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Abstract 

 
This thesis presents an in depth study of semiconductor development using a new process 

termed Migration Enhanced Afterglow (MEAglow). The MEAglow growth reactor is 

housed in the Lakehead University Semiconductor Research Lab. Thin films of gallium 

nitride and indium nitride are produced as well as heterostructures comprised of these 

two films and their ternary alloy InGaN. MEAglow is a form of plasma enhanced 

chemical vapour deposition (PECVD) employing migration enhanced epitaxy (MEE). 

The heterostructure is being developed for a novel field effect transistor (FET) based on 

the tunnelling of charge carriers which alter the channel conductivity. The configuration 

of this unique III-Nitride device should allow the FET to function as normally off in 

either n-type or p-type operation. Due to the difficulties in growing low temperature 

GaN, test devices of this abstract design were not previously possible. Further details on 

the device operation and growth parameters are included. 

 
Samples produced by the research reactor were characterised through x-ray diffraction 

(XRD), ultraviolet-near infrared-visible spectroscopy (UV-Vis-NIR), Auger 

spectroscopy, scanning electron microscopy (SEM), and atomic force microscopy 

(AFM). 
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Film growth is accomplished by an improved form of pulsed delivery Plasma Enhanced 

Chemical Vapour Deposition (PECVD). The reactor features a scalable hollow cathode 

type plasma source. 

 
Data obtained through characterisation is subjected to theoretical treatment which 

explains much not previously understood behaviour of the GaN films. 

 
Many challenges in III-Nitride film growth have been overcome during this research 

project. A method of developing structures consisting of InN and GaN within the same 

system has been proven. 

 
 
 
 
 

(c) Peter W. Binsted 2014 
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Cha pt er 1 
Int ro d uc t io n 

 
 
 
 
 
 
 
 

Since its inception in 1947 at the Bell Laboratories, to say the use of transistors within 

our society has skyrocketed, is an understatement. Vacuum tubes had previously been 

used for all amplification and processing needs however since the invention of the 

transistor these tubes now only see use in very specialized applications.  The drive for 

faster, smaller, more powerful, and less energy demanding devices will never cease. 

 
Modern transistors are by leaps and bounds more reliable, faster, and physically much 

smaller than vacuum tube counterparts. The semiconductor industry is constantly refining 

existing devices and implementing new concepts to create new devices surpassing those 

of previous generations. 
 
 

The limits must always be pushed. 
 
 

There exists an ever expanding array of semiconductor materials available for research. 

Some of the more common materials include but are most certainly not limited to: AlAs, 

AlN, AlP, AlSb, CdO, CdS, CdSe, CdTe, GaAs, GaN, GaSb, GaP, Ge, InAs, InN, InSb, 

InP, Si, SiGe, SiC, ZnO, ZnS, ZnSe, ZnTe. These materials have a wide range of 

properties and energy band gaps spanning from a narrow 0.17 eV for InSb to a very wide 

6.2 eV for AlN[1]. Some materials feature direct band gaps. Of these popular 
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semiconductors the most common are likely Si, Ge, and GaAs. SiC is a major competitor 

to GaN for transistor applications. 

 
Group III-V material based semiconductors have the capacity to surpass the current 

generation of semiconductor devices. It has been reported in [2] that indium nitride has a 

 

maximum theoretical electron mobility of . This figure of merit greatly exceeds 

that of silicon based devices. 

 

Gallium nitride based devices, which are more mature to the industry, have the capacity 

for high ionization energy radiation resistance as well as higher operational temperatures 

making them better suited for military and space applications. This is due to the large- 

band gap range, large high field electron velocity, high breakdown field, and superior 

thermal conductivity[3]. 

 
Aluminum nitride films are popular as an electron blocking layer and insulating material. 

An film may be used in certain situations to replace during processing. This is 

gaining popularity in metal-insulator-semiconductor structures such as metal-insulator- 

semiconductor field effect transistors (MISFET), charge coupled devices (CCD), and 

metal-insulator-semiconductor (MIS) based capacitors[4].   is typically grown at a 

low temperature which is often required in the processing of III-N based devices where 

the high temperature growth of would destroy the underlying layers. 

 
This dissertation serves to assist in the development of future field effect transistors, light 

emitting diodes (LED), and solar cells which are the three main applications of the 

materials and technology discussed herein. A new type of semiconductor research reactor 

has been specifically designed and built and is housed in the Lakehead University 
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to a deep understanding of growth parameter space.  Results are detailed herein in 
 

Chapters 4 and 6. 
 
 

A critical goal of this work is to provide the basis for further development of a novel 

unique type of field effect transistor (FET). This transistor uses group III-Nitride 

materials exclusively and has never been developed in any similar system in the past. 

Though complete realization of the device is beyond the scope of a single graduate 

student project, this work attempts the critical initial steps towards this end. It is hoped 

that the information contained herein and the associated data generated will enable future 

researchers to further this goal. Since the transistor is such an important part of this 

research Chapter 7 has been dedicated to the theory, data, and results. 

 
During the extensive characterization of the system growth, parameter space experiments 

results were obtained which were proven by the scanning electron microscope (SEM) to 

contain nanostructures. Further investigation into these structures lead to a publication[5]. 

This publication along with further results is discussed in section 4.6. 

 
 

1.1. Group III-V Semiconductors 
 
 
 
 

It is projected that the global power semiconductor market will reach $65 billion by 
 

2022[6]. A large portion of that market will be silicon carbide and gallium nitride based 

devices. 

 
Silicon as well as conventional III-V semiconductors cannot be used in applications for 

optoelectronic devices in the violet and blue region of the spectrum[7]. This is due to the 
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band gaps for these materials not being sufficiently wide enough. Gallium Arsenide 
 

(GaAs) based devices cannot handle high temperatures. 
 
 

Table 1 lists the various binary compounds possible within the group III-V.  Of this list 

only a select few are suitable candidates for use as semiconductors. Binary compounds 

include boron nitride in both cubic and hexagonal phase, boron phosphide, boron 

arsenide, aluminium nitride, aluminium phosphide, aluminum arsenide, aluminium 

antimonide, gallium nitride, gallium phosphide, gallium arsenide, gallium antimonide, 

indium nitride, indium phosphide, indium arsenide, indium antimonide. Many ternary and 

quaternary compounds are also possible. 

 
Table 1. Complete List of Group III-V Binary Compounds 

 
Group III-V 
Binary 
Compounds 

 
B 

 
Al 

 
Ga 

 
In 

 
Tl 

N BN AlN GaN InN TlN 
P BP AlP GaP InP TlP 
As BAs AlAs GaAs InAs TlAs 
Sb BSb AlSb GaSb InSb TlSb 
Bi BBi AlBi GaBi InBi TlBi 

 

 
 
 

By combining various materials at selected ratios, the desired material properties of each 

material can be mixed to create the desired material. However, it must be understood that 

certain limitations are imposed and not all combinations are feasible or practical. Many 

semiconductors, such as GaAs have seen widespread industry use for many years and are 

likely to continue to do so. 
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1.2.    Materials of Interest 
 
 
 
 

The Lakehead Semiconductor Research Laboratory aims to further research in the group 

III-Nitride materials. Table 2 shows our primary materials of interest along with some of 

their basic properties. 

 
Table 2. Consolidated material properties for our materials of interest 

compiled from [8]. 
 

Element Gallium Indium Aluminum Nitrogen 
Atomic 
Number 

 

31 
 

49 
 

13 
 

7 

Atomic 
Mass 

 

69.723 
 

114.818 
 

26.981 
 

14.007 

Density 
( ) 

 

5904 
 

7310 
 

2700 
 

1026 

Structure Orthorhombic Tetragonal Cubic Hexagon 
 
 

1.2.1.   Gallium 
 
 

Gallium is typically solid at room temperature but quickly turns to liquid at slightly above 

room temperatures[8]. It boils at and melts just above room temperature 

at . Elemental gallium exists only in nature as compounds though it can be 

obtained easily through smelting. In metalorganic based film growth systems gallium is 

typically supplied as Trimethylgallium (TMG) which is discussed in section 2.3.1. It 

incorporates easily into other crystal lattice structures and is often used as a dopant in 

semiconductor based applications. At room temperature, a passive oxide quickly forms 

on the surface of gallium, halting any further reaction. However, at higher temperatures 

gallium reacts with oxygen readily and forms gallium(III) oxide . As such film 

growth systems are highly sensitive to oxygen contamination. Gallium is dissolved using 
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dissertation is structured to lead the reader through the early research steps taken towards 

the multi-layer FET. 

 
Chapter 2 provides a review of thin film deposition techniques relevant to this work. 

Traditional film growth methods are discussed and compared to the MEAglow growth 

system. The materials involved are further discussed along with substrates and 

precursors. 

 
Chapter 3 provides a review of the semiconductor compounds of interest with a brief 

history of growth for each. 

 
In chapter 4 the general procedure for film growth using the MEAglow reactor is 

discussed followed by results obtained through many growths, broken down by growth 

series. Heterostructure growths, the first to be done in the system, are discussed along 

with published results. And finally nanostructure growth is discussed, again along with 

published results. 

 
Chapter 5 discusses some preliminary results obtained through collaboration with the 

University of Manitoba regarding contact deposition on the films. This is a critical step 

towards realization of a commercially viable device. 

 
Chapter 6 discusses the important instruments as well as techniques involved where 

measurements of the results are concerned. 

 
Chapter 7 is the mainstay of this body of work. It is a discussion based on the 

experiments and results obtained for a new type of field effect transistor. 
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Chapter 8 summarizes the results discussed throughout while chapter 9 draws 

conclusions from these results. 

 
A complete list of references is included in chapter 10 followed by the appendix which 

includes important laboratory procedures, as well as accepted-for-review and published 

papers. 

 
It is hoped that the characterization of this new film growth system through hundreds of 

film growths will be enhanced and that future researchers of the Lakehead Semiconductor 

Research Lab as well as external to the school may further the development of III-N film 

growth. Though the primary goal of this thesis is towards the development of the FET 

this content, should assist future researchers in other avenues such as light emitting 

diodes, solar cells, and nanostructures all related to III-N films. 
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Cha pt er 2 
Rev iew o f T hin F il m De po s it io n 

 
 
 
 
 
 
 
 

2.1. Overview 
 
 
 
 

A thin film is generally taken to be as thin as a single atomic monolayer or as thick as 

many micrometres. It has long since been discovered that even small additions of 

material to a surface can greatly alter the characteristics of that surface[9]. Thin films 

have gained a widespread use from optical applications such as mirrors, protective, 

reflective and anti-reflective coatings, to industrial applications such as metal oxides, 

metal carbides such as hard carbon coatings, and our area of interest metal nitrides for the 

electronics industrial. Electronic devices use thin film layers in semiconductors, 

insulators, and conductors. 

 
Production methods span an incredibly array of methods such as physical, chemical, 

thermal, evaporation processes, and plating. Many of these methods do not pertain 

particularly to III-Nitride based film production and will not be discussed. Regardless of 

the process used to form the thin film, the characteristics of the formed film are highly 

dependent on the process parameters. It is necessary to understand how the process 

parameters affect the film growth in order to control and optimize the film growth. This is 

paramount to this body of work and forms the basis for much of the methodology of the 

research. 
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fueled by the fact that indium nitride is very highly dependent on the growth system and 

parameters used. Many of the experiments in chapter 4.4. will address these issues. 

 
 

2.1.1.4. Challenges in Heterostructure Growth 
 
 

One of the greatest challenges we face with the III-Nitride material system is the growth 

of GaN on InN or vice versa. In the case of laying down a bottom layer of InN, we have 

to preserve and maintain the integrity of this crystal while growing the GaN on top. This 

is primarily due to the low dissociation temperature of the indium nitride film. This 

imparts the requirement that we must form our GaN layer at a lower temperature or 

sacrifice the integrity of the indium nitride layer. Many experiments have been dedicated 

to this challenge and are detailed in section 4.5. 

 
Another challenge is lattice mismatch. This group of materials is closely lattice-matched 

so once a suitable set of conditions is determined, it is not overly difficult to obtain 

epitaxial growth. There are a number of possible solutions. One method is the growth of a 

buffer layer, detailed in the experiments of section 4.3.3. Another solution is to grow a 

thicker film which gradually reduces the strain imparted by the lattice mismatch. 

However this can results in a graded material forming between the two layers (for 

instance InGaN in the case of InN and GaN). Experiments have been dedicated to this 

challenge in Chapter 4. 
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2.2. Methods of Thin Film Production 
 
 
 
 

There exists an infinite possibility of film growth methods. It is well beyond the scope of 

this body of work to provide background to all methods and techniques. Those closely 

related to the MEAglow technique shall be discussed in more detail. 

 
 

2.2.1.   Physical Vapour Deposition 
 
 

Physical vapour deposition (PVD) is a vacuum deposit method of thin film production. 

Gasses are general produced by evaporation, sputtering, or a non-chemical based method. 

Materials to be deposited generally exist in a solid phase to be sputtered or evaporated 

into mostly atomic species. This technique relies on the transfer of kinetic energy to 

overcome atomic binding energy[19]. Plasmas are often employed to assist in growth. 

One of the most common forms of a PVD is molecular beam epitaxy (MBE). 

 
 

2.2.2.   Chemical Vapour Deposition 
 
 

In chemical vapour deposition (CVD) the solid thin film is created from a reaction of 

source gasses. The materials to be deposit exist in a dense gaseous[19] phase and form a 

solid at the growth interface (surface). Many alterations of the basic CVD method exist 

operating at different pressure ranges, and using alternate types of reactants. Some 

systems employ the use of a plasma to further activate the reaction[20]. CVD methods 

have a few advantages over CVD systems. The reaction can be area selective, and is 

more conformal on rough surfaces. The source gasses are housed externally to the 

system, which prevents chamber contamination (from exposure to atmosphere) when 
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refilling gasses. Lower vacuum levels may be achieved. Large batch processing is 

facilitated. PVD systems tend to be more forgiving towards variations in process 

parameters[20]. Some disadvantages include the use of toxic materials, and the often 

required higher growth temperatures. A few common CVD methods include metal 

organic chemical vapour deposition (MOCVD), plasma enhanced chemical vapour 

deposition (PECVD), and migration enhanced afterglow (MEAglow). 

 
 

2.2.3.   Comparison of Growth Methods 
 
 

Table 3. Comparison of Various Growth Techniques[12][21]. 
 

 
 
System 

Growth 
Pressure 
Range 
( ) 

Growth 
Temperature 

Range 
( ) 

Growth 
Rate 
( ) 

 
Typical Nitrogen 

Source 

MBE    Ammonia or 
MOCVD ~760   Ammonia 

 
PECVD 

 
to 

 
to 

 
to 

 
Ammonia or 

 
MEAglow 

 
to 

 
to 

  

 
MOVPE 

  
to 

 
to 

 
Ammonia or 

 
 
 
 
 

2.2.4.   MBE 
 
 

Molecular Based Epitaxy is a process based on a ultrahigh-vacuum evaporation[12]. The 

vacuum requirement makes it a relatively expensive process. MBE allows for low growth 

temperature which limits diffusion. Growth rate is limited to typically          [12]. 
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However, this ensures a high quality 2 dimensional growth is achieved. A molecular 

beam is used to decompose effusion cells made up of ultra-high purity materials. The 

system operates via mechanical shutters which modulate the beam and this allowed for 

control of doping and general material composition. Modern MBE systems feature 

nitrogen source gas ( ) as opposed to ammonia[10]. It is a well-established process and 

is modelled easier than most other processes. A major advantage is the possibility for in- 

situ monitoring applications such as Auger Electron Spectroscopy (AES), Low Energy 

Electron Diffraction (LEED), Reflection high energy electron diffraction (RHEED), and 

Residual Gas Mass Spectrometric analysis (RGA). Operating pressures of 

are typical[12]. Major advantages of MBE include the possibility to grow 

high quality InN, not typical in other systems.  Low growth temperatures allow for 

compatibility for the growth of InN and InGaN[10]. It also excels at providing precise 

interfaces between growth materials[22]. Though growth temperature is extended in the 

lower range, it is limited in the upper range but is typically around [22]. Using 

MBE for the growth of GaN at low temperatures, which is often desirable in order to 

remain compatible with indium based growths, tends to produce rough surfaces. This 

occurs because the growth is nitrogen-faced. This can be improved by switching to 

gallium-faced growth, however this is a challenge to accomplish with MBE[23] and is 

not possible directly on sapphire. Another major setback for this technology is the 48 to 

72 hours required to pump down the system to remove impurities prior to growth after 

opening the system for maintenance[12]. This in turn raises the operating cost. 
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2.2.5.   MOCVD 
 
 

Metal organic chemical vapour deposition systems are a major contender to MBE. These 

systems operate at a much higher growth temperature often well above [22]. 

Operation is based on the dynamic flow of precursor gasses over the heated substrate. 

System orientation can be horizontal or vertical. The geometric orientation has a 

pronounced effect on growth. Since many different system configurations exist, it is often 

difficult to compare results between research groups. The reactions taking place are 

complex and not yet fully understood. Modelling of these systems is difficult[22]. 

However, this technology is well established and these systems are often used in the 

production of optoelectronic devices. Higher growth rates can be achieved versus 

MBE[22]. Ammonia is reacted with precursor gasses, typical TMGa, TMIn, or TMAl at 

the substrate surface. 

 
In order for a growth to proceed, high III / V ratios are required in excess of 1000 

gallium, indium, or aluminum atoms per nitrogen atom. High growth temperatures in 

excess of are also a must in order to encourage the reaction. And finally, high 

gas velocities must be maintained. These requirements indicate that the reaction itself is 

so inefficient that the chamber must be flooded to obtain a growth.  However despite 

these challenges, high growth rates exceeding are possible (for GaN). To obtain 

high quality films, a nucleation layer must be grown prior to the main buffer layer[22]. 

Finally the film may be grown on these layers. 
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2.2.6.   PECVD 
 
 

Plasma Enhanced Chemical Vapour Deposition combines a CVD system with a plasma 

source. The added complexity of a plasma source is greatly offset by the many 

advantages of using a plasma. The plasma may be DC, RF, or microwave based. Further 

discussion on the plasma sources can be found in section 2.4. Use of a plasma allows for 

growth at lower temperatures versus conventional MOCVD[24] extending possible low 

range temperatures to the to . These systems can be further classified by 

conventional (direct) or remote (indirect) PECVD. In a remote PECVD system the 

substrate is placed outside the plasma generation region[24], while the opposite is true for 

direct systems. The greatest contrast between remote and direct systems is the partial 

excitation of process gases in remote systems. Because the MEAglow system closely 

relates to the remote PECVD system, we will limit our discussion to this sub 

classification. Chamber operating pressures are typical of to similar to 

MOCVD. This relatively high operating pressure (in contrast to say MBE) encourages 

interspecies collisions, one of the primary reaction motives. Growth rates are also 

comparable to MOCVD based systems, ranging from to . 
 
 
 
 

2.2.7.   MEAglow 
 
 

The MEAglow growth technique has been developed based on recent advances in 

migration enhanced epitaxy (MEE)[25]. MEE is a low temperature growth technique 

originally employed in MBE systems.  Originally intended for the development of 

arsenide films, it has since been modified for use in group III-nitrides[25]. 
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In this technique, the precursor materials are carried by adatom diffusion across the film 

growth front. Once a suitable lattice site is realised, the precursor is bound into the 

material to form the stationary molecules which make up the crystal structure of the film. 

One of the critical aspects differing from other growth methods is that the precursors are 

given extra time to migrate across the surface. This allows for enhanced two-dimensional 

crystal growth. 

 
The MEAglow system employs MEE in a system similar to MOCVD discussed above, 

with aspects of MBE incorporated. Higher pressure than MBE, at close to [23]. 

 
Because of the relatively higher pressures used in the system, the higher energy nitrogen 

compounds are reduced in number prior to reaching the growth surface due to collisions. 

The bulk of the nitrogen atoms remaining are atomic with low activation energy. 

 
 

2.2.8.   MOVPE 
 
 

Since its inception in the late 70s, Metalorganic Vapour Phase Epitaxy (MOVPE) has 

been a major process technology for the production of compound semiconductor devices, 

particularly those of the III-V material group[26]. It is a popular technology for 

optoelectronic devices. Precursors used include but are not limited to: TMIn, TMAl, and 

TMGa. Pure source nitrogen is often used as a carrier gas though the use of ammonia is 

also common. It is a chemical vapour deposition technique and synonymously referred to 

as OMVPE, OMCVD, and MOVPE. The growth mechanism involved relies on the 

formation of volatile metal halides as transport agents[26] for surface growth. 

Commercial systems can process up to wafers at a time, in diameter[26]. 
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Operating pressures tend towards atmospheric, however a low pressure form exists 

referred to as low pressure metalorganic vapour phase epitaxy (LP-MOVPE). Indium 

nitride growth in these systems favours atmospheric pressure for more reactive nitrogen, 

or low pressure ( ) for enhanced epitaxial growth. As with other systems, the 

low temperature growth restricts the decomposition rate of ammonia, however increased 

growth temperature brings about the decomposition of InN and introduces thermal 

etching in the grown films[13]. Too-low temperature reduces migration of the materials 

and prevents epitaxial growth. As such, growth temperatures for InN are limited to 

to with an average around [13]. Lower temperature growths require a high 

V/III ratio while high temperature growths require a low V/III ratio. Vapour pressure and 

growth temperature are the most critical operating parameters[26]. This type of system is 

more favourable for the growth of GaN than AlN. Reactor design (horizontal versus 

vertical) is critical for systems used in InN film growth. Limitations for this system 

include doping, composition, and film thickness[26]. 

 
 

2.3. Precursors 
 
 
 
 

The MEAglow growth system relies on precursor gasses fed into the system chamber to 

react at the growth interface (substrate surface) to realize a film. The precursor gasses 

available for this body of work included trimethylgallium, trimethylindium, and 

trimethylaluminium. Each is discussed briefly. The precursor gasses are housed in the 

systems gas cabinet, which maintains a constant temperature and a positive pressure out 

the exhaust for safety. The precursors are stored in metallic bubblers with in-feed and 

out-feed safety valves. The canisters contents are evaluated by means of mass 
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measurements at the time they are received and prior to returning to the production 

facility. Care must be exercised when handling these bubblers as metalorganic materials 

exposed to the atmosphere can easily cause a fire. The precursors are fed to the main 

chamber by means of a nitrogen carrier gas. 

 
 

2.3.1.   Trimethylgallium (TMG) 
 
 

Trimethylgallium is the precursor source used in the MEAglow film growth system. It is 

often referred to as TMG or TMGa. It is comprised of a gallium atom bound to three 

methyl groups [27]. 

 
Despite much research, the detailed mechanism of TMG use in the formation of 

 
films is not clear[27]. Detailing this mechanism is beyond the scope of this dissertation 

and will only briefly be discussed. The same is true for TMI and TMAl. 

 
TMG must be stored at or near room temperature to avoid deterioration. 

 
 
 
 

2.3.2.   Trimethylindium (TMI) 
 
 

The makeup of Trimethylindium is almost identical to TMG, substituting the gallium 

atom with indium ( ) and similarly is referred to as TMI or TMIn. 

 
The storage of TMI is more sensitive to temperature than TMG. It has a tendency to foul 

or plug the feed lines if the temperature drops below            . As such the MEAglow gas 

system features a heater on the bubbler as well as around the systems gas feed lines. 
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2.3.3.   Trimethylaluminium (TMA) 
 
 

Trimethylaluminium varies from TMG and TMI in that two aluminium atoms are bound 

to six methyl groups i.e. . Two of the methyl groups are shared while 

each aluminium atom bonds to two of its own through single aluminium-carbon 

bonds[4]. Like TMG and TMI it is easily synthesised and suitable for use in MOCVD 

systems. The aluminium carbon bond is quite strong, and as such it becomes a challenge 

to use TMA for low temperature growths due to carbon contamination within the film. 

 
 

2.3.4.   Magnesium 
 
 

The MEAglow reactor is currently configured for the injection of aluminum, indium, 

gallium, and magnesium into the chamber. Magnesium, with a typical oxidation state of 

is used for p-type doping of the films. Few experiments involving doping were 

performed related to this body of work so it will not be discussed in detail. 

 
 

2.4. Plasma 
 
 
 
 

Plasmas play a critical role in modern semiconductor processing systems such as plasma 

enhanced chemical vapor deposition (PECVD), sputter deposition, reactive ion etching, 

plasma etching, physical sputtering, reactive sputter deposition, and a number of ion 

beam based techniques[12]. Throughout the film growth industry the use of plasmas is 

steadily increasing. Systems are becoming more complex in an effort to produce better 

results. 
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2.4.1.   Definition of a Plasma 
 
 

Plasma refers to a gas of charged particles including electrons, ions, neutrals (atoms, 

molecules) and also photons[28]. Plasmas are often referred to glow discharges based on 

the visual aspects from photon emission[12]. Despite the charged particles, the plasma is 

considered neutral on the whole as the charges balance out. Plasmas are often considered 

the fourth state of matter.  The term plasma is often used synonymously with glow 

discharge due to the release of photons which occurs as the charged particles experience a 

de-excitation[12]. This de-excitation creates the visual glow we can see. Plasma can be 

more conductive than the surrounding metal. Elevated temperatures and high energy 

densities result in particle collisions which can cause thermonuclear reactions. Though 

the charges balance out within the plasma the ions have more mass and thus move much 

slower than the lower mass free electrons. The energetic species comprising the plasma is 

used for the growth reactions. These species are much more reactive than can be 

produced by a chemical reaction. The accompanying neutral particles are also highly 

reactive. Due to the highly reactive nature of the plasma, undesirable physical changes 

such as etching may occur if conditions are not correct. Plasma-assisted processes often 

see an increase in efficiency of the process, or in some cases reduce the negative 

environmental impact[12]. 

 
One of the most critical aspects of the plasma is the operating pressure. Other factors are 

highly dependent on the pressure such as luminosity, energy, and temperature. Plasmas 

are often classified by two essential aspects: the average temperature and the density of 

electrons within the plasma. Typical average temperatures range from to while 

electron densities run from to [28]. 
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2.4.2.   Advantages of Using a Plasma 
 
 

Plasmas have long since been used in film processing systems because of the number of 

unique advantages which they provide. A typical film deposition system will often see an 

increase in film deposition rate along with the possibility of lowering growth 

temperature. The result is an increase in productivity not possible without the plasma. 

This in turn leads to lower operating costs for the processing system despite the 

additional power and equipment requirements needed by the plasma. 

 
Plasma based systems allow for new combinations of input materials to produce unique 

compounds not previously possible.  Substrate choices suitable for film growth are also 

extended and the processing plasma can lead to improved adhesion of the film to the 

substrate.  Plasmas allows for enhanced process control leading to improved quality of 

the final film.  And finally plasmas allow for deposition to occur under non-thermal 

equilibrium conditions[9]. 

 
 

2.4.3.   Plasma Application in Film Deposition Systems. 
 
 

Despite the long term and widespread use of plasmas in semiconductor processing 

equipment the role of the plasma is extremely complex and has yet to be fully 

understood[9]. To enhance the reactivity, energy is supplied to the film growth species. 

Thus it is desired to have a high plasma density which promotes high reactivity and 

allows for a wide range of deposition conditions. 

 
Plasma is generated by applying voltage across a gas. The gas becomes conductive at a 

certain voltage due to ionization. This threshold voltage is a function of the distance 
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2.4.4.3. Hollow Cathode Plasma 
 
 

The hollow cathode plasma source provides many of the benefits of the radio frequency 

plasma source and is similar in operation. The key difference from a traditional RF 

plasma is that both electrodes are powered by the same voltage and phase[12]. The term 

hollow cathode is derived from the effect on the secondary electrons. As with the case of 

a normal DC or RF plasma ions from the plasma cross the dark space and bombard the 

cathode surface. Secondary electrons are then emitted from the cathode across the sheath 

to the plasma. However since the two electrodes are powered equal, the secondary 

electrons are reflected by the identical sheath on the opposite electrode. The process then 

repeats many times per cycle causing a trapping effect on the secondary electrons. This 

increasing the probability of ionization leading to an increase in charge density by as 

much as a factor of 10[12]. The resulting voltage is also much lower than a DC or RF 

plasma at the same power level. A number of geometric variations are possible with this 

configuration leading to wide applications. 

 
The hollow cathode effect is easily scaled up to provide large area deposition for large 

production applications[25]. Since it is comprised of a number of hollow cathodes, each 

one acts as an independent intense plasma source[29]. 

 
The hollow cathode effect can occur in RF plasma applications at the source gas location. 

This effect is typically undesired and may cause issues such as contamination[12]. 

 
Experiments relating to the hollow cathode with a DC power source have been performed 

and are detailed below. 



29  

2.4.4.4. The MEAglow Plasma Source 
 
 

The MEAglow plasma source is a modified hollow cathode design. It may be powered 

from RF or DC. The plasma head is water cooled through the use of an external chiller as 

the heat generation during operating can be quite high. Power connections, whether RF or 

DC, are fed through the top of the plasma head with a nylon isolator. Care must be taken 

to ensure that the RF or DC connections do not come in contact with the molybdenum 

plasma head which is grounded. Plasma input gasses, in our case high purity nitrogen, are 

supplied through the top. No oxygen contamination exists since this type of plasma 

features no dielectric window. 

 
The distance between the substrate holder and the plasma head is adjustable. For most 

film growths the substrate is located such that the damaging high energetic species 

generated by the plasma have decayed before reaching the growth interface (substrate 

surface). This is deemed the afterglow region of the plasma. No optical emission is 

present at this region due to the lack of high energies species. This region is located 

downstream of the main plasma where most of the optical emission occurs. Locating the 

substrate in this region reduces damage. 

 
When the system became active in January 2011 it was immediately necessary to gather 

some characteristics about the new plasma head. There are a number of ways to 

characterize a plasma. It is relatively easy to measure some parameters including voltage, 

applied power, discharge current but these external parameters do little to describe the 

plasma within the system. The most popular method is by means of inserting a Langmuir 

probe into the active region of the plasma and measuring the current in response to the 
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voltage. From this, the electron temperature ( ) and electron charge density ( ) can be 

derived as well as the ion density, and plasma potential[30]. This experiment has been 

published[25][21] and is further detailed in this section. It must be noted that although the 

Langmuir probe is extremely useful in characterizing the system it also acts as a source of 

contamination within the system and as such it cannot be used for in-situ monitoring. It is 

useful only in calibrating the system and gathering characteristics of the plasma. 

 
The electron temperature ( ) describes the amount of energy the unbound electrons 

within the plasma have. Typically plasmas adhere to a Maxwellian distribution of 

electron energy[4]. The higher the electron temperature, the higher the kinetic energy per 

particle and the more susceptive the system is to damaging the film or substrate. 

 
For our experiment the probe consisted of a copper wire of diameter with an 

exposed length of providing an exposed surface area of approximately 

. The inductor used was with a resistor. The probe was 

mounted on the gate valve connection to the main chamber and was adjustable vertically 

approximately , enough to allow the probe to be inserted into the hollow cathode. 

 
The plasma head was thoroughly cleaned prior to the experiment. The experimental setup 

is shown in Figure 1. The power supply voltage and nitrogen flow to the plasma were 

varied and the following parameters were measured: forward power, tune, load, chamber 

pressure. Voltage measurements were limited to the positive and negative current 

saturation levels. 
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value is expected to be even higher when the plasma is supplied by an RF rather than DC 
 

source. 
 
 
 

 
 

(a) (b) 

 
Figure 2. IV characteristics obtained by Langmuir probe 

measurements. (a) in linear form (b) by natural log. The vertical line 
indicates the plasma potential. 

 
It is important to note that the use of an uncompensated Langmuir probe was used. This 

provides certain limitations in the accuracy of the results, however for the purposes of 

classifying the electron density of the plasma this method is deemed suitable. 

 
It must be understood that the characteristics of DC plasma will vary from those of the 

RF plasma. For the RF plasma, the bias voltages are generally higher due to the electron 

temperature. 

 
 

2.5. Buffer Layers 
 
 
 

Buffer layers are an essential component to nitride based thin film growth. All stacked 

materials exhibit a mismatch in the lattice constant, causing a strain in the film layers. 

The lattice mismatch also causes dislocations which may propagate, degrading the 
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electrical properties of the resulting film[31]. Application of a buffer layer can reduce this 

strain[32]. Lattice mismatch varies greatly based on the quality of the film however for 

GaN grown on sapphire this mismatch works out to about 13-15%[33][7]. Strain in the 

film is reduced as the thickness is increased. When the film reaches what is termed the 

critical thickness, the lattice parameters are equal. For GaN on sapphire this thickness is 

approximately 100nm[7]. However, the growth of a very thin AlN buffer layer reduces 

this thickness to 3nm. As such AlN is often used as a buffer layer below GaN. It is also 

an effective insulator. Buffer layers encourage two dimensional growth[34]. 
 
 

However with benefits come costs. Buffer layers require a two-step growth process 

increasing overall film growth time and cost. In general buffer layers are also grown at 

very low growth rates in order to achieve good monocrystal structures and reduce 

impurities and dislocations. 

 
Because of the significance of buffer layers in III-Nitride based film growth some 

experiments have been performed and are detailed in section 4.3.3. 

 
 

2.6. Growth Regimes 
 
 
 
 

In the growth of gallium nitride three generalized growth regimes are possible[35]. In the 

first regime a gallium rich environment exists in which gallium droplet formation is 

evident. In the second regime a nitrogen rich environment exists, and the third regime is 

intermediate between the two[36]. The growth regime is determined by the material 

which is limiting the growth rate. For example in an excess gallium regime the growth 
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rate will be controlled by the available nitrogen flux[7]. Throughout the experiments 

detailed in Chapter 4 the concept of growth regime is considered. 

 
 

2.7. Nitridation 
 
 
 
 

Nitridation is a thermochemical process by which the application of nitrogen to the 

growth environment results in its incorporation in the growth surface[37]. Typically this 

is the substrate, but can also be the top layer in a heterostructure film growth. Nitridation 

is a critical step in the film growth process. Like any process it is controlled via a number 

of parameters. Through no specific experiments were performed directly relating to the 

nitridation, many experiments did alter the nitridation step of the program and as such 

consideration is given to these changes in the relevant experiments detailed in Chapter 4. 

 
The advantage of the nitridation process is improved electrical and optical properties as 

well as improvements in the surface morphology[38]. The only disadvantage is the 

additional step required in the program extending the overall film development time and 

a mild increase in the amount of nitrogen used. 

 
 

2.8. Sample Preparation 
 
 
 
 

Prior to each film growth the substrate must be prepared. In most cases this simply 

involves baking the sapphire substrate in order to remove the surface oxide which forms 

over time during exposure to the atmosphere. For the growth of heterostructures 

additional steps may be required such as etching to remove the excess metal from the 
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surface. Etching is detailed in the appendix. It is important to consider what the system 

has previously been used for. In the case of a gallium nitride growth following an indium 

nitride growth, the system chamber, plasma head, sample holder, and sample holder mask 

must be thoroughly cleaned to remove excess indium. Failure to do so results in indium 

incorporation into the gallium nitride film. For indium nitride growth following a gallium 

nitride growth this step is less critical, however the sample holder must still be cleaned as 

well as the mask. Initially the system employed separate sample holders for different 

material growths however it was found that cleaning the holder was sufficient. 

 
 

2.9. Substrates 
 
 
 
 

The substrate serves as a mechanical support for the formation of the film. Substrates are 

often referred to as wafers in the semiconductor manufacturing industry. The type of 

substrate used greatly affects the material properties of the grown film. There are a few 

substrate choices for group III-Nitride growth. When choosing a substrate consideration 

is generally given to properties such as lattice match, thermal conductivity, electrical 

isolation, price, availability, quality (defects), and warping or bowing effects from heat. 

Lattice mismatch will cause strain in the material. Thermal conductivity affects device 

performance as well as film uniformity. Electrical isolation is critical to device design. 

Availability must be considered, as well as quality which affects the resulting film. 

Warping and bowing due to differences in the thermal expansion between the substrate 

and epilayer during growth must also be considered[39]. This condition grows worse 

with increasing temperature. 
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2.9.1.   Silicon (Si) 
 
 

Silicon has traditionally been used for GaN devices where price is a major 

consideration[40]. Silicon substrates may be n-type, p-type, or semi-insulating. Due to 

the high lattice mismatch silicon is rarely used for InGaN or InN film growth. 

 
 

2.9.2.   Sapphire 
 
 

Sapphire ( ) is a widely used substrate for GaN devices as it is readily available[40]. 

Sapphire suffers from a relatively low thermal conductivity as compared to SiC but has a 

good power density of approximately . It is much cheaper than SiC. 
 
 
 
 

2.9.3.   Silicon Carbide (SiC) 
 
 

These substrates provide an advantage where high power devices require additional 

thermal management[40]. The disadvantage is the price. SiC substrates are used for high 

brightness blue and green InGaN LEDs and AlGaN/GaN HEMTs[41]. 
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Cha pt er 3 
Co mp o u nds o f Int er es t 

 
 
 
 
 
 
 
 

This chapter will discuss our primary materials of interest InN, GaN, and AlN. Each 

material features a direct band gap ranging from a very narrow for InN to a 

moderate for GaN to a very wide for AlN. These materials all feature 

strong bond strengths making them relatively stable. 

 
 

3.1. Review of III-Nitrides 
 
 
 
 

These materials are typically wurtzite in structure however cubic phase or a mix is 

sometimes present. In general n-type or semi-insulating films are common while p-type 

films are possible but present additional challenges. Carrier concentrations vary widely. 

The properties of each material are highly dependent on the method used for growth as 

well as the growth parameters. Some key material properties are listed in Table 4. 
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Table 4. A comparison of our semiconductors of interest at 300K[42]. 
 

Semiconductor GaN InN AlN 

Crystal Structure Hexagonal wurtzite Hexagonal wurtzite Hexagonal wurtzite 

Density 
 

( ) 

   

 
Lattice Constant (  ) 

   

Band Gap (eV)  Refer to section 3.3.  

Coefficient of 
 

Thermal Expansion 
 

(a-axis, ) 

   

Coefficient of 
 

Thermal Expansion 
 

(c axis, ) 

   

Coefficient of 
 

Thermal 
 

Conductivity ( ) 

   

Refractive Index   to 

Melting Point (K)   3273 

 

 
 
 

The ideal crystal contains a one-to-one ratio of nitrogen atoms to metal atoms, but this is 

rarely achieved. Films may be polycrystalline or monocrystal. 
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3.2. Gallium Nitride 
 
 
 
 

GaN based green to ultraviolet LEDs hit the market in 1994. The first gallium nitride 

based power device hit the market in 2010[6]. Gallium Nitride based power transistors 

are currently in competition with three other device technologies: Si, GaAs, and 4H-SiC. 

Each technology has its limitations and advantages. A summary is provided in Table 5 

below. 

 
Table 5. Comparison of Leading Power Transistor Technologies[40]. 

 
Material Mobility 

(  , ) 
Dielectric 
Constant 

( ) 

Bandgap 
( , ) 

Breakdown 
( , ) 

 
( ) 

Si 1300 11.9 1.12 0.3 300 

GaAs 5000 12.5 1.42 0.4 300 

4H-SiC 260 10 3.2 3.5 600 

GaN 1500 9.5 3.4 2 700 

 

 
 
 

Gallium nitride based devices are applied to a wide range of applications including 

pulsed radar, counter IED jammers, CATV modules, industrial, defense, medical, and 

commercial, traffic lights, mobile phone backlights, automobile lighting, optical storage 

mediums, high power microwave transmitters, and UV detectors/emitters. The 

application field for these devices is continually expanding as the market opens up to this 

new technology. Gallium nitride is used commercially for blue LEDs[27]. 

 
Gallium nitride semiconductors are said to be the second most important semiconductor 

technology with silicon still remaining the most important[10]. 
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GaN features high power densities allowing for device operation at a maximum working 

temperature of up to , greatly exceeding that of silicon devices. GaN devices 

feature fast carrier transport, and high breakdown voltages. High breakdown voltages 

allow for large drain voltages, higher output impedance, and easier matching into 

circuitry[40][6]. Of particular interest to this body of work is the suitability of GaN for 

use as a channel material. The large sheet charge leads to large current densities reducing 

transistor area, imparting a higher power per area of the gate[40]. This leads to lower 

capacitance per output power. Devices can have lower drain to source resistances, and 

higher switching frequencies[6]. GaN devices have a cost advantage over SiC 

technologies[6]. 

 
 

3.3. Indium Nitride 
 
 
 
 

InN typically exists in the wurtzite phase though the cubic phase is common. There exists 

a strong controversy regarding the actual band gap of indium nitride[15]. The bandgap is 

often taken to be between and [4]. It has been suggested that the lower 

range band gap is due to a deep level defect in indium rich materials[15]. The 

actual band gap likely lies somewhere in the middle range. A complete treatment to this 

subject is beyond the aims of this body of work. However, it is very important to 

determine the band gap accurately as the band gap dictates application suitability and 

therefore determines research interest and direction. Many aspects of InN are yet to be 

fully understood including effective electron mass, defect properties, the role of oxygen 

within the material, the variation of decomposition temperature, and the lattice 

constants[10]. Some of these properties are investigated in the experiments detail in 
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Chapter 4. Because of the volatility of indium nitride, growth temperatures are often 

limited to under [10]. Applications for InN are typically optical based such as 

photo detectors, and LEDs though new film growth technologies and research interest are 

expanding applications to power devices. InN is very conductive and features a high 

mobility greatly exceeding that of silicon. It is not yet a widely used material in the 

semiconductor industry and this is likely due to the added complexities of producing 

quality material. To lattice match other materials such as GaN, the indium ratio must be 

kept low. 

 
InN is very sensitive to the manner in which is it produced. MBE grown material varies 

greatly from that produced using MOCVD based methods. Thus far, MBE methods have 

produced the highest quality material. As such, InN suffers from a wide range of reported 

material properties[10]. Of all the III-V materials, InN features the theoretically highest 

mobility[43]. It has the lowest melting point and is the most volatile. 

 
 

3.4. Aluminum Nitride 
 
 
 
 

Aluminium nitride has a wide range of applications including use as an encapsulant in the 

electronics industry, a thermally conductive base for high temperature electronic devices, 

a high temperature corrosion resistant refractory material, as buffer layers in a number of 

semiconductor applications such as LEDs[4]. It is useful as a passivant or insulating layer 

for compound semiconductors[4]. As an insulating layer it provides a number of 

advantages such as lowering device leakage currents in Metal-Insulator-Semiconductor 

(MIS) devices (MISFET, CCD, MIS capacitors). The high insulating property allows for 
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thin insulator layers reducing threshold voltages and power requires for devices such as 

FETs. It features a wide band gap for optical applications extending into the deep 

ultraviolet. Growth temperatures are low, making AlN compatible for existing processing 

technologies[4]. It is often used as a buffer layer to lattice match or provide an insulation 

between the epilayer and the substrate. Similar to the InN and GaN the structure is 

typically wurtzite. 
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Cha pt er 4 
Sing le Fil m a n d He te ro s t ru ct ur e Fi l m G ro w th 

by M EAg lo w 
 
 
 
 
 
 
 
 

4.1. Introduction 
 
 
 
 

One of the prime goals of this research was to obtain high quality monocrystal epitaxial 

films. Epitaxy describes a regular, repeating atomic crystal structure free of dislocations 

and other defects. High quality films are grown as two-dimensional. Three-dimensional 

growths lead to island formation and polycrystalline films. 

 
 

4.1.1.   The MEAglow Reactor 
 
 

The growth of gallium nitride, indium nitride, and aluminium nitride within the same 

system poses a number of unique challenges. The system must be designed in such a 

manner as to be flexible yet sensitive to cross contamination of the metalorganic input 

materials. The typical growth temperature ranges for GaN and InN films are not 

compatible with conventional MBE and MOCVD based systems[44]. 

 
The MEAglow growth reactor became active in late December 2010. The official ribbon 

cutting ceremony took place on June 15th, 2011[45]. This new lab and the technology 

used within promises to overcome the shortcomings of existing growth technology such 

as MBE and MOCVD[46]. 
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Figure 3. The MEAglow growth system model 0001. 

 
The system is comprised of three main sections illustrated by the schematic in Figure 3. 

Each section features an individual turbo pump for maintaining the required ultra-high 

vacuum and each turbo pump is backed by a rotary pump. The main chamber acts as a 

hub for all other connections to the system. The load lock allows for loading and 

unloading of samples and is detailed herein. The monitor section (indicated by Conflat 

Cross-1 on Figure 3) allows for in-situ monitoring by a number of means. Each section is 

isolated by means of gate valves to the adjoining sections. 

 
The sample holder is housed within the main chamber below where the gasses flow in. It 

rests atop a rotating pedestal controlled by an external motor. This pedestal allows for the 

installation of various accessories and was used for the Langmuir probe experiments 

detailed in section 2.4. The plasma system is installed above the main chamber. A 

number of ports exist on the main chamber to allow for the pyrometer, sight window, 
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RGA bypass, and Baratron pressure sensor. The chamber is air cooled by an external fan. 

A turbo pump is connected below the main chamber through a throttle valve to allow for 

pressure control. The turbo pump is backed by a rotary pump. The main chamber has a 

Baratron pressure sensor with a range of to and can be pumped down to as 

low as . 
 
 

In-situ monitoring is performed by various sensors located in each chamber. The load 

lock must be closed during growth, and as such cannot contribute to in-situ monitoring. 

The analysis chamber can be pumped down to as low as and houses the 

residual gas analysis (RGA) which allows for detailed analysis of the gasses within the 

system. It is a powerful tool. Though the gate valve connecting the main chamber to the 

RGA chamber must remain closed during growth, a bypass line has been installed to 

allow for in-situ monitoring. 

 
Switching of gas flows is performed by electric and pneumatic solenoid valves. In order 

to minimize oxygen contamination, the system must pump down and maintain extremely 

low pressures. The entire system is computer controlled for switching of gas flows, 

pressure, temperature, plasma, and some gate valves. The system is programmed by 

entering relatively simple programs, akin to recipes, into the front end software. 

 
The use of the throttle valve allows for an operating pressure range of approximately 

orders of magnitude[29]. 
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the chamber. 

4.1.2.   The Gas Delivery System 
 

Metalorganic source gasses are stored in a separate gas cabinet. Ultra purity nitrogen is 

stored externally to the system as these canisters are frequency swapped out. A mass flow 

controller is used between source gasses and the chamber feed lines to control gas flow to 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. MEAglow System Gas Delivery System. 
 
 

The gas delivery system for the metalorganic sources is direct without the use of a carrier 

gas[29]. The system is water cooled. The sources are maintained at       to            . Source 

gas is introduced in the active plasma region. 
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4.2. Operation of the MEAglow Reactor 
 
 
 
 

This section is intended to introduce the reader the MEAglow system operation but is not 

intended to be a full user manual. The appendix offers additional details specific to each 

operation. 

 
 

4.2.1.   Temperature Calibration 
 
 

The growth system does not allow for in-situ measurement of the operating temperature 

at the substrate growth interface. As such there are a number of temperature probes 

located within the system. When a system modification occurs, it is necessary to 

recalibrate in order to obtain accurate temperature readings. The procedure is fairly 

straightforward. 

 
The system contains a total of three temperature probes. Probes T1 and T2 are thermal 

type probes located within the system while the Pyrometer is an infrared type externally 

mounted to the system. The infrared is viewed through a glass access port into the 

chamber and positioned such that it is centred on the substrate holder. 

 
Temperature calibration is performed by physically mounting a fourth probe on the 

sample holder. No growth may occur with such a setup. This probe measures the actual 

temperature which the substrate would be subjected to under normal growth conditions. 
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Figure 5. Temperature calibration data from March 6, 2012. 

 
Data is collected for a series of temperatures and the results are stored similar to what is 

shown in Figure 5.Figure 5. Temperature calibration data from March 6, 2012. The probe 

is then removed from the system allowing for the typical growth setup. Once a growth 

has been completed, it is simply a matter of cross referencing the average temperature of 

temperature probe T1 with the latest calibration data curve to obtain the average sample 

growth temperature. 

 
 

4.2.2.   Chamber Preparation 
 
 

In contrast to typical MBE systems, the MEAglow growth reactor can be ready for 

growths after being exposed to atmosphere in just a few hours. Chamber preparation 

varies based on what the system has previously been used for. When the chamber has 
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been exposed to atmosphere it is recommended that a sacrificial sample run is performed 

in order to getter the oxygen in the system. For a GaN growth following a GaN growth, 

little if any preparation is required. For a GaN growth following an InN growth, more 

care must be taken. The plasma head and chamber should be run through a heating cycle 

in order to purge the system of excess indium. 

 
 

4.2.3.   Sample Loading 
 
 

The system chamber is connected to a load lock chamber with isolation provided by a lift 

gate valve. The load lock, or sample exchange chamber, is pumped down by a turbo 

pump and a separate rotary pump. It is critical that the two chambers have a similar 

pressure prior to opening the lift gate or the sudden rise in chamber pressure will trigger 

the turbo pump safety. Detailed sample loading and unloading procedures are included in 

the Appendix. With the sample loaded the system is now ready for film growth. 

 
 

4.2.4.   Program Operation 
 
 

Each unique film growth requires a unique program. It is not be feasible to detail each 

program however the programs can be explained through generalized flow diagrams for 

each type of growth. The basic programs are shown below while major discrepancies 

warrant further explanation as per each series of growth experiments. 
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4.2.4.1. GaN Single Film Growth Procedure 
 
 

A generalized single film GaN program is shown in Figure 6. The program begins by 

sealing the chamber. Initial conditions are established and the chamber is filled with 

nitrogen while impurities such as oxygen are pumped out. The heater is started and 

generally takes about an hour to heat to full operating temperature. We also adjust our 

operating pressure. In the final setup step prior to actual film growth, we purge out all the 

metalorganic gas lines so as to not contaminate our new sample and open the bypass lines 

in order to establish a stable flow of metalorganic material. 

 
The heart of the program is the growth steps. Most experiments were performed by 

adjusting this part of the program to measure results. Growth occurs through a loop of 

program steps. Gas line flows and pressures are set, the plasma is started, and the gasses 

are injected into the chamber at a fixed duty cycle and the process is repeated a fixed 

number of cycles. Each loop of the program can grow as little as one atomic layer or for 

faster growths multiple atomic layers. Programs which pulse the metalorganic while the 

plasma remains constant are referred to as metal modulated. Programs which cycle the 

plasma on and off are referred to as migration enhanced. 

 
Once the loops are complete the program prepares for shutdown. The gas lines are 

flushed out and the system is allowed to cool generally with nitrogen flowing. The 

chamber is evacuated. Once cool the sample may be removed. Refer to the appendix for 

this procedure. 
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Figure 6. Generalized metal modulated single film GaN growth. 
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When exposed to the atmosphere an oxide will form on the surface. For most of the 

analysis this oxide has little effect. However in certain cases etching is required, 

especially if the sample has aged. 

 
 

4.2.4.2. InN Single Film Growth Procedure 
 
 

Growth of InN proceeds in a manner similar to GaN as shown in Figure 6. However 

some key differences must be explained. For most InN growths the shown in Figure 7 

apply. Steps 1-4 have been grouped for illustration purposes. 

 
It was discovered that InN film growths benefit from additional program steps. 

Specifically after a set number of growth cycles have completed, the injection of 

metalorganic halts while the plasma continues. A set of experiments relating to this were 

performed and further details may be found in section 4.4. 

 
 

4.2.4.3. Heterostructure Growth Procedure 
 
 

Heterostructures were grown by a few methods. Initial experiments had the first layer 

grown as a separate uncorrelated program while in later experiments the programs were 

combined into one large program allowing for more automation in the process. In certain 

cases, single films were grown and removed from the system for measurements later to 

be returned for subsequent film growth. 
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Figure 7. Generalized InN film growth. 
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4.2.5.   Sample Extraction 
 
 

Sample extraction is similar to loading except reversed. A detailed procedure is listed in 

the Appendix. Some critical points to remember are that the load lock chamber must 

match the growth chamber in pressure before the lift gate is accessed. The sample itself 

must be allowed to cool to a reasonable level for safety prior to handling. 

 
 

4.3. Gallium Nitride Film Growths 
 
 
 
 

Since the opening of the Lakehead University Semiconductor Research lab hundreds of 

films have been grown. In the early days many leaps and bounds were being made at an 

intense rate for both gallium nitride and indium nitride. Some of these results have been 

published such as [25], [47], [21]. This section will outline some of the results from these 

publications as well as other not yet published results. Because the experiments 

performed in the early days varied so greatly and to a certain extent were uncontrolled the 

results varied widely. Organizing these early growths is no simple task. Section 4.3.1. 

addresses many of the GaN films grown in the general sense. Each section following will 

address a specific series of growths more correlated into a single experiment, for example 

varying one growth parameter such as pressure or temperature. Results ranged from 

extremely thin and smooth polycrystalline films to rough films containing nanostructures. 

Nanostructures will be discussed in section 4.6. 
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4.3.1.   General Gallium Nitride Growth 
 
 

These growths took large leaps and cover a wide range of parameter space. They form a 

loosely correlated series. The goal in this early work was to achieve good results in a 

timely manner, and to provide a basis for further research. These experiments include 

much of the early results obtained. 

 
The system has and will continue undergo changes as is the nature of a research reactor. 

At the time of these growths it is important to note that the grid was not installed. The 

high energy species flowing from the plasma head were not reduced through any active 

means and were simply allowed to de-energize through the process of collisions with 

neighbouring molecules. This leads to an elevated level of high energy species reaching 

the growth interface as compared to later growths with the grid installed. It is also 

important to note that the throttle valve was not installed in the system. This indicates that 

no pressure control is available other than through the control of flux of gasses into the 

chamber. This implies that the chamber pressure is a critical parameter for growth. 

Nonetheless, during these early days many good results were obtained. 

 
 

4.3.1.1. Experiment 
 
 

For this series TMG flows ranged from to  .   is a unit of flow which 

refers to Standard Cubic Centimeters per Minute and is typically used where low flow 

levels are compared. Temperature ranged from to  . This type of growth is 

termed metal modulated because the plasma remains on at a constant power throughout 

the entire growth while the metal organic precursor (TMG in this case) is pulsed. The 
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Figure 8 shows an AFM scan of sample 2011-06-13-1-GaN which featured a remarkably 

low RMS surface roughness of only . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. 4µm x 4µm AFM Scan of 2011-06-13-1-GaN. 
 

A number of samples showed incredibly low surface roughness values. Thin films under 

tended to show a strong pressence of powder on the surface. This powder was 

found to be excess metal and the implementation of a cooling cycle during film growth 

assisted in reducing the powder build up. Etching the sample post growth completely 

removed the powder on the surface. 

 
 

4.3.1.3. Results 
 
 

Results from this series of experiments have been published in [29] and [39]. High 

quality gallium faced GaN was successfully grown directly on sapphire at            . 

Growth rates varied from    to           . 
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Figure 9. XRD scan showing GaN sample with a FWHM of 0.1152. 

 
Surface roughness values varied widely, with samples as low as . High energy 

damaging nitrogen species have been reduced by increasing the system pressure. The 

issue of metal powder forming on the surface was improved by application of a cooling 

cycle. 

 
 

4.3.2.   GaN Grown Under Various Nitrogen Flux 
 
 

In order to obtain the highest quality GaN growths the best results from the experiments 

detailed in section 4.3.1. were used as a basis for further refining. It is important to note 

that for these growths the throttle valve was not operational therefore the system could 

not regulate the chamber pressure. Instead the desired chamber pressure was achieved by 

applying a specific nitrogen flow to the system. The objective of this series of 

experiments was to determine what effect the chamber pressure and nitrogen flow had on 
 

the films and ultimately to refine the surface morphology and roughness of the films. 
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Through varying the nitrogen flux the stoichiometry of the film is altered. The GaN films 

grown in this series are semi-insulating with no intentional doping applied. 

 
 

4.3.2.1. Experiment 
 
 

For these experiments no buffer layer was used. Bare substrates as well as substrates with 

an titanium backing were used. Titanium backing provides an effective means of 

heat transfer and has been used effectively in MBE systems[22]. Bare substrate samples 

are analysed first. TMG flow was fixed at providing a gallium rich 

environment, while the nitrogen flux was varied from to . Program 

growth cycles were fixed at with a second time per cycle. Each cycle featured 

seconds of metalorganic flow followed by a plasma only nitridation for the remaining 

seconds. Full RF plasma power was applied and no cooling or desorption step 

was used. Growth temperature ranged slightly from to with an average of 
 

. 
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4.3.2.2. Discussion 
 
 

A mostly linear relationship exists between the chamber pressure and the nitrogen flow 

into the chamber as illustrated in Figure 10, except at the lower nitrogen flow range. This 

is likely due to changes in the laminar flow of the nitrogen into the chamber. 
 
 

 
Figure 10. Chamber Pressure vs. Nitrogen Flow for this series of 

experiments. 
 
 

Figure 11 shows AFM scans for this series of experiments. The corresponding nitrogen 

flux, chamber pressure, and resulting surface roughness are shown in Table 6. 






































































































































































































































