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ABSTRACT 

Novel gallium nitride based high electron mobility transistor structures were 

grown using metalorganic chemical vapor deposition.  Traditional GaN based HEMT 

structures incorporate a version of an aluminum gallium nitride / gallium nitride single 

crystalline heterointerface for generation of a conductive two-dimensional electron gas.  

The grown structures aim to enhance the properties of their two-dimensional electron 

gases beyond commercially available designs.    Novel material alterations to the 

traditional HEMT structures have established a new materials platform for this 

technology.  Growth and characterization of these novel materials are presented.
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I. INTRODUCTION 

Gallium Nitride (GaN) and other Group III-Nitrides (III-N) are superior materials 

for application in the high power and high frequency performance arenas due to their 

wide bandgaps, high saturation electron velocities, and large breakdown voltages [1].  

Table 1 gives comparative metrics for the high power and high frequency capabilities of 

silicon (Si), gallium arsenide (GaAs), silicon carbide (SiC), and GaN.  The cornerstone of 

their superiority is the potential for the formation of a two-dimensional electron gas 

(2DEG) at the interface of two compositionally different III-N materials.  It is this 2DEG, 

combined with inherently beneficial GaN material properties, that make the III-N 

material platform superior for high electron mobility transistor (HEMT) development and 

commercialization.   

The foundation of HEMT technology is the field effect transistor (FET) which 

first emerged in 1930 [2].  The development of FET technology would be dominated by 

the Si-SiO2 interface [3] leading to the silicon complimentary metal-oxide-semiconductor 

(Si-CMOS) platform in the 1960s [4].  While the Si-CMOS platform is still commercially 

vibrant today, the need for higher power and higher frequency devices provides 

opportunity for wider band gap compound semiconductors to supplant silicon as the 

dominant materials platform [5]. 
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Table 1.  Comparative material metrics for high power and high frequency application 

[1]. 

  Si GaAs 4H-SiC GaN 

Bandgap (eV) 1.1 1.42 3.26 3.39 

Mobility 

(cm2/Vs) 
1350 8500 700 

1200 (Bulk) 

2000 (2DEG) 

Saturation 

Velocity 

(107 cm/s) 

1 1 2 2.5 

Breakdown 

Field (MV/cm) 
0.3 0.4 3 3.3 

 

The III-Ns are ideally suited for these applications [5].  GaAs devices are capable 

of competing with similar silicon devices in terms of chip size and power.  Measured in 

watt per millimeter gate length, GaAs achieved 1.4 W/mm at 8 GHz operating frequency 

in 1981 [6], 2.1 W/mm and 3.6 W/mm at 2-3 GHz in 2004 and 2007 respectively [7], [8].  

These figures, while comparable given the differences in operating frequencies, were 

competitive with incumbent silicon technology.  Even more appealing for high frequency 

power devices is GaN.  While GaAs is a reasonable competitor with Si technology, their 

bandgaps are comparable at 1.42 eV for GaAs and 1.12 eV for Si, GaN boasts a bandgap 

of 3.4 eV and as a consequence is capable of significantly higher breakdown voltages; on 

the order of 3 MV/cm [9], or approximately an order of magnitude higher than Si 

breakdown voltage.  Through inherent material benefits, mature processing techniques 

and advanced device structures, GaN devices have exceeded 40 W/mm at 4 GHz [10], 

almost a full order of magnitude improvement relative to the GaAs analog [11], [12]. 

Production of the III-Nitrides starts with epitaxial growth by such methods as 

metalorganic chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE).  
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The level of III-N materials development necessary to optimize and properly utilize 

interfacial properties depends entirely on the ability to grow single-/mono- crystalline 

materials.  Chemical vapor deposition (CVD) growth of GaN-based materials was first 

published in 1969 with GaN growth from ammonia and chloride transported gallium 

[13].  This single crystalline GaN had a reported band gap of 3.39 eV and suffered from 

nitrogen dissociation from the surface producing significant nitrogen vacancies.  The 

halide transport vapor phase epitaxy (HTVPE) process utilized collects gallium 

containing vapor from gallium metal through the use of halide vapor, such as chlorine.  

Non-GaN products of HTVPE include hydrogen halides, such as hydrogen chloride, 

which can react with the growth substrate and introduce new gaseous elements resulting 

in as-grown crystal impurities [14].  The first utilization of organometallics as precursors 

for III-N growth came in 1971 with the growth of AlN and GaN from ammonia and 

trimethylaluminum (TMA) and trimethylgallium (TMG), respectively [14].  The efforts 

produced single crystalline AlN on Si, and GaN on SiC and sapphire.  The grown GaN 

structure shapes were crystallographically decorated steps and similar free standing 

needles.  GaN growth process development would continue until the discovery of the 

intimate relationship between GaN crystal quality and the properties of underlying III-N 

buffer layers in 1986 [15].  The GaN crystal quality was found to heavily depend on AlN 

buffer thickness and growth temperature.  This dependence would ultimately lead to 

modern III-N structures including buffer / transition layers with varying composition to 

optimize the GaN crystal quality. 

Modern III-N MOCVD material growth for power devices aims to produce high 

quality wurtzite crystals.  The wurtzite structure is shown in Figure 1 and exhibits a 
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significantly asymmetric ordering of alternating atomic planes of like-atoms [16].  This 

asymmetry is responsible for the strong polarization found within the crystal; specifically, 

the spontaneous polarization that is responsible, in large part, for the 2DEG formation.  The 

alternating planes of group III and group V atoms allow for discrete material interfaces to 

be formed in addition to discouraging diffusion in the c-direction which could reduce the 

abruptness of such an interface.  Through the beneficial arrangement of every atom of 

either group III or V being bonded to an atom of the other group, there is little direct 

diffusion through such ordinary means as vacancy driven diffusion, as an atom would need 

to occupy an interstitial position or an oppositely polar position to diffuse successfully. 

 

Figure 1.  Alternating planes of like-atoms arranged in widely spaced pairings of group 

III (purple atoms) and group V (grey atoms) layers define the pronounced asymmetry 

which is fundamental to the III-N wurtzite crystal structure [16]. 

MOCVD grown III-N materials commonly orient along the [0001] direction (i.e., 

the + c-direction) which corresponds to the G a-polar face of GaN.  Within the wurtzite 

crystal, polarity is defined as the direction in which a single bond is pointing away from its 

host atom, towards the growth direction and normal to the substrate surface, the opposite 
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side of which are three bonds which angle away from their host towards the close plane of 

bound heteroatoms all of which have a single bond pointed away from the growth direction 

towards the substrate.  Whichever of the two types of atoms satisfies this condition 

determines the face of the polarity.  Figure 1 shows the orientation for Ga-polar GaN, 

taking the upward vertical direction as the growth direction.  Figure 2 shows the same 

crystal structure in an orthogonal view.  This is the top-down view along the [0001] 

direction which represents the face of a growing surface.  The drawing illustrates the 

hexagonal symmetry within the crystal structure and the stacked nature of adjoining layers.  

The Ga-polar face is evident due to the three bonds going into the image from the most 

superficial gallium atoms to the bound nitrogen atoms of the next atomic layer. 

 

Figure 2.  Ga-polar wurtzite GaN viewed down the [0001] direction of the first few 

atomic layers.  The hexagonally symmetric structure is emphasized by the drawing [17]. 

MOCVD growth usually produces Ga-polar GaN, although the process (and 

MBE) can be tailored to produce N-polar material, as well as GaN crystals with mixed 

polarity domains.  Intentional polarity inversion has been achieved from N-polar to Ga-

polar [18], [19] and Ga-polar to N-polar [20], [21].  Both inversions have been 

successfully accomplished through exposure to magnesium.  Magnesium has also been 
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responsible for a phase change from typically grown wurtzite GaN to a zinc-blende 

structure [22].  Inherent to the staggered planes of III-V atoms within the GaN crystal is 

the need for specific heterostructure designs to best utilize the material properties.  This 

asymmetry in III-N wurtzite crystals, which is exploited at III-N interfaces for 2DEG 

generation, is direction dependent.  As such, a N-polar III-N material structure must 

utilize a different device stack to induce a functional 2DEG than a Ga-polar structure.  

Figure 3 illustrates the impact of polarity for the same material stack and the relative 

position of the 2DEG resulting from polarization contributions of the stack design.   

 

Figure 3.  Impact of polarity on device design and 2DEG generation [23]. 

N-polar GaN is well suited for high speed devices.  The defining property 

responsible for this preference is the difference in superficial layer thickness between Ga- 

and N-polar materials required for 2DEG formation.  The superficial AlGaN layer of Ga-

polar AlGaN/GaN heterostructures determines the 2DEG properties, as such, device 

performance and 2DEG quality are highly dependent on this layer thickness.  N-polar 

superficial layers are not under such restraints.  Given that the AlGaN/GaN 
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heterostructure is fundamentally flipped upside down for the N-polar device, the 

superficial layer is GaN.  This layer can be as thin as a few nm and still retain a 

functional 2DEG.  This is a benefit in high speed devices as it puts the biased gate 

material that much closer to the conductive channel which offers significantly more gate 

control. 

Ohmic contacts of N-polar device structures can be much more efficient than 

similar Ga-polar contacts.  GaN has lower inherent resistance than AlGaN, and a thinner 

material provides less resistance than a thicker one.  Given these benefits, research into 

N-polar GaN devices is quite popular.  Currently the technology is limited by vertical 

confinement of the 2DEG at high fields [24]. 

While the presence and position of a 2DEG for a given III-N stack can be 

evidence for polarity determination, represented by Figure 3, certain assumptions about 

the relationship between the crystallographic and piezoelectric axes must be made [25], 

[26].  The establishment of a reliable method rests on the work done in the 1980’s to 

determine polarity so as to define the Ga-polar and N-polar directions of III-N materials 

and their corresponding properties [27]–[33].  Through the various characterization 

methods and experiments, a “standard framework” was created to describe trends and 

material properties of typical growth techniques of the time and to define the 

crystallographic directions for III-N polarity [27].   

Heteroepitaxy 

The lack of naturally occurring GaN on this planet combined with the difficulty 

and expense of creating GaN substrates forces growth on foreign substrates.  In general, 
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epitaxial growth on non-native substrates is known as heteroepitaxy.  The consequences 

of growing material on non-native substrates are centered on the material differences 

between the substrate and the growing film.  Lattice spacing and coefficients of thermal 

expansion (CTE) mismatches are the primary concerns for heteroepitaxially grown films, 

assuming the materials are chemically compatible to allow growth by the given 

technique.  For MOCVD films, the epitaxial growth direction is normal to a planar 

substrate.  While this is beneficial for creating planar surfaces and interfaces, a 

consequence of the planar growth regime is that it allows for little termination or paired 

annihilation of those dislocations that are generally oriented in the growth direction.  The 

growth mechanism responsible for this inability to terminate vertically oriented 

dislocations is known as Volmer-Weber thin film growth [34] which is headlined by the 

preferred surface association between adatoms resulting in island growth and eventual 

coalescence.  These persistent dislocations are common due to the need to grow III-N 

epilayers on substrates with mismatched lattice parameters.  Interfacial bonds will line up 

as energetically favorably as possible with the inevitable creation of substrate dangling 

bonds and epilayer dislocations.  Figure 4 depicts the interface bonding configuration 

between wurtzite AlN (0001) and Si (111) [35], [36].  The figure depicts an idealized 

interface.  In reality, as with any strained interface, ideality will partially give way to 

compromise, preferentially altering material structure locally to satisfy dangling bonds. 
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Figure 4.  Atomic arrangement of AlN/Si (111) interface.  Mismatch at the interface 

causes misalignment leading to dislocations [35], [36]. 

These threading dislocations can continue from the substrate/film interface through the 

transition layers to the superficial device layers.  Despite these dislocations, III-N devices 

are quite reliable, even though edge defects can cause localized shifts in threshold 

energetics on the order of 1011 e/cm2 over a 30-50 nm radius about the defect core [37].  

Efforts to mitigate the threading dislocations caused by interfacial lattice mismatch have 

been fruitful and are headlined by the concept of lateral overgrowth [38].  To summarize 



 

10 

 

the technique: a perforated hard mask is used to limit the growth surface area of a III-N 

crystal reducing the propagated threading dislocations significantly.  The roughly vertical 

dislocations must persist through the hard mask openings to remain present in the 

growing crystal.  Once epitaxial layers protrude through the hard mask, selective epitaxial 

growth conditions can favor a lateral growth over the hard mask, joining the protruding 

structures.  The newly grown III-N material has significantly reduced defect density [39].  

Figure 5 illustrates the impact of the lateral overgrowth technique on GaN crystal quality. 

 

Figure 5.  The concentration of threading dislocations is significantly reduced by lateral 

overgrowth [38]. 
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The fundamental concept on which this technique is predicated is that GaN growth does 

not initiate the dislocations found in epitaxial GaN but instead these dislocations are a 

direct result of relaxation of the growth interface with its mismatched substrate.  The 

development of GaN technology has historically been hindered by the lack of native 

substrates and as such, III-N materials must be grown heteroepitaxially on non-native 

substrates such as sapphire, silicon carbide, and silicon (111) [17].  

Substrates for Heteroepitaxy 

Sapphire (Al2O3) is the dominant substrate, historically, for GaN and was used in 

the first CVD grown single-crystalline GaN in 1969 [13].  Sapphire’s popularity for GaN 

growth remains today.  Yet as a growth surface with approximately a fifteen percent 

lattice mismatch, dislocation densities are high in the grown GaN; on the order of 1010 

cm-2 [40].  This mismatch is optimized from a potential ~30% mismatch through a 30° 

rotation of GaN axes relative to c-plane sapphire [17].  Sapphire is not well-suited for 

high power applications due to its relatively poor thermal conductivity [41], however it is 

still a preferred substrate for GaN-based optical devices such as light emitting diodes 

(LEDs) [42].  Further hindering it for high power applications, sapphire can serve as a 

source for diffused oxygen into epitaxial films which contribute to the background 

electron concentration as unintentional dopants [43]. 

Silicon carbide (SiC) is a very appealing substrate for GaN, particularly in high 

power arenas, due to its high thermal conductivity [44].  6H-SiC has roughly a fifteen to 

twenty fold advantage in thermal conductivity as compared to sapphire [17], [45], [46].  

SiC also holds a significant advantage in lattice mismatch with an approximately 3% 
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mismatch with GaN, relative to sapphire’s ~15% [47].  This relatively small mismatch 

must still be accommodated with transition layers, and is responsible for threading 

dislocations as can be seen in Figure 5.  Despite the benefits of SiC for heteroepitaxial 

growth of GaN, it is not the generally preferred substrate choice due to one very 

compelling disadvantage: cost.  Historically, SiC substrates sell at a 20  multiple (or 

greater) of high resistivity silicon substrates. 

Silicon benefits from substantial industry development as it is the most perfect 

mass-produced material, in the form of single crystal ingots, today.  Silicon wafer 

production has matured to keep up with the ever growing demands of silicon-based 

technology.  The result is large, inexpensive, widely available, and highly mature wafers 

for use in many technologies.  While these benefits of silicon substrate use are appealing, 

silicon has a poor lattice mismatch to GaN of about 17% [47].  In addition to the lattice 

mismatch, the thermal expansion of silicon substrates is roughly 55% less per 

temperature increase than GaN which creates a tensile strain on the contracting GaN 

during cooldown [48]–[50].  Efforts to address this issue have been fruitful and are 

headlined by the growth of superlattices which accommodate the resulting strain from the 

thermal expansion mismatch [50]–[52].  The thermal expansion differences between GaN 

and its substrate usually limit the total III-N epitaxial thickness to a few microns.  But 

through research efforts to address this issue, layers as thick as 9 µm have been grown 

[52].  The growth of GaN, or its alloys, directly on a silicon substrate is not favorable 

without an interlayer separating the gallium species from the silicon surface as a gallium 

silicide is likely to form which dramatically disrupts growth surface planarity and 

uniformity, preventing III-N nucleation.  Through the growth of transition layers to 
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accommodate the lattice mismatch and the stress associated with the thermal expansion 

mismatch, GaN growth has been successfully achieved and substantially developed using 

silicon (111). 

Naturally, the search for viable substrates for III-N growth would include other 

III-V materials.  Many have been successfully utilized, including GaAs, AlN and even 

GaN itself.  The primary property limiting GaAs as a growth surface is the poor thermal 

stability of GaAs in traditional GaN MOCVD growth conditions, specifically an 

ammonia rich environment above 700 °C [17].  GaAs substrates have found use for GaN 

growth in two general regimes: through non-MOCVD growth techniques which, in 

addition to growing wurtzite crystals, can be used to produce alternate phases of GaN 

such as cubic [53]–[56] and, through the use of alternative nitrogen precursors [55], [57], 

can eliminate the detrimental combination of GaAs and ammonia.  AlN as a growth 

surface for GaN may be the most ideal for high power applications, even more so than a 

GaN substrate as the thermal conductivity of AlN is nearly double GaN and the two III-N 

materials have similar lattice constants with ~2.5% mismatch [17], [46], [47].  Given that 

AlN is a preferred transition layer employed with heteroepitaxial growth on other 

substrates, it is not surprising it would be an appealing substrate for GaN growth.  The 

primary issue hindering GaN on AlN technology is the relative dearth of AlN substrates 

available; combined with their small size and high price tag, AlN wafer costs outweigh 

their potential benefits.   
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Substrates for Homoepitaxy 

Bulk GaN crystal growth is a popular research topic which aims to maximize 

GaN technology efficacy by providing GaN substrates which are free of the 

consequences of heteroepitaxy.  Threading dislocation density is a direct result of the 

heteroepitaxial growth process due to a mismatch of lattices at the substrate to epitaxy 

interface.  GaN HEMT growth on GaN substrates has been effective to reduce the 

prevalence of these dislocations [58].  This is desirable for device performance by the 

reduction of the potential failure mechanism of contact metal diffusion along a 

dislocation.  A negative consequence of this dislocation concentration reduction is the 

necessity for advanced ohmic contact formation which does not utilize the dislocations 

for diffusion pathways [58].  Despite this consequence, growth of GaN substrates is 

highly desirable.  Arguably the most effective method practiced today for the production 

of bulk GaN crystals is the Ammonothermal Method [59], [60].  Initially patented in 

2003 [61], it is an approach to growing bulk GaN crystals which derived from a 

comparable high pressure quartz growing technique [62], [63].  It boasts good scalability 

and cost-effectiveness and has proven success in reliably producing bulk GaN.  Iterations 

of the original method all have a similar structure: GaN crystals recrystallized in a high 

pressure, supercritical ammonia solution from GaN material stock.  GaN seeds are often 

used as epitaxial surfaces for the recrystallization, though spontaneous self-nucleated 

crystals have been produced [59].  A fundamental aspect of this method is the utilization 

of a mineralizer which functions to improve the GaN solubility in ammonia.  The 

mechanism of increased solubility is the intermediate polarity of the mineralizer relative 

to ammonia and GaN.  Mineralizers used to achieve this soluble interaction include: basic 
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approaches with alkali metal amides such as NaNH2 [60] or acidic approaches with 

ammonium halides such as NH4
+F [59].  The ionic nature of the mineralizer allows 

association of the polar GaN species with the less polar supercritical ammonia in 

solution.  An interesting scientific result of this technique is that the coordination of basic 

mineralizers to GaN exhibits counterintuitive solubility with temperature.  The GaN-

mineralizer complex has a higher prevalence in the supercritical ammonia at lower 

temperatures than at higher ones [63].  Intuitively, and as with most solutions, solubility 

increases with temperature.  While this may also be the case for the GaN complex in the 

ammonia solution, the reverse-temperature dependence of concentration observed in this 

system is due to the dissociation of the complex with rising temperature thereby 

decreasing the concentration despite any solubility preference at higher temperatures.  

While the fundamental science of solutions is not likely violated, the effective solubility 

does decrease with temperature which is a scientific oddity.  This relationship does not 

apply to acidic mineralizers which follow normal solubility expectations.  Unbound GaN 

molecules can offer a diverse array of dimers and trimers [64]–[69] which, under the 

conditions of this ammonothermal method, could be coordinated with multiple stabilizing 

mineralizer ions which would complicate solution-stable intermediates beyond the scope 

of this brief introduction.   

Hydride Vapor Phase Epitaxy (HVPE) also known as Halogen Transport Vapor 

Phase Epitaxy (HTVPE), noted previously in this chapter, was an early precursor to 

MOCVD.  The HVPE growth technique and its derivatives are quite effective in 

producing bulk GaN crystals [56], [70]–[72] and are some of the most practiced methods 

for the task.  The process generally exploits the reaction of gallium chloride, produced 
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from reacting hydrogen chloride with a gallium species such as liquid gallium [72] or 

TMG [56], with ammonia to grow GaN epitaxially on a GaN surface.  The HVPE 

technique is headlined by high (0001) direction growth rates, well over 100 µm/h [72], 

but total thickness is limited by parasitic GaN growth away from the intended substrate.  

This extra material in the growth chamber alters growth conditions by consuming 

reactants [71].  The selection of a HVPE substrate heavily influences the resulting GaN 

crystal.  If heteroepitaxially grown GaN is used, threading dislocations remain from the 

original foreign substrate, though they can be significantly reduced by the process [71], 

[73], [74].  If GaN substrates from bulk GaN techniques are used, then a relatively low 

dislocation density can be achieved in the HVPE grown homoepitaxial layers [71], [74].  

The benefit of a heteroepitaxially grown GaN substrate is the variety of available sizes of 

the foreign substrates; the drawbacks of high dislocation density and interface strain 

causing wafer bowing make homoepitaxial GaN substrates appealing despite their 

smaller available surface areas.  As a result, wafers larger than 2 inches in diameter are 

not commonly produced due to the significant curvature from the inherent strain. 

The preferred method for bulk silicon growth is the Czochralski process involving 

solid monocrystalline boules of material being drawn from a melt using specialized seed 

crystals which determine boule crystallinity [75].  Similarly, liquid phase growth methods 

for bulk GaN are possible, though not through identical means.  The limiting criteria for a 

Czochralski method of producing GaN boules are the high melting point of GaN coupled 

with its low decomposition temperature which favors decomposition into liquid gallium 

and gaseous nitrogen.  In a vacuum, GaN decomposition rates increase rapidly at 970-980 

°C [76], [77].  The ionic-like nature of the wurtzite structure of GaN crystals contributes 
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to this relatively high thermal stability.  A mechanism for decomposition is the evolution 

of nitrogen in the form of both atomic and molecular nitrogen [78].  The wurtzite 

structure discourages the formation of molecular nitrogen with the segregation of 

nitrogen atoms.  Each nitrogen atom is bonded to four gallium atoms, preventing direct 

association to form the molecular nitrogen dimer.  Spatially, the nitrogen atoms within 

the wurtzite crystal are ~3.2 Å apart while the molecular product bond length is ~1.07 Å 

[78].  Through exploitation of this decomposition-limiting mechanism, GaN 

decomposition rates significantly increase in the presence of H2 gas.  A weight loss from 

GaN samples in H2 environments occurs around 600 °C [79] and significantly increases 

at 800 °C [80].  The effective mechanism responsible for decreasing the decomposition 

equilibrium temperature is the formation of ammonia from surface nitrogen.  Given the 

limitation of the nitrogen escape mechanism for decomposition, the addition of hydrogen 

allows nitrogen to escape as ammonia without the need for autocatalysis in the formation 

of molecular nitrogen.  A significant variable in the decomposition of GaN under 

hydrogen is the effect of pressure.  At lower temperatures, increases in H2 pressure have a 

larger effect on decomposition rates than increases in temperature [81].  Given the strong 

preference of decomposition over melting of the wurtzite GaN crystal, substantial 

measures must be taken to preferentially melt GaN.  To make a melt-based 

recrystallization process viable, a large pressure of nitrogen is needed to push the 

decomposition equilibrium of nitrogen escape in favor of a more stable solid phase 

allowing it to reach a melt transition temperature and eventual recrystallization.  At the 

N2 pressure of 2 GPa (~15 million Torr), decomposition of GaN occurs around 1650 °C 

[82], [83].  A true melt of GaN was achieved at 2215 °C under 6 GPa N2 pressure [83].  
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The phase diagram resulting from these data is shown in Figure 6.  Upon cooling, this 

melting process produced multiple ~100 µm sized monocrystalline pieces of yellow-

tinted transparent GaN crystals.  Further optimization of this high pressure melt process 

could result in a method of forming single crystalline GaN in a manner similar to the 

Czochralski method for producing silicon.  The requisite pressure of 6 GPa (~45 million 

Torr) makes this a difficult technology to pursue.   

 

Figure 6.  Phase diagram of GaN – decomposition is favored over the liquid phase at 

lower pressure [83]. 
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Alternative liquid phase epitaxy methods have been successful in growing GaN 

crystals.  The High Nitrogen Pressure Solutions (HNPS) method is an intuitive approach 

to GaN growth involving the direct reaction of nitrogen gas with gallium.  Given the inert 

status usually ascribed to nitrogen gas, high pressure and temperature conditions must be 

employed to induce the reaction for GaN growth.  Originally attempted in 1972 [84], the 

process has evolved to reach temperatures as high as 2000 °C and a pressure of 1 GPa 

(over 7 million Torr) [85].  This technique utilizes the three phase equilibrium of gaseous 

N2, liquid Ga, and solid GaN over a temperature range at a set pressure.  This equilibrium 

was originally established in 1984 [82] and the nitrogen solubility further resolved for 

this process in 1991 [86].  The basic principle defining this approach is the solubility and 

diffusivity of nitrogen in liquid gallium made possible by the extreme conditions defining 

the technique.  Once solvated by the gallium liquid, the dissolved nitrogen moves through 

the liquid bulk towards the GaN surface submerged in the liquid facilitated by convection 

currents.  The solid GaN surface is held at a lower temperature than the overlying gallium 

liquid so to create a local supersaturation of dissolved nitrogen which encourages 

precipitation of GaN on the growth surface [85].  The process benefits from a seed 

surface for planar growth.  Without an appropriate surface, precipitation occurs in the 

form of small platelets or needles [74], [85], [87].  Another Liquid Phase Epitaxy 

commonly called the sodium flux method was developed in Japan in the late 1990s [88].  

Growth of GaN occurs within a Ga-Na melt in a gaseous nitrogen environment.  Initially 

grown from NaN3 and metallic Ga [88], the more common approach today is production 

of the melt from metallic Na, metallic Ga, and N2 [89].  As is popular with other 

methods, seed crystals can be used to impress a large planar surface area for epitaxial 
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growth.  Despite high threading dislocations in seed crystals, the Na flux method has 

been shown to produce added GaN material with decreased dislocation densities relative 

to other methods [90].  Discoloration to the point of producing black GaN crystals has 

been prevalent with the process when growing spontaneous GaN material or using 

smaller crystal seeds [72].  Given that the ideal GaN crystal would be transparent to all 

visible wavelengths, the heavily darkened GaN is evident of crystal impurities, in this 

case it is primarily due to nitrogen vacancies [91].  Various elements have been added to 

the melt which alter the grown crystal’s appearance and material properties including 

producing transparent GaN [89].  Increasing the nitrogen solubility in the Ga-Na melt 

would reduce the vacancies incorporated into the crystal.  This can be achieved through 

the addition of calcium and lithium into the melt at molar concentrations on the order of 

0.1% [89].  Additionally, an issue where solid GaN grows away from the desired growth 

surface, including spontaneous nucleation, has been solved by the addition of carbon into 

the growth solution [92].  Neither sodium nor additive elements are found within the GaN 

crystal at detectible levels, though dopants can be added in a similar fashion to alter the 

resistivity of the grown crystal [89].   

While efforts to produce GaN substrates for III-N-based devices have been 

successful overall, further development is needed to supplant the less expensive and more 

mature mismatched substrates.  GaN thin film based technology has been commercialized 

wholly on heteroepitaxially grown GaN.  A large part of the development efforts focuses 

on transitioning from the foreign substrate to a GaN single crystal surface with controlled 

properties and morphologies.  This transition occurs through various layers of single 
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crystalline material whose purpose is to provide a gradation of properties so to 

accommodate the mismatch between substrate and the eventual GaN thin film. 
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II. III-Nitride Materials 

Transition Layers 

Fundamental to the discussion of III-N on silicon HEMT structures and device 

properties is the interface science that dictates device performance as it pertains to (1) 

accommodating the mismatch for non-native substrates and (2) functionalizing the 

conductive properties of the 2DEG.  Buffer / transition layers do not play an active role in 

device performance, aside from engineering and exploiting their electrically insulating 

properties.  (They can even be removed during processing, for certain device structures.)  

Functionally, they provide a means for GaN crystal growth by transitioning from a lattice 

constant appropriate for nucleation on the silicon (111) surface to the larger lattice 

constant of GaN.   

Multiple layers are necessary for relaxed GaN growth on silicon, and to 

accommodate the coefficient of thermal expansion mismatch.  Typically, buffer / 

transition layers include an AlN nucleation layer and aluminum gallium nitride alloys 

with ever increasing gallium content to serve as a template for GaN epitaxy [93], [94].  

The layers must be of sufficient thickness to allow for and overcome relaxation events 

caused by mismatch at the various interfaces resulting in dislocations, as previously 

described.  While such relaxation events are detrimental in the device layers, they are 

necessary for heteroepitaxial crystal growth and, thus, are implemented a micron or more 

away from the 2DEG forming heterointerface.  Ideality for the 2DEG heterointerface is a 

completely relaxed and planar GaN surface on which the lattice-strained barrier layer(s) 

can be grown.  This condition, when using a silicon substrate, is the purpose for the 
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transition layers which allow the relatively gradual compensation of lattice and CTE 

mismatch between the substrate and the ideally relaxed, unstrained GaN layer.  

Generally, mobility is benefitted by the planar surface, allowing a more concise and 

direct conduction path within the 2DEG.  Carrier concentration would be reduced if the 

piezoelectric contribution to the 2DEG were lessened by strain within the GaN crystal.   

Once a relaxed GaN surface has been grown to sufficient thickness, barrier layers 

are grown which, combined with the immediately superficial GaN, are the functional 

layers of a III-N Ga-polar device, despite only representing a small fraction of the growth 

process time and crystal thickness.  Establishing a relaxed planar GaN surface is the 

foundation on which Ga-polar devices are produced.  Each substrate will require its own 

accommodating transition layers.  6H-SiC, for example, requires that AlN be the 

nucleating species due to the non-planar nucleation growth preferred by GaN on a SiC 

surface [17].  Once established, GaN may be grown with no other transition layers.  

Similarly, GaN cannot be grown directly on silicon due to the preferential formation of 

gallium silicide which locally deforms the planar growth surface and discourages further 

nucleation.  Through the various requirements along the path for GaN growth as a basis 

for HEMT production, the ultimate goal of the efforts is to create a functional 2DEG. 

Barrier Layer & The Two-Dimensional Electron Gas 

The 2DEG is formed to compensate for a positive sheet charge produced by 

polarization differences of interfacing III-N materials [23].  Spontaneous polarization is 

inherent to the asymmetry of wurtzite crystals as they contain alternating sheets of Ga + 

N atoms which are spaced as close pairs with significant space between the paired sheets.  
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The combination of a close plane and a far plane of atoms on top of or below a given 

plane is the cause of this polarization as the electronic environment is different for either 

side of that given plane.  The difference in this spontaneous polarization of the two 

materials at the interface can result in a net positive sheet charge which is compensated 

by the formation of a high concentration of electron states known as the 2DEG [23], 

[95]–[99].  Band bending occurs in response to the positive sheet charge to force the 

lower portions of the conduction band below the Fermi level, thereby allowing 

conduction band states to be filled [100], depicted in Figure 7.  Additionally, 

piezoelectric polarization contributions to the overall charge density originate from strain 

due to differing preferred bond lengths within the crystal lattices at the interface [26], 

[96].  Both polarization contributors arise from the difference of material properties on 

either side of the interface.  Intuitively, the greater the difference in material properties 

which contribute to these polarizations, the larger these contributions will be.  It is well 

established that the defining 2DEG interface in traditional AlGaN/GaN HEMT structures 

develops a higher density electron concentration as the aluminum concentration of the 

barrier layer increases [23], [44], [96], [101], [102].  This relationship is shown in Figure 

8Figure 8. 
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Figure 7. Band diagrams depicting band bending below the Fermi level [24]. 

 

Figure 8.  2DEG carrier concentration increases with aluminum composition in the 

barrier layer [23]. 
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In Ga-polar III-N based HEMTs, the 2DEG is formed just below the 

heterointerface and within the GaN interfacing with the more superficial III-N barrier 

layer.  Utilizing this, GaN HEMTs have been incorporated in FET designs since the early 

1990s [103].  An early MOCVD grown GaN-based structure comprising a 6000 Å single 

crystal GaN layer on sapphire with a thin AlN nucleation layer, provided an electron 

mobility of 350 cm2/Vs [104].  The researchers grew the same structure with a 250 Å 

Al0.13Ga0.87N film on the surface of the GaN producing an enhanced mobility of about 

600 cm2/Vs [103].  This preliminary work produced what must have been a 2DEG 

despite the device being particularly defective and fabricated with elementary techniques 

[105].  Following this initial effort, the 2DEG has historically been formed by the 

interface of an AlGaN barrier layer grown directly on a GaN surface.  Originally patented 

in 1993 by M. Asif Khan and coworkers [106], the AlGaN/GaN heterostructure has 

served as the technological foundation for GaN based HEMT research and device 

optimization.  Generally, MOCVD ternary growth can be challenging: AlGaN/GaN 

interfaces suffer from alloy scattering and issues surrounding a beneficial high aluminum 

content such as high growth temperatures, low V/III ratios and morphological issues due 

to non-planar growth regimes preferred by AlN and its alloys.  Alloy scattering results 

from local non-uniformity of the ternary crystal composition at the GaN interface.  While 

the AlGaN/GaN interface is well defined in the growth scheme, locally within the crystal 

the interface perceived by the GaN surface may be poorly defined.  A typical prescribed 

AlGaN barrier may have an overall composition of 30 % aluminum [107].  That 30 %, 

while representative on the macroscopic scale, actually involves the inherent formation of 

local segregations of aluminum and gallium.  Conceivably, pockets of gallium would 
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grow on the GaN surface extending its relaxed crystal structure away from the intended 

interface monolayer by monolayer.  This scenario is visualized in Figure 9Figure 9. 

 

Figure 9.  Al0.3Ga0.7N/GaN interface depicting the potential compositional non-

uniformity of the AlGaN layer.  The drawing of this wurtzite crystal structure contains 

three colors of atoms which correspond to nitrogen, gallium and aluminum in order of 

increasing darkness.  The dotted line represents the intended AlGaN/GaN interface.  The 

actual interface is poorly defined as illustrated by the non-uniformity of the AlGaN. 

When such a region encounters aluminum, the expected polarization contributions to 

mobile electron states occur.  The non-uniformity of such an interface will reduce the 

mobility of the resulting 2DEG as it deviates from its ideal planar configuration over the 

many monolayers necessary to transition to the AlGaN barrier [97].  Intuitively, 

increasing the aluminum content of the barrier layer will reduce the impact of alloy 

scattering, but the increased strain of such a layer of highly concentrated AlN in AlGaN 

on a GaN surface will suffer from strain induced band gap shrinkage, morphology / 

interface roughness issues, and relaxation events limiting the efficacy of the increased 

aluminum content [97], [108]. 
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One solution to the problem of alloy scattering is the growth of a thin barrier 

interface layer of binary AlN directly on the GaN surface with an AlGaN layer superficial 

to the AlN of reduced aluminum composition so as to avoid approaching the critical 

thickness [102].  In addition to the reduction of alloy scattering and the consequential 

increase in planarization of the interface and therefore mobility, the spontaneous and 

piezoelectric polarizations of the higher aluminum interface increases the positive sheet 

charge and confines a larger concentration of electron states closer to the interface than in 

the AlGaN analog.  Comparative data of the two HEMT structures are shown in Table 2.  

The improvement in mobility from the insertion of an AlN binary layer at the 

AlGaN/GaN interface is on the order of 30% [109].  The corresponding carrier 

concentration can be increased by roughly 20%, depending on the thickness of the AlN 

layer [108], [109].   

Table 2.  Comparative 2DEG metrics for the introduction of an AlN binary at the 

AlGaN/GaN interface.  The data presented is temperature dependent.  The plain text data 

is from room temperature Hall measurements and the bold text data is from measurements 

at 10 K [109]. 

300 K / 10 K 

Carrier 

Concentration 

(1012 cm-2) 

Mobility 

(cm2/V*s) 

AlGaN/GaN 8.57 / 8.96 1523 / 6032 

AlGaN/AlN/GaN 10.03 / 10.44 1937 / 10700 

 

Despite the advantages of such a barrier interface layer, critical thickness limitations due 

to strain, and more fundamentally the difference in preferred bond length of the two 

binaries, can diminish the desirable qualities of the 2DEG through changes in the lattice 

at the interface such as deviations in periodicity caused by morphology changes, misfit 

dislocations, and cracking [110]–[116]. 
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A strained heteroepitaxial layer will eventually reach its critical thickness which 

is dependent on the degree of strain, and in the case of an AlGaN/GaN interface – barrier 

layer ternary composition [110], [117], [118].  One solution to this design limitation in 

GaN HEMT structures is a latticed matched barrier layer which maintains beneficial 

compositional differences from GaN allowing the spontaneous polarization contribution 

to the 2DEG to remain while ideally mitigating thickness limiting strain.  Such a layer 

incorporates the ternary Aluminum Indium Nitride (AlInN) [119]–[121] or the quaternary 

Aluminum Indium Gallium Nitride (AlInGaN) [99], [122]–[127].  Lattice matching is the 

practice of composing a barrier layer such that the average bond length parallel with the 

growth surface is equal to the relaxed GaN bond length.  The functional attribute of these 

compositions is the indium nitride (InN) content which naturally has a longer average 

bond length than GaN.  In an alloy with AlN, the larger lattice constant of InN can 

balance the average bond length of the alloy to match GaN.  These lattice matched layers 

still utilize an AlN barrier interface to planarize the 2DEG and benefit from the 

piezoelectric polarization contribution to the carrier concentration.  2DEG improvements 

from such a ternary layer are seen in Figure 10.  Improvements to both carrier 

concentration and sheet resistance of the 2DEG result from the lattice matched barrier 

layer.  Barrier alloy properties can match to the interfacing GaN in three ways: lattice 

spacing, band gap, and polarization.  The common three binary III-N alloy engineering 

options and their relative compositions are shown in Figure 11.  The trends in III-N 

binary properties of band gap, lattice spacing, and polarizability should ideally include 

the remainder of the group III elements, particularly boron, enabling a new branch of III-

N device design. 
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Figure 10.  Carrier concentration and sheet resistance of AlInN/AlN/GaN vs 

AlGaN/AlN/GaN material stacks [121]. 
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Figure 11.  Polarization engineering of III-N alloys with matched interfacial parameters 

with GaN [99]. 

Boron Nitride 

Boron Nitride (BN) is a versatile material with numerous phases which are used 

in a variety of applications.  One of the more commercially viable epitaxial growth 

processes of BN is as a template for graphene [128], though the primary commercial use 

of crystalline BN is as a super hard abrasive material comparable to diamond for wear 

resistance, usually in the form of cubic BN (c-BN) [129].  Hexagonal-BN (h-BN) is very 

similar to graphene in that it can occupy a single monolayer and has lattice spacing 

similarities with graphene, serving as a functional template.  Due to its planar, two-

dimensional nature, h-BN has also found use as a mechanical transfer layer for III-V 
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materials [130], [131].  The individual planes of the crystal are weakly adhered and can 

be separated mechanically while leaving the superficial device layers intact.  BN has also 

received attention as an ultraviolet photonic material due to its exceptionally wide band 

gap [132].  
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III. MOCVD 

 Metal Organic Chemical Vapor Deposition (MOCVD), for the purposes of this 

work is synonymous with Organometallic Vapor Phase Epitaxy (OMVPE).  The general 

conditions to satisfy this growth technique are simple, though their manipulation to grow 

single crystalline compound semiconductors for use in electronic devices is quite 

complex.  Generally, reactant species are brought together into the reaction chamber 

which contains a heated, rotating single-crystalline substrate.  These species are meant to 

preferentially react on the surface of the substrate wafer such that only the condensed 

product of their reaction is added to the mass of the wafer.  This preference is 

accomplished by significantly cooling all chamber surfaces, other than the reaction 

surface, which is heated so to sufficiently increase the reactivity of reactant gases near the 

surface.  The reactant gases are injected via fine control of various input regions of the 

roof, or injector, of the chamber (in Texas State’s MOCVD reactor design).  The injector 

plate has periodic perforations, or nozzles, which resemble the multiple openings of a 

showerhead; as such it is referred to as the showerhead.  Gas lines feed various regions of 

the showerhead to diffuse reactants uniformly across the chamber injector so to achieve a 

relatively homogenous distribution prior to entering the reactor’s reaction zone.   

The gas flows are controlled by software via digitally regulating mass flow 

controllers (MFCs) which operate via precise calibration to their prescribed gas species’ 

heat capacity: metering flow through the minute heating of a small volume and 

monitoring that volume’s temperature rise per the heat it received.  This precise control is 

essential to optimize growth conditions necessary for III-N semiconductor growth by 

MOCVD.  The gas streams contain the gas phase reactants at prescribed concentrations 
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so to achieve the desired compositions and growth rates of their solid product.  Multiple 

MFCs, along with pressure controllers and valves, are located within a MOCVD system 

which control and direct gas flow to the reaction chamber in appropriate amounts at 

appropriate times and with spatial, radially symmetric, uniformity.   

For the III-Ns, ammonia is the preferred source of reactant nitrogen.  The control 

of ammonia flow is relatively simple.  In the source tank, or cylinder, ammonia is a liquid 

whose vapor pressure is sufficiently high as to contribute a significant pressure of 

gaseous ammonia into the gas lines.  This flow of ammonia is essentially pure and will be 

diluted with hydrogen during its delivery to the showerhead and reaction surface.   

The pickup of organometallic vapor is more complicated.  Each organometallic 

source is housed within a stainless steel container with a single input and single output.  

This design is inherently precautionary as most organometallic compounds are liquid at 

room temperature and pyrophoric: they will react rapidly and energetically with 

molecular oxygen or water.  The inputs to these containers deliver a carrier gas, usually 

hydrogen, to the bottom of the container.  This carrier gas will bubble up to the surface of 

the organometallic liquid forming an overpressure of mixed H2 saturated with OM vapor 

at the top of the container.  Hence, these containers are commonly known as ‘bubblers’.  

This overpressure serves to evacuate part of the saturated vapor through the outlet of the 

bubbler.  The concentration of the output vapor is precisely controlled through the 

temperature of the organometallic liquid.  The natural vapor pressure must be exploited to 

extract and exactly maintain the necessary reactant concentration and consequent 

molecular flow.   
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Precursor selection for use in the MOCVD growth of the III-Ns must adhere to 

specific requirements to be effective.  Typically, the vapor pressure of a given precursor 

source is on the order of a few Torr to a few tens of Torr.  The precursor must not react 

with or condense on any surface that would impede its progress towards the reaction 

chamber.  The bubblers are kept in large baths of ethylene glycol and water which are 

constantly circulated while being heated or cooled appropriately to tightly maintain their 

desired temperature and precise OM vapor pressure.  Once collected, the concentration of 

OM vapor goes through a MFC or pressure controller to stabilize the flow prior to 

introduction into the reaction chamber.  A steady state flow is achieved by maintaining 

carrier gas input into the bubbler and dumping the vapor to the exhaust line until such a 

time as the reactant is needed in the chamber.  Some OMs must be diluted further to best 

utilize them as MOCVD reactants.  Altering the concentration and flow of OMs to the 

chamber is the most direct route to control the growth rate of a given layer, as the overall 

III-N growth rate is typically limited by the column III element concentration.  The OM 

molecules will remain at approximately room temperature in the lines until, ideally, just 

above the reaction surface so to prevent premature OM decomposition and/or reaction.  

The gas lines feeding the chamber are segregated into two main sections: the alkyl 

and hydride lines.  Alkyl refers to the organo- part of the OMs as a generic alkane group 

and the hydride refers to the group V precursor’s groups which are simply hydrogens.  

Reactant gases are segregated in this way until they reach the reaction chamber.  Reaction 

ahead of the desired wafer surface would lead to unwanted deposition in the gas lines, 

thus it is beneficial to prevent mixture.  This segregation allows for a wide range of 

different relative concentrations of group III and group V precursors in the chamber.  
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This key growth parameter is called the V/III ratio and is normally on the order of a few 

hundreds to a few thousands upwards of hundreds of thousands, for III-N processes.  The 

need for such an excess of group V species is the difference in reactivity and volatility 

between ammonia, which is generally very stable, and the organometallics which 

decompose readily at the reaction temperature and are less volatile due to their size.  A 

consequence of the difference in reactivity of the two reactant families is the amount of 

time a given molecule is active on the surface.  This time is referred to as the molecule’s 

dwell, or residence, time.  This is a general concept for activated transition state stability 

and molecule movement.  The reaction surface is intimately involved in incorporating 

material into the single crystalline lattice.  The surface dwell time of the hydride species 

is markedly less than the alkyl.  While transition state theory is a significant component 

in the III-N reaction chain, dwell time is more a consequence of molecular behavior than 

a factor which contributes to required V/III ratios.   

A necessary factor for a generally high V/III ratio is the large overpressure of 

nitrogen species needed to tip the solid/vapor growth/decomposition equilibrium in favor 

of maintaining a solid with reasonable stoichiometry.  For example, GaN will readily 

decompose to molecular nitrogen and metallic gallium at the reaction temperature.  This 

decomposition is enhanced in the presence of molecular and atomic hydrogen, both of 

which are present at the reaction surface and will contribute to the formation of ammonia.  

An insufficient V/III ratio during the growth of GaN will result in nitrogen vacancies in 

the layer, or in the extreme, solid decomposition.   

Reaction temperature is inherently the largest knob a researcher may turn.  Every 

reaction intermediate is directly affected by temperature.  Given the complexity of an 
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MOCVD reaction pathway, many possible iterations of the reaction intermediates 

between an OM and ammonia could become the preferentially stable product of the 

reaction.  A sufficiently high temperature ensures that those intermediates will not only 

have enough energy to form, but will effectively incorporate into a solid.  III-N binary or 

alloy growth is dependent on the temperature range to not only produce the desired solid 

composition but to maintain good crystallinity which is usually achieved at higher 

temperatures [133]. 

Pressure is also a more significant MOCVD parameter.  Its impact on gas flow 

dynamics and precursor availability can alter reaction behavior and the resulting material 

properties.  Increased pressure can generally increase growth rate through increased 

precursor availability [134], but a potential consequence is the increased probability of 

parasitic gas phase reactions leading to particles as is common for higher aluminum 

content alloys [135].  Pressure can also change the solid growth composition for alloys 

[134], [136]. 

Other MOCVD reactor conditions can play a pivotal role in the effective growth 

of the III-Ns.  The majority of these conditions are reactor specific and include reactor 

geometry [137], gas flow direction [138], substrate rotation speed [139], and many more 

experimental design options.   

MOCVD Growth of III-N Binaries and Their Alloys 

The primary knobs, or control inputs, which one can manipulate to effect 

MOCVD growth are temperature, pressure, and V/III ratio.  Each will affect the binary 

III-Ns; BN, AlN, GaN, and InN, differently due to the different electron affinities, and 
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the resulting thermal and chemical stability, of their group III constituents [140].  Trends 

exist along the group III column which correspond to a binary solid’s thermal stability.  

The larger the group III atom, the less stable it is under high temperature, low pressure 

conditions.  This is a consequence of bond strength which is determined by valence shell 

distance from the atomic nucleus which increases with the size and weight of the 

members of the group III column.  Accordingly, decomposition rates in a vacuum for 

AlN, GaN, and InN increase exponentially at temperatures of 1040 °C, 850 °C, and 630 

°C, respectively, as evidenced by a sharp increase in outgassed nitrogen at those 

temperatures [141].  This relationship is most appreciable in MOCVD growth as an ever 

decreasing preferred growth temperature going down the group III column as well as the 

corresponding need for higher ammonia concentrations to combat the position of the 

growth / decomposition equilibrium.  Table 3 lists experimental ranges for the successful 

growth of BN, AlN, GaN and InN by MOCVD. 
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Table 3.  MOCVD chamber conditions which successfully grew the prescribed wurtzite 

III-N.  Both binary and alloy growth conditions are included with BN and InN data coming 

primarily from alloys due to a dearth of binary information for BN and a general 

incompatibility for InN binary growth due to ammonia’s high thermal stability coupled 

with InN’s low thermal stability.  BN data include additional sp3 bonded phases which are 

non-wurtzite.  Some alternative precursors are also included which are in line with the 

general MOCVD growth process. 

  Temperature (°C) Pressure (Torr) V/III Ratio 

BN 
750 – 1600 

[142]–[152] 

 52 – 100, 300 

[142]–[148], [150], 

[151] 

20 – 70 

[153] 

300 – 1000 

[145], [147], [148], 

[154] 

1350 

[151] 

AlN 
850 – 1500 

[48]–[50], [141], [155]–

[163] 

 41 – 50, 100 

[48], [156], [158], [160], 

[162], [163] 

 116 – 584 

[162], [163] 

1100 – 4000 

[50], [158] 

GaN 

525 – 1170 

[48], [50], [135], [141], 

[156], [158]–[161], 

[164]–[166]  

 41 – 200 

[48], [49], [135], [141], 

[158], [160] 

1000 – 4000 

[50], [135], [158], [161]  

InN 
460 – 800  

[141], [165], [167]–

[173] 

 37 – 300, 600 

[166], [168], [170], 

[171], [173] 

 5000 – 360000 

[166], [168]–[173] 

 

The table includes successful growth attempts resulting from a variety of research 

objectives.  Some data points, most notably the higher pressure AlN and lower 

temperature GaN examples, are out of the general norm for those materials.  Appropriate 

growth conditions for a given material need to be found empirically for a given MOCVD 

reactor.   
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Boron Nitride 

BN has large ranges for temperature and V/III ratio.  The most typical MOCVD-

grown BN examples in the literature generally favor a relatively high growth temperature 

(1200-1500 °C) and a low V/III ratio (300-1000, more popularly 600-700) [131], [132], 

[147], [148], [154], [174].  It is important to note that the majority of that data comes 

from hot-walled MOCVD and other comparable deposition methods.  There have been 

few reports of successful BN synthesis without high energetic assistance, such as plasma 

[175], [176] or ion bombardment [177], and those reports are generally of sp2 bonded BN 

[148], not sp3 hybridized as is necessary for wurtzite growth.  One example of BN being 

grown on a wurtzite AlN surface produced sp2 phase BN, but when very thin layers were 

grown, the resulting BN was not a particular phase, but consisted of mixed phases [148].  

This verifies that the growing surface effects the BN growth phase and for extremely thin 

layer growth, the BN is likely to maintain a wurtzite arrangement when grown on a 

wurtzite surface.  A group at Texas Tech University has grown BN directly on AlN and 

Al0.62Ga0.38N [174].  This group was attempting to grow h-BN for its ultraviolet photonic 

properties.  They reported having to grow a “BN buffer layer” in order to get adhesion of 

the h-BN to its wurtzite growth surface.  This buffer layer, grown at 800 °C with a very 

similar deposition method as the presently researched MOCVD process, was grown in 

thicknesses that ranged from 20 to 140 nm in their experiments.  Given that this buffer or 

transition layer was not the focus of the research; little attention was given to it for 

materials characterization.  To accomplish their goal of h-BN growth on a III-N surface, 

they tested BN buffer layer thickness as it affects the material quality evaluated by the 

full width at half maximum (FWHM) of a h-BN’s XRD peak.  The results from their 

study are presented graphically in Figure 12. 
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Figure 12.  Study of BN buffer layer thickness grown on wurtzite surfaces and the 

resulting XRD FWHM of h-BN layers grown atop the BN buffer layers [174]. 

The FWHM of the grown h-BN is not entirely related to the BN buffer layer 

thickness, as the graph would indicate.  This is likely due to inconsistencies in the BN 

growth behavior.  An interesting observation is that the BN buffer layer is not observed in 

XRD measurements which resulted in the FWHM study.  This is due to the lack of a 

precise phase over the 20 to 140 nm, which is essentially the goal of the layer, to phase 

transition from the wurtzite surface to h-BN.  This is further evidence that a very thin BN 

layer grown on a wurtzite surface under MOCVD growth conditions may retain the 

growth surface’s wurtzite crystalline structure. 

Aluminum Nitride 

The remaining III-Ns have considerably more information available as they have 

been incorporated in MOCVD growth for some time.  Good crystal quality AlN generally 

favors higher temperatures, and lower V/III ratios [162].  The higher temperature is 

thought to improve aluminum atom surface mobility which allows for planar growth 

instead of the brainy island-like texture typical of high Al-content III-Ns.  Higher 
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pressures have been known to produce a higher incidence of parasitic gas phase reactions 

for AlN and its alloys [135] though that scenario is not applicable in all reactors and 

growth conditions.  Parasitic reactions are responsible for the preference of a lower V/III 

ratio.  It has been reported that a lower V/III ratio results in a higher growth rate [163].  

With the increased ammonia concentration comes an increased opportunity for parasitic 

gas phase reactions [136].  Figure 13 shows the dependence of the AlN growth rate on 

V/III ratio illustrating the impact of increased ammonia and the resulting Al precursor 

depletion on the growing film [163].   

 

Figure 13.  The dependence of growth rate on V/III ratio for AlN layers on c-plane 

sapphire substrates grown by high-temperature MOVPE.  The growth rate reduction with 

increased ammonia concentration is due to competing gas phase reactions which limit the 

precursor available to incorporate into the solid film [163]. 

Gallium Nitride 

 Unlike AlN, GaN thermal decomposition occurs at a significantly lower 

temperature than MOCVD techniques require to properly utilize the reactivity of 

ammonia to grow GaN.  This condition, as previously discussed, requires an excess of the 

nitrogen precursor to push the growth / decomposition equilibrium towards growth.  
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Generally, the V/III ratio needed to successfully grow GaN is over 1000 at temperatures 

around 1020 °C.  At lower ratios GaN may successfully grow, but there is a high 

likelihood of a large concentration of nitrogen vacancies resulting from partial 

decomposition and desorption of nitrogen during growth which will diminish the quality 

of the grown crystal.  Stoichiometric GaN is the ideal solid ratio.  Certain reaction 

variables must be considered in the successful growth of stoichiometric GaN, most 

notably the equilibrium point for growth / decomposition.  This equilibrium point is 

temperature specific and will favor decomposition at higher temperatures and lower 

pressures.  Factors which contribute to this equilibrium point for MOCVD processes 

include gaseous precursor concentration, decomposition, diffusion to the growth surface, 

adsorption on the surface, available surface sites for bonding, surface diffusion for film 

incorporation, and desorption from the solid by thermal decomposition or catalytic 

dissociation [65], [78], [140], [141], [161], [178]–[187].  These factors hold true for all 

MOCVD growth of III-N materials, but as the parent material for the majority of III-N 

technologies, GaN is especially studied as its material quality holds the largest impact on 

device performance.   

In regards to experimental design, factors such as surface diffusion and adsorption 

will be temperature specific and others such as precursor concentration and solid film 

composition will be controlled by the V/III ratio.  These two variables play a significant 

role in the material quality of MOCVD grown GaN.  Figure 14 illustrates the relationship 

between the V/III ratio and growth temperature as it pertains to GaN material quality and 

resulting material properties [178].  As discussed, an excess of the nitrogen precursor is 

necessary to grow good quality material.  This excess is on the order of 1000x due to the 
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differing activation rates and dwell times of the two reactant species which both favor the 

group III species.   

 

Figure 14.  V/III ratio vs growth temperature for MOCVD grown GaN.  The solid lines 

represent the calculated equilibrium for desorption of nitrogen and gallium and is the 

condition where both species’ desorption rates are exactly equal indicating that after a 

desorption event or many, stoichiometric GaN will persist in the solid.  The left graph, 

compiled by [178], depicts the surface morphology of GaN films grown under various 

conditions.  Open circles indicate a rough appearance and filled circles indicate a smooth 

appearance.  Samples to the left of the solid line have satisfied the decomposition rate of 

nitrogen, those to the right have a nitrogen deficit resulting in film roughness.  The right 

graph relates the material properties with material performance [178].  Open circles 

indicate rough surface morphology, filled indicate smooth surface morphology.  The size 

of the circles and the corresponding numerical value represent the measured mobility of 

the grown films.  The best mobility exists on the equilibrium line indicating a 

stoichiometric GaN is ideal for material quality.  The reference gives further data to 

support the relationship between stoichiometry and optimized material properties. 

The left graph in the figure shows the impact on surface morphology.  As the V/III ratio 

is reduced for a given temperature, a condition exists such that the desorption of nitrogen 

from the solid dominates the desorbed species.  Below this condition, nitrogen vacancies 

will become prevalent and degrade material quality.  The solid line in the graphs 

represents equilibrium for stoichiometric concentrations of Ga and N in the desorbed 

species.  Logically, if the rates of the two species leaving are equal, then the 
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stoichiometric solid will not change its overall composition after desorption.  The right 

graph Figure 14 illustrates the impact of material quality on material properties.  The 

circle sizes corresponding to the accompanying numbers indicate the mobility of a grown 

GaN film under different conditions.  The best mobility comes from layers grown close 

to the equilibrium line which implies the stoichiometric composition of GaN produces the 

best material properties.  This is mostly intuitive, but is still a significant point to make 

when discussing GaN growth by MOCVD. 

Indium Nitride 

 Indium nitride thermally decomposes at an even lower temperature than GaN.  

Decomposition occurs in a nitrogen ambient between 550 – 600 °C [188] and under 

MOCVD reaction conditions as low as 510 °C [171]–[173].  The dissociation of 

ammonia to produce the necessary reactant nitrogen at this temperature is quite poor.  

Evidence shows that ammonia dissociation is less than 0.1% at 780 °C [189], not 

reaching even a few percent until ~900 °C [161], [190].  As such, the V/III ratio needed 

for even modest InN growth is orders of magnitude higher than other III-Ns.  As an 

example, InN growth on GaN on sapphire by MOCVD at 500 °C with a 145,000 V/III 

ratio resulted in indium droplet formation due to the lack of available nitrogen for 

incorporation [173].  An increase in growth temperature to 550 °C with the same reaction 

conditions in the same reactor resulted in an InN film without indium droplets.  The 

availability of dissociated nitrogen from ammonia is a major limiting factor for InN 

binary growth by MOCVD.  The decomposition of any III-N is enhanced by the presence 

of atomic or molecular hydrogen which facilitates nitrogen desorption in the form of 

ammonia, as previously discussed.  While this effect is generally overcome by normal 
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MOCVD V/III ratios for other III-Ns, the presence of hydrogen in an InN growth 

environment inhibits growth dramatically [189].  To overcome this effect, an inert gas, 

usually nitrogen, is used as a carrier gas for the indium precursor, trimethylindium (TMI), 

and for the remainder of gas flows into the reactor.  

Alloys 

Since each III-N binary favors different ideal growth conditions, alloy growth 

must be achieved through some compromise of intermediate growth conditions of its 

constituents.  Additionally, when creating a material interface or switching from one 

material growth to another, growth conditions for the first layer may be quite different 

from the interfacing material’s.  One must consider the impact changing those conditions 

may have on overall material quality at the interface and eventual device performance.  

The consequence of changing growth conditions is time.  Time may allow a potential 

growth surface to rearrange and become less ideal for the interfacing material growth or 

may allow a change in surface composition due to decomposition of a stagnant film at 

growth temperatures.  Altering growth conditions during the growth of a layer can cause 

inconsistent growth behavior due to variation in MFC and pressure controller behavior 

during a ramp.  The need for a stable growth environment for repeatability necessarily 

conflicts with optimizing material growth when creating an interface.  A reasonable 

solution is to grow the new layer atop the old until layer nucleation and coverage is 

complete to protect a given surface.  Over a long enough ramp, slight hardware 

fluctuations can be negligible in regards to repeatability.   

MOCVD grown III-N ternary alloys are traditionally limited to AlGaN, AlInN, 

and InGaN, given the scarcity of boron and thallium in common MOCVD practices.  



 

47 

 

Each alloy is very important to III-N technology in its own way.  AlGaN is used as a 

transition layer to address lattice mismatch and CTE mismatch from non-native silicon 

substrates allowing for the cost-effective production of relaxed GaN and GaN based 

devices.  AlGaN is also the primary barrier layer used to generate a 2DEG for HEMT 

structures.  AlInN is used as an alternative barrier layer which can be lattice matched to 

GaN thanks to the combination of InN’s longer preferred bond length and AlN’s shorter 

preferred bond length, relative to GaN [119], [120], [191].  A lattice matched barrier 

layer minimizes the potential for strain induced failure mechanisms.  InGaN is arguably 

the most important of the three common ternaries.  InGaN can theoretically be used in 

light emitting devices to cover the entirety of the visible wavelengths and also has the 

potential to cover a very large range of wavelengths for photovoltaic applications.  The 

combination of GaN’s band gap which can produce band edge emissions just outside of 

the visible spectrum into the ultraviolet, and InN’s band gap which is much smaller can 

produce photons in the infrared, can theoretically produce alloy compositions which 

could have band edge emissions at any energy level within the visible spectrum.   

Growth of ternary III-Ns is subject to compositional limitations and internal strain 

as a result of the differing properties of the combined binary materials.  The general 

trends associated with the binaries are a road map for preferred compositional growth.  

As compared to GaN growth conditions, aluminum incorporation into AlGaN benefits 

from higher growth temperatures for better AlGaN material quality peaking around 1300 

°C [162], [163].  This is believed to be due to increased aluminum surface atom mobility 

allowing for better alloy homogeneity within the crystal [161] and better lateral growth 

[165].  The consequence of this relationship is at lower growth temperatures increased 
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aluminum composition will decrease material quality [192].  Since AlN needs a lower 

concentration of nitrogen precursor for effective growth, it is the GaN V/III ratio which is 

generally used for AlGaN growth.  Internal strain within an alloy and mismatch with its 

growth surface can limit the composition of the more foreign group III species.  For 

AlGaN the similarities between AlN and GaN preferred bond lengths and thermal 

stability are such that this type of limitation is not generally seen and instead the solid 

AlGaN composition is determined by the gaseous composition of the two group III 

precursors with a moderate preference to solid aluminum incorporation relative to the gas 

phase at 1000 °C [141], [155], [193].  Figure 15 shows this preference towards aluminum 

incorporation into the solid AlGaN when compared to the ratio of TMA to total group III 

species within the reactor [141]. 

 

Figure 15.  Data for solid AlGaN composition vs relative gas phase ratio of TMA / (TMA 

+ TMG). The dashed line represents the one-to-one incorporation rate.  Experimental data 

indicate a preference for aluminum in the solid relative to the gas phase availability of the 

group III species [141]. 
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AlInN is an interesting combination of two III-Ns which prefer very different 

conditions for optimal growth as a consequence of their difference in material properties 

such as lattice spacing and thermal stability.  Its benefits as a barrier layer were discussed 

previously.  Successful growth must be achieved through compromise of AlN and InN 

growth conditions.  Employed growth temperatures are traditionally in the upper regions 

of tolerance for InN, approximately 700 – 800 °C [121], [136].  A lower temperature will 

benefit indium incorporation, as expected from the binary growth trends [134]–[136].  

V/III ratios can cover a broad range and generally favor aluminum incorporation at low 

ratios and disfavor it at high ratios due to the previously discussed parasitic gas phase 

reactions.  By the same token, lower pressures give preference to aluminum incorporation 

while higher pressures increase the likelihood of the parasitic gas phase reaction between 

TMA and ammonia which favors indium incorporation [135], [136]. 

InGaN benefits from a lower growth temperature for indium incorporation into 

the GaN crystal and is generally grown in the 600 – 900 °C range [161].  This window is 

necessarily narrow as it is limited on the low end by ammonia reactivity / activation and 

the high end by InN decomposition.   InGaN must be grown with increased V/III ratio, 

relative to GaN, for indium incorporation to accommodate the preference for nitrogen 

desorption from the film.  Like the other III-N ternaries, InGaN compositions can be 

controlled by altering the growth temperature.  Generally, increases in temperature will 

decrease indium incorporation into the solid InGaN.  Figure 16 illustrates the severity of 

the relationship between InGaN composition and growth temperature at a constant TMI / 

(TMI + TMG) ratio of 0.4 [135]. 
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Figure 16.  Data for solid InGaN composition vs growth temperature.  The TMI / (TMI + 

TMG) ratio was constant at 0.4 for all growths.  Deviating from the lower growth 

temperatures preferred by InN reduces the InGaN indium composition significantly in 

this growth temperature range.  Poor thermal stability and the resulting thermal 

decomposition of InN is the fundamental cause for this relationship [135]. 

At growth temperatures below 600 °C the indium incorporation into an InGaN film is a 

linear function of the group III precursor gaseous ratio, but above 600 – 700 °C the solid 

composition efficiency is no longer linear and is limited to low absolute indium 

compositions when grown on a GaN surface [133], [141], [194].   

Quaternary AlInGaN has applications in polarization engineering for lattice 

matched barrier layers [123]–[125].  Creating a quaternary, as opposed to a lattice 

matched AlInN, alleviates some compositional limitations of mixing indium and 

aluminum and improves device performance metrics [124].  A HEMT stack with reduced 

polarization using a lattice matched barrier can also be used to create a normally off 
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device, also known as an enhancement mode device [126].  Growth conditions for a 

quaternary AlInGaN layer will not significantly deviate from the AlInN conditions as the 

added GaN component is the natural intermediate of both AlN and InN. 

Boron containing III-N alloys are not commonplace in industry.  Wurtzite BAlN 

[142]–[144], [150], [195]–[199], BGaN [142], [146], [149], [195], [196], [198]–[201] and 

various quaternaries [195], [200], [202], [203] can be found in the literature.  Alloying 

boron with the other III-Ns is more challenging than other alloy growth due to the large 

lattice constant mismatch of wurtzite BN with AlN, GaN and InN.  The difference is so 

large that the other three III-Ns are very similar to one another in comparison with BN.  

Figure 17 illustrates the magnitude of the material differences between the four binary 

III-Ns.  The lattice constant differences between BN and every other III-N are much 

larger than any other difference found within the III-Ns.  
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Figure 17.  Lattice parameter along a-axis vs bandgap energy for wurtzite BN, AlN, GaN, 

and InN.  The curved lines indicate band bap bowing along ternary lines.  BN’s 

substantially smaller lattice parameter sets it apart from the other III-Ns [204]. 

As a result of the large material differences, boron containing III-Ns will incur 

substantial internal stress such that the group III species are likely to phase separate into 

high boron and low boron content alloys [142].  Wurtzite BAlN and BGaN alloy 

composition limitations have been diagnosed directly from grown material and 

theoretical calculations in the literature.  Phase separation into the high and low boron 

content alloys or away from the wurtzite configuration to a mixed-phase crystal are often 

the result of exceeding a critical thickness for a given composition.  Experimental data 

for MOCVD grown BGaN has shown a maximum solubility of boron in BGaN of 1.8%, 

while maintaining a single phase crystal [142].  BAlN composition limitations were 
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calculated from this data set resulting in a maximum of 2.8% boron incorporation.  The 

BGaN material used as a basis for this calculation was grown for an hour at 1000 °C.  

With this growth time, any III-N layer should be allowed to adopt its thermodynamically 

preferable phases.  The long growth approach used in these growth efforts and resulting 

calculations allows for the determination of a thickness-independent minimum stable 

boron incorporation for the two alloys grown with traditional MOCVD conditions.  The 

higher AlN boron incorporation when compared to GaN is explained by the more similar 

material properties of AlN with BN.  While AlN and GaN are both quite different from 

BN, AlN is the more similar of the two, hence the higher allowed boron incorporation 

rate.   

Flow-rate modulation epitaxy was used to grow BAlN films on SiC substrates 

[144].  This method encourages alternating III-N atomic layers to be grown simply 

because the surface is alternately exposed to each group’s precursors in series.  The 

composition of the grown wurtzite BAlN was between 1.5 – 2% boron.  The grown films 

were found to maintain a single phase up to 500 nm of thickness, beyond which the films 

adopted mixed phases.  Of greater interest to the application of boron containing films 

into GaN based HEMT structures are the compositional limitations of very thin films.  

Another example of flow rate modulation epitaxy incorporated thin BAlN into 

superlattices of AlN/BAlN [197].  The boron composition of these BAlN layers was 

measured at 11%.  The grown layers were deemed too thick at this concentration to be 

monocrystalline.  The authors indicate that at this concentration, the STEM images 

suggest that the critical thickness of BAlN is around 5 nm.  They specify: “for different 

applications, a compromise can be achieved between thickness and boron composition.”  
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They go on to mention: “For ultra-thin layers such as MQWs or strain engineering 

superlattices, high boron incorporation can be used allowing a large design freedom and 

it can still be kept as monocrystalline for its thin thickness (below 10 nm).”  For thinner 

boron containing alloys, a metastable boron concentration can be achieved by keeping the 

thickness of a layer below the critical thickness [197]. 

Critical Thickness 

 Critical thickness depends directly on the strain of the layer in question which is 

often a result of lattice mismatch with its underlying growth surface.  The higher the 

lattice mismatch the more strain is imposed on the layer as a function of overlying layer 

thickness.  Thus, the more strain imposed within a layer the thinner the critical thickness.  

While this concept seems generally intuitive, the impact it has on 2DEG properties within 

a GaN HEMT can be significant.  In the commercial GaN HEMT incorporating an AlN 

barrier interface layer, the concept of critical thickness directly applies to the 2DEG 

inducing AlN layer and the more superficial barrier layers.  Figure 18 shows Poisson-

Schrödinger simulations for an AlN/GaN interface without additional barrier layers 

[205].  The figure’s upper half shows the changes to the conduction band at the interface 

and its response to increases in thickness of the strained AlN layer in the form of an ever 

deepening dip below the Fermi level.  The area of this dip represents the available states 

filled by the 2DEG and resulting carrier concentration.  The lower half of the figure 

shows the corresponding distribution of 2DEG electron density accompanying the 

conduction band dip below the Fermi level as a function of depth from the material 

surface and thickness of the strained AlN layer.  The left half of the figure ignores the 
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bandgap related consequences associated with a strained layer.  The right half includes 

the changes to the band gap as a result of strain.  With a tensile strain applied to the AlN, 

which is effectively lattice-matched to the GaN at the first monolayer, the natural band 

gap will shrink as the density of the layer is reduced.  This phenomenon is known as band 

gap shrinkage.   

 

Figure 18. Poisson-Schrödinger simulations for an AlN/GaN interface where no barrier 

layer is grown atop the AlN barrier interface layer [203].  The x-axis is the depth of the 

2DEG electron density from the surface of the AlN.  The lower two sections show 

electron density as a function of depth and AlN thickness; the black thickness indicators 

at the electron density peaks are the AlN thicknesses responsible for inducing the 2DEG.  

The upper two sections show the behavior of the conduction band and its relationship to 

the Fermi level.  The left two sections do not take into account the band gap shrinkage 

due to lattice periodicity changes caused by the tensile stress on the layer; the right half of 

the figure does take those changes into account, effectively illustrating the consequence 

of the band gap shrinkage of the strained layer on 2DEG properties. 
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The consequence of band gap shrinkage is that smaller thicknesses are less effective at 

inducing a 2DEG due to the reduced dip of the conduction band below the Fermi level, 

and any given thickness induces a lower density 2DEG relative to unstrained calculations 

by the same token.  The band gap of a tensilely strained thin film will naturally decrease 

as the periodicity of the film is forced to deviate from its relaxed state.  The peaks of 

electron density in the lower half of the figure initially increase non-linearly in height as 

the AlN becomes thicker.  This is due to the establishment of the piezoelectric 

contribution coupled with the increase in spontaneous polarization.  The peak height 

increase becomes more linear as the piezoelectric contribution levels off and the 

spontaneous polarization continues to increase.  This leveling off may be due to the 

AlN/GaN interface reaching an equilibrium as the tolerance of GaN to be compressed is 

reached and the stress induced by further growth only encourages AlN internal stress to 

increase leading up to its own tolerance limit which is the essence of its critical thickness.  

The continued increase in spontaneous polarization is supported by the inset in the lower 

right portion of Figure 18.  This inset represents the depth of the electron density peak 

relative to the thickness of the AlN layer.  As the layer gets thicker, the 2DEG gets closer 

to the AlN/GaN interface due to an increase in positive sheet charge accumulation which, 

as discussed, is the effect spontaneous polarization has on III-N interfaces.  These 

simulations predicted an AlN critical thickness, when grown on GaN, of ~6.5 nm.  

Accompanying experimental structures indicate that AlN surface morphology is smooth 

(roughness ≤ 0.4 nm) up to 6 nm AlN thickness at which point the roughness 

dramatically increases without visible cracks indicating stress induced morphology 

change ahead of detrimental cracking which becomes apparent at sample thicknesses of 7 
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nm and beyond [205].  AFM scans from the experimental structures are shown in Figure 

19.   

 

Figure 19.  2 x 2 µm AFM scans of thin MBE-grown AlN/GaN samples.  Left: 

morphology changes precede relaxation events approaching the critical thickness; center: 

cracking becomes evident as relaxation events occur when reaching the layer critical 

thickness; right: cracking dominates the layer as critical thickness has been exceeded. 

The modeled electron density in Figure 18 for the AlN thickness of 7 nm is 

greater than the 6 nm layer.  This should be counter intuitive since the 7 nm thickness is 

above the critical thickness used in these calculations.  In addition to the increased 

spontaneous polarization contribution of the 7 nm film, the density increase is due to the 

relaxation of the AlN in response to misfit dislocations (a consequence of exceeding the 

critical thickness) at the interface.  This relaxation alleviates some tensile force on the 

film, increasing the band gap of AlN as it relaxes towards its natural unstrained density 

which increases the conduction band offset intensifying the conduction band dip below 

the Fermi level.  It is reasonable to relate the discussion of the critical thickness of AlN 

on GaN and the resulting behavior of the 2DEG to a potential BN/GaN interface.  The 

two interface types are both binary/binary and will be heavily strained.  The expected 

difference between the two interface compositions lies primarily on the increased lattice 

mismatch.  This mismatch, responsible for the piezoelectric contribution to the 2DEG 
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will induce an equilibrium point for GaN compression tolerance more quickly with 

BN/GaN, as compared to AlN/GaN, as such the former will reach a critical thickness 

more quickly than the latter.   

Other material differences of the two interface compositions to consider are the 

potential change to 2DEG mobility and the band gap offset.  The mobility should not 

significantly change as the conducting region is still confined within the GaN side of the 

interface and the presence of a non-gallium containing barrier interface will eliminate 

mobility issues associated with alloy scattering from a gallium containing barrier 

interface such as AlGaN.  A potential change to 2DEG mobility could be due to the 

increased BN bond strength relative to AlN.  BN dissociation energy is approximately 

30% stronger: 389 kJ/mol compared to the dissociation energy of AlN at 297 kJ/mol 

[206], [207].  This increased bond strength would discourage boron diffusion into the 

underlying GaN or into the superficial barrier layers which would contribute to interface 

roughness.  The theoretical decrease in interface roughness of BN/GaN, relative to 

AlN/GaN, would increase mobility by decreasing the resistivity of the conducting 2DEG 

region by encouraging planarity.  The smaller size of boron may counter this benefit.  It 

has been reported that aluminum can and will diffuse into GaN at AlGaN/GaN and 

AlN/GaN interfaces [208].  Boron should behave similarly.  The increased BN bond 

strength should discourage diffusion frequency, while the decreased atomic radius of 

boron should allow a diffusing boron an easier diffusion path, potentially increasing its 

diffusion distance over a given time period. 

The differences in band alignment between AlN/GaN and BN/GaN should be 

minimal aside from the increase of interfacial strain causing a decrease in the lattice 
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concentration relative to unstrained BN decreasing the band gap more significantly per 

unit thickness when compared to AlN.  Wurtzite BN has a band gap that is reasonably 

comparable to wurtzite AlN.  Literature values span an energy range of roughly 3 eV 

(5.0, 5.2, 5.23, 5.81, 5.5, 6.39, 6.86, 7.21, and 8.06 eV) [209]–[215].  The nature of the 

band gap is also fairly well disputed.  An indirect band gap, usually in the lower values of 

the range, is generally favored, but not agreed upon.  Figure 20 shows proposed band gap 

alignments of III-N binaries [216].  The magnitude and relative levels of wurtzite-BN and 

AlN band gaps reported in this reference are almost identical; as such, other than strain 

induced shrinkage of the band gap, no other significant material difference is expected in 

regards to band alignment, though significant assumptions regarding the BN band gap 

must necessarily be made until empirical evidence contradicts the assumptions.  

 

Figure 20. Band alignments of III-Ns [216]. 
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The primary benefit of the proposed BN/GaN interface is the increase in 

piezoelectric contribution to the 2DEG.  The piezoelectric effect results from the 

difference in average bond length in a direction perpendicular to the growth plane 

between the two materials of the 2DEG interface.  Generally, the relaxed GaN surface 

imposes a tensile strain on the more superficial barrier layer which is often composed in 

part of an AlN alloy whose average preferred bond length is shorter than GaN.  In turn 

the barrier layer imposes compression on the GaN surface layers causing their average 

bond lengths to be shorter than would be required by the relaxed crystal thereby altering 

electron energies of the shortened bonds [217]. 

Spontaneous polarization is inherent to the structure of the wurtzite crystal.  The 

alternating planes of group III and group V atoms which are asymmetrically spaced 

create an electric polarization between the closely spaced and farther planes of 

heteroatoms on either side of a given atom / plane of atoms.  The wurtzite III-Ns have 

different spontaneous polarization strengths due to the varying electronic structures of 

their group III constituents.  AlN, GaN, and InN generally have well-accepted values for 

spontaneous polarization, though the method of calculation can change the value, while 

BN has a less established value.  Table 4 lists literature values for the spontaneous 

polarization of the III-N binaries. Values bolded are noted as the most commonly used 

for AlN, GaN, and InN.  BN has a very large range and does not have a commonly 

accepted value. 
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Table 4.  Spontaneous polarization values for wurtzite III-Ns.  Bolded values are the 

commonly accepted and used values for the various binaries. 

  Spontaneous Polarization (C/m2) 

BN 
0, -0.012, -0.032, -2.174 

[204], [216], [218] 

AlN 
 -0.081, -0.090, -0.094, -0.099, -0.103 

[26], [95], [98], [204], [218] 

GaN 
-0.029, -0.032, -0.034, -0.080 

[26], [95], [98], [204], [218] 

InN 
-0.032, -0.041, -0.042. -0.043 

[26], [95], [98], [204], [218] 

 

TriQuint Semiconductor Donated MOCVD Reactor 

Initial experience and understanding of MOCVD fundamentals were forged 

through process development on an MOCVD reactor donated by TriQuint Semiconductor 

(now Qorvo Inc., via merger with RFMD Inc.).  An Emcore designed system initially 

created to grow GaAs had been modified by TriQuint to grow GaN on two inch 

substrates. Initial efforts focused on eliminating oxygen contamination which plagued the 

process and hindered AlN nucleation layer development.  Exhaust upgrades, ubiquitous 

adoption of VCR connections in place of sterically limited Microflange connections and 

expansion of leak checking capabilities throughout the compartmentalized system 

prevented further oxygen contamination.  Replacement of the vent/run manifold, injector 

MFCs, the TMA source, several run lines, nitrogen and ammonia purifiers, as well as 

repair and replacement of many manual and pneumatic valves removed evidence of 
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oxygen contamination and alleviated its hindrance on growth efforts and system 

performance.  Initial growth attempts after repairs were successful at growing AlN, 

though the material quality and surface texture left much to be desired.  Prior to further 

AlN growth optimization, apparent changes were needed due to substrate surface pitting 

created during heat up.  The fundamental cause for this texturing was found to be due to 

the hydrogen etch rate difference below ~1000 °C of silicon vs silicon oxide.  While 

below ~1000 °C, silicon dioxide etch rates are sufficiently slow as to favor silicon 

etching, this combined with non-uniformities of the native oxide thickness and the 

thermal gradient across the wafer surface resulted in pitting at the thinner and hotter 

spots. A slower ramp during a hydrogen etch intensified the effect.  A temperature ramp 

under nitrogen ambient followed by a hydrogen etch above 1000 °C resulted in a uniform 

silicon surface.  The nitrogen heat up solution allowed AlN development to progress.  

AFM scans of the surface from three heat up conditions are shown in Figure 21.  This 

experience enforced the importance of surface preparation prior to epitaxy. 

 

Figure 21.  AFM scans of silicon surfaces after different heat up conditions to reach 1000 

°C.  From left to right: a slow heat up under hydrogen ambient, a faster heat up under 

hydrogen ambient, and a heat up under nitrogen ambient followed by a hydrogen etch 

above 1000 °C. 
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AlN development proceeded using a study of growth temperature and V/III ratio 

which split from literature reported values of 1000-1200 °C and ~1000, respectively [47], 

[219].  Grown AlN surfaces are shown in Figure 22.   

 

Figure 22.  AlN thin films grown on a silicon (111) surface at various temperatures and 

V/III ratios.  The temperature set points do not correspond directly to the surface 

temperature but to a thermocouple in close proximity to the heating element which was 

the most reliable temperature monitoring tool available, as such they are markedly higher 

than the expected temperature of the growth surface.  A) 1550 °C, V/III 1200, B) 1425 

°C, V/III 1200, C) 1550 °C, V/III 900, D) 1425 °C, V/III 900. 
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Optimized parameters for AlN growth were ~1650 °C (thermocouple reading, 

described in the figure caption) and a V/III ratio of 980.  Using these settings and growth 

surface, initial efforts to grow GaN directly produced rough, non-reflective GaN which, 

upon SEM examination, consisted of non-coalesced islands with poor coverage of the 

AlN surface which are shown in Figure 23.   

 

Figure 23.  SEM images of a GaN nucleation layer on AlN surface.  Direct view on the 

left, tilted view on the right.  Incomplete coverage and poor cohesion are clearly seen. 

Increased precursor flow improved coverage but did not produce a concise GaN 

film on the poorly coalesced AlN surface.  Growth of the AlN nucleation layer did not 

reach the appropriate temperature for sufficient material quality as would be needed for 

GaN growth and was limited by the maximum output of the power supply.  Replacement 

of the power supply to increase the maximum temperature improved material quality 

dramatically.  After an upgrade to the cooling system to accommodate the increased 

thermal needs of the system, good GaN on AlN was produced.  AFM scans of 

representative surfaces prior to and following the cooling system upgrade are shown in 

Figure 24.    
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Figure 24.  AFM scans of GaN surface of GaN on AlN.  Left: sample grown after new 

power supply installation and prior to cooling system upgrade.  Right: sample grown after 

cooling system upgrade. 

Optimization of the growth parameters produced good quality single-crystalline 

GaN.  The importance of effective growth condition ranges, their impact on material 

quality and more importantly the impact of poor material quality on superficial layers 

was enforced by this study.  A representative cross-section of the grown GaN/AlN 

samples and XRD scan are shown in Figure 25 and Figure 26, respectively.  With the 

effective growth conditions generally established and a growth process stabilized, the 

way was set to optimize AlGaN growth settings towards growing relaxed GaN, setting 

the foundation for a functional HEMT.   
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Figure 25.  SEM cross section of single crystalline GaN on AlN on Silicon (111) 

substrate. 

 

Figure 26. HRXRD scan of GaN on AlN on Silicon (111) substrate.  Proof of single-

crystalline growth. 
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AlGaN alloys were targeted to contain 67% and 33% aluminum for a two-step 

transition into the GaN layer.  The system, as designed, severely limited the 

compositional uniformity across the wafer.  In any system, gas flow dynamics must be 

optimized to deliver a uniform concentration of reactants over the wafer’s surface area.  

Inefficient gas flows can lead to heated reactants recirculating onto the chamber roof and 

walls creating poorly adhered solid material which can contribute to unwanted particles 

in the gas flow.  A larger contributor to the compositional non-uniformity is the single-

zone heater design which creates unsatisfied heat sinks at the substrate holding shaft, at 

the center of the wafer, and at the wafer’s edge due to the flow of gas towards the 

exhaust.  These thermal inconsistencies create a radially symmetric hot ring mid-way 

across the wafer centered about the shaft position as the material is grown on a rotating 

substrate.  This ring generally has the highest overall growth rate and aluminum 

composition in alloys as both are favored at higher temperatures.  A representative plot of 

compositional variance of both prescribed AlGaN alloys across a radius of their substrate, 

from center to edge, is shown in Figure 27Figure 27. Plots of variance in radial 

composition of two AlGaN layers with targeted AlxGa1-xN compositions of x = 0.33 and 

x = 0.67., calculated from relative XRD peak positions using Vegard’s law which 

assumes a linear relationship between peaks for relative binary alloy compositions.   
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Figure 27. Plots of variance in radial composition of two AlGaN layers with targeted 

AlxGa1-xN compositions of x = 0.33 and x = 0.67. 

Attempts to optimize gas flow dynamics were not effective to alter this relative 

distribution across the wafer, as such, it is a safe assumption that the thermal gradient is 

entirely responsible for the non-uniformity.  Though gas flow dynamics were not ideal as 

particles became prevalent on and within epitaxial layers during the longer growth 

campaigns.  Typically, growth campaigns were limited by the life of their heating 

elements, which consistently warped due to exposure to process gases and degraded 

material quality towards the end of their lives, eventually melting at electrical 

bottlenecks, which severed the electrical patency of the metal. 
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The TriQuint Semiconductor donated reactor is currently idle, awaiting design 

improvements to address its primary issues: the limiting thermal control of its single-zone 

heater by adding two additional zones to directly accommodate the detrimental heat sinks 

to improve growth uniformity; the limited tungsten heating element lifespans by 

designing and machining rhenium elements; the inefficient design of its injector 

showerhead by incorporating a bell collar around the chamber wall to better encourage 

laminar flow within the chamber during growth and discourage recirculation of hot 

reactants, thereby preventing particle formation and further encouraging growth 

uniformity.   

An appreciation for MOCVD fundamentals and the consequence of non-ideal 

growth conditions were established through this material optimization.  This foundation 

would prove invaluable when altering the growth conditions and general structural 

changes necessary in the efforts accumulated in this body of work. 

Nitronex Donated MOCVD Reactor 

The reactor donated by Nitronex is a cold-walled vertical flow MOCVD reactor 

capable of growth on substrates up to four inches in diameter.  Necessary components for 

III-N growth were also included such as OM sources, OM chiller baths, substrate holders 

(known as susceptors), epi-ready substrates, various grown layers for calibration 

comparison, replacement reactor hardware, some specific tools required for maintenance, 

vacuum pumps, water circulator, power supplies, and necessary reactor recipes / 

procedures.  Initial efforts focused on functionalization of the system using the Texas 

State facility amenities: gas cabinets, gas lines, exhaust lines, house nitrogen and house 
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clean dry air (CDA) lines were fabricated and installed.  Once functional, the reactor was 

capable of growing high quality AlN, GaN and their alloys.  Additional material 

capabilities, like BN used in this work, would require additional hardware alterations. 

Modifying the Nitronex-donated MOCVD reactor to include the capability of 

growing BN requires specific hardware changes which are determined by the chosen 

boron precursor.  Boron sources for BN growth come in various forms.  Boron halides 

such as BCl3 have been used [175], [220], but the acidic byproducts (HCl) can be 

corrosive [221].  Diborane, B2H6, is used as a p-type dopant source for silicon 

technologies and has been incorporated into CVD growth techniques [222].  Diborane is 

known to be very toxic and explosive; as such, while a potential candidate, it isn’t ideal 

for high temperature growth techniques [148].  A single molecule with stoichiometric 

amounts of boron and nitrogen within it would be a logical choice to grow stoichiometric 

BN.  One example of a single source molecule is borazine, B3N3H6 [223].  Borazine is a 

useful precursor to develop single BN monolayers and mixed phase thin films after 

annealing [148], [223], [224].  One obvious drawback for its implementation for epitaxy 

is the lack of control of reactant ratios, and therefore material quality, when using a single 

source precursor.  A number of organoborane species have been used to grow BN, but 

since the application for this project is a MOCVD process, literature precursors that 

contain oxygen were not considered.  Most notable among the organoboranes and 

following suit with typical MOCVD precursors are trimethylboron (TMB) and 

triethylboron (TEB).  Both of these molecules could theoretically find utility in the 

Nitronex-donated MOCVD reactor.  TMB is a gas at all reasonable temperatures (Tb = -

20.2 °C), as such it would be the first gaseous organometallic species used in the reactor.  
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TEB is a liquid at room temperature and its vapor pressure curve lies between 

trimethylaluminum (TMA) and trimethylgallium (TMG) which are already attached to 

the reactor.  The vapor pressures of the three liquids are plotted against temperature in 

Figure 28.  TEB is a popular boron precursor in the literature [131], [144], [147], [148], 

[154], [174], [197], [221], [225]–[228].  It has been experimentally determined to be the 

best boron precursor among the organoboranes [221] for boron inclusion efficiency; its 

direct comparison to TMB reveals TMB as a highly reactive molecule whose stability is 

not as well suited for CVD applications [148].  Given the familiar nature of the liquid 

precursor and the familiar ethylene glycol cooled temperature range over which useful 

vapor pressures may be achieved, the liquid TEB was the preferred choice for a boron 

precursor for this work. 

 

Figure 28.  Vapor pressure vs temperature for TEB, TMA, and TMG. 
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Commercial availability of TEB would prove a significant challenge.  Of the six 

companies which had sold the molecule in years prior to this work, two (Strem 

Chemicals & DockWeiler Chemicals) had offered it in electronics grade purity and a 

reasonable quantity.  Strem discontinued TEB production in 2012, depleted their 

inventory in 2013, and was currently not able to offer the product.  DockWeiler 

Chemicals of Germany was able and willing to synthesize and purify the product; it was 

commissioned in November 2014, shipped February 2015, substantially delayed by the 

west coast dock worker strike of 2015, and delivered to Texas State in April 2015.   
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IV. PROSPECTUS 

 The dissertation proposal described herein pertains to the field of AlGaN/GaN 

high electron mobility transistors (HEMTs).  The material growth was performed at 

Texas State University (TSU) utilizing the advanced metal organic chemical vapor 

deposition (MOCVD) capabilities of the Piner research team in the Advanced Functional 

Materials Laboratory Research Service Center (RSC).  Characterization was primarily 

conducted on site at TSU, utilizing the Nanomaterials Analytical RSC capabilities.  The 

foundation of the project is the traditional AlGaN/GaN HEMT with AlN barrier layer as 

described in US patent 6,849,882 [102].  A representative HEMT structure incorporating 

this foundation is shown in Figure 29. 

 

Figure 29.  Traditional AlGaN/AlN/GaN HEMT structure grown on silicon utilizing 

various transition layers to allow low-stress GaN growth.  The layer thicknesses are not 

to scale.  The barrier layer thicknesses are greatly exaggerated. 

 This structure represents the initial, non-inclusive, subject of the body of work for 

this dissertation which will follow Texas State University Invention Disclosure TSU 
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2014-011, inventors Jeffrey R. Simpson and Edwin L. Piner, its proof-of-concept and 

utility optimization.  The dissertation’s fundamental change to the structure shown in 

Figure 29 is the incorporation of the smallest group III element, boron, into the barrier 

interface layer, defined by the red AlN layer, responsible for the formation of the 2DEG.  

The layers superficial to the GaN layer are generally referred to as the barrier layers, and 

the layer immediately interfacing with this GaN layer, if compositionally distinct from 

the barrier layer, as the barrier interface layer.   

The researched compositional spectrum of the boron-containing barrier interface 

layer BXAl1-XN range is: 0 < X ≤ 1, X = 1 being binary BN.  This purpose of this 

compositional change is to increase the interfacial lattice stress between the underlying 

GaN layer and the proposed barrier interface due to a decrease in relative lattice spacing, 

increasing the lattice mismatch at the interface compared to the aforementioned AlN 

barrier layer which is used in today’s state-of-the-art high power and high frequency GaN 

based HEMT technology.  Increased interface stress will enhance the piezoelectric 

contribution to the 2DEG.  This contribution increase is anticipated to improve the 

already high sheet charge density of the 2DEG, potentially enabling a new generation of 

devices via an alleviation of current device performance limitations.   
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V. EXPERIMENTAL 

Growth Process Stabilization & Preliminary BN Growth 

 The TEB bubbler was initially installed on a standard OM manifold comprising a 

single carrier gas MFC, and pressure controller.  TEB concentration calculations gave a 

ball-park range of H2 carrier gas flows.  But without knowing the necessary flows for 

appropriate BN growth in our reactor, the precise flow range required for the experiments 

was impossible to determine ahead of empirical evidence.  Thus, a 20 sccm OM manifold 

MFC combined with the variable temperature bubbler bath was determined to be the best 

center-of-the-range starting point.  Using the donated Nitronex growth recipes as a 

template, a basic recipe was created building off of the production-quality AlGaN/GaN 

recipe combined with AlN profile layer parameters from an experimental AlN profile 

recipe.  These AlN parameters were used as a control for BN growth conditions.  Without 

adding boron to the epilayers, the template recipe thus produced reference HEMT 

structures, referred to as the baseline structure.  The two layers’ parameters such as OM 

flows, ammonia flows, injector distribution, growth temperature, and chamber pressure 

provide a direct comparison with the baseline 2DEG platform and more importantly 

would serve as a starting point for BN profile growth. 

 Baseline growth processes needed to be reestablished after the initial reactor 

installation.  The setup procedure is common to any shutdown involving opening the 

chamber or making major alterations or repairs.  Growth proceeds in a stepwise fashion 

starting with AlN layer optimization working towards a full HEMT stack.  Calibration 

wafers were donated with the reactor with known-good layers meant for this exact 
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comparison.  Also inherent to this process is the general coating / conditioning of 

chamber surfaces exposed to the reactants.  This coating can alter the thermal 

environment and will, by design, reach a steady state after a prescribed set of calibration 

runs.  The AlN nucleation layer, the first AlGaN transition layer, the second AlGaN 

transition layer, GaN and eventual HEMT structure XRD scans are shown in Figure 30, 

for the baseline AlGaN/GaN structure.  The composition of the iterative calibration layer 

growths of the AlN / AlGaN 1 / AlGaN 2 / GaN structure are diagnosed from their 

relative XRD peak positions in Figure 30. The composition of the AlGaN transition 

layers shown in graph “e” of Figure 30 are Al0.507Ga0.493N for AlGaN 1 and 

Al0.257Ga0.743N for AlGaN 2.  This layer structure contains a sufficient gradient of 

increasing gallium content for relaxed GaN growth, in practice.  Each layer serves to 

sustain the high quality of the eventual AlGaN/GaN HEMT structure which is dependent 

on the successful growth of a relaxed GaN with a planar surface, as previously discussed.  

Following the optimization of the transition layers, the first GaN growth in the reactor 

produced good quality material.  A SEM cross section of this first HEMT layer structure 

is shown in Figure 31 to accompany Figure 30’s XRD scan to validate material quality 

and Figure 32 shows an AFM scan of the epilayer’s surface to validate planarity. 
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Figure 30.  XRD scans of iterative calibration growths: a) AlN; b) AlN & AlGaN 1; c) 

AlN, AlGaN 1 & AlGaN 2; d) AlN, AlGaN 1, AlGaN 2 & GaN; e) Full HEMT stack. 
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Figure 31.  SEM cross section of the first GaN growth.  From the bottom to the top, 

layers are the silicon substrate (unlabeled), AlN, AlGaN 1, AlGaN 2, and GaN, with each 

layer thickness noted. 
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Figure 32.  1 µm x 1 µm AFM scan of the first GaN growth surface.  The Z range is 

1.057 nm; the root mean square roughness is 1.15 Å. 

 The SEM cross section shows the measured thicknesses of the layers.  These 

approximate thicknesses have been shown, in practice, to provide a good underlying 

structure for the successful growth of relaxed GaN and good quality superficial device 

structures.  The rough surface appearance of the AlN (deepest measured layer) in Figure 

31 serves to mitigate stress at that interface more gradually that a planar interface could.  

This roughness serves to eliminate some threading dislocations generated at the 

heteroepitaxial AlN/Si interface and spread out compositionally induced strain over a 

larger area which allows for a relatively drastic compositional change between AlN and 

the first AlGaN transition layer.  This large compositional change is tolerated in the 

overall structure by the distance between the interface in question with the superficial 



 

80 

 

device layers and the more superficial, less strained, material interfaces.  Strain in 

response to the roughly 1.2% lattice mismatch at this interface will generate relaxation 

events which could compromise the electrical properties of device layers.  Again, the 

morphology of the AlN surface serves to spread out and effectively reduce the impact 

relaxation events will have on the overall structure.  The efficacy of this structure and its 

compositions to grow relaxed GaN and high quality device layers is validated by the 

AFM scan in Figure 32.  This scan has a roughness of 1.15 Å which is on the order of an 

atomic plane thickness.  This is an extremely good surface roughness for a GaN HEMT 

structure and is indicative of high quality material. 

With the underlying growth layers established, repetitive growths of AlGaN/GaN 

HEMT structures would serve to confirm the quality of the baseline for future research.  

Figure 33 shows five such growths of the AlGaN/GaN baseline.  Each peak is mostly 

coincident with the analogous peaks from the other wafers.  As the reactor conditions 

reach a steady state, slight thermal differences from run to run will be present.  This is 

typical of a growth sequence following a major shutdown.  The evidence of slight 

thermal variations is seen in the overlaid HEMT XRD scans in the slight offset between 

the AlGaN peak positions.  This is within tolerable ranges as the compositions remain 

effective to mitigate heteroepitaxial strain and provide a functional template for relaxed 

GaN growth even as the chamber conditions reach a steady state. 
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Figure 33.  Repeated growth of AlGaN/GaN HEMT structures to establish the baseline 

growth process.  The left-most peak is from the silicon substrate, the right four peaks are 

from the epitaxial layers.  From left to right: GaN, AlGaN 2, AlGaN 1, and AlN 

 Experimentation of an AlGaN/AlN/GaN HEMT structure was instituted with the 

aim to provide a more advanced state-of-the-art baseline, in terms of 2DEG 

characteristics, for comparison of the BN-based HEMT structures researched here, as 

well as for other advanced studies.  The experimental AlGaN/AlN/GaN recipe was 

updated with controlled growth conditions for the AlN nucleation, transition, GaN, and 

AlGaN barrier layers and a study of AlN profile layer growth times was performed.  The 

initial recipe prescribed specific TMA and ammonia flows with a layer growth time of 60 

seconds.  These parameters were not altered for the first growth run.  The results of this 

study are detailed in Figure 34.    



 

82 

 

 

Figure 34. Sheet resistance vs profile layer growth times for AlGaN/AlN/GaN HEMT 

structures to establish research baseline.  Carrier concentration measurements in cm-2 and 

mobility in cm2/V-s are displayed next to the corresponding data points. 

The results indicate an optimal range between comparable growth times of 12 and 

30 seconds.  The data differ in measured mobility and carrier concentration, but produce 

identical sheet resistances.  This study is consistent with the critical thickness discussion 

of an optimal thickness existing between incomplete coverage (retaining some degree of 

alloy scattering) and strain-induced morphology changes which are likely apparent in the 

significantly reduced mobility of the 60 second data point.  The optimal region between 

12 and 30 seconds would serve as a foundation for the boron-containing barrier interface 

layer experiments. 

Alteration of the AlN profile recipe to include TEB flow in place of TMA for the 

profile layer was implemented and initial growth runs under identical ammonia flows 

began.  The first BN-based HEMT growth followed the 12 second AlGaN/AlN/GaN 

recipe with double the TEB flow concentration relative to the TMA flows of the parent 
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recipe.  The rational for this initial experiment was, matching the AlN flow directly was 

not possible as the prescribed flow rate for flow matching was not capable of maintaining 

pressure through the TEB pressure controller into the vent / run manifold (as determined 

by separate flow rate and stability experiments).  This initial experiment, discussed in 

detail later, did not produce a measurable 2DEG.  

The second experiment aimed to match the AlGaN/AlN/GaN 12 second layer, 

molecule for molecule.  To address the hardware limitations, this was achieved by 

halving the flow rate through the bubbler, halving the bubbler pressure, and halving the 

profile layer growth time.  Halving the bubbler pressure alleviated the hardware’s 

inherent pressure building limitation and effectively doubled the molecular flows.  This 

doubling, combined with the halved growth time and halved bubbler flows, effectively 

halved the molecular flow into the vent / run manifold (2 x ½ x ½ = ½) allowing the exact 

match of total molecules to the reactor of the 12 second AlN/GaN recipe over a shortened 

6 second growth time.  (In retrospect, this approach was an inefficient way to reduce the 

molecules to the reactor, though it was effective in doing so.)  This growth attempt also 

failed to produce a measurable 2DEG.  XRD scans from the first two experiments are 

shown in Figure 35.    
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Figure 35.  XRD scans of initial BN containing HEMT structures.  The baseline structure 

is the standard AlGaN/GaN, the 12s BN growth is the first BN HEMT experiment, and 

the 6s BN is the halved TEB bubbler pressure / halved carrier gas flow / halved growth 

time flow-matched experiment.  Boron inclusion did not shift the peaks of the underlying 

layers as compared to an AlGaN/GaN baseline, in blue.   

Peaks from the BN HEMT growth attempts within Figure 35 are coincident with 

the AlGaN/GaN baseline.  This is as expected as it would be abnormal for a superficial 

thin layer to compromise the crystalline integrity of the underlying layers, but this 

evidence absolves the overall material quality of culpability for the lack of a measurable 

2DEG.  With good material quality leading up to the BN layer and normal AlGaN barrier 

layer growth afterwards (which would induce a 2DEG) the logical conclusion is the 

impact of BN growth and the resulting strain, and/or the exposure to TEB and its reaction 

intermediaries, have degraded the GaN surface and superficial materials sufficiently so to 

diminish the 2DEG on the scale of a normal Hall sample (1 x 1 cm).  Complementary 

AFM scans are shown in Figure 36. 
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Figure 36.  5 µm x 5 µm AFM scans of BN containing HEMT surfaces.  Left: baseline 

surface for comparison.  Middle: 12s BN profile stack indicating significant surface 

abnormalities.  Right: 6s BN profile stack with similar surface features to 12s BN, though 

significantly less pronounced.  All surfaces consist of a thin GaN cap on AlGaN barrier 

atop the BN (Middle and Right data). 

The morphology of the left AFM scan, the baseline surface, is typical for an 

AlGaN/GaN HEMT surface from the baseline process.  It is exceptionally planar with a 

few surface features resulting from incomplete coalescence, or surface dissociation, of 

the GaN cap as a result of the high aluminum content barrier layer’s preferred growth 

morphology.  The morphology of the 12s (middle) and 6s (right) BN growth surface 

structures are irregular for a single-phased single crystal III-N film, which tend to have 

trigonal or hexagonal features when strained.  The streaky non-planar nodule-like 

features indicate deviation from ideal material growth such as: incomplete layer 

coalescence, non-wurtzite growth phase, mixed phases, or boron precipitation induced by 

BN layers surpassing their critical thicknesses.  The surface features, while unlike most 

GaN and AlN surfaces, are similar in appearance to non-ideal InN layer growth surfaces 

which deviate from optimized growth conditions.  AFM scans of non-optimized InN 

surfaces are shown in Figure 37 for comparison.  The island-like nodules are evidence of 

incomplete coalescence likely due to InN decomposition.  The similarities between these 
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surface features and the BN HEMT surface features support that BN growth conditions 

are significantly non-optimized, or the BN thicknesses grown in the two experiments 

were considerably beyond the critical thickness allowed by the BN/GaN strained 

interface which would alter their morphology and that of the more superficial layers. 

 

Figure 37.  2 x 2 µm AFM scans of InN surfaces grown under non-optimized growth 

conditions [170]. 

The initial AlGaN/BN/GaN growth experiments provided evidence that a lower 

molar flow concentration was necessary for successful BN-based HEMT growth which 

would require TEB manifold hardware changes as the TEB bubbler cooling bath was 

already at its lowest sustainable temperature setting of -10 °C and the carrier gas flows, as 

required to maintain TEB bubbler pressure, were already minimized.  Such hardware 

changes required redesign of the TEB manifold from the standard (MFC and pressure 

controller) manifold to a more intricate, larger dynamic range, dilution manifold.  Both 

configurations are shown for comparison in Figure 38. 
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Figure 38.  Triethylboron manifold and installed dilution manifold.  Left: a single MFC 

(A) feeds the bubbler inlet (B).  Bubbler outlet (C) flow goes through a pressure 

controller (D) to the vent / run line (E).  Right: a single MFC (A) feeds the bubbler inlet 

(B), a second MFC (C) inserts diluent hydrogen (D) into the bubbler outlet stream (E), 

while a third MFC (F) delivers a diluted concentration of TEB into the vent/run line (G), 

and a pressure controller (H) expels excess gas volume to exhaust (I). 

 The purpose of the hardware changes was to increase the functional range of TEB 

concentrations available for BN growth by reducing the minimum TEB concentration 

which could be put into the vent / run manifold and still maintain TEB bubbler pressure.  

This was achieved primarily by the addition of a 500 sccm MFC to add diluent hydrogen 

after the bubbler outlet.  The bubbler input 20 sccm MFC was not changed.  The 

additional functional change to the manifold is the pressure controller no longer outputs 

to the vent / run manifold, but instead dumps excess volume directly to the exhaust.   The 

output to the vent / run manifold is controlled more effectively by a 200 sccm MFC.  The 

new configuration results in a functional concentration range increase by over two orders 
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of magnitude allowing for a much more thorough study of BN growth within a HEMT 

structure.  

Reactor Troubleshooting 

Reactor process development continued during the hardware fabrication for the 

new dilution manifold for the TEB lines.  This process development suffered from 

abnormal inconsistencies and an absence of repeatable electrical data from the baseline 

HEMT structures.  The variables impacting the electrical data were convoluted.  A switch 

to lower resistivity silicon substrates altered measured electrical data to the point of 

preventing reliable characterization via the contactless mobility measurement due to the 

presence of charge carriers at the AlN nucleation interface with silicon in the form of 

diffused aluminum within the substrate acting as dopants.  Evidence of a foreign 

contaminant came from visual inspection of the backside of the wafers to find white hazy 

areas along the periphery of the wafer.  The growth surface above those same hazy 

sections commonly had cracking along their entire surface area.   

Aside from the new group III element’s introduction to the growth chamber, a 

newly implemented platter cleaning process was also a possible source of contamination.  

Given the low concentrations and very short time periods the chamber was exposed to 

boron, platter cleaning experimentation seemed like a reasonable problem solving 

prioritization.  Nitronex cleaned their platters with commercial equipment which was 

used for other processes and not donated with the reactor.  Beakers and platter carriers 

were donated and utilized to the best of our ability.  The fundamental difference between 

the Nitronex platter cleaning procedure and the best available cleaning procedure in the 
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Texas State nanofabrication facility was the deionized water rinsing equipment.  Nitronex 

used a water circulator which cascaded fresh hot deionized water over the treated 

susceptors allowing for the surfaces to be aggressively purged of residual reactant 

byproducts.  The best option for rinsing with our available equipment was a relatively 

stagnant heated beaker for soaking and a large tank for a secondary room temperature 

soak.  While this procedure was not identical, nor on the same level of potential efficacy 

as the Nitronex methods, it should be effective given the tendency of the cleaning species 

to be solvated by water.   

Given the differences of the cleaning procedures, contamination had to be given 

the highest priority for problem solving efforts to resolve the absence of HEMT electrical 

properties grown by the reactor at that time.  A susceptor was examined by SEM and 

EDAX to show small concentrations of contaminants at rough points along the internal 

edge.  This led to experiments to remove unwanted contaminants that ranged from 

increased deionized water soaking to carbon dioxide blasting to acid etching to 

electrocleaning.  The productive methods led to increased soak times in the deionized 

water baths to successful absolution of the hazy appearance and cracking during growth.  

While a few of the methods were equally successful at preventing the backside 

discoloration and the corresponding epitaxial layer cracking, the most reasonable method 

to integrate into the normal platter cleaning procedure was prolonged deionized water 

soak times.  This method was entirely effective and required no extra equipment or 

process steps, just an increase to an established step’s time. 

Another issue involved the reactor exhaust system.  The reactor’s primary pump 

experienced electrical overload that was discovered to be due to water in the exhaust line, 
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thought to result from the intense flooding rains in central Texas during May of 2015.  

The entire exhaust system, including the original donated pump, had been compromised 

by the significant amount of water.  Despite the preventative structures in the exhaust 

systems of the building, it was found that the facility contractors who installed the reactor 

exhaust line effectively and unintentionally created a drain at the lowest point of the vent 

on the lowest floor of the building.  Facility alterations and preventative exhaust 

structures were put in place to hopefully eliminate this possibility in the future.  After 

replacement of the local exhaust lines, repair or replacement of the valves between the 

reactor and the pump, and installation of a new pump, the system was again functional.  

During the time the pump was non-operational, software updates and hardware 

fabrication for the installation of the TEB dilution manifold were also implemented.  

Miscellaneous unexpected reactor maintenance included repairing the Eurotherm 

temperature readout due to a communication card issue, replacing heater coil tie-downs, 

replacing faulty TMA and TMG pressure controllers, and trouble-shooting an event that 

involved consistently abnormally thin aluminum nitride, roughly half of the expected 

thickness, with poor uniformity.  It was determined that the TMA pressure controller had 

been misconfigured since the system’s creation.  The underlying issue was that the 

pressure controller expected an input range of 0-10 volts which would correspond to a 

range of full open to full close of the pressure controlling mechanism.  The system was 

providing a range of 0-5 volts which naturally elicited half the desired pressure from the 

TMA dilution manifold.  This essentially doubled the concentration of TMA into the 

vent/run line as would be expected with a halved bubbler pressure, due to the consistency 

of the bubbler temperature and therefore a doubled contribution to the total pressure by 
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the temperature-dependent TMA vapor’s partial pressure.  When the growth recipe 

pressure set point for the bubbler was dropped to half of their previous values and the 

normal flows were restored after the efforts to troubleshoot the problem, the AlN layer 

thicknesses were back to normal.  The root cause of the issue is presumed to have 

occurred during the software updates for the installation of the boron dilution manifold 

which shares a single pneumatic connection with the aluminum dilution manifold. 

Finally, the H2 purifying palladium cell experienced a catastrophic failure.  The 

palladium cell is responsible for purifying the incoming hydrogen gas by only letting the 

small hydrogen pass through a thin palladium membrane interstitially which must be held 

at approximately 400 °C.  The catastrophic failure was apparent due to the lack of 

pressure drop across this membrane.  Usually, a pressure differential provides motive for 

the interstitial diffusion and resulting purification, so the lack of pressure drop implies a 

free path through the palladium membrane: i.e., a crack.  Palladium cells are quite 

expensive and repair of the unit would cost practically the same as its replacement.  The 

solution to the problem came through consultation with MOCVD and purification experts 

at Matheson.  A resin based chemical purifier was installed to getter non-hydrogen 

species in the gas feed.  This was a cost- and time-effective means to solve the hydrogen 

purification issue. 

Following this period of reactor troubleshooting, normal material growth was 

reinstated.  While reestablishing the baseline AlGaN/GaN HEMT structure, the barrier 

composition and thickness was observed to have drifted from target values.  The data 

suggested that the aluminum composition was too high and that the thickness was too 

low.  A common solution of increasing the TMG flow for the alloy growth would 
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simultaneously dilute the aluminum content and increase the thickness.  The initial 

increase in TMG flows exceeded the critical thickness of the barrier layer causing 

cracking.  The next step decreased the overall flow of both the TMG and TMA while 

maintaining the relative increase of TMG flow to TMA from the first growth attempt.  

This configuration would prove successful and the baseline AlGaN/GaN HEMT was 

reestablished after a roughly nine-month hiatus opening the door once again for research 

driven growth. 

Research Structures 

BN and BAlN films were grown within Ga-polar (0001) GaN-based HEMT 

structures using MOCVD growth techniques on silicon (111) substrates.  Triethylboron 

(TEB) and ammonia were utilized as precursor molecules for B and N inclusion, 

respectively.  The TEB manifold was kept at -10 °C, 760 Torr.  TEB was brought into the 

reaction chamber with a hydrogen carrier gas.  The silicon substrates were loaded into the 

reaction chamber, heated to a temperature sufficient for homogenous hydrogen etch of 

the native oxide (>1000 °C) clearing the growth surface of oxygen.  The surface was then 

exposed to ammonia for a brief period followed by introduction of trimethylaluminum 

(TMA) for a high temperature AlN nucleation layer growth upon which a two-step 

transition AlGaN was grown for transition of material properties for GaN growth.  

Growth proceeded until a single-crystalline GaN layer of sufficient thickness with a 

planar surface was achieved.  TEB was introduced directly to the GaN surface with or 

without TMA for ternary BAlN or binary BN, respectively.  An AlGaN barrier layer was 

grown on the boron-containing layer and a thin GaN cap was grown to planarize the 
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growth surface.  The chamber was then cooled and the substrate and newly grown 

epitaxial layers were extracted for characterization.   

A representative HEMT material stack is illustrated in Figure 39.  The figure 

generalizes the AlN nucleation and AlGaN transition layers and emphasizes the barrier 

layers.  To properly diagnose the impact of boron inclusion on 2DEG properties, 

experimental AlGaN barrier layers (above the BAlN layer in Figure 39) were grown 

using the same growth parameters for all samples in this work.  Relative to the 

AlGaN/GaN baseline using the recently updated barrier composition and thickness, the 

barrier layers used are identical in composition and were grown for 91% of the normal 

time.  The deviation in time is to lessen critical thickness issues caused by a thicker 

barrier layer.  This encourages, if only slightly, the boron-containing barrier interface 

layer to have a more appreciable impact on the properties of the 2DEG and epitaxial 

surface architecture.  For the majority of growth, a twelve second pause in growth, or 

“growth stop,” was employed to adjust ammonia flows in preparation for TEB 

introduction and another twelve second growth stop was used, as needed, to adjust 

ammonia flows for the barrier AlGaN growth after TEB flow terminated.  Each 

experiment’s defining differences are found in the input ranges for TEB flow (0.04 – 1.7 

µmol/min), ammonia flow (0.002 –  0.1 mol/min), and BN layer growth time (1 – 60 sec) 

which were used in the AlGaN/BN/GaN study and ranges of TEB flow (0.008 – 0.032 

µm/min), ammonia flow (0.03 mol/min), TMA flow (0.6 µmol/min) and BAlN layer 

growth time (12 – 20 sec) used in the AlGaN/BAlN/GaN study.  The values for 

molecular flow rates are calculated as molecules entering the chamber per minute which 

necessarily deviates from the output from the OM bubblers due to the reactor and gas line 
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configuration.  The growth pressure for all barrier layers was 100 Torr and the 

temperature was roughly 1012 °C 

 

Figure 39.  Generalized GaN HEMT structure with the barrier AlGaN and barrier 

interface BAlN layer thicknesses greatly exaggerated. 

1 x 1 cm Hall devices were fabricated from each wafer to measure the two-

dimensional electron gas (2DEG) properties by Hall measurements utilizing metallic 

indium for ohmic contact to the 2DEG.  Hall data is presented as an average of all 

samples from a given wafer unless specified otherwise.  The morphology of the epitaxial 

surface was characterized by atomic force microscopy (AFM) in both 5 x 5 µm and 1 x 1 

µm areas to quantify the surface root mean square (RMS) roughness.  X-ray diffraction 

(XRD) was utilized to diagnose structural differences between the as-grown boron 

containing films in comparison with the parent (boron-free) HEMT structures.  Advanced 

characterization of select samples utilized scanning transmission electron microscopy 



 

95 

 

(STEM) producing high-angle annular dark field (HAADF) images.  STEM samples 

were produced via a focused ion beam (FIB) sample preparation process within the 

scanning electron microscope (SEM).  Additional samples were characterized by 

secondary ion mass spectroscopy (SIMS) for compositional depth profiling. 
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VI. RESULTS AND DISCUSSION 

AlGaN/BN/GaN HEMT – Establishing a 2DEG 

The experimental process to establish a 2DEG within an AlGaN/BN/GaN 

structure which began prior to the installation of the dilution manifold but was limited by 

the TEB concentration allowed by the hardware was initiated with growths utilizing 

reduced TEB flows.  A BN layer growth time of 6 seconds was used and the ammonia 

flows matched the baseline AlGaN/AlN/GaN recipe.  TEB flows were reduced within the 

experiment by steps of 50% total flow resulting in the successful growth of an 

AlGaN/BN/GaN HEMT structure with a measurable 2DEG.  The summary of results of 

this experiment are presented in Table 5. 

Table 5.  Hall measurements from AlGaN/BN/GaN HEMTs.  Experiment aim: establish 

upper TEB concentration limit for 2DEG generation. 

TEB Flow  

(µmol/min) 

Carrier 

Concentration 

(cm-2) 

Mobility 

(cm2/V*s) 

Sheet Res 

(ohm/sq) 

RMS Roughness 

(nm) 

1.276 N/A N/A N/A 5.462 

1.276 N/A N/A N/A 1.217 

0.318 8.141E+12 929 825.2 2.070 

0.159 1.018E+13 1202 511.5 0.611 

 

It is important to note that the two highest TEB flow runs may have been 

compromised by oxygen contamination from the previously discussed system exhaust 

issues, though the overall experiment was successful to establish an upper TEB flow 

range for 2DEG generation.  Ideally the correlation between TEB flow rate and BN layer 

growth rate follows the traditional direct dependence as observed in GaN and AlN, 
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previously discussed.  However, the layer strain and resulting critical thickness may 

hinder such a relationship.  The oxygen contamination scenario is the likely culprit to 

explain the comparison of roughness values for the two HEMT structures with RMS 

roughness values of and 1.217 and 2.070 nm.  HEMT structure surface roughness should 

follow directly with morphology changes brought on by strained layers.  Though these 

two wafers are a limited data set, the trend of decreasing roughness with decreasing 

strained layer thickness should still exist.  Since this relationship is not true for these two, 

assuming the correlation between flows and layer thickness is true, the natural 

conclusion, based on the information associated with the contamination event and RMS 

roughness value, is that the 1.217 nm roughness wafer should have a 2DEG.   

 No BN signal from this experimental set was detected in XRD scans.  Traditional 

XRD efforts utilizing signals from layers satisfying Bragg’s law [229] to look for HEMT 

layers produced baseline-identical results.  This could be a result of a few scenarios: 

perhaps the layer is so thin its signal is not appreciable due to overlap with another peak, 

or the growth preference of BN under these experimental conditions does not favor 

wurtzite growth, as such the material transitions quickly from the wurtzitic surface of the 

GaN to another phase which does not satisfy the same Bragg conditions as a concise 

wurtzite material so that the signal is so broad as to not be recognizable as a peak, a 

similar mechanism could be at play from the perspective of strain given the large 

mismatch between BN and GaN, or the possibility that BN was not grown and the 

degradation to the 2DEG is simply from an etch-like damage mechanism from exposing 

the GaN surface to the TEB or one of its decomposition or ammonia reaction products.   
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Thick BN Growth – XRD Evaluation of BN 

An experiment designed to grow sufficiently thick BN so to be detectable by 

XRD was conducted using BN growth times of 60 seconds in the AlGaN/BN/GaN 

HEMT structure.  The TEB flows were doubled for each sequential run within the 

experiment.  No Hall sample from the experiment had a measurable 2DEG.  The total 

TEB moles to the reactor (the product of molar flow rate and layer growth time) plotted 

against the average surface roughness for the three growth runs from this experimental 

set are presented in Figure 40, discussed in detail below, with the two 2DEG-containing 

AlGaN/BN/GaN HEMT wafers from the flow establishment experiment for comparison. 
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Figure 40.  Plot of average surface roughness vs total TEB moles to reactor.  The right-

most three data points are from this experimental set and did not contain measurable 

2DEGs.  The left-most two are from the flow establishment experiment and both 

contained 2DEGs.  Inlaid images are 1 x 1 µm AFM scans from the corresponding wafers 

illustrating the morphology changes responsible for the roughness measurements.  Z-

ranges for the AFM scans are, from left to right: 6.5, 21.3, 42.3, 36.9, 27.2 nm.   

 

Ω - 2 XRD scans from this experimental set are presented in Figure 41.  No 

peaks are apparent which would not otherwise be expected in the baseline AlGaN/GaN 

HEMT structure.  An Ω - 2 scan of such an AlGaN/GaN HEMT is included for 

comparison in Figure 41.   
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Figure 41.  Omega – 2 Theta scans for thick BN experiment with a baseline AlGaN/GaN 

HEMT scan for comparison.  Samples are designated by the total TEB moles delivered to 

the reactor.  The upper graph shows the entirety of the range scanned, the middle and 

lower graphs show expanded views of the epitaxial layer peaks. 
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The excessively rough and non-planar surface apparent in the inlaid AFM images 

of Figure 40 are indicative of severe stress in the underlying layers.  The surface 

morphology of the higher TEB flow wafers is nodular with coarsely segregated islands.  

The lack of hexagonal or trigonal crystallographic surface features, common to wurtzite 

materials, suggests the growth of alternative phase or phases within the crystal.  Given 

that the primary change in the growth of each sample is the addition of TEB, and the 

increase in severity of the nodular appearance with increased TEB flows, the conclusion 

is that the critical thickness of a strained boron-containing layer, be it BN or a B alloy 

with surrounding layers or a combination of the two, has been exceeded.  This is further 

supported by the absence of a measurable 2DEG in the heavily affected HEMT structures 

which indicates either a severely non-planar barrier layer / GaN interface or the 

accumulation of relaxation events sufficient to eliminate the strain necessary for the 

piezoelectric contribution to the 2DEG combined with the generation of electron states at 

relaxation sites eliminating 2DEG integrity by producing trap states.   

The XRD scans in Figure 41 suggest there are slight compositional variations 

between the AlGaN transition layers of the various HEMT epiwafers.  These 

compositional differences are insignificant in the growth and identification of BN within 

these epitaxial structures.  The compositional variation is evident from the small shifts 

between analogous peaks in the lower two scans in the figure.  As an example, the second 

peak of the middle scan (the second AlGaN transition layer) in the figure contains peaks 

whose maxima are not aligned to one another, specifically the blue data set (0.318 µmol 

TEB) is shifted towards the GaN peak indicating a higher gallium content within the 

second transition layer of that wafer.  Every other wafer’s second transition layer had an 
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identical composition of Al0.24Ga0.76N while the shifted peak indicates an Al0.12Ga0.87N 

composition for that single wafer.  Every other peak position for that wafer’s discreet 

layers were identical to the others in the set.  This single layer deviation could be due to a 

decreased deposition temperature for that layer which would decrease the aluminum 

incorporation of an AlGaN layer.  If the presence of TEB in the material stack were to 

blame for the shift, it would be expected that the GaN peak would also be shifted as it is 

between the BN layer and the AlGaN layer in question, but the exact alignment and 

congruency of the GaN peaks from wafer to wafer suggests that the GaN material quality 

is comparable for each HEMT structure.  Additionally, if TEB were culpable for the shift, 

it would be expected that the other, higher TEB concentrated samples, would experience 

a similar or even more severe shift, but their peaks are aligned perfectly with the baseline.  

The barrier layers are not represented in the figure due to their peak overlap with the 

underlying thicker AlGaN barrier layer and overall low relative diffraction signal.  While 

it could be assumed that the BN peak will be similarly masked by the other epitaxial 

layers, the presence of such a markedly different lattice spaced material grown under 

these conditions may still have been evident in these scans, validating the experiment.   

The expected relaxed w-BN (0002) peak location from reported positions in the 

literature is 43° on a 2 scan [230]–[233].  BN layers producing these peaks are not 

directly comparable to these experimental wafers due to the high likelihood of strain in 

the MOCVD-grown AlGaN/BN/GaN structures.  BN layer peak positions under these 

conditions should reside somewhere between their relaxed peak position and alignment 

with GaN due to the intended lattice matched periodicity at the interface.  As such, the 

BN signal may indeed be convoluted with other III-N peak positions or may be spread 
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over a large area due to the reduction in perceived tensile strain of progressive 

monolayers away from the GaN surface.  In comparison with the baseline AlGaN/GaN in 

Figure 41 (black data), the AlGaN/BN/GaN samples with the intentionally thick BN do 

not have an appreciable BN signal in the previously defined range between the GaN peak 

and the literature reported position of w-BN of 43°.  Additional explanations for the 

absence of an appreciable BN peak are: the BN signal is too weak relative to the other 

layers indicating these BN layers are still overly thin, or BN was not deposited but 

instead the surface roughness and 2DEG degradation are due to an etch-like behavior by 

TEB or one of its reaction byproducts roughening the GaN surface and the AlGaN/GaN 

interface. 

To help identify the presence of BN in these AlGaN/BN/GaN with thick BN 

layers, a STEM sample was prepared from the wafer with the thickest intended BN layer 

(1.272 µmol TEB) along the [112̅0] zone axis by focused ion beam milling with final 

polishing done at 2 kV.  HAADF images were then collected using a JEOL ARM 200F 

STEM operating at 200 kV.  In this technique the image intensity varies approximately 

with the square of the atomic number allowing discrimination of compositional variations 

within a region.  Images of the sample using this HAADF technique are presented in 

Figure 42.  The images depict the superficial-most layers of the HEMT structure.   
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Figure 42.  STEM HAADF images of AlGaN/BN/GaN HEMT structure with thick BN.  

1.272 µmol of TEB was provided for BN growth within the HEMT structure.  Darker 

regions indicate atoms with lower atomic numbers and lighter regions indicate those with 

higher atomic numbers. 

In the left image of the figure, brightly colored platinum can be seen at the top.  

Platinum is used to protect the epitaxial regions of interest during sample preparation and 

is not involved in HEMT growth.  Also visible in the image is a large pocket or crater of 

lower atomic numbered material atop and protruding into the GaN buffer.  The same 

contrast can be seen in the other two images.  The center image is a magnified view of 

the region in the left image.  In these images, the darker material is still single crystalline 

as evidenced by the lattice periodicity within the region.  The right image is of an 

accompanying region which contains compositionally segregated areas of irregularly 

light and dark materials.  This technique does not provide an image of the cross-sectional 

surface but instead it provides an image of a given thickness of the sample.  Accordingly, 

some areas of the imaged regions seem to be intermediately shaded as if they were 

composed of an intermediately atomic numbered element.  These regions should be 

interpreted as areas of differing thicknesses of mixed composition.  As an example, the 

middle image in the figure should be interpreted as an inverted cone-like shape of a low 

atomic numbered element supported on all sides by a higher atomic number element as if 
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the lighter atomic element were somewhat transparent towards the periphery of the one 

and the thicker central region is more opaque.  This lighter material was positively 

identified within this sample as BN by electron energy loss spectroscopy (EELS) within 

the same STEM system.  Secondary Ion Mass Spectrometry was used to confirm the 

presence of boron within this HEMT structure.  The SIMS depth profile is seen in Figure 

43. 

 

Figure 43.  SIMS depth profile of the wafer grown with the highest TEB concentration of 

the thick BN experiment.  Red data is boron concentration in atoms/cm3 and corresponds 

to the left axis.  Blue and green data are aluminum and gallium atomic fractions, 

respectively, which correspond to the right axis.  Aluminum and gallium are used as 

markers to identify the boron location within the HEMT structure. 

 The total probed depth of the SIMS technique was ~100 nm.  After the first 50 

nm, the signals remain unchanged and were not included in the figure.  The first 50 nm, 

however, are quite informative as to the behavior of the boron within the HEMT 

structure.  The reported boron background level was ~5e14 atoms/cm3.  The first 

observation from the data, beginning at the epilayer surface; at 0 nm, is the appearance of 
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the AlGaN barrier layer.  The roughly equal atomic fractions of aluminum and gallium in 

the first few nanometers of the sample, combined with the relatively shallow region of 

higher aluminum concentration, is evidence that the barrier layer growth in this sample 

did not conform to typical AlGaN growth behavior.  The prescribed composition of the 

AlGaN barrier layer is roughly 26% aluminum and 74% gallium and the prescribed 

thickness is 19 nm.  The large discrepancy between this ratio and thickness from that seen 

in the SIMS depth profile is due to the impact BN has on the growth of more superficial 

materials, specifically the increased relative composition of aluminum.  A possible 

explanation for this increase is the decrease of gallium incorporation into the film due to 

unfavorable surface conditions from the high mismatch of BN with GaN.  AlN would 

have a less severe mismatch, though the degree to which the aluminum composition is 

increased is still surprising.  This deviation from the expected thickness and appearance 

was also apparent in the STEM images of Figure 42.   

The shoulder on the boron concentration peak below 10 nm indicates a significant 

concentration within the AlGaN barrier layer which would be expected to alter typical 

(boron-free) AlGaN growth behavior.  The boron concentration begins to significantly 

reduce at 20 nm depth providing further evidence of deviation of the AlGaN growth 

behavior from the expected thickness.  The concentration levels off just beyond 40 nm 

which is consistent with the STEM images in Figure 42.  Given the mixed phases seen in 

the right-most image of Figure 42 and the general appearance of the BN layer in those 

images, the boron concentration profile in Figure 43 represents an overall concentration 

from the various phase “pockets” in the region, per profiled depth over the area sampled.  

The underlying mechanism for this abnormal growth and phase segregation is the large 
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miscibility gap between BN, AlN and GaN.  While this anticipated consequence of the 

large lattice mismatch of the three materials played a significant role in the growth of this 

sample, the TEB concentration used in its growth was substantially higher than the 

previously established upper range limits responsible for measurable 2DEG generation.  

 This thick BN layer growth experiment was unsuccessful in identifying a BN 

XRD peak but served to confirm the successful MOCVD growth of BN on GaN under 

the prescribed growth conditions.  Confirmation came from STEM images, verified by 

EELS, and SIMS depth profiling.  

AlGaN/BN/GaN HEMT Growth Optimization 

AlGaN/BN/GaN HEMT optimization focused on three variables: TEB flow, 

ammonia flow, and BN layer growth time.  2DEG quality, as measured on Hall devices, 

was the primary feedback response for process improvements.  Figure 44 compares Hall 

sheet resistance with total TEB molecules to the reactor from all the AlGaN/BN/GaN 

HEMTs grown in this study which produced a measurable 2DEG.  As the total TEB 

molecules for a given wafer is the product of growth time and TEB molar flow, it is a 

good discriminating metric from wafer to wafer. 
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Figure 44. Hall sheet resistance vs total TEB molecules to the reactor for 

AlGaN/BN/GaN HEMTs.  Each point is a single Hall measurement.  Most wafers 

contributed multiple points using different Hall measurement settings and multiple Hall 

samples per wafer. 

The data in the figure indicates a general trend of improved 2DEG properties (i.e., 

lower sheet resistance) with decreasing TEB molecules to the reactor.  The degradation of 

2DEG properties at higher TEB concentrations was an expected consequence and is 

consistent with literature examples of 2DEG-inducing layers which approach or exceed 

their critical thicknesses [205].   The outliers to this general trend will be discussed in due 

course.  Various wafers which have received special characterization attention are 

colored for ease of identification in future discussion.   

The most severe outliers in the data are the blue colored points in the lower right 

corner of the graph representing a very low sheet resistance produced with a high TEB 

concentration.  These data are from three Hall samples from one wafer.  This wafer was 
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laden with particles, and is the only such wafer that did not have a pristine or near-

pristine surface in the data set in Figure 44, but a measurable 2DEG was present despite 

the heavy concentration of particles.  The Hall data from this growth were impressive.  

The carrier concentration from three areas of the wafer sampled varied between 2.997e13 

to 4.153e13 cm-2 with a mobility on the order of 510-555 cm2/V-s.  These remarkable 

results for carrier concentration; three to four times the normal AlGaN/GaN HEMT 

2DEG value (1.0 – 1.1e13 cm-2), warranted detailed investigation.  STEM HAADF 

images of the BN/GaN interface were without an apparent BN layer.  Figure 45 shows a 

representative HAADF STEM image of the GaN surface and barrier layers.   
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Figure 45.  HAADF STEM image of AlGaN/BN/GaN HEMT structure GaN buffer and 

barrier layers.  Platinum is the uppermost (mottled appearance) layer, followed by barrier 

layers and lighter GaN buffer at the bottom. 

Notable in this image is the lack of a contrast region at the AlGaN/GaN interface 

that would indicate the presence of a BN-containing layer.  Boron nitride is expected to 

be darker in appearance under this dark field Z-contrast image due to the high angle 

incoherent scattering of electrons defining the HAADF imaging technique.  This 

scattering is highly sensitive to the physical size (and electron density) of a given atom 

which is directly related to its atomic number, a very discriminating metric for elements 

from the same periodic column.   
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A curious observation; the region in the image which should be a GaN cap atop 

the AlGaN barrier layer is contrarily dark and could indicate the presence of BN on the 

surface of the wafer.  This BN layer, if correctly identified, would indicate that BN 

exhibits a material growth phenomenon similar to surfactant-mediated epitaxy [184] as 

has been seen in III-V growth, and other material growth on III-V surfaces, using In 

[165], [219], [234],  Mg [21], [22], Sb [186], and other atomic and molecular species 

[184], [186].  The governing principle behind this epitaxial phenomenon is the miscibility 

gap between the so called surfactant and the bulk of the epitaxy surface.  The result of the 

surfactant behavior is a constant segregation of the species in question to the epitaxial 

growth front.  The general impact of this surfactant on the surface is a change in the 

growth behavior of incoming material.  This change can range from an alteration of 

surface mobility effecting local composition or surface morphology, or the preferred 

incorporation of a given material at the surfactant site to the extent of enabling some 

material deposition that is otherwise not favored or even allowed.  In this case, the BN 

would have formed on the GaN surface and then preferentially remained at the growth 

front during the incorporation of the barrier AlGaN and GaN cap.  If this is the situation, 

the explanation of the remarkable 2DEG carrier concentration could be the existence of a 

double 2DEG; one created by the normal AlGaN/GaN interface, and another created by a 

BN/AlGaN interface.  If the latter were to exist, its mobility would undoubtedly be poor 

due to the bond alternation of its ternary host material with the addition of significant 

strain at that interface given that the AlGaN is experiencing both tensile and compressive 

strain from its proposed interfaces with GaN and BN (or high boron concentrated layer), 

respectively.  Figure 46 offers a magnified view of the superficial layer which could be 



 

112 

 

the surfactant BN.  Given that the layer is in the expected location of the GaN cap, it may 

be an abnormal appearing GaN layer instead, though the possibility for it being BN or a 

BGaN alloy must be acknowledged.  SIMS analysis of this wafer was not pursued due to 

the high concentration of particles which would have convoluted meaningful results. 

 

Figure 46.  HAADF STEM image of the first few atomic layers of a BN-based HEMT 

structure.  The uppermost region is platinum followed by what is considered to be a high 

boron content layer followed by the AlGaN barrier layer.  The GaN buffer is not visible 

in this image. 
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 Comparatively, Figure 47 shows a HAADF STEM image of a traditional 

AlGaN/GaN HEMT with SiNx passivation layer (not clearly visible).  This image 

illustrates the typical appearance of a GaN cap layer.   

 

Figure 47.  HAADF STEM image of superficial AlGaN/GaN HEMT layers.  From top to 

bottom, SiNx passivation layer, GaN cap, AlGaN barrier, and GaN. 

Ideally, a GaN cap layer should have the same contrast as the bulk GaN, as is 

apparent in this image.  The HAADF STEM images in Figure 45 and Figure 46 show a 

GaN cap region whose appearance is darker than all other III-N layers in the images, 
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when compared to the traditional, boron-free, HEMT structure in Figure 47 the 

possibility of the surfactant behavior of BN is very likely. 

A repeat of the same recipe, with preventative methods to discourage particle 

formation, resulted in an AlGaN/BN/GaN HEMT which conformed to the expected 

2DEG properties per the total TEB molecules to the chamber and the sheet resistances 

reported in Figure 44.  Data from the repeat sample are colored green and are in-line with 

the overall trend from the total data set in regards to the expected sheet resistance per the 

total TEB molecules to the reactor.  STEM analysis of this wafer produced the images 

shown in Figure 48.   

 

Figure 48.  HAADF STEM images of AlGaN/BN/GaN HEMT structure.  Platinum is 

visible in the top image along with a faint GaN cap layer.  Images indicate the AlGaN 

barrier layer containing a darker BN layer of approximately 5-8 nm directly above the 

underlying GaN buffer layer. 

The images show a markedly darker region above the GaN buffer.  This region 

was confirmed to contain BN by EELS.  The layer’s BN/GaN interface is well-defined 

but the AlGaN/BN interface is not well defined.  This is likely a result of the strain 
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induced morphology changes of the BN layer comparable to those reported for thin AlN 

layers on GaN surfaces [205].  The averaged Hall data (green data in Figure 44) from this 

wafer are: 6.140e12 cm-2 carrier concentration, 713 cm2/Vs mobility and 1431 ohm/sq 

sheet resistance.  These data indicate a lower quality 2DEG compared to the baseline 

structure which is exactly what one would expect from the measured thickness and 

apparent morphological changes to the BN barrier interface layer. 

SIMS analysis of this wafer is presented in Figure 49.  This graph indicates that 

the desired AlGaN/BN/GaN material stack contains an intermixed AlGaN & BN region.   

 

Figure 49.  SIMS depth profile of the AlGaN/BN/GaN wafer from Figure 48.  The left 

axis is boron concentration in atoms/cm3.  The right axis is the relative aluminum and 

gallium atomic fractions used as HEMT structure depth markers.  The increased boron 

signal located just prior to the sharp increase in gallium concentration indicates the 

presence of BN/GaN interface, though the concentration of boron within the depth of the 

AlGaN region along with the presence of aluminum up to the increased boron-

concentrated region indicates an overall poor definition of the prescribed 

AlGaN/BN/GaN HEMT structure. 
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 A high concentration of boron within the first few monolayers is seen, similar to 

the layer that was visualized in the STEM images of the parent wafer in Figure 45 and 

Figure 46.  The irregular thickness of the regrowth BN layer evident in the STEM images 

in Figure 48 also supports this intermixing hypothesis, either from a severely non-planar 

AlGaN/BN interface, a quaternary BAlGaN with a significant boron gradient which 

increases with depth, or a combination of the two.  The latter option is supported by the 

combined STEM images and SIMS data, though given the techniques’ relative contrast 

and depth profiling methods, it is not conclusive.  

 The comparison of this sample with its particle-laden analog presents a curious 

case of the unknown impact of particles on the epitaxial process.  With the preferential 

surfactant behavior observed in the parent wafer’s BN layer and the apparent absence of 

boron at its GaN surface combined with the observed presence of higher boron 

concentrations within the prescribed BN/GaN interface of the regrowth wafer, and their 

markedly different Hall measurements, one can conclude that the impact of the particles 

on the grown layers was very significant to the overall growth process, or the less likely, 

and poorly supported, possibility that the reactor conditions, despite their exact 

duplication, were somehow different resulting in different BN growth behavior for 

identical recipe executions. 

 Another interesting outlier to the AlGaN/BN/GaN HEMT population trend of 

decreasing sheet resistance with increasing TEB molecules to the chamber presented in 

Figure 44 is the wafer whose data is represented by the red data points.  Four out of five 

of the Hall samples from this wafer align with the expected sheet resistance / TEB 

concentration trend.  The fifth sample produced the separated red data points, well below 
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the general population.  What appears as a single point is actually multiple measurements 

from the same sample over different sessions to check for instrument error.  Hall data 

from this wafer is averaged in Table 6.   

Table 6.  Quantified Hall data of AlGaN/BN/GaN wafer represented in Figure 44 by the 

red data set. 

  

Carrier 

Concentration 

(1013 cm-2) 

Mobility 

(cm2/V*s) 

Sheet Res 

(ohm/sq) 

Single Sample 2.106 ± .04  1780 ± 25 167 ± 1 

Rest of Samples 1.147 ± .05 1316 ± 71 415 ± 18 

 

The remarkable data from this sample are competitive with the best state-of-the-art 

2DEGs in the world, presently.  A SIMS depth profile for this wafer, taken from a 

radially symmetric location as the Hall sample, is presented in Figure 50 along with a 
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reference SIMS depth profile from the previously discussed “regrowth sample” which 

had a BN profile layer of 5-8 nm as measured by STEM. 

 

Figure 50.  SIMS depth profile comparison of AlGaN/BN/GaN wafers.  “Regrowth 

Sample” corresponds to the green data points in Figure 44 and “Remarkable Sample” 

corresponds to that figure’s red data points, currently under discussion.  The regrowth 

sample had a STEM measured BN profile layer of 5-8 nm. 

 The figure suggests that the boron concentration distribution is not at all similar 

between the two displayed samples, aside from the consistent higher concentration near 

the surface.  The same non-boron barrier layer parameters were used for both growth 

structures.  The deeper offset of the increase in gallium fraction, indicating penetration of 

the GaN buffer, of the regrowth sample relative to the remarkable sample indicates a 

thicker depth contribution by the BN of the regrowth sample.  The growth parameters 

used for these BN layers should have produced a BN profile layer thickness of the 
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remarkable sample which is 1/8th the thickness of the regrowth sample’s, which was 

measured at ~5 – 8 nm.  The relative growth parameters of TEB flow rate and layer 

growth time are ½ and ¼ smaller, respectively, in the remarkable sample relative to the 

regrowth sample, effectively reducing the TEB molecules delivered to the chamber by 

1/8th for the former.  This 1/8th difference is not apparent in the SIMS data, in fact, the 

boron concentration of the regrowth sample is, on average, 100.67x higher than the 

remarkable sample over the ~19 nm that the two have an appreciable SIMS signal.  This 

large discrepancy between the prescribed growth recipe difference and the SIMS 

measured concentrations is another example of the curious behavior of BN within the 

GaN HEMT structure. 

 STEM images of the remarkable wafer are shown in Figure 51.   

 

Figure 51.  STEM HAADF images of AlGaN/BN/GaN wafer producing the 

“remarkable” measurements (red data points from Figure 44).  BN is not readily apparent 

at the AlGaN/GaN interface magnified in the left image.  The right image shows the 

surface platinum above what may be a thin BN layer with AlGaN and GaN underneath. 
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The images show an AlGaN/GaN interface, without a darker region near the interface.  

This data indicates that a concentrated BN layer is not present at this interface.  The right 

image of the figure has what may be indicative of a BN or BGaN layer on top the AlGaN 

barrier layer.  The thickness of this layer is approximately identical to the target BN layer 

thickness of 1 nm.  If this layer is BN, or a high boron concentration layer, then it may be 

responsible for the improved 2DEG measurements as would be similar to the particle-

laden sample previously discussed.   

The Hall data from this region of the wafer contain a very high electron mobility 

which is contradictory to the particle-laden wafer’s relatively low mobility.  One 

explanation for the disconnect between the high quality 2DEG and the characterization 

efforts is that the characterization missed the structure responsible for inducing the 

2DEG.  A potential AlGaN/BN/GaN layer structure employing this ~1 nm BN layer 

could indeed be responsible for the Hall data, but the conditions necessary for its stable 

growth are either not uniformly met across the wafer or are so restrictive in their 

functional window that only a small portion of the wafer satisfied them.  Without direct 

evidence of this layer configuration, results remain inconclusive.  Though a possible 

explanation, following the surfactant-like behavior seen in both wafers, is that the latter 

example contains a much thinner boron-containing layer and may not suffer from critical 

thickness induced degradation of the 2DEG.  This scenario is consistent with previously 

defined behavior of thin AlN on GaN layers which exceeded their critical thicknesses 

[205].  2DEGs induced by such layers contain significantly enhanced carrier 

concentrations and reduced mobilities due to the morphological changes associated with 

critical thickness strain at the interface.  If this scenario is accurate for the particle-laden 
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2DEG which exceeded a carrier concentration of 4e13 cm-2 in one Hall sample, then the 

potential for a BN induced 2DEG far exceeds that of other III-N HEMT configurations.   

 The wafer labeled the regrowth sample visually contained the prescribed 

AlGaN/BN/GaN configuration while the remarkable sample did not, despite similar 

growth conditions.  The primary difference between the two is growth time.  Another 

sample, represented by the purple data points in Figure 44 was grown with the same 

growth time with ¼ less TEB flows, relative to the regrowth sample, with all other 

parameters unchanged.  SIMS depth profiling of this ¼ flow wafer is shown in Figure 52 

along with the regrowth sample for direct comparison. 

 

Figure 52.  SIMS depth profiling of AlGaN/BN/GaN HEMT structures.  The “1/4 flow 

sample” corresponds to the purple data points in Figure 44 and the “regrowth sample” 

corresponds to the green data points from that figure. 
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 The figure indicates that the boron concentration of the ¼ flow wafer follows a 

similar distribution with maxima at the surface and near the AlGaN/GaN interface.  The 

offset of the aluminum and gallium fraction curves for the two wafers indicate that the 

GaN surface for the ¼ flow sample is not as deep within the structure as the regrowth 

sample.  This would indicate a smaller BN thickness contribution.  The maximum near 

the AlGaN/GaN interface of boron concentration for the ¼ flow structure is deeper than 

its counterpart, even more so considering the offset of the GaN surface.  This may be 

misleading and simply a product of the concentration which was allowed to diffuse 

relative to the total boron concentration.  While the maxima of the two samples near their 

respective GaN surfaces are offset, there is still a greater concentration in the regrowth 

sample which has the greater overall boron concentration.  The two recipes differed, as 

the moniker would suggest, by ¼ the TEB flow rate with the same growth time.  

Intuitively this should reduce the boron concentration in the ¼ flow wafer by ¼ relative 

to its counterpart structure.  Statistically, over the ~19 nm depth over which the two have 

significant boron concentrations, the concentration of the regrowth sample is on average 

6.15x that of the ¼ flow sample.  Again, diffusive processes may be more appreciable 

relative to the overall boron population in the latter sample.  Mechanistically, diffusion 

within a solid solution will be limited by compositional restraints of a given medium.  In 

this case, the boron of the higher concentrated sample would have been restricted in its 

diffusive options by this compositional restraint into the GaN forcing some boron atoms 

into a higher concentrated alloy or binary BN providing a more stable solid solution, 

discouraging diffusion into other layers.  Accordingly, the lower concentration sample 

may have experienced less a restraint and accumulated less concentrated material 
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proportionately.  The discrepancy between the prescribed 4x to the measured 6.15x 

greater boron concentrations within the barrier layer regions of the two structures is likely 

due to diffusion and the 19 nm sample size used for the calculation. 

TEB Molecules to the Chamber: Time vs Flow 

 The two routes of manipulating the total TEB molecules to the reactor for a given 

AlGaN/BN/GaN growth process include altering the growth time while maintaining the 

flows, or reducing the flows while maintaining the growth time.  The existence of barriers 

to BN nucleation would favor the latter option, while minimizing structural 

rearrangement of a strained layer would favor the former.  Comparative AlGaN/BN/GaN 

HEMT wafers within the experimental set (shown in Figure 44) allow for a direct 

comparison of the impact of these two alternative routes.  Maintaining the TEB flow rate 

and adjusting the layer growth time presents a direct analysis on the thickness of a 

prescribed layer with a consistent growth rate from sample to sample.  Figure 53 shows 

the sheet resistances of Hall samples from three studies of constant TEB flow rate with 

varied BN layer growth times for AlGaN/BN/GaN HEMTs.  



 

124 

 

 

Figure 53.  Sheet resistance vs growth time for AlGaN/BN/GaN HEMT structures with 

matched TEB flows.  Note the three graphs have differently scaled axes.  Averaged 

baseline sheet resistances are included for comparison.  AlGaN/GaN baseline sheet 

resistance is marked in red, AlGaN/AlN/GaN baseline sheet resistance is marked in blue. 

Each data point represents one Hall measurement.  Clustered points are from the same 

Hall sample, columnar points are from the same wafer.  The general trend of an improved 

sheet resistance with lower growth time is observed.  The middle graph deviates slightly 

with the significantly improved Hall sample measurements, previously discussed. 
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 The figure suggests a trend of improved sheet resistance for lower growth times 

with the same TEB flow rate.  This supports the overall trend from this work of improved 

2DEG quality for reduced total TEB molecules to the growth surface.  As previously 

discussed and seen in other results, the impact TEB exposure has on the growth structure 

is not necessarily the growth of a concise BN layer, but instead a contribution of diffused 

or surfacted boron into the more superficial layers of the HEMT structure.  It can be 

safely assumed that with the identical flow regimes of the experiments presented in 

Figure 53, the diffusive behavior of the boron into the surrounding layers will also be 

identical, as allowed by the BN layer growth time.   

Important observations from the comparison of the experiments, most notably the 

comparison of the two 12 second growth time wafers which are found in both the top and 

bottom graphs of the figure, reveal the impact of higher flow rates at the same growth 

times.  Increased strain within the structure decreases the 2DEG quality, once sufficiently 

beyond the critical layer thickness.  This is seen in the comparison of the 4x flow rate 

difference of the two 12 second data sets.   The higher flow rate produced a measured 

sheet resistance of ~1400 ohm/sq while the ¼ reduced flow rate produced a sheet 

resistance of ~550 ohm/sq.  The middle graph which represents the intermediate TEB 

flow rate, but substantially reduced growth times, contains the best AlGaN/BN/GaN 

HEMT measurements from this research.  The “remarkable sample,” is found at the three 

second column.  To reiterate the discussion, a single Hall sample contained the 

remarkable results while the remainder of the Hall samples tested fall in line with the 

bulk of the data and do not so substantially deviate from the AlGaN/GaN baseline HEMT 

2DEG properties.  Not to be overlooked, the intermediate 2 second BN layer wafer 
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contained larger regions of better-than-baseline measurements.  This non-uniformity, 

while not ideal, still serves to illustrate the benefit of an AlGaN/BN/GaN HEMT 

structure.   

 Altering the flow rate with a constant growth time is a useful method to observe 

the impact of growth rate, given the same time-sensitive opportunities of nucleation, 

diffusion and structural rearrangement of the BN layer.  Figure 54 shows the sheet 

resistances of Hall samples from four experiments of constant BN layer growth times 

within AlGaN/BN/GaN HEMT structures with varied TEB flow rates.   
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Figure 54.  Sheet resistance vs TEB molar flow for AlGaN/BN/GaN HEMT structures 

with matched BN layer growth times.  Averaged baseline sheet resistances are included 

for comparison.  AlGaN/GaN baseline sheet resistance is marked in red, 

AlGaN/AlN/GaN baseline sheet resistance is marked in blue.  The general trend of 

improved 2DEG quality with reduced TEB is evident in the majority of these data sets 

with exception of the second graph from the top is likely due to the smaller range of TEB 

flows within the study. 
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 The figure supports the overall trend of better 2DEG properties with reduced total 

TEB molecules to the growth surface.  The upper flow (total TEB concentration) 

tolerance ranges for the AlGaN/GaN heterostructure are apparent in most of the data sets.  

The higher data points (> 600 ohm/sq) are significantly beyond typical 2DEG quality in 

device-quality structures.  The lower flow ranges for each set are competitive or better 

than standard commercial AlGaN/GaN HEMT structure 2DEGs.  The comparison 

between the shorter and higher growth time studies shows a greater tolerance for higher 

flow rates for the lower growth times.  This is a natural consequence of a reduced total 

TEB concentration within the structure.  This is most appreciable in the extrema of the 

study in the comparison of the 1 second and 12 second graphs.  The intermediate point of 

the 1 second graph is from a higher flow rate than the highest point of the 12 second 

study, yet the 1 second data point is from a very good 2DEG while the 12 second growth 

is a very poor 2DEG measurement.  Again, this is a natural consequence of the total TEB 

concentration within the HEMT structure. 

 Comparing BN profile layer growth times between AlGaN/BN/GaN HEMT 

structures with identical total delivered TEB molecules, and necessarily different flows to 

accommodate this relationship, will determine the impact of layer growth time between 

these similar structures.  The Figure 44 data set contains three such groupings, presented 

in Figure 55. 
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Figure 55.  Sheet resistance vs BN layer growth time for AlGaN/BN/GaN HEMT 

structures with matched total TEB molecules delivered to the reactor.  Averaged baseline 

sheet resistances are included for comparison.  Each data point is from a single Hall 

measurement, columnar data sets of each graph come from the same wafer. The trend of 

reduced profile layer growth times producing better quality 2DEGs is loosely supported. 

 The figure suggests that a reduced growth time is best for a higher quality 2DEG.  

The lower graph contains data from five wafers, but the inconsistency of the lowest 

growth time samples and the higher sheet resistances of the 12 second BN layer’s Hall 

measurements relative to its 30 second counterpart diminish its contribution to a general 

trend.  Consistent within the data of Figure 55 is the overall trend of reduced total TEB 
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molecules producing better quality 2DEG measurements.  This is most notable when 

comparing the highest TEB concentration graph to the other two, which are closer in 

concentration to one other.  The impact of BN profile growth time within 

AlGaN/BN/GaN HEMT structures on the overall 2DEG properties, when compared 

between wafers of identical TEB concentrations, is somewhat inconclusive but the trend 

of reduced growth times producing better 2DEGs is suggested.  This is likely due to the 

impact of structural rearrangement in response to layer strain in the form of relaxation 

events and morphology changes as has been seen in previously discussed samples. 

V/III Ratio 

 Following the general trend in group III element reactivity and the resulting solid 

stability of III-N compound semiconductors, BN is expected to be very stable and require 

a relatively low V/III ratio for successful growth from TEB and ammonia under typical 

MOCVD conditions.  While the larger group III elements, specifically indium and 

gallium, require higher V/III ratios due to their tendency to decompose, the more stable 

BN and AlN do not require such high ammonia concentrations to maintain their 

composition.  The corresponding effect on growth parameter changes is a slight to absent 

change of material properties with relatively large changes in V/III ratio, provided that a 

minimum threshold for reactivity, determined by the activation rate of ammonia, is met.  

Figure 56 summarizes the bulk of AlGaN/BN/GaN HEMT structures used in this work. 
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Figure 56.  V/III ratio vs Hall measurements for BN profile layers within 

AlGaN/BN/GaN HEMT structures.  No definitive trends are apparent between Hall 

measured 2DEG metrics and the V/III ratio of these BN profile layer induced 2DEGs.   

 The figure compares the Hall measured 2DEG carrier concentration, mobility and 

corresponding sheet resistance with the V/III ratio used in each AlGaN/BN/GaN HEMT 

structure’s BN layer.  Each structure’s AlGaN barrier layer is identical, though a variety 

of flows and growth times are included in the data.  No strong trend is apparent within the 

data for any 2DEG metric.  This supports the general idea that the minimum ammonia 
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concentration has been met for every BN sample.  Extremely low V/III ratios are not 

attainable with the hardware used to grow these samples.  A lower flow ammonia MFC 

than is currently employed on the MOCVD reactor would be necessary to reliably 

maintain the very small flows needed to push the lower limits of BN reactivity and solid 

stability should they exist at typical MOCVD temperatures and pressures.  To compare 

the behavior of HEMT structures within the more populated columns of Figure 56, 

studies of constant V/III ratio with varied BN layer TEB flows and growth times are 

presented in Figure 57.   
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Figure 57.  Sheet resistance vs TEB moles to reactor for BN layer growth within 

AlGaN/BN/GaN HEMT structures.  BN layers producing blue data points were grown 

with a calculated V/III ratio of ~174,000 and those represented by red data points were 

grown with a calculated V/III ratio of ~60,000.  No apparent difference is observed for 

either V/III ratio. 

 The two constant V/III ratio studies are not appreciably different from one 

another.  The larger blue data set in the figure is partially defined by the standard 

ammonia flow employed for every AlGaN barrier layer used in this research, which is 

also used in the baseline AlGaN/AlN/GaN recipe which was used as a template and is 
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responsible for the large data set size.  The majority of the samples use a lower ammonia 

flow corresponding to their low TEB flows.  The consistency between the two V/III 

ratios used in this study supports that the ammonia concentration threshold is met.  While 

an optimal V/III ratio range is likely to exist for these growth conditions, the ratios used 

in these data are either both within or outside that range.  Further evidence is needed to 

identify V/III ratios which are not conducive for BN growth.  A study of constant growth 

parameters with varied V/III ratios is presented in Figure 58. 

 

Figure 58.  Sheet resistance vs V/III ratio for BN layer growth within AlGaN/BN/GaN 

HEMT structures.  This study varied V/III ratio while maintaining all other growth 

parameters to isolate the impact of ammonia concentration on the growth of BN layers 

and the resulting consequences to 2DEG properties.   

 The study suggests a relatively flat relationship between sheet resistance and V/III 

ratio under these BN layer growth conditions.  The greatest impact to 2DEG 

measurements from changes to V/III ratios in this study is the difference in uniformity of 

measured Hall samples from each wafer.  Each column of data points within the figure 
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come from the same wafer.  The left most data set came from a single Hall sample but the 

next set, still at a relatively low V/III, is from across its wafer and is more uniform than 

the higher V/III ratio data sets with similar sampling areas.  This is a small sample size 

and may not portray an accurate consequence of changing V/III ratios. 

 Overall the effect of V/III ratio changes on BN layer growth within 

AlGaN/BN/GaN HEMT structures over the ranges used in this work does not seem 

significant.  The theory of a minimum ammonia threshold needed to satisfy BN layer 

growth from the reaction of TEB and ammonia under MOCVD conditions is supported, 

though more evidence is needed to define such a threshold.   

AlGaN/BAlN/GaN HEMT Growth 

 Figure 59 shows AlGaN/AlN/GaN HEMT AlN profile layer growth times and the 

resulting Hall-measured 2DEG sheet resistances.  Table 7 quantifies the Hall 

measurements for the AlGaN/AlN/GaN HEMTs with varied AlN profile growth times. 
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Figure 59.  Sheet resistance vs AlN profile growth time for AlGaN/AlN/GaN HEMTs. 

Table 7.  Hall measurements for AlGaN/AlN/GaN HEMTs with varying AlN profile 

growth times. 

Profile 

Growth 

Time (s) 

Carrier 

Concentration 

(cm-2) 

Mobility 

(cm2/V*s) 

Sheet Res 

(ohm/sq) 

6 1.373E+13 827 549.3 

12 1.225E+13 1780 286 

20 1.286E+13 1727 281.4 

30 1.487E+13 1470 285.1 

60 1.498E+13 1180 353.9 

 

 The AlGaN/AlN/GaN HEMT structure with the 20 second AlN growth time has 

the lowest sheet resistance, albeit comparable to the 12 and 30 second growth times.  This 

AlN growth condition was the basis for a set of AlGaN/BAlN/GaN HEMT structures 

with TEB added to the AlN profile layer with gas phase TEB/TMA ratios of 1.25%, 

2.50%, and 5.00%.  All other growth conditions were unchanged.  The resulting sheet 

resistance measurements per gas phase TEB/TMA ratio are presented in Figure 60. 
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Figure 60.  Sheet resistance vs TEB/TMA gas phase ratio for AlGaN/BAlN/GaN HEMTs 

grown with a 20 second BAlN growth time.  Error bars represent the standard deviation 

of the averaged data for each wafer.  The hollow triangle data set at TEB/TMA = 0.00% 

represents the AlGaN/AlN/GaN HEMT structure with 20 second AlN profile growth time 

for a direct comparison of the effect TEB has on 2DEG sheet resistance. 

 The 1.25% and 2.5% TEB/TMA growth runs were examined by STEM.  

Comparative HAADF images are shown in Figure 61.  The images support that boron 

incorporation into the growth structure was successful through the appearance of a darker 

contrast layer at the AlGaN/GaN interface.  The presence of BN was confirmed by EELS 

in these two samples.  The BAlN/GaN interface appears planar and well-defined while 

the AlGaN/BAlN appears very poorly defined as the frequency of compositional 

irregularities, even in this small sampling, are significant.   



 

138 

 

 

Figure 61.  STEM HAADF images of AlGaN/BAlN/GaN HEMT structures.  The left 

three images are from the BAlN layer grown with a 2.50% TEB/TMA gas phase ratio.  

The right three images are from the 1.25% TEB/TMA wafer.  The images show a well-

defined BAlN/GaN interface with a poorly defined AlGaN/BAlN interface.  The latter 

interface exhibits compositional irregularities that extend several atomic layers into the 

AlGaN, most notable in the lower images. 
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 SIMS depth profiling of the 1.25% and 2.50% TEB/TMA grown BAlN layers 

within the AlGaN/BAlN/GaN HEMT structures confirmed the presence of boron well 

into the AlGaN barrier layer.  Figure 62 shows the overlaid data from the SIMS depth 

profiling of the two wafers.   

 

Figure 62.  Overlaid SIMS depth profiles of AlGaN/BAlN/GaN HEMT structures.  The 

left axis is boron concentration in atoms/cm3.  The right axis is the relative atomic 

fraction of aluminum and gallium to serve as a depth marker with in the HEMT structure 

for the boron concentration.  The 2.50% TEB/TMA wafer has an average boron 

concentration (between 3 – 25 nm depth) 1.89x that of the 1.25% TEB/TMA wafer. 

The AlGaN/BAlN/GaN structure is well defined by the aluminum and gallium 

atomic fraction contours, with the aluminum concentration increasing gradually towards 

the BAlN/GaN interface with a small increased fraction at ~13 nm.  Ideally, the boron 

would be localized and confined to the region defined by the (small) aluminum increase, 

however it is seen in both structures that there is no preference for this interface and the 
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boron is almost ubiquitously populating the barrier layer and protrudes into the GaN 

buffer with a preference for the more superficial AlGaN barrier.  This general 

distribution, in addition to the sharply increased boron concentration of both samples 

close to the surface, can be interpreted as a general diffusion mechanism (supported by 

the presence of boron in GaN and the well-defined BAlN/GaN interface) with an added 

surfactant-like growth behavior of the BN within the structure as was seen in 

AlGaN/BN/GaN HEMT structures.   

The boron concentration produced by the doubled (2.50% vs 1.25%) TEB/TMA 

concentration is roughly doubled (1.89x) throughout the boron-concentrated region.  

Interestingly, the boron distribution of the more concentrated sample seems more 

irregular in the SIMS profile indicating the increased preference of compositional phase 

segregation with higher boron concentrations.  This is supported visually by the large 

dark pocket in the lowest (bottom left) STEM image from this same wafer in Figure 61.  

This is as would be expected for higher concentrations of a minority species within a 

solid solution where a miscibility gap is prominent.  As the concentration of the minority 

species with poor miscibility is increased beyond solubility limits within the solution, the 

increased tendency for phase segregation will increase the proportionate volume of mixed 

compositional phase regions.  Given the severity of the miscibility gap between both AlN 

and GaN with BN, it is not surprising to observe a marked difference even at small 

concentration differences.  Following the same principles of phase segregation, the 

approximately doubled boron concentration in Figure 62 for the 2.50% TEB/TMA 

combined with very good 2DEG properties in Figure 60 suggest that the critical 

thickness, as it relates to relaxation events at the GaN surface, of the overall barrier layers 
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was not reached, though phase segregation of the boron species suggests further efforts 

are needed to confine boron to the GaN interface to improve this potential device 

structure.   

The preference for boron to diffuse from the designed BAlN layer may have 

contributed to avoiding the critical thickness as the strain due to the boron content would 

be evenly spread over many nanometers instead of being concentrated within a thin 

BAlN ternary.  At higher boron concentrations, even with the diffusivity of the species 

within the HEMT structure, a critical thickness will undoubtedly be reached.  Literature 

evidence has shown a compositional tolerance of BAlN of 11% boron within an epitaxial 

thickness of 5 nm [197].  The STEM images of Figure 61 provide evidence that the 20 

second BAlN growth time did not exceed (or even approach) this 5 nm thickness.  Some 

assumption must be made for boron vs aluminum solid incorporation efficiency from the 

relative gas phase composition of the reactant TEB and TMA molecules, but exceeding 

11% boron in a BAlN alloy produced with a 2.50% TEB/TMA ratio seems unlikely.  As 

such, it can be concluded that the phase separation of the boron species is not from 

traditional phase segregation due to a miscibility gap and critical thickness limitations, 

but instead can be attributed to the diffusive / surfactant-like growth behavior of BN 

under the reaction conditions used and the energetic preference to avoid internal strain 

within the crystal via segregation. 
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VII. CONCLUSIONS 

AlGaN/BN/GaN HEMT structures were grown to provide a proof of concept for 

the generation of a functional 2DEG at a BN/GaN interface.  The additional goal of this 

body of work was to enhance the 2DEG beyond currently available GaN HEMT 

platforms, in that regard, the work was minimally successful.  Multiple grown structures 

provided excellent, even world record competitive, 2DEG sheet resistances.  The 

uniformity, repeatability and consistency across the wafer, and from run to run, was not 

on par with the expectations and requirements of a production-worthy process.  The 

primary barrier to success is the diffusivity of boron within the structure as is evident 

from SIMS depth profiling.  The potential of this novel HEMT structure has been 

established in the many low sheet resistances measured.  These exemplary 2DEG 

measurements do not represent the majority of 2DEGs measured which follows a general 

trend of 2DEG degradation from boron inclusion by exposure to TEB.  Continued efforts 

to optimize the growth conditions of the BN profile layer and its underlying GaN surface 

and superficial barrier layer composition and thickness with the goal of discouraging 

boron diffusion and encouraging BN material quality improvements and BN layer 

confinement and thickness uniformity will build on the consistency and overall quality of 

the induced 2DEGs at the BN/GaN interface within these HEMT structures established 

by this work.  

The inclusion of boron into the AlGaN/AlN/GaN HEMT structure in the form of 

a BAlN alloy was not successful to improve on the 2DEG properties beyond the baseline 

structure per the hypothesis of this work though the results are quite comparable.  

Barriers for success of the 2DEG improvement include diffusivity of the boron species 
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within the HEMT structure as evidenced by SIMS depth profiling and STEM images, and 

undesirable phase segregation within the barrier layers due to the inherent consequences 

of the large lattice mismatch between the alloying species and general high diffusivity 

rates of boron as evidenced by segregated regions within STEM images.  Further 

optimization of relative boron and aluminum concentrations and layer growth conditions 

to support the growth of a homogeneous confined BAlN layer is warranted as well as 

efforts to minimize the diffusivity and general phase segregation by employing 

alternative reaction conditions during BAlN growth and growth of the surrounding 

material. 

 This work has provided a proof of concept for the inclusion of boron into 

traditional GaN HEMT structures and has shown the potential for 2DEG enhancement 

and the platform’s inclusion into competitive devices.  Further process development is 

warranted to address the barriers for success identified by this work, most notably the 

preferential diffusion and phase segregation of the boron species and its resulting III-N 

alloys. 

Future Work 

 Experimentation focused on optimizing the GaN material quality and barrier layer 

composition, thickness, and material quality over a range of chamber conditions varying 

temperature and pressure so to minimize or eliminate growth stoppage time facilitating 

the growth of improved material quality and interface quality of the BN and BAlN profile 

layers and their interfacial surfaces established by this work is recommended for future 
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studies.  These efforts will provide a foundation for addressing the barriers for success 

identified by this work. 

 The effective growth by MOCVD, or comparable methods, of boron nitride and 

its alloys utilizing nitrogen as a carrier gas for the boron precursor is present in the 

literature [145], [195], [200], [201], [235].  Hydrogen was used in all HEMT growth 

efforts of this work and was effective to grow BN and its various alloys.  The possibility 

for alternative growth behavior using nitrogen as a carrier gas for TEB is an appealing 

avenue for future experimentation and is warranted based on the success of research 

efforts in the literature to grow these materials. 

 Experimentation designed to keep the boron species isolated and confined to the 

prescribed layers within the HEMT structure would be a worthwhile pursuit as it would 

address the keystone barrier for success of this technology and its application in GaN 

based HEMT devices.  As discussed, these efforts could include optimization of the 

surrounding material growth conditions so to maximize the material quality of the boron 

containing layers and their interfaces with the surrounding material.  Additional efforts 

could include an encapsulating layer or layers designed to restrict boron diffusivity.  

Discouraging diffusivity by reducing growth temperature may also encourage 2DEG 

enhancement. 

 Experimentation into altering the AlGaN portion of the barrier layers could 

provide improvement to the 2DEG properties as both the composition and thickness of 

this layer contribute to the stress of the crucial 2DEG inducing interface of the HEMT 

structure.  Studies to reduce the thickness of the AlGaN portion of the barrier layers 
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would provide a more direct impact of the boron-containing barrier interface layer on the 

resulting 2DEG properties.  This experimentation avenue will be an iterative process 

necessitating optimization of the boron containing layer thickness and growth conditions 

in conjunction with efforts to improve 2DEG quality through AlGaN material growth so 

to maximize the overall value of the technology. 

 In addition to the barrier layer alterations, the expanded experimentation of a 

BAlN induced 2DEG is very appealing.  Maximizing the boron content while minimizing 

the thickness so to avoid phase separation and surpassing the critical thickness will 

provide a spectrum of 2DEG properties which will better define the potential for this 

technology.  This will complement the efforts to adjust and likely reduce the thickness of 

the more superficial AlGaN barrier layer. 

 Given the relatively high diffusivity of the boron species within the device layers, 

experimentation into exploiting this behavior in the HEMT structure is warranted.  

Specifically, the intentional growth of a BAlGaN quaternary in place of the traditional 

AlGaN within the AlGaN/GaN or AlGaN/AlN/GaN or a boron-containing version of 

either could produce a more stable and reliably grown HEMT structure with 2DEG 

properties well beyond the currently commercialized structures.  Experimental efforts 

will include various gas phase compositional ranges and various growth condition 

changes such as pressure, temperature and material growth rate. 

 Lattice matched barrier layers such as AlInN or the quaternary AlInGaN would be 

interesting additions to a high strain boron-containing barrier interface layer as the impact 

to the 2DEG environment could be very appealing.  The addition of boron to either of the 
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lattice matched materials would be challenging as the presence of indium would further 

discourage boron incorporation, but would present an academically interesting structure. 

 The significant lattice differences between BN and the other III-Ns open the door 

to other novel device structures.  The two most interesting opportunities for novel 

structures are a BN/AlN 2DEG interface, which could find use in higher temperature 

applications and could be grown on silicon with very few underlying layers, and a 

superlattice structure containing high boron concentrated layers aimed to eliminate or 

reduce the strain and thickness limitations brought on by CTE mismatches between GaN 

and its heteroepitaxial substrates opening the door for thicker GaN growth and more 

robust device performance. 

 Alternative substrates which could eliminate the need for such substantial 

transition layers as are needed for silicon could provide the means to detect BN, or its 

alloys, XRD signals to monitor and characterize material quality.  Such substrates include 

sapphire and SiC which require less underlying layer growth for relaxed GaN.  
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