current 

uniformity is improved from ~40% in (d) to ~60% in (e) to ~100% in (f). 

 

The thin GaN:Be layer can be implemented in a variety of GaN-based devices and 

would potentially result in higher performance of these devices with this simple structure. 
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All experimental devices herein use this current spreading buried layer. 

A 200 nm GaN:Mg/ 200 nm GaN:Be/ Lumilog n-GaN on sapphire control sample 

(Sample ID = N4431) was grown via MME at a substrate temperature of 625 °C. The 

GaN:Mg film in N4431 corresponded to hole concentration of 2×1019 cm-3. The Be 

concentration in the GaN:Be film was ~2×1017 cm-3. Figure 9.2 shows the forward biased 

(FB) and reverse biased (RB) semilog current-density voltage (JV) characteristics of the 

N4431 GaN pin diode. The turn on voltage (Von) for N4431 at a current density of 200 

A/cm2 is ~3.4V. While the destructive breakdown, VBr was only ~ 12 to 15V (about 

750,000 V/cm – 30% of theoretical), these devices have very large current flow even at ~ 

-5 V (about 250,000 V/cm – 10% of theoretical). Such low breakdown devices are typical 

of MBE grown quasi-vertical diodes. 

 

Figure 9.2:  Semilog JV characteristics of the 200 nm GaN:Mg/ 200 nm GaN:Be/ 

Lumilog n-GaN on sapphire control sample (Sample ID = N4431) showing a turn on 

voltage of ~3.4 V at a current density of 200 A/cm2 and VBr of ~12 to 15V. 

 

 A homoepitaxial p-AlN/ i-AlN/n-AlN would be desired to achieve the highest 

breakdown performance. Even though MME has recently demonstrated p-AlN:Be films 

with hole concentration in the range of of 2.3×1015 to 3.1×1018 cm-3 at room 

temperature[297],  advances in n-type AlN have shown bulk electron concentrations of 
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only up to low 1015 cm-3
.[161], [162] Therefore, three heteroepitaxial MME p-AlN:Be/ i-

GaN:Be/n-GaN:Ge diodes on 4 µm n-GaN Lumilog MOCVD on sapphire templates were 

grown to achieve higher breakdown performance as compared to control sample N4431, 

and a range of forward conduction characteristics. Figure 9.3(a) shows the layer structure 

diagram of these three samples. Only the top AlN:Be growth parameters in these three 

samples were varied to achieve Schottky, pin and JBS diode characteristics. Growth 

parameters of these three samples are listed in Table 9.1. The 50 nm GaN:Be film in these 

structures works as a buried current spreading layer as described above. The Open/Closed 

(O/C) MME shutter cycle of 5s/10s results in highly p-type GaN:Mg and AlN:Be films 

while the O/C MME shutter cycle of 21s/11s results in highly crystalline films.[66], [195], 

[297] The MME growth time is calculated as Growth Time = (III/V) * (Open Time).37 

The growth temperature for the GaN:Be and GaN:Ge films was 650 °C, and it was 700 °C 

for the AlN:Be films. The III/V ratio for all the films was 1.3. The mixed streaky/spotty 

RHEED patterns of N4541 and N4544 in Figure 9.3(b) and (c) show fairly smooth surface 

morphology[66] and their 5 µm × 5 µm AFM root mean square (rms) roughnesses were 

~2.65 and ~2.1 nm, respectively. The relatively smoother surface morphology of N4544 as 

compared to N4541 can be attributed to the higher Be concentration in N4544 with Be 

acting as a surfactant at the high concentration level of 8×1018 cm-3. The streaky RHEED 

pattern of N4540 in Figure 9.3(d) indicates smooth surface morphology with 5 µm × 5 µm 

AFM rms roughness of ~1.2 nm attributed to its high crystalline growth condition. We will 

use the relative Be concentration and the excess metal dose as the variables to achieve 

different degrees of intentional cracking in the AlN films. 
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Figure 9.3:   (a) Layer structure diagram of the heteroepitaxial MME p-AlN:Be/ i-

GaN:Be/n-GaN:Ge diodes on n-GaN Lumilog MOCVD on sapphire templates. (b), (c), 

and (d) RHEED of N4541, N4544 and N4540, respectively showing optimal p-type 

conditions (b, c) per references [66] and [297] and best crystalline quality (d) per 

reference [195]. 
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Table 9.1:  Description of the p-type AlN film in the heteroepitaxial MME p-AlN:Be/ i-

GaN:Be/n-GaN:Ge diodes on n-GaN Lumilog MOCVD on sapphire. 

Sampl

e ID 

Forwar

d 

Current 

Behavio

r  

Be SIMS 

Concentration 

in the AlN:Be 

Film 

(cm -3) 

MME Shutter Cycle 

O/C Times (sec/sec) 

Growth Time per 

MME Shutter Cycle 

(sec) 

N4541 Schottky 1×1018 5/10 6.5 

N4544 pin  8×1018 5/10 6.5 

N4540 JBS  1×1018 21/11 27.3 

 

Figure 9.4(a) to (d) show SEM images of N4541, N4544, N4540 and a higher resolution 

image of N4541. Various density of the intentional cracks are observed on these samples. 

In these SEM images, bright white cracks are more “spread open” while dim white cracks 

do not appear to open up completely. For example, the brighter white cracks of Figure 

9.4(a) are shown in Figure 9.4(d) to have a crack width of ~75 nm.  Close inspection of 

N4540 and N4544 show fewer and no open cracks respectively.   
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Figure 9.4:  (a) SEM of N4541 shows high density of deep cracks. (b) N4544 

demonstrates even higher density of cracks with no “open cracks”. (c) N4540 shows 

medium density of cracks only some of the cracks extending down to the i-layer. (d) 

Higher resolution image of Figure 4(a) indicating a crack width of ~75 nm. 

 

Due to the deep, sparse intentional cracks of N4541, the top metal presumably 

makes considerable contact with the GaN:Be film resulting in Schottky behavior as shown 

in Figure 9.5 (a) and (b).  As a result, N4541 has a low turn on voltage, Von of ~1.5 V at a 

current density of 200 A/cm2 and a relatively small non-destructive breakdown, VBr range 

of ~12 to 15 V (~30% of theoretical critical field). Even though these characteristics are 

Schottky behavior, the addition of the buried current spreading layer seems to have 

improved the reverse leakage character significantly with much lower current throughout 

the voltage range compared to Figure 9.2. Furthermore, due to the inclusion of the buried 

current spreading layer in the diode structure, destructive breakdown occurs at ~20 volts 



178 

 

with a compliance limit of 2500 A/cm2 including burned contacts, as observed along the 

central regions of the device, not the mesa edges as shown in Figure 9.5(c). 

 

 

Figure 9.5:  (a) FB JV curves of N4541 indicates a Von of ~1.5 V at a current density of 

200 A/cm2. (b) VBr of ~12 to 15V is achieved for the N4541 Schottky diode. (c) The 

breakdown (damaged contact) is observed along the bulk of the pin diode, away from the 

edges due to the inclusion of the current spreading layer in the diode structure. 

 

Figure 9.4(b) shows SEM images of N4544 with a higher Be concentration than 

N4541. A high density of cracks is observed in this sample. However, no visible “open 

cracks” (bright white lines in SEM images) were found. We assume this is because the 

strain is so relaxed by the high density of intentional cracking that the wafer bow is reduced 

causing the cracks to remain “closed”. As shown in Figure 9.6(a) and (b), the N4544 sample 

demonstrates pin diode behavior with a Von of ~4 V at a current density of 200 A/cm2 and 
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a non-destructive breakdown, VBr, range of ~22 to 25 V for a 200 nm thick i-layer 

indicating that ~50% of the theoretical GaN breakdown field was achieved. Figure 9.6 

shows a fairly soft turn of the AlN/GaN pin diode which is not surprising given the 

expected defect density at the AlN/GaN interface. But we cannot rule out there being some 

Schottky pathways in parallel with a mostly pin behavior. 

 

  

Figure 9.6:  (a) FB JV curves of N4544 indicates a Von of ~4 V at a current density of 200 

A/cm2. (b) VBr of ~22 to 25V is achieved for the N4544 pin diode. 

 

N4541 achieved good forward Schottky conduction while the N4544 pin character 

diode achieved good breakdown performance. The N4540 JBS combines the advantages 

of both Schottky and pin diodes. This sample has high crystalline quality achieved by a 

different shutter cycle than N4541 and N4544 and medium density of intentional cracks 

but presumably (to be demonstrated later) could have been achieved with an intermediate 

level of Be doping. Because only some of the cracks extend down to the i-layer, Schottky 

metals deposited on the surface will cover the p-type AlN and contact the i-layer forming 

cyclic Schottky diodes in the crack gaps separated by p-AlN/ i-GaN:Be/ n-type GaN:Ge 

diodes adjacent to the Schottky diodes. As shown in Figure 9.7(a) and (b), the N4540 

sample demonstrates JBS diode behavior with a Von of ~1.5 V at a current density of 200 
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A/cm2 and a non-destructive breakdown, VBr, range of ~17 to 20 V (~40% of the theoretical 

critical field). The JBS behavior of these diodes is also obvious from the extra kink in its 

JV curves in Figure 9.7(a) in the range of 2.8 to 4.2V where the pn junction begins to turn 

on. 

 Apart from the metal dose and Be concentration control of the intentional crack 

density in the MME grown heteroepitaxial p-AlN/ i-GaN:Be/ n-GaN:Ge diodes, the 

thickness of the AlN can be controlled, through which the crack density can be varied. This 

degree of freedom is especially interesting as thinner AlN may allow significantly more 

cracks to be filled all the way to the i-layer in JBS structures but with larger AlN “grains” 

affording larger breakdown. The crack generation and propagation differ with thermally 

induced strain, varying the substrate temperature can control crack density as well. The 

internal rigidity of the AlN film is affected by the Be doping.  Thus, by varying the Be 

doping the crack density can be controlled.  Finally, by controlling the III/V ratio and the 

total metal dose supplied during the MME shutter open cycle, differing degrees of grown 

stress can be achieved providing yet another level of control over the crack density. The 

combination of p-AlN:Be thickness, substrate temperature, III/V ratio, total metal dose and 

Be doping provides a wide range of intentional crack densities and thus, diode current 

voltage behaviors.  Since the crack density determines the surface area ratio of the Schottky 

diode to the pin diode, it is a key design parameter in optimizing the device performance. 
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Figure 9.7:  (a) FB JV curves of N4540 indicates a Von of ~1.5 V at a current density of 

200 A/cm2. (b) VBr of ~17 to 20V is achieved for the N4540 JBS diode. 

 

9.4   Conclusion 

The intentional crack density of heteroepitaxial MME grown p-AlN:Be / i-GaN:Be/ n-

GaN:Ge structure was controlled via excess metal-dose per MME shutter cycle and Be 

doping to create diodes with Schottky, pin and novel JBS electrical behavior. A very low 

Von of ~1.5 V at a current density of 200 A/cm2 was achieved for the Schottky devices and 

very high VBr of ~25 was demonstrated for a 200 nm i-layer pin diode achieving ~50% of 

the theoretical breakdown performance of a corresponding GaN pin diode. The novel JBS 

heteroepitaxial diode achieved good forward conduction with a Von ~1.5 V at a current 

density of 200 A/cm2, and good breakdown voltage of ~20 V. A buried current spreading 

layer enabled by Be doping was shown to improve the current uniformity in these devices 

resulting in breakdown along the bulk of the devices. The capability of these novel devices 

can be further extended by controlling the MME p-AlN:Be thickness, growth temperature, 

III/V ratio, excess metal-dose per MME shutter, and Be doping providing a wide range 

future high-power electronic and optoelectronic device applications. 
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CHAPTER 10:   CASCADED Ni HARD MASK TO CREATE 

CHLORINE-BASED ICP DRY ETCHED DEEP MESAS FOR 

HIGH-POWER DEVICES 

 

A highly selective cascaded Ni hard mask without stress and film damage issues 

suitable for the formation of deep vertical mesas for high-power devices is presented. A 

Cl2/BCl3/Ar inductively coupled plasma (ICP) dry etch was used to investigate the effect 

of photoresist, and patterned Ni hard masks applied via four different methods on the etch 

rate of GaN, and mask selectivity. Strain in the e-beam only deposited Ni films produced 

low yield due to poor adhesion. Electroplated Ni showed rough mask morphology. 

Sputtered Ni left damage/chemically reacted layers on the GaN under the mask. A cascaded 

50 nm e-beam evaporated Ni followed by 2 µm of sputtered Ni mask method improved the 

yield to 100%, achieved high selectivity and retained an undamaged GaN surface 

morphology. The cascaded Ni hard mask successfully achieved GaN mesas up to 13 µm. 

The dry etching rates of the photoresist, GaN and Ni masks were 250, 275 and 13 nm/min, 

respectively giving an etch selectivity of the GaN/Ni hard mask of ~20, much higher than 

the etch selectivity of 1.1 for the photoresist. Furthermore, yield of the cascaded Ni hard 

mask was 100% making it suitable for commercial high-power electronics. 

10.1   Introduction 

The III-nitrides semiconductors have direct tunable bandgaps ranging from 0.65 eV[1] 

for Indium Nitride (InN) through 3.4 eV[2] for Gallium Nitride (GaN) to 6.1 eV[274] for 

Aluminum Nitride (AlN). This wide range of coverage has enabled III-nitrides to achieve 

light emitting diodes (LEDs)[4], [5], solar cells[7], [9], laser diodes (LDs)[10], [11], [13], 

[15], photodetectors (PDs)[16], [17], Schottky diodes[18], [19], [21], and high electron 

mobility transistors (HEMTs)[22], [23]. The dry etching procedures for these devices are 
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well developed[303] with the main focus on Cl2-based inductively coupled plasma etching 

(ICP) as it results in high etch rates and high aspect ratios[304], [305]. Numerous studies 

have reported the effects of chamber pressure, ICP power, RF power, and the etching gas 

on the etching performance[306]–[308]. Reports have shown the etch rates and selectivity 

of Ni hard mask for applications where the GaN to be removed is only a few µm thick[309], 

[310]. L.-B. Chang et al. found the selectivity of ICP dry etched GaN to e-beam evaporated 

Ni to be 15[309]. However, the procedural details of the application of the hard masks and 

non-uniformity issues are not available in these studies. E-beam evaporated Ni of only up 

to 150 nm has previously shown high strain and serious adhesion issues during the lift-off 

process[311]. Recently, the interest in nitrides-based electronics has expanded to high-

temperature and high-power devices[139], [140], [142], [156], [312]. High-power devices 

require deep mesas, often greater than 10 m, which has expanded the etch requirements 

to high selectivity. This would require application of thick layers of Ni hard mask. 

Furthermore, high application rate of these Ni hard masks is also of interest for commercial 

applications. As interest in thick power devices increases, a mask method is required that 

has high yield, is easily removed and leaves an undamaged GaN surface useful for 

subsequent processing. 

In this study, the etch rate and selectivity of photoresist and Ni hard masks are 

investigated for GaN films. The Ni hard mask was applied via four different methods: a) 

E-beam evaporation; b) Electroplating; c) DC sputtering; d) and Cascaded e-beam 

evaporation followed by DC sputtering. While Ni hard masks are often reported in the 

literature, many important details have been kept as proprietary information, making it 

difficult to repeat reported results.  Thus, the procedural details of these methods are 
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discussed in the interest of the broader scientific community. It was found that the choice 

of these application methods significantly affects the achievable application rate and 

thicknesses of the Ni hard mask to create deep mesas without damaging the nitride films 

surface for high-power device applications. 

10.2   Experiment and Results 

Dry etching of various nitride-based films and devices was performed in a plasma 

Therm ICP chamber at a pressure of 1 mTorr, etching gas ratio of Cl2 / BCl3/ Ar = 10.7/ 

2.7/ 5 sccm at an ICP power of 500 W and a radio frequency (RF) power of 70 W. Samples 

consisted of MSES HVPE 4 µm n-GaN on sapphire templates and metal modulated epitaxy 

(MME) epitaxially grown pin devices in the thickness range of 1 to 13 µm. MME is a 

modified molecular beam epitaxy (MBE) growth technique in which high cyclic metal 

fluxes are utilized to achieve high adatoms diffusion lengths resulting in high crystalline 

quality[166], [198]. Before processing, all the samples were cleaned in acetone and 

isopropanol, rinsed in de-ionized water, dried with nitrogen, and baked at 100 °C for 10 

minutes. Either a photoresist or Ni hard mask was patterned on the samples. In order to 

eliminate the well-known size effect that results in area dependent etch rates, very small 

sample sizes were used. This ensures ample reactant gas supply and saturates the reported 

etch rates allowing comparison to other researchers in similar ICP etching systems. A 

chrome hard mask was used to transfer square and circular mesas on 1 cm × 1 cm samples 

in the range of 100 µm side for square mesas (and 100 µm diameter for circular mesas) to 

400 µm side for square mesas (and 400 µm diameter for circular mesas). In total, 190 mesas 

were patterned on each 1 cm × 1 cm sample. The etch rate variation was less than 2% for 

mesas of different sizes in the above range for each sample. The etch rate of this plasma 
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combination for GaN, AlN and InN were 275, 186 and 176 nm/min with less than 0.4% 

variation. A Tencor P15 surface profilometer was used to measure the etch rates. 

Experimental details and results of the individual photoresist and Ni hard masks are 

discussed in the following sections. 

10.2.1   Photoresist Mask 

Etch rates and selectivity were measured for three structures: MME grown GaN:Mg 

(200 nm)/ GaN:Be (200 nm)/ GaN:Ge (500 nm) and  AlN:Be (200 nm)/ GaN:Be (200 nm)/ 

GaN:Ge (500 nm) pin structures, and, 4 µm MSES HVPE n-type GaN on sapphire 

templates.  Each used a patterned 1.5 µm AZ5214E positive photoresist formed via 

conventional i-line lithography. The pin structures were grown on HVPE n-GaN on 

sapphire templates. The etch rates of GaN were ~275 nm/min, the etch rate of AlN was 

186 nm/min while the etch rate of the photoresist was ~250 nm/min resulting in 

GaN/photoresist selectivity of ~1.1, and AlN/photoresist selectivity of ~0.75. The low 

selectivity of GaN/photoresist makes the photoresist mask unsuitable for thick high-power 

devices. 

10.2.2   E-beam Evaporated Ni Hard Mask 

A high density, 500 nm Ni film was deposited on 4 µm HVPE n-GaN on sapphire 

templates via e-beam evaporation in a Denton Explorer E-beam Evaporator at a deposition 

rate of 3 Å/sec at a base pressure of ~1×10-6 Torr. Low deposition rate, high vacuum 

depositions are known to produce high density films. The Ni was patterned via 

conventional i-line lithography with a 1.5 µm NR9-1500PY negative photoresist mask 

using a lift-off process. The 500 nm thick e-beam evaporated Ni peeled off at most of the 

device mesas which is attributed to strain issues common in highly dense films. By 
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depositing multiple thicknesses of Ni, it was found that e-beam evaporated Ni above 200 

nm thickness incorporates such strain issues. For the mask that remained, the selectivity of 

3 µm ICP dry etched n-GaN to the patterned e-beam evaporated Ni was ~18 but patterning 

was not successful except for very thin Ni. The 500 nm e-beam evaporated Ni resulted in 

~40% yield. A thinner 100 nm e-beam evaporated Ni resulted in ~100 % yield but thicker 

Ni hard masks are required for high-power device applications. After dry etching of the n-

GaN, the remaining Ni was easily etched away in piranha solution (3:1 volume ratio of 

H2SO4 to H2O2) at room temperature for 3 minutes. However, the strain and adhesion issues 

make e-beam evaporated Ni unsuitable for thick high-power device applications as 

insufficient Ni thickness can be obtained. 

10.2.3   Electroplated Ni Hard Mask 

A 4 µm HVPE n-GaN on sapphire template was cleaned in piranha (3:1 volume ratio 

of H2SO4 to H2O2) to remove organic residues from the surface of the template followed 

by a 1:1 volume ratio of buffered oxide etch (BOE) to deionized (DI) water to remove 

oxygen from the surface of the template prior to metals application. Figure 10.1(a) shows 

layer structure diagram of the electroplated Ni. Electroplating requires a metallic seed layer 

to establish an electrical connection. Thus, a Ti (30 nm)/ Cu (300 nm)/ Ti (30 nm) seed 

layer was sputtered via a Unifilm Sputterer prior to the Ni electrodeposition. The Ni was 

patterned via i-line lithography with a 1.5 µm NR9-1500PY negative photoresist. The top 

30 nm sputtered Ti was removed via BOE etch prior to electroplating. A 3.9 µm Ni was 

electrodeposited on the seed layer in a Technic’s Elevate Ni 5910 nickel sulfamate bath 

with deposition parameters: time = 10 min, current density= 11 mA/cm2, pulse ON/OFF 

cycle = 5 msec/ 3 msec, and temperature = 70 °C. The electroplated Ni was immersed in 
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acetone solution to remove the photoresist. Electroplating resulted in successful application 

of Ni at all mesa points (100% yield). Electroplating is known to produce films with 

reduced stress (lower density).  The selectivity of 3 µm ICP dry etched n-GaN to the 

patterned electroplated Ni was ~20.  After dry etching, the Ni was immersed in a piranha 

solution for 5 minutes. However, as opposed to the e-beam evaporated Ni, the electroplated 

Ni could not be etched away with a piranha solution. Later, the samples were immersed in 

nitric acid for 3 minutes followed by HCL for 5 minutes which partially removed the Ni. 

A more aggressive wet clean of 2 minutes H2O2 followed by 2 minutes diluted HF clean 

was performed to successfully etch away the electroplated Ni (including the seed layer). 

Figure 10.1(b) shows a 5 µm × 5 µm Atomic Force Microscopy (AFM) image of the 

n-GaN surface after etching of the electroplated Ni. The film is mostly clean with scattered 

specs of residual metal. However, the electroplated film was found to be lumpy and uneven 

under the microscope which could potentially lead to poor etching under plasma conditions 

with free path small enough to interfere with the rough edges of the Ni. Finally, we note 

that electroplating waste is hazardous to the environment and more costly to dispose of 

than the other physical deposition approaches. 
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Figure 10.1:  (a) Layer structure diagram of the electroplated Ni. (b) 5 µm × 5 µm AFM 

shows mostly clean n-GaN interface after wet chemical etching of the Ni from the mesa 

points. 

10.2.4   DC Sputtered Ni Hard Mask 

A 2 µm Ni was sputtered in a Unifilm DC sputterer. The sputterer was evacuated to a 

base pressure of 3×10-6 Torr. The Ni was sputtered at a process pressure of 5 mTorr with 

ultra-high purity (UHP) Argon flow of 90 sccm at a rate of 25 nm/min onto a 4 µm HVPE 

n-GaN on sapphire template. The Ni was patterned via i-line lithography with a 1.5 µm 

NR9-1500PY negative photoresist. High deposition rate sputtered films are known to 

contain substantial stress. Thus, post-sputtering, the lift-off was easily performed in 

acetone in less than 10 seconds to 100% yield. Sputtering resulted in better adhesion for 

thick Ni films presumably due to its highly energetic ions as compared to the e-beam 

evaporated Ni. The ICP dry etch rates of the n-GaN and Ni were ~275 nm/min and ~13.75 

nm/min resulting in a selectivity of ~20 for the 3 µm ICP dry etched n-GaN to the patterned 

sputtered Ni. However, post-dry-etching, the wet chemical clean of the sputtered Ni could 

not be easily performed. The sputtered and etched Ni/ n-GaN samples were immersed in a 

piranha solution for 10 minutes but piranha cleaning was not effective on the sputtered Ni. 

Subsequently, the sample was immersed in aqua regia (mixture of 1:3 volume ratio of 
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HNO3 and HCl) for 5 minutes. The HNO3 typically acts as an oxidizer and the HCl is used 

for dissolution of the oxide. However, this chemical mixture did not etch the film as 

expected. A more aggressive wet clean of 5 minutes in H2O2 followed by 10 minutes in 1:2 

volume ratio of HF:DI H2O was successful to etch away the sputtered Ni. The GaN film 

appeared clean under the microscope, however, the 5 µm × 5 µm AFM of the wet chemical 

etched GaN film given in Figure 10.2 showed a very rough surface (rms roughness of 1.55 

nm) without the original step-flow. This rough surface could be attributed either to Ni-

sputtering damage of the GaN film or possibly due to residual Ni in spite of the detailed 

chemical cleaning procedures performed.  Whatever its origin, the surface under the mask 

is unsuitable for further device processing. 

 

 

Figure 10.2:  5 µm × 5 µm AFM demonstrates rough surface morphology of the n-GaN 

film after wet chemical etching of Ni from the mesa point. 

 

10.2.5   Cascaded E-beam Evaporated Plus DC Sputtered Ni Hard Mask 

The e-beam evaporated Ni in Section 10.2.2 encountered strain issues while the 

sputtered Ni in Section 10.2.4 resulted in damage of the underlying GaN film. The 
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electrodeposited Ni in Section 10.2.3 did not show strain or damage to the film however it 

exhibited an uneven lumpy surface and results in expensive waste not ideal for the 

environment.  

In order to avoid all those issues, a cascaded e-beam plus sputtered Ni hard mask 

technique is introduced. The pattern for Ni application was developed via i-line lithography 

with a 1.5 µm NR9-1500PY negative photoresist. Subsequently, 50 nm of Ni was deposited 

via an e-beam evaporation in a Denton Explorer E-beam evaporator at a rate of 3 Å/sec 

followed by 2 µm Ni sputtered in a Unifilm DC sputterer at 25 nm/min. The 50 nm thin Ni 

layer was first e-beam evaporated to retain an undamaged GaN film surface while 

simultaneously achieving 100% yield. Later the 2 µm Ni was sputtered on top of the e-

beam evaporated Ni to realize thick Ni hard mask for high-power device applications. 

Post-evaporation and -sputtering, the lift-off of the cascaded film, dominated by the 

higher stress sputtering volume, was easily performed in acetone in less than 10 seconds. 

The Ni was applied on all the mesa points (100% yield) without any stress-related adhesion 

issues. Figure 10.3(a) shows a microscope image of successful application of 100 µm size 

Ni mesa points on a GaN film. The selectivity of 3 µm ICP dry etched n-GaN to the 

patterned sputtered Ni remained ~20. After dry etching of the Ni/GaN, the sample was 

immersed in piranha solution at room temperature for 5 minutes which etched away the Ni 

hard mask followed by a 2 min wet chemical clean in HCl to be certain the metal was 

completely etched away. Figure 10.3(b) shows a 5 µm × 5 µm Atomic Force Microscopy 

(AFM) image of the GaN surface after etching of the Ni. The scan shows a highly clean 

GaN surface with the inherent step-flow morphology of the film absent of all residual metal 

clusters as was found in Figure 10.1(b). 
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The cascade e-beam plus sputtered Ni hard mask was later successfully applied to 

create 3, 4, 7, and 13 µm deep mesas for MME grown pin diodes for a future high-power 

devices study. Figure 10.3(c) to (e) show optical microscopic images of the finished 

devices for the 13 µm deep mesas for MME grown pin diodes. 100% yield was achieved 

for all the fabricated devices. 100% yield was achieved for all the fabricated devices for 1 

cm × 1 cm samples with square and circular mesas in the range of 100 µm side for square 

mesas (and 100 µm diameter for circular mesas) to 400 µm side for square mesas (and 400 

µm diameter for circular mesas). In total, 190 mesas were patterned on each 1 cm × 1 cm 

sample. The etch rate variation was less than 2% for mesas of different sizes in the above 

range for each sample. 

The e-beam evaporated only Ni hard mask did not damage the underlying GaN film 

but it incorporated stress and adhesion issues for Ni films thicker than 150 nm. On the 

contrary, thicker Ni hard mask was achieved with sputtering but it damaged the underlying 

GaN films. Although, electroplating in Section 10.2.3 resulted in 100% yield, however, the 

electroplated Ni hard mask was uneven and lumpy, and the chemical waste from 

electroplating is a major problem for environment as it is difficult to dispose of and it is 

hazardous to health making this technique unsuitable on a large-scale commercial use. The 

cascaded e-beam plus sputtering process combined the advantages of e-beam evaporation 

(retained undamaged underlying GaN films) and sputtering (thicker Ni hard mask was 

achieved). Furthermore, the new cascaded Ni hard mask is scalable, cleaner and safer to 

use because of its operation in vacuum environments making it suitable for commercial 

high-power device applications. 
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Figure 10.3:  (a) Microscopic image of 100 µm size Ni mesa points. (b) 5 µm × 5 µm 

AFM shows clean n-GaN interface after wet chemical etching of Ni from the mesa point. 

(c) 100 µm diameter circular mesas etched down to 13 µm followed by contacts 

deposition and SiO2 passivation layer deposition. (d) 100 µm square mesas etched down 

to 13 µm followed by contacts deposition and SiO2 passivation layer deposition. (e) 

Zoomed in view of the 100 µm diameter circular mesa indicating the contacts, mesa and 

SiO2 passivation layer.  

 

10.3   Conclusion 

An effective cascade e-beam plus sputtered Ni process is developed for the 

realization of multi-microns thick Ni hard mask to achieve deep mesas for high-power 
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devices. The thick Ni film does not demonstrate excessive strain nor adhesion issues, and 

the lift-off process takes less than 10 seconds. Dry etching of the patterned Ni hard masks 

was performed in an ICP Cl2/ BCl3/ Ar gas. Post-dry-etching, the Ni film can be easily 

removed, and wet chemical cleaned. AFM of the dry-etched and wet chemical cleaned GaN 

films demonstrate the original as-grown step-flow smooth surface morphology without 

obvious damage compatible with fabrication of device contacts. The Ni hard mask was 

successfully applied to up to 13 microns dry etched MME grown pin diodes resulting in 

GaN/Ni selectivity of ~20. The 100% yield of the cascade e-beam plus sputtered Ni hard 

mask while simultaneously achieving clean/undamaged GaN films and devices makes it a 

very suitable technique for production of commercial high-power electronic and 

optoelectronic devices up to 40 µm mesa depths for the 2 µm Ni demonstrated here. 

Thicker mesas can be achieved by using a thicker mask. 
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CHAPTER 11:   GaN:Be I-LAYER BASED HIGH-POWER PIN 

DIODES ACHIEVING LARGE QUASI-VERTICAL MBE 

BREAKDOWN PERFORMANCE 
 

The use of beryllium as both an i-layer and current spreading layer dopant in GaN 

quasi-vertical pin diodes on sapphire was investigated. With the inclusion of the Be CSL, 

the current uniformity dramatically improves from ~40% of the p-contact radii to 100% 

resulting in higher breakdown performance and reduced leakage currents. Metal modulated 

epitaxy (MME) GaN pin diodes on HVPE GaN on sapphire templates with beryllium 

doped GaN (GaN:Be) i-layer thicknesses in the range of 1 to 10 µm are reported. 

Additionally a GaN:Be current spreading layer (CSL) sandwiched between two conductive 

Si doped GaN layers is used to achieve a high quasi-vertical pin diode breakdown voltage 

of 375 V and a breakdown field of 1.875 MV/cm for the 2 µm i-layer pin diodes. At room 

temperature, the diode with a mesa diameter of 100 µm showed a differential on-resistance 

(Ron = dV/dI) as low as 0.3 mΩ-cm2 for a 10 µm GaN:Be i-layer diode. A Baliga’s figure 

of merit (BFOM) (𝑉𝐵𝑟
2 /RON) of 363 MW/cm2 was achieved for the 10 µm i-layer pin diode. 

This is the highest reported BFOM for GaN pin diodes on foreign substrates. Additionally, 

the leakage current density is very low: 1×10-9 kA/cm2 at 300 V reverse bias for the 5 and 

10 µm GaN:Be i-layer devices. These devices exhibit a current on/off ratio 10 orders of 

magnitude. Given the low particle environment, rapid growth rates, ease of compatibility 

with the toxic dopant Be and high device performance, the use of Be as a dopant is very 

useful for high power device applications. 

11.1   Introduction 

GaN is the most studied III-nitride material and is suitable to radio frequency (RF) and 
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high-power electronic devices due to its wide and direct energy bandgap, low dielectric 

constant, high melting point, high mechanical strength, high temperature stability, high 

electron mobility, high breakdown electric field, high thermal conductivity, and high drift 

velocity.[24]–[27] The theoretical value of critical electric field (Ec) for GaN is 3.3 

MV/cm.[136] The high GaN Ec makes it especially suitable for high-voltage/power 

applications. 

The pin structure is a fundamental component of high-power applications. Pin diodes 

can withstand very high reverse biased voltages and are used in high voltage rectifiers, DC-

DC convertors, photodetectors (PDs), photovoltaic cells, radio frequency switches, and 

attenuators. Due to high background doping and threading dislocation density (TDD), the 

breakdown electric field observed in GaN devices is substantially less than the theoretical 

value. However, recent developments have shown low TDD in bulk GaN substrates 

making it suitable to achieve high-power vertical homoepitaxial diodes. Metal organic 

chemical vapor deposition (MOCVD) grown vertical GaN pin diodes with breakdown 

voltages (VBr) ranging from 1.27 to 4.9 kV for i-layer thicknesses ranging from 9 to 40 

µm[137]–[143]  with high avalanche capability, have been reported. 

Hybrid Molecular beam epitaxy (MBE) regrown GaN:Mg on MOCVD grown n-GaN 

has demonstrated a VBr of 1.1 kV for a vertical GaN pin diode on a bulk GaN 

substrate.[156] Fully MBE grown GaN pn diodes have also been realized. A vertical MBE 

GaN pin diode on Ga-polar GaN bulk substrate reported VBr of 94V, EBr of 3.1 MV/cm, 

and on resistance of 0.23 mΩ-cm2.[157] Another study showed a vertical MBE GaN pin 

diode on N-polar GaN bulk substrate and reported VBr of 76 V, EBr of 2.2 MV/cm, and on-

resistance of ~0.1 mΩ-cm2.[158] Similarly, MBE grown GaN pin structures on Si 
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substrates have been studied with preliminary results.[159], [160] Fully vertical GaN pin 

diodes demonstrate high breakdown performance. However, the low TDD bulk GaN 

substrates for pin diodes are very expensive making it unsuitable for high volume 

production at present. 

While traditional MBE was limited to slow growth rates making MBE only suitable for 

the growth of thin epitaxial films, hydride vapor phase epitaxy (HVPE) is good at growing 

thicker films at faster rates with low TDDs but has limited doping range capability. Quasi-

vertical MBE regrown pin diodes grown on HVPE GaN on sapphire templates would 

drastically reduce the cost of pin diodes as compared to higher performance fully vertical 

pin diodes. However, the TDD has to be reduced in GaN pin diodes grown by MBE as it 

would result in increased leakage current paths resulting in low VBr and increased dark 

currents.[152]–[155] Furthermore, the conductivity control of GaN as an i-layer in pin 

diodes is a challenging task due to native defects for example N-vacancies[74], [169]–

[171], and surface contaminants such as Si[76], C[77], H[78], and O[79], [80]. Also, 

etching damage in quasi-vertical devices results in high current flow along the mesa edges 

reducing the breakdown performance of the pin devices. 

MME has recently shown high growth rates[105] hyper p-type doping[66], and high 

crystalline quality[198] which makes it attractive for GaN PIN junction diodes. MOCVD 

growth of GaN:Mg suffers from hydrogen passivation[313] that requires activation 

annealing, magnesium memory effects that limit doping profile control and for thick 

devices can generate coatings on the chamber walls the flake off and result in embedded 

particles limiting device yield. Contrarily, MME growth of GaN:Mg results in sharp, highly 

controllable dopant profiles[66], [197], [314] that can be used to tailor the electric field and 
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does not require acceptor activation due to low hydrogen environment. Since MME is 

performed in an MBE reactor there is no concern about particles even for very thick 

growths. Furthermore, recent developments in MME GaN:Be semi-insulating films makes 

it suitable for better conductivity control of the i-layer in PIN diodes.[166] Moreover, the 

inclusion of current spreading layer (CSL) in recent MME devices is promising for 

improving the breakdown performance of quasi-vertical devices by eliminating current 

crowding along the plasma etch damaged mesa edge.[315] The purpose of this work is 

apply the above features of MME, i.e., hyper p-type doping with tailorable doping profile 

control, GaN:Be semi-insulating i-layers, and a CSL to investigate and achieve improved 

breakdown performance of quasi-vertical GaN pin diodes. MME has a huge potential for 

high-power III-nitride pin-based devices due to its high uniformity due to low temperature 

operation and high growth rates making it suitable for both research and commercial 

applicability. 

11.2   Experiment 

The pin devices were grown by MME in a Riber 32 radio frequency (RF) plasma-

assisted MBE (PAMBE) system on Lumilog MOCVD n-GaN on sapphire templates. The 

sample size was 1 cm × 1 cm for each structure. The templates were first ex situ solvent 

cleaned followed by a piranha solution (3:1 volume ratio of H2SO4:H2O2) clean for 10 

minutes at 150 °C, and a 10:1 volume ratio of deionized water and hydrofluoric acid (DI 

H2O:HF) for 25 seconds to partially remove the surface oxides. The templates were then 

rinsed in DI:H2O, dried by nitrogen, and subsequently in situ thermally cleaned in an 

introductory chamber at 200 °C for 20 minutes at a base pressure of ~1×10-9 Torr. The 

templates were then thermally outgassed inside the growth chamber at 675 °C for 30 
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minutes at a base pressure of ~4×10-11 Torr. 

Ga, Ge, and Be fluxes were supplied from conventional effusion cells. The nitrogen 

plasma was supplied at a flow rate of 2.5 sccm and at a power of 350 W from a Veeco 

UNI-Bulb nitrogen plasma source, corresponding to a growth rate of ~1.40 µm/hr.  This 

growth rate is far smaller the the 9.8 µm/hour previously demonstrated[105] but allowed 

ample control of the doping profiles. Magnesium (Mg) flux was supplied by a Veeco 

corrosive-series valved cracker.30 A STAIB Instruments RH20S 20 kV reflection high 

energy electron diffraction (RHEED) was used for in situ monitoring of the surface 

morphology of the films. Figure 11.1 shows layer structure diagram of the MME pin diodes 

grown in this study. Four MME GaN pin diodes were grown with sample IDs of N4552, 

N4550, N4549, and N4551 with GaN:Be i-layer thicknesses of 1, 2, 5, and 10 µm, 

respectively. A 1 µm n-type GaN:Ge layer was first grown to accommodate the diffusion 

of impurities from the regrowth interface as an earlier study showed oxygen diffusion of 

~300 nm from the regrowth interface into the regrown film in spite of detailed cleaning 

procedures.[166] This was followed by a 50 nm GaN:Be layer then a 200 nm GaN:Ge 

doped layer whose combined function is further detailed below. Next a 200 nm double 

doping graded layer was grown by cooling the Ge cell while simultaneously increasing the 

Be cell.  The combined effect is to grade out the Ge (n-type dopant) while grading in the 

Be (compensating dopant) in an attempt to spread the electric field transition over a larger 

volume of material.  The i- layers described above are then grown with constant Be doping.  

Next a double doping graded layer with Be and Mg was grown by lowering the Be cell 

temperature and simultaneously opening the valve of a Mg source. In past studies, we have 

shown that while control of Mg from an effusion cell is impractical due to the long thermal 
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time constants of a low temperature Mg cell, use of a valved effusion cell for Mg eliminates 

this problem and provides near instantaneous Mg concentration changes without any 

significant memory effect.[314]  Finally a 450 nm modestly doped p-type GaN:Mg layer 

and a 50 nm hyper-doped p-type GaN:Mg contact layer is grown. 

 

Post-growth, a novel combination of e-beam evaporated plus sputtered Ni hard mask 

was used to create chlorine-based inductively coupled plasma (ICP) dry etched 

mesas.[316] Ni (50 nm)/Au (50 nm) stack was deposited as p-type contacts and Ti (30 nm)/ 

Al (100 nm)/ Ti (30 nm)/ Au (50 nm) stack was deposited as n-type contacts in a Denton 

Explorer e-beam evaporation chamber. The contacts were subsequently annealed under 

purified nitrogen inside a MILA-3000 rapid thermal annealing (RTA) furnace at 700 °C 

for one minute for both n- and p-type contacts. SiO2 passivation layer was deposited via 

Unaxis plasma enhanced chemical vapor deposition (PECVD). Capacitance-voltage (CV) 

measurements of the pin devices were performed via Keithley 590 CV Analyzer. 
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Figure 11.1:  Layer structure diagram of the MME grown GaN pin diodes. 

 

11.3   Results and Discussion 

While the ultimate limitation on electric breakdown is the theoretical critical field, this 

value only exists at negligible doping not practical in normal unintentionally doped i-

layers. More accurately, the breakdown performance of GaN pin diodes depends on the 

thickness ‘𝑊’ and background doping concentration ‘𝑁’ of the i-layers. A power law 

expression is used to calculate the critical electric field breakdown dependence on 𝑊 and 

𝑁 as shown in Equation 11.1.[317], [318] 

𝛼𝑒𝑓𝑓= 𝐵 ∙ 𝐸𝑐
𝑛           (11.1) 

Where 𝛼𝑒𝑓𝑓 is the effective ionization coefficient, 𝐸𝑐 is the critical electric field, 

and,  𝐵 and 𝑛 are the fitting parameters. From 𝛼𝑒𝑓𝑓 vs Ec plots in Reference[319], the 

values of B = 8.96×10−57 cm6/V7 and n=9.22 are used in Equations 11.1-11.4 for these 
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calculations. Furthermore, the depletion layer width (achievable i-layer width) is calculated 

by Equation 11.2.[317], [318] 

𝑊 =  (
𝑛+1

𝐵
)

1

𝑛+1
 ∙ (

𝜀

𝑞∙𝑁
)

𝑛

𝑛+1
        (11.2) 

Where for GaN 𝜀 =  𝜀𝑜𝜀𝑟 =  8.9 ∙ 8.5 × 1014 𝐹/𝑐𝑚. 

Ec can be written in terms of W and N as given in Equation 11.3.[317], [318] 

E𝑐 =  (
𝑛+1

𝐵∙𝑊
)

1

𝑛
= (

𝑞(𝑛+1)𝑁

𝐵∙𝜀
)

1

𝑛+1
       (11.3) 

Where q is the electron charge. 

The breakdown voltage can be calculated as shown in Equation 11.4.[317], [318] 

V𝐵𝑟 =  
1

2
∙ (

(𝑛+1)

𝐵
 ∙ 𝑊𝑛−1)

1

𝑛
        (11.4) 

The practical limitation in achieving high GaN vertical pin diode breakdown 

performance is the background carrier concentration and the achievable i-layer thickness. 

Figure 11.3(a) shows achievable i-layer thickness and breakdown voltage of a pin diode 

plotted vs background doping concentration. Figure 11.3(b) shows the minimum on-

resistance of a pin diode plotted vs the background doping concentration ignoring all but 

the resistance of the i-layer contribution. The actual breakdown performance of real quasi-

vertical GaN pin diodes is further limited by threading dislocations (TDs) and surface 

defects introduced by plasma etching during the fab process. MME has demonstrated high 

quality films growth conditions to improve the crystalline quality of III-nitride films[198] 

and has also shown reduction in the background carrier concentration of the i-layers in pin 

diodes by achieving semi-insulating GaN:Be films which would potentially improve the 

device performance of both quasi-vertical and fully vertical devices.[166] While very low 

residual electron concentration on the order of ~1×1014 cm-3 has been demonstrated in 
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highly compensated GaN:Be with Be ~1×1019 cm-3, the residual electron concentration of 

the modestly Be doped, ~8×1016 cm-3, i-layers shown here are found to be comparable to 

the Be doping of ~1×1017 cm-3.  Specifically, Capacitance-voltage (CV) analysis of the 

diodes shows a tightly controlled range of residual electron concentration in the i-layer of 

~8×1016 cm-3 indicating the ability of Be to tailor the i-layer conduction to maintain good 

forward bias characteristics. CV measurements of the pin diodes were performed on 100 

µm diameter devices (N4552 as an example) at 100 kHz and 1 MHz. The CV 

measurements are shown in Figure 11.2. Frequency dispersion was not observed in the pin 

diodes in Figure 11.2(a) indicative of low defects distribution in the material. Assuming 

one-sided abrupt junction model, the net carrier concentration extracted from Figure 

11.2(b) is ~8×1016 cm-3. The net charge concentration in Figure 11.2(c) is fairly constant 

in the depletion region. This is attributed to the MME regrown 1 µm n-type GaN:Ge film 

to accommodate the diffusion of impurities from the regrowth interface as one of our earlier 

studies showed oxygen diffusion of ~300 nm from the regrowth interface into the regrown 

film in spite of detailed cleaning procedures.[166] 
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Figure 11.2:  100 kHz and 1 MHz (a) Capacitance-voltage characteristics of the N4552 

pin diode. (b)  The 1/(C/A)2 plotted vs voltage bias. (c) Net charge concentration plotted 

as a function of depletion width. 

 

The GaN:Be i-layers in the pin diodes in this study were doped with Be 

concentration of 1×1017 cm-3 comparable to the background oxygen concentration of 

“slowly” grown GaN (<1.5 µm/hour) determined from the secondary ion mass 

spectroscopy (SIMS) concentration of a reference sample. In MME/MBE this oxygen 

concentration scales inversely with growth rate with values typically being low 1016 cm-3 

for faster growth rates. The net carrier concentration of ~8×1016 cm-3 (represented by the 

dashed marker lines) for the i-layers in the pin diodes results in a theoretical depletion 

width of ~2.4 µm and a breakdown voltage of ~450 V as determined from Equations (11.2) 

and (11.4) and shown in Figure 11.3(a). Thus, for this Be doping, constant in all diodes, 
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we expect the breakdown characteristics to be limited by the residual doping not the 

depletion widths for the devices with i-layer thickness of 5 and 10 µm. Future work will 

examine higher Be, more compensated thick diodes.  However, even though the thicker 

diodes (5 and 10 µm) do not lead to higher breakdown voltages because of their residual 

doping limitations, more uniform current distribution is observed for thicker GaN:Be i-

layers diodes which will be shown to drastically lower the leakage currents in the devices 

by more than 7-8 orders of magnitude. This is directly counter to the notion that larger 

depletion volumes result in higher leakage currents due to higher generation volumes and 

emphasizes how important the current distribution is for reverse characteristics. 

 

 

Figure 11.3:  (a) Achievable i-layer thickness and breakdown voltage of a pin diode 

plotted vs background doping concentration. (b)  the on resistance of a pin diode plotted 

vs the background doping concentration. The dashed marker line corresponds to a the i-

layer carrier concentration of 8×1016 cm-3. 

 

Furthermore, it was shown in Reference[315] that a combination of the GaN:Be i-
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layer and a current spreading layer (CSL) consisting of a second thin Be doped layer 

sandwiched between two conducting layers improves the current distribution across the p-

type contact in these devices. It was also shown that the current distribution effect was 

more prominent for thicker i-layer based pin devices. Various structures are investigated 

via Silvaco TCAD as shown in Figure 11.4 to investigate the current uniformity 

improvement property of the GaN:Be CSLs. The simulated devices match the grown 

structures except that a p-contact layer is not present and there are no doping grades in the 

the simulation. The p- and n-type layers have doping concentration of 1×1019 cm-3 in these 

structures. Figure 11.4(a) has a 10 µm UID GaN i-layer without the CSL and shows a 

cumulative current flow distribution of up to ~40% of the p-type contact. Said differently, 

~60% of the p-type contact radii carries no current. Figure 11.4(b) has the same 10 µm 

GaN:Be i-layer and an additional 50 nm GaN:Be thin film sandwiched in the n-type GaN 

layer. The 50 nm thin GaN:Be acts as a small barrier for electrons inside the n-type layer 

and the cumulative current flow distribution is drastically improved to ~100% of the p-type 

contact. The 50 nm GaN:Be layer serves to force current to flow deeper into the center of 

the mesa, lowering the current density that would normally flow along the edge. Band 

diagram simulations of these CSLs is given elsewhere.[315] The thin GaN:Be layer can be 

implemented in a variety of GaN-based devices and would potentially result in higher 

performance of these devices with this simple structure. We note that simulations show 

this same edge current crowding effect simply due to device geometry even without adding 

in model parameters to simulate the plasma damage. However, plasma damage is thought 

to enhance edge mesa current flow and leakage.[302]  
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Figure 11.4:  A pin diode structure having: (a) 10 µm UID GaN I-layer. (b)  10 µm 

GaN:Be I-layer and 50 nm GaN:Be thin film inside the n-type GaN layer. Current 

uniformity is improved from ~40% in (a) to to ~100% in (b). 

 

Four MME GaN pin diodes were grown with sample IDs of N4552 (1 µm GaN:Be 

i-layer), N4550 (2 µm GaN:Be i-layer), N4549 (5 µm GaN:Be i-layer), and N4551 (10 µm 

GaN:Be i-layer) to observe the effect of GaN:Be i-layer thicknesses on the breakdown 

performances of MME grown pin diodes. Figure 11.5(a) and (b) show the n-type transfer 

length measurement (NTLM) and the p-type transfer length measurement (PTLM) for the 

n- and p-type contacts in these samples both annealed at 700 °C under nitrogen 

environment. The n- and p-type contact resistances from these measurements were 

determined as 7.6×10-6 (with a sheet resistance of 0.26 kΩ/sq) and 2.9×10-3 Ω-cm2 (with a 

sheet resistance of 80 kΩ/sq), respectively. The p-contact resistance is modestly high and 

is attributed to non-optimal temperature annealing of the p-type contacts (performed 

simultaneously). This would contribute to a relatively higher specific on-resistance of the 

pin diodes. 
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Figure 11.5:  (a) NTLM and (b) PTLM measurements of the MME pin diodes. 

 

Figure 11.6 shows the current density-voltage (JV) and semilog JV characteristics 

of the MME pin diodes while Table 11.1 tabulates the results. The theoretical breakdown 

voltage for a 1 µm i-layer pin diode from Figure 11.3(a) is ~190V. Figure 11.6(a) and (b) 

show a turn-on voltage of 3.3V (at 1A/cm2), differential on-resistance (Ron = dV/dI) of ~0.6 

mΩ-cm2 in the range of 500 to 1200 A/cm2, a breakdown voltage of ~100 V (assuming a 

breakdown current density of 100 A/cm2), and a best case (of all diodes tested on this chip) 

Baliga’s figure of merit (BFOM) (𝑉𝐵𝑟
2 /RON) of 16.67 MW/cm2. Figure 11.6(c) and (d) show 

a turn-on voltage of 3.9 V (at 1A/cm2), differential on-resistance of ~1 mΩ-cm2, breakdown 

voltage in the range of ~115 to 375 V, and the best case BFOM of 140 MW/cm2 for N4550 

(2 µm GaN:Be i-layer). Figure 11.6(e) and (f) show a turn-on voltage of 4.85 V (at 

1A/cm2), differential on-resistance of ~0.5 mΩ-cm2, breakdown voltage in the range of 

~325 to 355 V, and a best case BFOM of 252 MW/cm2 for N4549 (5 µm GaN:Be i-layer). 

Figure 11.6(g) and (h) show a turn-on voltage of 6.6 V (at 1A/cm2), differential on-

resistance of ~0.3 mΩ-cm2, breakdown voltage in the range of ~155 to 330 V, and the best 

BFOM of 363 MW/cm2 for N4551 (10 µm GaN:Be i-layer). This BFOM is the highest 

reported for a quasi-vertical GaN diode grown by any growth technique on either Si or 
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sapphire substrates. These results are listed in Table 11.1. The turn-on voltage of 3.3 V for 

N4552 (1 µm GaN:Be i-layer) is close to the bandgap of GaN/the electron charge. However 

the increase in turn-on voltage to 3.9 V for N4552 (2 µm GaN:Be i-layer), 4.85 V for 

N4549 (5 µm GaN:Be i-layer), and 6.6 V for N4551 (10 µm GaN:Be i-layer) is in part 

attributed to the increase in series resistance of the diodes with increase in the GaN:Be i-

layer thickness. In this case, the extra i-layer thickness beyond 2.4 µm is not depleted. Even 

in the worst case, the additional 7.6 µm of non-depleted i-layer material can account for >3 

V if the mobility is assumed to be a few hundred cm2/V-sec, a reasonable assumption. 

Table 11.1:  Description of pin diodes with their performance parameters.  

Sample 

ID 

GaN:Be 

I-layer 

Thickness 

(µm) 

Turn-

on 

voltage 

(V) at 

1 

A/cm2 

Differential 

on-

resistance 

(mΩ-cm2) 

Optimal 

Breakdown 

voltage (V) 

Leakage 

current 

density 

(kA/cm2) 

at 100 V 

Reverse 

Bias 

BFOM 

(MW/cm2) 

N4552 1 3.3 0.6 100 0.1 16.7 

N4550 2 3.9 1 375 1×10-5 140 

N4549 5 4.85 0.5 355 1×10-8 252 

N4551 10 6.6 0.3 330 1×10-9 363 

 

At 100 V reverse bias, the leakage reduces from 0.1 kA/cm2 for N4552 (1 µm 

GaN:Be i-layer) to ~1×10-5 kA/cm2 for N4550 (2 µm GaN:Be i-layer) to ~1×10-8 kA/cm2 

for N4549 (5 µm GaN:Be i-layer) to ~1×10-9 kA/cm2 for N4551 (10 µm GaN:Be i-layer). 

We attribute this reduction in the reverse bias leakage with the improvement in current 

distribution of the diodes with the increase in GaN:Be i-layer thicknesses in combination 

with the CSLs as discussed in Reference[315]. The breakdown voltage of 375 V achieved 

in this work is the highest MBE quasi-vertical GaN pin diode breakdown voltage as 

compared to previous studies[155], [320] but is still shy of the best 730 V (4.8 µm i-
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layer)[145] and 1.1 kV (10 µm i-layer)[144] breakdown voltages of quasi-vertical 

MOCVD devices. The best MOCVD device achieved i-layer residual doping of ~8×1015 

cm-3 accounting for its higher breakdown performance. Future efforts will focus on 

lowering the residual doping combined with thick i-layers to provide a comparable 

structure to the best MOCVD devices. 
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Figure 11.6:  (a) JV and (b) Semilog JV measurements of N4552 (1 µm GaN:Be i-layer). 

(c) JV and (d) Semilog JV measurements of N4550 (2 µm GaN:Be i-layer). (e) JV and (f) 

Semilog JV measurements of N4549 (5 µm GaN:Be i-layer). (g) JV and (h) Semilog JV 

measurements of N4551 (10 µm GaN:Be i-layer). 
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11.4   Conclusion 

The use of beryllium as a i-layer dopant in pin diodes was investigated. Beryllium 

is a common dopant in MBE but its toxicity imposes barriers for gaseous growth 

techniques. MME grown GaN:Be films were investigated as both i-layers and current 

spreading layers (CSL) in quasi-vertical pin diodes grown on GaN on sapphire substrates. 

With the inclusion of the CSL, the current uniformity dramatically improves from ~40% 

of the p-contact radii to 100% resulting in higher breakdown performance and reduced 

leakage currents. A very low reverse leakage current density of ~1×10-9 kA/cm2 was 

observed at a reverse biased voltage of 330V. A high MBE quasi-vertical GaN pin 

breakdown voltage of 375 V achieving a breakdown field of 1.875 MV/cm is reported for 

the 2 µm GaN:Be i-layer pin diodes. A high BFOM of 363 MW/cm2 was achieved for pin 

diodes grown on GaN on foreign substrates. To the best of our knowledge, this BFOM is 

the highest reported on a foreign substrate and the breakdown voltage is the best MBE 

grown value in a quasi-vertical diode but falls short of some MOCVD devices that achieved 

lower residual electron concentrations than shown here. These early devices demonstrate 

the potential for cost effective quasi-vertical GaN on sapphire pin diodes for high-power 

device applications and in particular, suggest Be as a promising dopant for further 

improvements in device performance by controlling the residual doping. 
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CHAPTER 12:   THERMAL CONDUCTIVITY 

ACHIEVEMENTS OF MME GROWN III-NITRIDE FILMS 

 

III-nitrides offer a wide range of device applications such as light emitting diodes 

(LEDs)[4]–[6], solar cells[7]–[9], laser diodes (LDs)[10]–[15], photodetectors (PDs)[16], 

[17], Schottky diodes[18]–[21], and high electron mobility transistors (HEMTs) [22], [23]. 

Due to high current densities and high-power requirements in these devices, it has become 

critical to improve the thermal properties of the individual films constituting the devices, 

and, to reduce thermal resistance at films’ junctions for effective removal of heat to achieve 

higher performance and increased lifetime of these devices. Several studies were 

performed to investigate effective heat transfer of MME grown III-nitride materials.  

12.1   Al Deposition on the AlN Films and Thermal Properties of the AlN 

Films 

Al acts as a metal transducer layer for time domain thermoreflectance (TDTR) 

measurements and any disorder or contamination at this interface degrades the 

measurement. TDTR is an optical pump-probe technique to measure the thermal properties 

of different material systems. Table 12.1 shows layer structure of various Al/AlN/annealed 

sapphire structures grown via MME. The c-plane sapphire substrates were first ex situ 

annealed at 1175 °C via a multi-step annealing procedure described in Chapter 6. In situ 

nitridation of the sapphire substrates was later carried out inside the MBE chamber at 6.3 

sccm at 200 °C for 20 min. The AlN films were grown at 800 °C. Finally, 80 nm of Al was 

deposited at 200 °C for thermal measurements.  
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Table 12.1:  Sample IDs and layer structure of the Al/AlN/sapphire samples. 

Sample 

ID 

Layer Structure Al AFM RMS 

Roughness (nm) 

N4188 80 nm Al@200oC/1 nm AlN/Full 

Nitridation/Annealed Sapphire 

0.173 

N4177 80 nm Al@200oC/2 nm AlN/Full 

Nitridation/Annealed Sapphire 

0.809 

N4178 80 nm Al@200oC/5 nm AlN/Full 

Nitridation/Annealed Sapphire 

2.3 

N4179 80 nm Al@200oC/10 nm AlN/Full 

Nitridation/Annealed Sapphire 

4.3 

N4180 80 nm Al@200oC/20 nm AlN/Full 

Nitridation/Annealed Sapphire 

0.313 

R548 80 nm Al@200oC/30 nm AlN/Full 

Nitridation/Annealed Sapphire 

0.408 

R561 80 nm Al@200oC/40 nm AlN/Full 

Nitridation/Annealed Sapphire 

0.512 

N4190 80 nm Al@200oC/50 nm AlN/Full 

Nitridation/Annealed Sapphire 

0.292 

R549 80 nm Al@200oC/60 nm AlN/Full 

Nitridation/Annealed Sapphire 

0.453 

R558 80 nm Al@200oC/75 nm AlN/Full 

Nitridation/Annealed Sapphire 

0.395 

R559 80 nm Al@200oC/90 nm AlN/Full 

Nitridation/Annealed Sapphire 

0.420 

N4186 80 nm Al@200oC/100 nm AlN/Full 

Nitridation/Annealed Sapphire 

0.276 

N4187 80 nm Al@200oC/200 nm AlN/Full 

Nitridation/Annealed Sapphire 

0.26 

N4182 80 nm Al@200oC/500 nm AlN/Full 

Nitridation/Annealed Sapphire 

0.272 

N4181 80 nm Al@200oC/1 um AlN/Full 

Nitridation/Annealed Sapphire 

0.403 

N4185 80 nm Al@200oC/2 um AlN/Full 

Nitridation/Annealed Sapphire 

0.305 
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Figure 12.1 shows 5 µm × 5 µm AFM and RHEED of the top Al layers of the 

samples listed in Table 12.1. The Al films are smooth on the 1 nm AlN films on the AlN 

films in the range of 20 nm to 2 µm. However, the films are rougher in the range of 2-10 

nm and a large pit density is observed in the Al films presumably due to island growth of 

the underlying AlN films in these samples. 

 
Figure 12.1:  5 µm × 5 µm AFM and RHEED of the top Al layers of the samples listed in Table 

12.1. 

Figure 12.2 shows thermal boundary conductance (TBC) for the samples shown in 

Table 12.1. Due to island formation for the AlN thicknesses in the range of 2-20 nm, the 

corresponding TBC also shows a decreasing trend in this range. For the samples with AlN 

thicknesses in the range of 30-100 nm, there is an increasing trend in TBC. AlN thicknesses 

higher than 100 nm were beyond the measurement capability of the tool. 
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Figure 12.2:  Thermal measurements show a decrease in TBC for AlN thicknesses upto 20 nm 

but increase in TBC values in the range of 20-100 nm. The thermal measurements were 

performed by Dr. Hopkins Group at UVA.  
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12.2   MBE Grown Al films on Non-miscut Annealed Sapphire under 

Different Nitridation Conditions 

Nitridation involves thermal or hyper-thermal (plasma activated) diffusion of 

nitrogen into the surface of sapphire to form a thin layer of AlN. The AlN layer has 

historically proved to improve the growth of GaN on sapphire. Al films were deposited on 

high temperature annealed sapphire substrates via MBE under different nitridation 

conditions. 

• Full nitridation (t = 25 min) at Tsub = 200 oC  

• Tsub = 100 oC and 200 oC for Al deposition  

The Sample IDs and their description is listed in Table 12.2. 

Table 12.2:  Sample IDs and layer structure of the Al/AlN/sapphire samples. 

Sample 

ID 

Layer Structure 

N4119 80 nm Al@100°C /Annealed Sapphire 

N4123 80 nm Al@100 °C/Quarter Nitridation/Annealed Sapphire 

N4124 80 nm Al@100 °C/Half Nitridation/Annealed Sapphire 

N4125 80 nm Al@100 °C/Three Quarters Nitridation/Annealed 

Sapphire 
N4122 80 nm Al@100 °C/Full Nitridation/Annealed Sapphire 

N4126 80 nm Al@100 °C/120 nm AlN/Full Nitridation/Annealed 

Sapphire 
N4173 80 nm Al@200 °C /Annealed Sapphire 

 N4174 80 nm Al@200 °C /Annealed Sapphire 

N4175 80 nm Al@100 °C /Annealed Sapphire 

N4176 80 nm Al@100 °C /Annealed Sapphire 

N4189 80 nm Al@200 °C/Full Nitridation/Annealed Sapphire 
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 A comparison of 80 nm Al films grown at 100 and 200 °C substrate temperature on 

annealed sapphire substrate shows smoother AFM surfaces at 200 °C in Figures 12.3 and 

12.4. 

 

  

Figure 12.3:  AFM of Al films grown at 100 °C substate temperature on annealed sapphire. 
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Figure 12.4:  AFM and RHEED of Al films grown at 100 °C substate temperature on 

annealed sapphire. 

 

Standard 2: scan in Figure 12.5 shows only reflections from Al (111) planes 

[(111) and (222) reflections)] and the sapphire (0001) planes [(0006) and (00012) 

reflections]. The orientations of the Al and sapphire are cross-plane [111] Al || [0001] Al2O3 

and in-plane [110] Al|| [1010] Al2O3. We see a sharp, distinct, and well-matched Al-

sapphire boundary with evidence of only a sub-nm interfacial re-arrangement. 
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Figure 12.5:  XRD and TEM of N4173. 

 

A comparison of temperature dependent Al-sapphire TBC of samples N4175 and N4173 

shown in Figure 12.6 with measured TBC values in the literature [321]–[323] shows: a) 

the measured TBC of Tsub = 100 oC is the same as that of Tsub = 200 oC, indicating the 

substrate temperature during growth does not affect either the thermal properties or the 

structure of Al-sapphire interfaces; b) The measured TBC in this work is larger than all the 

other Al-sapphire TBC values in the literature. This may be a result of the impact of the 

interface non-idealities (impurity contamination, lack of epitaxy etc…) of Al-sapphire 

grown by other methods as compared to the MBE approach. 

 

Figure 12.6:  TBC comparison of Al grown at 100 and 200 °C substate temperature on 

annealed sapphire. 
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Figure 12.7 shows a TBC comparison of Al grown at 100 and 200 °C substate 

temperature under different nitridation times on annealed sapphire. Interface conductance 

of all control samples (N4173-N4176) are consistent, regardless of 100°C or 200°C 

annealing temperature. Full nitridation 200°C growth temperature sample has ~10% lower 

interface conductance compared to the control sample (no nitridation) indicating that as the 

nitride layer grows thicker it impedes thermal conductance.  

 

Figure 12.7:  TBC comparison of Al grown at 100 and 200 °C substate temperature under 

different nitridation conditions on annealed sapphire. 

 

12.3   Al Films Grown on Different Orientations (A, C, M, R) 0.2° Miscut 

Sapphire Substrates 

High temperature annealing reduces the surface energy of sapphire and results in a 

terrace-and-step structure. This structure acts as edge nucleation sites for the growth of 

subsequent layers. Low substrate miscut results in wider terraces. Improving the surface 

morphology of sapphire will result in higher crystalline quality of the subsequently grown 

Al and could possibly affect thermal conductance. Figure 12.8 shows AFM comparison of 

annealed and un-annealed different orientations (A, C, M, R) 0.2° miscut sapphire 

substrates. Annealing improves the smoothness of the films and results in step-flow surface 
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morphology and the step-terrace width was found to vary with sapphire orientation.  

 
 

 

Figure 12.8:  AFM comparison of Al films grown on annealed and un-annealed different 

orientations (A, C, M, R) 0.2° miscut sapphire substrates. 

 

TBC measurements were carried for Al films grown on annealed and un-annealed 

A and C 0.2° miscut sapphire substrates as shown in Figure 12.9. MBE Al films on both 

annealed and un-annealed A- and C- sapphire substrates have much higher TBC values 

than their counterpart thermally evaporated films. Also, the MBE Al films on annealed 

substrates have relatively higher TBC values as compared to un-annealed substrates. But 
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no such trend was found in the thermally evaporated Al films. 

 

 

 

 

 

Figure 12.9:  TBC comparison of Al films grown on annealed and un-annealed A and C 

orientations 0.2° miscut sapphire substrates. 

 

12.4   The Effect of Light Atom (Beryllium) on TBC of Al/AlN Interface 

 

Beryllium is a light atom and its covalent radius (105 pm) is closer in size to the 

covalent radius of Al (125 pm). It was estimated that a thin intermediate layer of AlN:Be 

would improve the TBC of Al/AlN interface. 80 nm of Al was deposited on a thicker AlN 

layer with a 3 nm AlN:Be film grown at different Be doping concentrations is shown in 

Figure 12.10 along with their TBC measurements. As compared to e-beam evaporated Al 

films on AlN, the MBE Al/AlN:Be/AlN interface TBC is very high, about 450 MW/m2K 

– substantially bigger than undoped AlN from the previous sections. However, in the 

preliminary experiments, TBC does not significantly vary with Be concentration which 

introduces questions if the result is a thermal measurement error or if small concentrations 

of Be can have such a large effect on thermal conduction a the interface. Future work is 
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needed to clarify this discrepancy. 

 

 

 

Figure 12.10:  Layer structure diagram and room temperature TBC measurements of the light 

atom Beryllium interface samples. 

 

12.5   The Effect of Thickness and Doping on the Thermal Properties of MBE Grown 

GaN films 

 

UID and p-type GaN films were grown by MBE at two different thicknesses of 400 

and 800 nm and investigated by thermal conductance measurements. The samples 

description is listed in Table 12.3. Their thermal conductivity and TBC measurements are 

shown in Figure 12.11. The GaN:Mg films have a lower thermal conductivity due to doping 

related phonon scattering. The MBE UID films achieved the highest metal on GaN TBC 

as compared to other studies in the literature. 
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Table 12.3:  Sample IDs and layer structure of the Al/GaN/GaN:Fe samples. 

Sample ID Layer Structure 

N4356 100 nm Al/ 400 nm UID GaN/GaN:Fe 

N4357 100 nm Al/ 800 nm UID GaN/GaN:Fe 

N4358 100 nm Al/ 400 nm GaN:Mg 1E18/GaN:Fe 

N4359 100 nm Al/ 800 nm GaN:Mg 1E18/GaN:Fe 

N4360 100 nm Al/ 400 nm GaN:Mg 1E19/GaN:Fe 

N4361 100 nm Al/ 800 nm GaN:Mg 1E19/GaN:Fe 

 
 

 

Figure 12.11:  Thermal conductivity and TBC measurements of the UID and p-type GaN 

samples. 

 

12.6   TBC across Al/GaN interfaces with pre-Al deposited ion irradiation 

 

Al was deposited on C, N and Ga ion-implanted GaN at different doses. Their 

description is listed in Table 12.4. The MBE Al/GaN has ~5-6 times higher TBC as 

compared to the e-beam evaporated Al/GaN as shown in Figure 12.12. Furthermore, the 

TBC of MBE Al/GaN shows an increasing trend with the ion-implantation dose validating 

a new theory that disordered interfaces can enhance thermal conduction across the 

boundary. 
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Table 12.4:  Description of MBE Al/ion-implanted samples. 

Ions Energy (eV) Doses (cm-2) 

C 5.5 7E13, 7E14, 7E15 

N 6.5 5E13, 5E14, 5E15 

Ga 16 1.7E12, 1.7E13, 1.7E14 

 

 

Figure 12.12:  TBC across Al/GaN interfaces with pre-Al deposited ion irradiation. 

 

In conclusion, our group has shown promising results for MBE thermal studies due 

to our detailed cleaning procedures and the ultra-high vacuum environment along with 

substrate control. 
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CHAPTER 13:   CONCLUSIONS AND FUTURE WORK 

 

13.1   Conclusions 

1. A comprehensive study was performed on the impact of growth temperature, 

Ga/N ratio and excess Ga dose per growth cycle on the structure, electrical 

and optical properties of GaN showing how to achieve the benefits of MME 

while avoiding undesirable defects. The MME UID GaN films showed the 

best mobilities at 650 °C substrate temperature and excess Ga-dose coverage 

of 12 MLOT in the droplet regime providing a regime where desorption is 

minimized and thus, without the concern of temperature variations across the 

wafer leading to non-uniform growth making these growth conditions suitable 

for commercial use. 

a. The lowest background hall concentrations, the best optical quality and 

the lowest screw and mixed dislocations were observed at III/V ratios 

of 1.3. These conditions were applied to achieve the best p-type doping 

conditions for both GaN and AlN. 

b. It was shown that the worst crystalline and optical properties were for 

the films grown at 500 °C and slight droplet regime (3 MLOT) defining 

clear limits for the MME growth parameters.  

c. A new purlieu XRD scheme was introduced to characterize defects and 

threading dislocations in homoepitaxially grown films by measuring 

symmetric and asymmetric rocking curves at 1/100, 1/1000, and 

1/10,000 of the peak value and validated by TEM results. Defect and 

dislocation densities probed by XRD, PL and TEM indicate the highest 
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crystalline quality of films grown at 650 °C, a III/V ratio of 1.3 and ~12 

MLOT in the droplet regime.  

d. The highest PL peak intensities and lowest PL FWHMs were observed 

at a 675°C substrate temperature, excess Ga-dose coverage of 1.9 

MLOT and 2.3 MLOT slightly below droplet regime, and Ga/N ratios 

of 1.3 making these growth conditions the best for optoelectronic 

devices.   

2. Abrupt step-doped Be concentration profiles were successfully shown for the 

first time by Metal Modulated Epitaxy (MME) without surface segregation 

and accumulation, which was an outstanding problem in previous studies of 

the Be incorporation in GaN:Be films. 

a. The GaN:Be semi-insulating films effectively electrically compensated 

surface contaminants at the regrowth interface of the MME GaN films 

and the HVPE GaN:Fe templates, and effectively replaced the 

previously used heteroepitaxial AlN intermediate layers with 

homoepitaxial films to achieve highly resistive current blocking growth 

buffers without additional defects and growth complications such as 2D 

carrier gases. This approach can be applied for various high power diode 

and transistor applications. The use of Be doped GaN buffers instead of 

AlN was shown to reduce buried vertical electric fields by ~1.5 orders 

of magnitude that could lead to premature breakdown and eliminate 2D 

electron and hole gases that increase lateral and quasi-vertical device 

leakage currents making possible improved vertical and lateral 
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performance in future devices grown on these buffer layers. 

3. The close matching of Be and Al atomic radii combined with the improved 

growth kinetics of MME for p-type doping of nitrides were implemented for 

successful first-time experimental achievement of p-type AlN films via Be-

doping with holes concentrations in the range of 2.3×1015 to 3.1×1018 cm-3 at 

room temperature.  

a. A new Pt/Pd/Au contact stack was introduced for p- and n-AlN films 

and optimized annealing conditions were found for these films 

improving the contacts’ conductance by ~5-6 orders of magnitude and 

showing highly linear ohmic contacts.  

b. P-type conductivity of AlN films were successfully demonstrated from 

both hot probe technique and Hall measurements by performing the 

characterizations on state-of-the-art tools. These results were also 

independently verified. 

c. A very low Be acceptor activation energy of ~37 meV was achieved for 

the MME grown AlN:Be films.  

4. A first ever Pin heterojunction AlN/GaN diode was demonstrated that showed 

substantial rectification and modest light emission.  

5. The achievement of p-type AlN films via Be doping was utilized to achieve 

novel heteroepitaxial diodes with Schottky, pin and Junction Barrier Schottky 

(JBS) electrical behavior. The intentional crack density of heteroepitaxial 

MME grown p-AlN:Be / i-GaN:Be/ n-GaN:Ge structure was controlled via 

excess metal-dose per MME shutter cycle and Be doping to create diodes with 
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Schottky, pin and novel JBS electrical behavior.  

a. A very low Von of ~1.5 V at a current density of 200 A/cm2 was achieved 

for the Schottky devices and a respectable ~15 V breakdown (750 

kV/cm). 

b. A very high VBr of ~25 V corresponding to a critical electric field of 

1.25 MV/cm was demonstrated for a 200 nm i-layer pin diode achieving 

~50% of the theoretical breakdown performance of a comparable GaN 

pin diode. 

c. The novel JBS heteroepitaxial diode achieved good forward conduction 

with a Von ~1.5 V at a current density of 200 A/cm2, and good 

breakdown voltage of ~20 V (1 MV/cm).  

6. A buried current spreading layer (CSL) enabled by Be doping was shown to 

improve the current uniformity in high-power devices resulting in 

improvement of their breakdown performance. With the inclusion of the CSL, 

the current uniformity dramatically improves from ~40% of the p-contact 

radii to 100% resulting in higher breakdown performance and reduced 

leakage currents.  

7. An effective cascaded e-beam plus sputtered Ni process is developed for the 

realization of multi-microns thick Ni hard mask to achieve deep mesas for 

high-power devices. The thick Ni film does not demonstrate excessive strain 

nor adhesion issues, and the lift-off process takes less than 10 seconds. AFM 

of the dry-etched and wet chemical cleaned GaN films demonstrate the 

original as-grown step-flow smooth surface morphology without obvious 
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damage compatible with fabrication of device contacts.  

a. The Ni hard mask was successfully applied to up to 13 microns dry 

etched MME grown pin diodes resulting in GaN/Ni selectivity of ~20. 

The 100% yield of the cascade e-beam plus sputtered Ni hard mask 

while simultaneously achieving clean/undamaged GaN films and 

devices makes it a promising technique for production of commercial 

high-power electronic and optoelectronic devices up to 40 µm mesa 

depths for the 2 µm Ni demonstrated here. Thicker mesas can be 

achieved by using a thicker mask. 

8. The use of beryllium as an i-layer dopant in pin diodes was investigated. 

MME grown GaN:Be films were investigated as both i-layers and current 

spreading layers in quasi-vertical pin diodes grown on GaN on sapphire 

substrates.  

a. A very low reverse leakage current density of ~1×10-9 kA/cm2 was 

achieved for 10 µm i-layer based GaN pin diode at a reverse biased 

voltage of 330V.  

b. A record high MBE quasi-vertical GaN pin breakdown voltage of 375 

V achieving a breakdown field of 1.875 MV/cm is reported for a 2 µm 

GaN:Be i-layer pin diodes.  

c. A high BFOM of 363 MW/cm2 was achieved for pin diodes grown on 

GaN on foreign substrates. To the best of our knowledge, this BFOM is 

the highest value reported on a foreign substrate and the breakdown 

voltage is the best MBE grown value in a quasi-vertical diode. These 
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early devices demonstrate the potential for cost effective quasi-vertical 

GaN on sapphire pin diodes for high-power device applications and in 

particular, suggest Be as a promising dopant for further improvements 

in device performance by controlling the residual doping. 

9. The best ever thermal boundary conductance was shown for an Al-GaN 

metallization interface resulting in efficient heat dissipation for GaN high-

power devices. 

10. ~Three orders of magnitude improvement in the electron carrier concentration 

of AlN:Si was shown as compared to literature. 

11. A first-ever homojunction AlN PIN diode was demonstrated with a turn on 

voltage of ~6V and a rectification ratio of 5 orders of magnitude. While 

process optimization is still needed, with the successful experimental 

achievement of these diodes, a new era has potentially emerged for AlN-based 

DUV, high-power/voltage/temperature and high-frequency devices capable 

of operation in extreme radiation and heat environments. 

13.2   Future Work 

Both n- and p-type AlN films have been achieved via MME. The application 

of p-AlN has been demonstrated in heterojunction Schottky, JBS and Pin diodes. 

Furthermore, the application of both n- and p- AlN films was demonstrated via a 

homojunction AlN PIN diode. Future work should focus on optimizing the growth 

and fabrication process of the AlN PN and PIN diodes for improved JV 

characteristics. This would result in a new era of ultra-wide bandgap AlN based 

semiconductor technology. While this work has pioneered uncharted territory, it 
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has also opened many new questions future work should address: 

1. What is the nature of the acceptor and donor levels in AlN? 

2. Films were all highly compensated. What is the source of and solution to this 

compensation? 

3. Why does high work function metal stacks make good ohmic contacts to both 

n and p-type AlN? 

4. What are reliable mobility values for carriers in AlN? 

5. What are the limits of electrical, optical and acoustic devices enabled by this 

new innovation? 

6. Can Ga Tech afford all the patents that could result from this work? 
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APPENDIX A:  MME PRE-GROWTH BASELINE CLEANING 

PROCEDURE 
 

 

1. Load the samples into a Teflon basket. Acetone clean the Teflon basket including 

samples at 80 ᵒC (hot plate temperature) for 20 minutes in a clean quartz beaker. 

Use clean nitrile gloves and clean tweezers for handling the samples. 

2. Move the samples to Methanol in a separate quartz beaker for 3 minutes at room 

temperature. 

3. Rinse each sample with Methanol and blow dry with nitrogen. Use clean tweezer. 

Place the samples on a clean texwipe. 

4. Rinse each sample with DI water and blow dry with nitrogen. Use clean tweezer. 

5. Take another quartz beaker and designate it for acids cleaning. 90% fill the acids 

quartz beaker with a solution of 10:1 volume ratio of DI water:HF. Use chemical 

gloves for handling acids. Take a separate Teflon pedal basket and dip the Teflon 

pedal basket in the quartz beaker containing HF solution for 1 minute in order to 

clean the Teflon pedal basket and quartz beaker. Rinse the Teflon pedal basket with 

DI water and place it on clean texwipes. Thoroughly rinse the quartz acids beaker 

with DI water 3 times. 

6. Move the samples to the cleaned Teflon pedal basket. Pour piranha solution (3:1 

volume ratio H2SO4:H2O2) in the HF-cleaned acids quartz beaker. Transfer the 

pedal basket including samples into the acids beaker containing piranha solution. 

Use chemical gloves for handling acids. Piranha clean the Teflon pedal basket 

containing samples at 150ᵒC for 10 minutes.  
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7. Remove the Teflon pedal basket from piranha solution (use chemical gloves) and 

thoroughly rinse the basket with DI water. Place the Teflon pedal basket on a clean 

texwipe. 

8. Thoroughly rinse the acids beaker with DI water 3 times.  

9. 90% fill the acids quartz beaker with a solution of 10:1 volume ratio of DI 

water:HF. Use chemical gloves for handling acids. Leave the HF solution in the 

acids beaker for one minute and then thoroughly rinse the acids beaker with DI 

water 3 times.  

10.  Make piranha solution in the acids beaker. Transfer the Teflon pedal basket 

including samples into the acids beaker containing piranha solution. Use chemical 

gloves for handling acids. Piranha clean the Teflon pedal basket containing samples 

at 150ᵒC for 10 minutes. 

11. Remove the Teflon pedal basket from piranha solution (use chemical gloves) and 

thoroughly rinse the basket with DI water. Place the Teflon pedal basket on a clean 

texwipe. 

12. Thoroughly rinse the acids beaker with DI water 3 times.  

13. Half fill the acids beaker with only DI water. Transfer the Teflon pedal basket 

containing samples into this beaker. 

14. Use ultra-clean tweezer and rinse each sample with DI water 3 times, and blow dry 

it with nitrogen. Place each sample on a texwipe. 

15. Take a separate clean Teflon beaker and prepare a 10:1 volume ratio of DI water:HF 

in it. Use Teflon coated tweezer to dip each sample in this solution for 30 seconds. 

Rinse each sample with DI water and blow dry it with nitrogen.  
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16. After the final step of ex situ  chemical cleaning, transfer the templates into load 

blocks and secured in custom molybdenum spring plates held in Veeco uniblocks. 

Subsequently load the templates into an introductory vacuum chamber with a base 

pressure of mid 10–9 Torr. Based on prior growth experience, the transfer time 

between wet chemical clean and the introductory chamber was kept as small as 

possible (<2 min) to reduce the exposure of the samples to oxygen to decrease 

background concentration in the templates. 

17. Thermal cleaning of the samples will be performed in two stages. First, the 

templates are outgassed in the introductory chamber at 200 °C for 20 min and 

subsequently loaded into the growth chamber via a transfer vacuum chamber. 

Second, the templates will be outgassed inside the growth chamber at 650 °C for 

10 min for GaN templates. The outgas temperature is 850 °C for 10 min for 

sapphire, AlN and Si templates. Employ slow ramp rates for outgassing the Si 

templates.  

18. Perform Ga-flashing for GaN templates for additional templates to reduce the 

oxygen level at the regrowth interface.  

19. In each cycle of Ga flashing, 4–5 nm of Ga will be first adsorbed on the template 

at a lower substrate temperature of 600 °C, and, subsequently desorbed at a higher 

substrate temperature of 710 °C. 

20. Perform the growth. 
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APPENDIX B:  SAPPHIRE SUBSTRATE HIGH 

TEMPEREATURE ANNEAL PROCEDURE 

 

1. Solvent Clean 

a. Place 1 cm x 1 cm Sapphire samples in Acetone Solvent Beaker in 

ultrasonic cleaner for 1.5 hours using Teflon basket. Avoid samples 

overlap. Use clean tweezers.  

b. Transfer samples to Methanol beaker using clean tweezer. Leave samples 

in Methanol beaker for 3 minutes. 

c. Remove samples one at a time using clean tweezer. Quickly rinse them 

with Methanol and blow dry with N2 gun (Also, DI water rinse and dry if 

required). 

d. Place samples that are not going to be annealed on that day in sample 

holders. 

2. Ramp-up temperature to 1075oC  

a. Quartz tube and quartz boat max operating temperature is 1200 oC. 

b. Ensure water flow for furnace cooling. 

c. Connect N2 through flowmeter using N2 bypass path at a flow rate of 7 

L/min. 

d. Remove tube cap and place it on a clean texwipe. 

e. Insert thermocouple into the tube and connect thermocouple externally to 

digital multimeter to measure and verify tube temperature.  

f. Flip up the power on Minibrute furnace. 

g. Flip up the control element after 2 min. Place back the cap onto the tube. 

Ensure crack-avoiding distance for the cap. 

h. Remove thermocouple setup using thermal gloves and place thermocouple 

back in the PVC holder. 

3. Load the boat 

a. Take cap off of the tube. Place it on texwipe.  

b. Load the boat into Zone 1 (1F). Soak time = 5 min under N2. 

c. Push the quartz boat into Zone 2 (2C). Black line on the hook should be 

parallel with furnace entrance. Keep it in the center zone under N2 for 15 

minutes. 

d. Purge the flowmeter line with “Ultra Zero Grade Air.” 

e. Switch off N2. 

4. Anneal process 

a. Switch on Air at a flow rate of 3L/min.  

b. Anneal at 1075oC for 1 hr 
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c. Ramp up temp. to 1185oC and anneal for 5 hours 

d. Turn the temperature set points to ‘zero’. 

e. Continue Air flow for 20 minutes. 

f. Turn off Air and Turn on N2 bypass.  

g. Move the boat slowly to Zone 1 (1F) a few inches every few minutes. 

 

5. Boat out process 

a. Boat out temperature ≤ 200oC to lower risk of thermal shock and breakage 

of the sample. 

b. Slide the boat out of the furnace tube into the boat loader without any 

disturbance to sample. 

c. Sit the quartz boat in the boat loader onto a stable surface and wait for it to 

cool down. 

d. Move the sample into a 1” x 1” box. Label the box. 

e. Place both the quartz boat and boat loader back in their respective storage 

locations. 

6. System shutdown 

Wait for the furnace temperature to cool down below 100oC. Turn off all gas flows to the 

system and close the gas cylinder valves. 
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