
ABSTRACT 

RAJAN, JOSEPH. Controlled Growth and Characterization of GaN Lateral Polarity 
Structures. (Under the direction of Prof. Zlatko Sitar).  
 

Wurtzite gallium nitride (GaN) possesses a non-centrosymmetric crystal structure that results 

in anisotropic electronic and chemical properties. This anisotropy can be utilized when a 

GaN film is grown into a lateral polarity structure (LPS), which consists of Ga- and N-polar 

GaN grown side-by-side. LPSs can be used in electronic and optoelectronic device 

applications. A thickness difference between Ga- and N-polar GaN has been observed when 

both domain types are grown as an LPS. This thickness difference makes any post-processing 

challenging and hinders device performance. In order to overcome this limitation, a 

procedure was developed that enabled control of thicknesses of individual domains by 

adjusting the Ga supersaturation during growth.   

 

LPS samples were grown under different supersaturation conditions (thermodynamic 

parameter that dictates a deviation from the equilibrium state) by varying the V/III ratio 

between 100-800 with a target thickness of 1.2 µm. LPSs grown with the lowest V/III ratio 

showed a thinner N-polar region with an average thickness of 0.8 µm and a Ga-polar region 

with thickness of 1.7 µm. However, an increase in V/III ratio led to a reversal of the 

thickness, whereby the N-polar GaN region was thicker than the Ga-polar region. The 

crossover point was at a V/III ratio of 200, at which domains of both polarities had the same 

thickness of 1.2 µm, close to the expected thickness for the given growth rate. This suggests 

mass transport between contiguous domains of opposite polarity that is dependent on the 

supersaturation.  



In order to confirm the proposed mass transport model, comprehensive SEM investigations 

were performed to determine the mass transport critical length at which both polarities tend 

towards the same thickness. In the case of V/III ratio of 100, this length was 80 µm, that is 

the thickness of both polarities is comparable 80 µm away from the inversion domain 

boundary. The sample grown under the V/III ratio crossover conditions has a negligible 

thickness difference at the domain boundary, which is within 100 nm. Away from the 

interface, both polar domains had an equal thickness of 1.2 µm, independent of 

supersaturation conditions. Hence, vapor mass transport of Ga species was supersaturation 

dependent and the thickness of either polarity could be controlled during growth.  
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CHAPTER 1: Introduction 

1.1 Thesis Overview 

In this work, the growth and characterization of gallium nitride (GaN) based lateral polar 

structures (LPSs) are presented. This thesis consists of four chapters. The first chapter 

focuses on material properties of GaN, general GaN epitaxial growth, a brief introduction to 

GaN LPS, and specific applications of GaN LPS. The second chapter provides details on 

thermodynamics of GaN growth via metalorganic chemical vapor deposition (MOCVD), 

heteroepitaxial characteristics of GaN LPS grown on sapphire, and the motivation and 

experimental details for this thesis. The third chapter covers results and discussion of the 

experiments. Finally, the fourth chapter provides concluding remarks, future work, and an 

immediate device application for GaN LPS.   

1.2 Chapter Overview 

Gallium nitride is a III-V, wide band gap semiconductor material used in blue light emitting 

diodes, high frequency amplifiers, and high power switches. The direct device application of 

this work on GaN will be second harmonic generation devices and lateral p/n junctions, as 

discussed in the latter part of this thesis. This chapter discusses the general properties of 

gallium nitride, including its structural, electronic, and chemical properties. Applications of 

GaN thin films, in particular, the GaN lateral polarity structure will also be covered, along 

with the growth characteristics.  
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1.3 GaN Properties 

1.3.1 Structural Properties of GaN 

Gallium nitride has the wurtzite crystal structure as its thermodynamically stable phase [1]. A 

visual rendering of the GaN structure is shown in Figures 1.1 and 1.2, where c, P, and E 

stand for c-direction, electrical polarization, and corresponding internal electric field, 

respectively. The standard convention has defined the crystal oriented in the -c direction as 

nitrogen polar (N-polar) as seen in Figure 1.1a. As seen in Figure 1.1, the Ga-polar 

orientation has one Ga bond pointing toward the surface, while the N-polar orientation has 

three Ga bonds pointing toward the surface. It has been shown that surface termination is 

independent of polar orientation and is normally terminated by the gallium atom with surface 

stabilization accomplished through hydrogen adsorption [2].  

 

The absence of a mirror plane perpendicular to the c-axis <0001> creates a lack of inversion 

symmetry. GaN exhibits strong ionic character due to strong charge transfer between the 

highly electronegative nitrogen atom and the less electronegative III-metal gallium atom [3], 

which leads to polarization in the c direction; this causes a built-in electrostatic field within 

the crystal and differences in chemical and electronic characteristics with respect to polar 

orientation. [1].   

 

Overall, the GaN crystal is electrically neutral despite its spontaneous polarization because of 

compensating surface charges due to adsorbed species or space charge regions [3]. Figures 
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1.1 a & b show the GaN crystal with charges of each top surface compensated by external 

charges from its surroundings. The bottom surface represents the interface with the substrate. 

Assuming the absence of charge compensation, Figure 1.2 shows the GaN crystal with 

corresponding positive and negative charges associated with the gallium and nitrogen atoms, 

respectively. The dashed box depicts the fundamental repeating structural unit as two bi-

layers; a bi-layer is defined as two closely spaced hexagonal layers of gallium and nitrogen 

atoms. One bi-layer has a dimension of c/2, while each repeat unit has a dimension of c 

(where c=5.19 Å).   

 
 
 

  
      (a)         (b)          (c) 
Figure 1.1: Model of (a) N-polar GaN (b) Ga-polar GaN (c) GaN tetrahedra.  
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Figure 1.2: GaN atomic layers with corresponding sheet charge.   
 
 
 
Furthermore, GaN has polar (basal {0001}), non-polar (prismatic: {11-20} and {1-100}), and 

semi-polar ({10-11} low index planes. The polar, non-polar, and semi-polar planes, as seen 

in Figure 1.3 [4], comprise most of current research and technology. Although there is a 

recent drive to build devices mainly on non-polar and semi-polar planes [4-6] because of 

deleterious polarization effects (quantum confined Stark effect) on the internal quantum 

efficiency, the majority of devices are built on polar planes.   
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  (a)    (b)    (c) 
Figure 1.3: Rendering of wurtzite GaN’s (a) polar, non-polar and (b & c) semi-polar planes 
[4].   
 
 
 

1.3.2 Electronic Properties of GaN 

GaN is a direct bandgap semiconductor with a room temperature bandgap energy of 3.4 eV. 

With a relatively large bandgap, when compared to silicon (Eg=1.1eV), a variety of intrinsic 

and extrinsic point defects are present. Examples include vacancies, unintentional impurities, 

and complexes, which are found to act in some cases as charge compensators that reduce 

mobility and concentration of free carriers. Point defects can be mitigated either during 

growth steps or by post-processing steps through steady-state processes that change the 

energy of formation of the point defects [4,7-9]. Unintentional impurities, such as carbon, 

oxygen, and hydrogen are the species of technological interest that are commonly present as 

impurities within this system. Oxygen and carbon both substitute for nitrogen, but oxygen 

acts a donor while carbon is an acceptor [4]. Extensive theoretical work along with 

complementary experiments has further addressed point defects in literature [10,11]. 
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In addition to incorporation of point defects as a function of growth parameters, the 

crystallographic orientation of GaN influences the incorporation of point defects. One 

example is the fact that the (000-1) surface has a greater affinity for oxygen incorporation on 

the N-sublattice than the (0001) surface [12,13]. Thus, the N-polar orientation is n-type due 

to oxygen incorporation while the Ga-polar orientation is semi-insulating.  

 

Doping, which changes the Fermi level and consequently the energy of formation of point 

defects, is currently well established in GaN with silicon and germanium as donors and 

magnesium as an acceptor [14]. However, the carrier concentration levels are impeded by 

passivation and compensation mechanisms. Passivation occurs when a dopant is neutralized 

by an extrinsic defect, such as complex formation between Mg (p-dopant) and H [15,16]. 

Passivation hindered p-type GaN conductivity for decades until efficient hole concentration 

and mobility were achieved through post-growth annealing of Mg-doped GaN films, which 

dissociated the complex [17]. Reduction in the concentration of holes due to compensation 

can also occur when Mg (p-dopant) is incorporated on the Ga sublattice with an equal 

amount of N vacancies in GaN [18].  

 

One-dimensional defects (dislocations) are also of concern to GaN film quality, in terms of 

structural and electronic characteristics. They induce strains within GaN films and act as 

recombination centers for electrons and photons. These effects are dealt with by film growth 

methods that reduce dislocation density by dislocation bending and annihilation called 
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epitaxial lateral overgrowth (ELO or ELOG) [19-21] or by the use of native substrate while 

retaining pseudomorphic growth [22-24]. 

1.3.3 Chemical Properties of GaN 

The chemical etching properties of GaN are dependent on polarity. N-polar GaN is 

susceptible to basic solutions such as KOH, while Ga-polar GaN is inert (at room 

temperature) to KOH [25,26]. Li et al. suggest that due to the bonding configuration in the +c 

direction, a large repulsion exists between N and OH- ions, while in the -c direction, GaN 

readily reacts with OH- ions to form Ga2O3 [26]. However, both polarities are susceptible to 

chlorine-based plasmas through reactive ion etching [27]. The anisotropic chemical reactivity 

to KOH etching can be used to identify polar orientation.  

1.3.4 GaN Film Growth  

Growth of epitaxial GaN thin films has been achieved via MBE [28], HVPE [29,30], and 

MOCVD [31]. Substrates for GaN epitaxy are listed in Table 1.1. The most common, 

commercially available substrates for heteroepitaxy are Al2O3 (sapphire) and 6H-SiC. When 

{0001} III-nitrides are grown on {0001} sapphire, they undergo a 30° in-plane rotation; 

Figure 1.4 shows this rotation and parallel relation between [1-100] direction of GaN and the 

[1-210] direction of sapphire [14].  
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Table 1.1: Suitable substrates for the nucleation and growth of wurtzite GaN.  
Substrate Crystal 

Structure 
Growth 
Plane  

[a]-
Thermal 

Expansion 
Coeff.  

(10-6 K-1) 

[a]-Lattice 
Parameter  

(Å)  

Surface 
Lattice 

Parameter 
(Å) 

In-Plane 
Mismatch 

to GaN 
(%) 

GaN Wurtzite (0001) 5.6 3.19 3.19 - 
AlN Wurtzite (0001) 4.2 3.11 3.11 2.5 

6H-SiC Wurtzite (0001) 4.5 3.08 3.08 3.4 
Al2O3 Trigonal (0001) 7.5 4.76 2.75 13.8 
GaAs Zincblende (111) 6.0 5.65 4.00 -25.2 

Si Diamond 
Cubic 

(111) 3.6 5.43 3.84 -20.4 

Reference - [1,32] - 
Mismatch = (afilm-asubstrate surface )/(afilm) 

 
 
 

 
Figure 1.4: Epitaxy of {0001} GaN on {0001} sapphire [14].  
 
 
The different properties of the two polar orientations domains can be simultaneously 

exploited when GaN is grown into lateral polarity structures. Such structures consist of Ga- 

and N-polar domains grown side-by-side, separated only by inversion domain boundaries 

(IDB) [33-36]. The focus of this work will be on the growth of GaN lateral polarity structures 

(LPSs) on sapphire, and the specifics of GaN polarity control and growth will be covered in 

the next chapter.  
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1.4 GaN LPS Applications 

In order to gain perspective of the motivation behind GaN LPS growth, a brief overview of 

applications to optoelectronic devices will be covered.  

1.4.1 Quasi-Phased Matched Structures  

Nonlinear optics [37] governs the conversion of monochromatic light to higher order 

harmonics. The second harmonic is created when a fundamental wavelength is converted to 

half its value (otherwise known as frequency doubling). In order to have second harmonic 

generation, the condition for phase matching must be met. Birefringent phase matching is 

one method to achieve this; GaN, however, exhibits insufficient optical anisotropy to achieve 

phase matching. Another method for second harmonic generation is quasi-phase matching 

[37-39]. This can be attained through creating alternating orientations of non-

centrosymmetric structures or a repeating lateral polarity structure, in which the periodic 

inversion maintains a constant phase relation between propagating waves. GaN is a good 

candidate for this because of its fixed polarization field, which creates two possible polar 

orientations in GaN. 
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CHAPTER 2: Polarity Control and Growth of GaN Films 

2.1 Introduction 

This chapter outlines growth thermodynamics and kinetics of Ga- and N-polar GaN thin 

films on sapphire substrates via metalorganic chemical vapor deposition (MOCVD). In 

addition, the experimental procedures are discussed.  

2.2 Thermodynamics of GaN Growth 

GaN is a crystalline solid with a relatively high thermal stability and thermal conductivity 

(1.3 W/cm-K). Under atmospheric pressure, the solid phase is the only stable form. It 

undergoes incongruent sublimation at above ~800°C [40] where it separates into nitrogen 

vapor and liquid gallium; under vacuum conditions (~10-6 Torr), GaN decomposes at ~850°C 

[1]. The absence of crystalline growth from the melt proved a technical challenge for bulk 

crystalline growth. Nevertheless, thin film deposition proceeded through physical and 

chemical vapor deposition methods. The following is an overview of GaN thermodynamics 

when grown from the vapor phase. 

 

The general chemical equation for GaN formation during metal organic vapor deposition 

(MOCVD) is:  

   (2.1) 
  
Ga(g)+ NH3(g) = GaN (s)+ 3

2
H2(g)
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Gallium, which is a product of pyrolysis (chemical decomposition at elevated temperatures) 

of gallium-based metalorganic compounds during MOCVD, reacts with ammonia (nitrogen 

precursor) to form GaN along with hydrogen as a by-product. GaN is sensitive to the use of 

hydrogen during growth as this specie is a product of the reaction. Hydrogen influences the 

reaction driving force ("G), either promoting the formation of the solid or its decomposition 

as seen in Eqs. 2.2 and 2.3.  

  Q =
aGaNPH2

3 2

PGaPNH3

      (2.2) 

 !G = !G0 + RT lnQ       (2.3) 

The parameters, Q, a, P, R, and T stand for reaction quotient, activity, actual specie partial 

pressure, gas constant, and temperature, respectively. Furthermore, the driving force can be 

rewritten as a function of vapor supersaturation (#): 

      (2.4) 

       (2.5) 

 

The variables, P°Ga and PGa are the Ga input partial pressure, and equilibrium Ga partial 

pressure, respectively. Vapor supersaturation is considered a universal thermodynamic 

parameter that encompasses other individual growth parameters, such as temperature, 

pressure, and gas composition [9,41,42]. It has been shown that this parameter also dictates 

GaN film properties, such as morphology, impurity incorporation, and free carrier 

concentration and mobility [9,43]. For this study, the V/III ratio, which determines the 

  !G = "RT ln 1+#( )

 
! =

PGa
o " PGa

PGa
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supersaturation, is of main interest as it is simply the ratio of the V and III species precursor 

mass flows.  

 

2.3 GaN Epitaxy   

The III-nitride film heteroepitaxial growth on sapphire is governed by nucleation on the 

substrate surface. Figure 2.1 [44] depicts the effect of a given surface/substrate. Figure 2.1a 

shows low GaN nucleation density, followed by formation of GaN islands, and finally 

coalescence of these islands into a film. Island formation (3D growth) results in varied GaN 

grain sizes, which have different orientation (tilt and twist) with respect to each other. This 

leads to pits at grain boundaries and a rough surface after coalescence [44].   

 

The 13.8% lattice mismatch between GaN and sapphire will lead to a large dislocation 

density (>1010 cm-2). However, if a low temperature nucleation layer is deposited on sapphire 

prior to GaN epitaxy (Figure 2.1b), better film properties are achieved. This is due to the fact 

that a nucleation layer serves the purpose of accommodating lattice mismatch and mitigating 

dislocations. In this case, AlN is the material of choice for the buffer layer because it is stable 

at higher temperatures than a GaN buffer and only has a 2.5% in-plane lattice mismatch to 

GaN, which results in a maximum dislocation density of ~1010 cm-2. In addition, AlN serves 

the purpose of controlling GaN polarity as discussed in the next section. Under appropriate 

growth conditions, small, highly-oriented grains of AlN can form on the sapphire substrate. 

This serves as a template for a high density of GaN nuclei to form, which in turn creates 
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oriented, columnar GaN grains, followed by subsequent grain coalescence and film layer-by-

layer growth.  

 
 
 

 

 
   
Figure 2.1: GaN growth on (a) sapphire substrate and (b) AlN buffer layer on sapphire [44].  
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Sites for nucleation and subsequent growth originate from substrates that have a certain 

degree of miscut/misorientation, which provide terraces, and form growing films that have 

propagating dislocations. Depending on the degree of supersaturation and the misorientatoin 

of substrates, 2D growth (step flow growth) or 3D growth (spirals and/or hillocks) can 

dominate [45].   

2.4 GaN Polarity Control  

2.4.1 Ga-polar and N-polar GaN 

Mita et al. [36,46,47], Keller et al. [48], and Sumiya et al. [49] have demonstrated control 

and understanding of polarity inversion of epitaxial GaN films. In Figure 2.2 [46], a process 

flow for achieving either GaN polarity is shown along with achieving smooth film 

morphology regardless of polar orientation. Thus, the GaN surface morphology is an 

extrinsic property that is controlled by growth conditions [43]. In either polar orientation, 

appropriate substrate preparation (H2 etching and nitridation) takes place to remove 

hydroxides and creates a thin N-polar AlN layer above the sapphire surface, which lowers the 

mismatch to GaN and sets polarity. The sapphire surface is O-terminated [3]. If GaN growth 

follows nitridation, only N-polar GaN forms due to the fact the Ga-N bond is stronger than 

the Ga-O bond and the first Ga-monolayer belongs to GaN epilayer. If an AlN nucleation 

layer (NL) is deposited before GaN epitaxy, then Ga-polar GaN forms due to the fact that the 

GaN orientation conforms to the Al-N bonding scheme in which the first Al monolayer 

belongs to the sapphire substrate and N is the first monolayer of the AlN NL. A schematic of 

the bonding characteristics is seen in Figure 2.3 [3].  
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Figure 2.2: Diagram of GaN polarity control [46].  
 
 
 

 
Figure 2.3: Schematic of interfacial structure of Ga- and N-polar GaN on sapphire [3].  
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Alternatively, using Mg and MgxNy layers have shown to invert the polarity in GaN [50-53]; 

however, this method suffers mixed polarity within the plane of the epitaxial GaN film along 

with diffusion of the Mg species. Furthermore, work on understanding inversion domain 

boundary (IDB) characteristics is underway [46,54].  

2.4.2 GaN LPS  

Prior work has shown the feasibility of growing GaN LPS and its electrical variant, the 

lateral polarity junction [33-35,55-58]. The successful fabrication depends on obtaining 

domains of similar height, thus the same growth rate of Ga- and N-polar GaN. It has been 

demonstrated that under typical growth conditions, GaN growth is mass transport limited, 

thus the growth rate is independent of the polar orientation [47]. However, observations 

suggest that a difference in the growth rate between the domains exists under certain growth 

conditions, especially when the two polar orientations are grown in close proximity [38,59]. 

This has led to contradictory conclusions suggesting that there is an intrinsic growth rate 

difference between the two polar orientations, thus making the fabrication of flat LPSs 

impossible.  

This work demonstrates that equal height LPSs are possible. Results from this work will 

stimulate the research on LPS-based devices and polarity control as well as open new 

possibilities for mass transport based applications such as buried contacts in GaN and 

inversion domain control in group III nitrides. 
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2.5 Experimental Procedure 

In order to create GaN LPSs, patterned LT-AlN/sapphire templates were created to control 

polarity. All template-processing steps, with the exception of photolithographic patterning 

and etching processes, took place in a vertical, cold-walled, RF-heated, low pressure 

MOCVD reactor. A c-plane (0001) sapphire wafer was annealed under vacuum (~10-5 Torr) 

for 10 minutes at 1100°C, then etched under hydrogen for 7 minutes at 1100°C, followed by 

nitridation under ammonia for 4 minutes at 945°C. Then, a low temperature AlN layer (10-20 

nm) was deposited at 650°C on c-oriented (0001) sapphire and immediately annealed under 

an ammonia partial pressure of 11 Torr (3 slm NH3) at 1040°C for 15 minutes. Ammonia and 

trimethylaluminum (TMA) were used as nitrogen and aluminum precursors, respectively. All 

aforementioned gas phase processes were at a total pressure of 20 Torr.  

 

The template was subsequently patterned via photolithography. Photoresist was used as a 

mask for patterning. After patterning, the sample underwent reactive ion etching (RIE) using 

a Cl2/BCl3 plasma at 100W power and 75 mTorr total pressure in order to remove selected 

areas of the LT-AlN thin film. The sample then underwent cleaning for five minutes in 

acetone, methanol, and deionized water to remove the photoresist. The final patterned 

structure had a range of stripe widths: 5 µm, 10 µm, 20 µm, 50 µm, and 5 mm as seen in 

Figure 2.5a.  

 

The template was then placed back into the MOCVD reactor to grow GaN LPSs. It 

underwent 10 minutes of vacuum annealing, 20 minutes of hydrogen etching, and 10 minutes 
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of nitridation at 20 Torr and 1040°C. This was then followed by GaN growth at 60 Torr and 

1040°C. Ammonia and triethylgallium (TEG) were used as nitrogen and gallium precursors, 

respectively. The gallium flow was 133 µmol/min with an intended film thickness of ~1.3 

µm. This was performed for four GaN LPS samples with V/III ratio values of 100, 200, 400, 

and 800. The V/III ratio was varied by adjusting the NH3 input flow while maintaining a 

constant Ga input. GaN LPS processing steps are outlined in Figure 2.4; the final GaN LPS is 

seen in Figure 2.5 [58]. Each LPS was characterized with a JEOL JSM-6400F cold cathode 

field emission scanning electron microscope operating at 5 keV to determine film thickness 

of each polarity, in particular the 5 µm, 10 µm, and 5 mm stripes.  

 
 
 

 
Figure 2.4: c-sapphire template (a) followed by (b) deposition of LT-AlN via MOCVD with 
subsequent photolithographic steps (c) spun-on photoresist as a mask with (d) patterning, (e) 
reactive ion etching and (f) GaN LPS growth.  
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       (a)                                         (b)  
Figure 2.5: Diagram of (a) patterned LPS template and (b) as-grown GaN LPS [58].   
 
 
 

2.6 Supersaturation  

In Figure 2.6, the Ga vapor supersaturation is plotted as a function of V/III ratio for several F 

values; the F value is the mole fraction of H2 relative to the inert gas (N2) in the diluent gas. 

The dashed line (F=0.2) represents the relevant supersaturation curve for the experiments 

outlined in the prior section. The plot was created using values of input Ga partial pressure, 

total pressure, temperature, NH3 cracking coefficient, and total flow of 0.24 Torr, 60 Torr, 

1313 K, 0.7, and 7.47 slm, respectively. Under these growth conditions, supersaturation is 

explicitly dependent on the V/III ratio, which is used as the independent variable in the 

experiment. The V/III ratio was modified by changing the partial pressure of ammonia while 

keeping the total pressure constant, i.e. no change in the metalorganic precursor partial 

pressure. Under mass transport limited conditions, since there is no change in the total flow 

or the metalorganic precursor partial pressure, no change in the growth rate is expected by 

changing the V/III ratio. Furthermore, at the F value of 0.2, the supersaturation changes by 

100 with the V/III ratio change from 100 to 800. A larger contrast would be expected for 
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higher F values, that is, with the addition of H2 into the mixture of diluent gas. Nevertheless, 

since the maximum V/III ratio is 800, it is expected that there is no significant change in the 

growth atmosphere (predominately N2). This implies that there is no growth surface 

modification by the simple change in V/III ratio. 

 
 
 

 
Figure 2.6: Plot of Ga vapor supersaturation as a function of V/III ratio for various F values.   
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CHAPTER 3: Results and Discussion 

3.1 Mass Conservation and Growth Rate 

Figures 3.1 a & b show cross sectional SEM images of N- and Ga-polar GaN layers grown 

on separate 2-inch sapphire wafers, respectively. Both samples were grown for the same 

length of time at a V/III ratio of 100. The Ga-polar film is smooth (~1 nm RMS) and 

homogenous in contrast to the N-polar film where the surface is covered with numerous 

hexagonal hillock structures.  For both films, the overall thickness is approximately 1300 nm, 

which varies only slightly by around 100 nm over the whole wafer. This suggests that the 

growth rate is constant between the two polarities.  

 
 

 

 
Figure 3.1: Cross-sectional SEM images of (a) N-polar GaN (b) Ga-polar GaN and (c) GaN 
LPS 10 !m stripes in the area of the inversion domain boundary. Red circles indicate the 
level surface of each polarity.  
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Figure 3.1c shows a cross sectional image of a GaN LPS layer grown on a patterned 

AlN/sapphire wafer under the same conditions as the samples shown in Figures 3.1 a & b. 

The image was recorded in a region with periodic stripe patterns with a periodicity of 10 !m 

in the area of the IDB; this is a standard lateral polarity structure. Despite the same growth 

time and conditions, the thicknesses of the N- and Ga-polar domains (850 nm and 1750 nm, 

respectively) are different compared to the single polar layers grown on complete sapphire 

wafers. Due to this height difference, a step can be observed at the IDB. Both observed 

thicknesses are different than the intended thickness of 1.3 !m. However, if the overall 

volume of a 10 !m wide N- and Ga-polar stripe is measured, it closely matches the value that 

would be expected for a 20 !m wide stripe from the single polarity GaN layers grown on 

sapphire wafers. In other words, the overall mass of the GaN LPS is conserved despite the 

different thicknesses of the stripe patterns. This indicates mass conservation, and suggests 

mass transport from the N-polar to the Ga-polar stripes during growth.  

 

The reason for suggesting mass transport is because of the fact that the thicker Ga-polar 

region has a volume that is made up of nominally thick (1.3 !m) Ga-polar GaN and the 

volume of the thinner N-polar region (850 nm). The procedure for determining mass 

conservation in a SEM image was to add the cross-sectional areas of the respective 10 !m 

polarities and compare it to the cross-sectional area of a GaN film with a thickness of 1.3 !m 

and width of 20 !m. This was performed under the assumption of uniform stripe lengths 

spanning the wafer, which then allowed for cross-sectional area measurements instead of a 

volumetric comparison. This comparison showed equality between both area values (within 
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the error of measurement), which indicated that mass was conserved and no etching of GaN 

took place.  

 

3.2 Mass Transport  

3.2.1 Stripe Orientation 

Figures 3.2 and 3.3 show SEM images of LPS sample surfaces (m & a oriented stripes) 

grown under V/III ratios of 100, 200, 400, and 800. The dashed lines indicate the boundaries 

of the N-and Ga-polar stripes. In either stripe direction, no discernable differences (thickness 

and morphology) were observed under the same V/III ratio. The surface morphology of the 

N-polar stripes consistently remains rough (20-50 nm RMS) with hexagonal hillock 

structures along its length. These structures are also seen along the IDBs of samples grown 

under V/III of 200 and 400. Given the large size of these hillock structures, they effectively 

extend into the Ga-polar region. However, in the larger stripe widths, these structures remain 

within ~ 5 !m of the IDB resulting in smooth Ga-polar stripes. Furthermore, polarity was 

determined by KOH etching.  

 

In the lowest V/III ratio, the N-polar stripes are below the plane of the Ga-polar stripes, 

where they form trenches with inclined sidewalls along the IDBs. At a V/III ratio of 200, 

both polarities seem to have a level surface along the width of each stripe. As the V/III ratio 

is increased to 400, a reversal occurs in which the Ga-polar stripes form V-shape trenches, 

while the N-polar surface has a relatively level surface; along the IDB, both N- and Ga-polar 
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stripes seem to be at the same height. In the highest V/III ratio, only N-polar stripes are 

present. It seems that Ga-polar GaN did not form under these conditions, but small, isolated 

GaN islands are seen within the void of the Ga-polar stripes.  

 
 
 

 
Figure 3.2: SEM image (60° tilt) of [m]-oriented 5 !m stripes.  
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Figure 3.3: SEM image (60° tilt) of [a]-oriented 5 !m stripes.  

 
 
 

An important observation is seen in the sidewall profiles of both stripe directions under a 

V/III ratio of 800. There is lateral growth (a & m sidewall facets) of the N-polar region into 

the region where Ga-polar GaN is absent. As seen in Figure 3.4, the m-oriented stripes have 

sidewalls that are spaced closer than sidewalls in a-oriented stripes. This observation is 

consistent with a recent N-polar GaN ELO report [60], which indicates that a-oriented stripes 

have a larger sidewall growth rate than that of m-oriented stripes when grown under the same 

growth conditions.  
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Figure 3.4: Cross-sectional SEM of 10 !m stripes at V/III=800.  
 
 
 

3.2.2 GaN LPS Thickness 

In order to determine absolute thicknesses of these LPSs, cross-sectional SEM was taken of 

[a]-oriented 10 µm stripes, as shown in Figure 3.5a. The LPS sample grown under a V/III 

ratio of 100 reveals an average thickness of the N-polar domain of 0.8 µm, and a Ga-polar 

domain, which has an average thickness of 1.7 µm. Average thickness was obtained through 

taking area measurements of cross-sectional SEM images that were then divided by the 

nominal widths of these cross-sections. However, if the V/III ratio is increased to 200, then 

both polarities are shown to have an equal thickness of ~1.2 µm. An increase of the V/III 

ratio to 400 leads to an inversion of the dominant polarity; N-polar GaN is dominant with a 

thickness of ~1 µm while Ga-polar GaN has a thickness of 0.8 µm. A further increase to a 

V/III ratio of 800 results in the absence of GaN in the Ga-polar region and only N-polar GaN 
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is present with a thickness of ~1.3 µm. A cross-over point for an LPS sample with the same 

thickness for both polar regions is expected to be close to a V/III ratio of 200, as seen in the 

thickness difference curves in Figure 3.5b.  

 
 
 

 
  (a)       (b) 
Figure 3.5: (a) Cross-sectional SEM and (b) Thickness vs. V/III ratio of [a]-oriented 10 !m 
stripes. Thickness difference is defined as: (Ga-polar thickness) – (N-polar thickness).  
  
 
 
It is demonstrated that the variation of the V/III ratio can lead to different layer thicknesses of 

N- and Ga-polar films if grown as LPSs. This supports the claim that there is no difference in 

the intrinsic growth rate of MOCVD grown GaN of opposing polarity. The film thickness of 

the GaN layers when averaged over the N- and Ga-polar region, is 1.1 - 1.3 !m. This value is 

close to the measured film thickness of the layers grown on AlN/sapphire substrates. 

Therefore, despite the height difference of the N- and Ga-polar regions at the IDB, the 

overall mass of the GaN is conserved and independent of the applied growth conditions. This 

observation is consistent with growth under mass transport limited conditions.  
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The thicknesses of the N- and Ga-polar domains should converge if measured far away from 

the inversion domain boundary. In order to confirm the proposed mass transport model, SEM 

cross-sectional data on larger 5 mm periodic stripes were acquired. Thickness vs. IDB 

distance was established for various V/III ratios as depicted in Figure 3.6.   

 

For the sample grown under a V/III ratio of 100, a 600 nm thickness difference is observed at 

the IDB. As the distance away from the IDB increases the thickness of both polarities 

converges and the height difference decreases. For the N-polar side a constant thickness of 

approximately 1400 nm is observed approximately 80 !m away from the IDB. For the Ga-

polar side a similar thickness is obtained after 30 !m.  

 

For the sample grown under a V/III ratio of 200 the height difference of approximately 100 

nm is rapidly reduced within less than 10 !m. The roughness of the N-polar film leads to an 

increased noise level of the measured thickness and the sample grown under these conditions 

can be assumed to be of equal height.  

 

Under a V/III ratio of 400, both regions achieve a constant thickness of 1.2 µm within 40 µm 

of the IDB; the N-polar region does vary in thickness spanning 80 µm from the IDB. This 

variation is due to the hillock structures that contribute to the roughness of surface. AFM 

height images in Figure 3.7 depict increasing RMS values from 10-50 µm with increasing 

V/III ratio. Despite this variation, the N-polar region does roughly achieve an equal film 

thickness to that of the Ga-polar region within 40 µm. For the sample grown under the 
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highest V/III ratio of 800, a constant thickness of the N-polar film is already observed after 

around 75 !m, while the Ga-polar side, despite the steady increase of the thickness, has not 

reached a stable value even 80 !m away from the IDB.  
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Figure 3.6: Thickness vs. IDB distance plots of GaN LPS 5 mm [a]-oriented stripes.  
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(a)

 

(b)

 
(c)

 

(d)

 
Figure 3.7: AFM height images N-polar GaN 5 mm [a]-oriented stripes grown under a V/III 
ratio of (a) 100, (b) 200, (c) 400, and (d) 800 
 
 
 

3.3 The Mass Transport Model 

Mass transport across a crystal surface is determined by the balance of three different atomic 

fluxes: the flux from the vapor to the surface, flux from the surface back to the vapor due to 

desorption, and the flux along the surface. In typical MOCVD growth conditions, the III-

specie is the limiting reactant, as the V specie is encountered in excess, thus the flux to 
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consider is that of the Ga specie in this particular case. As this growth has been determined to 

be in the mass transport limited regime, the net flux towards the surface (difference between 

the flux from vapor to the surface and desorption flux) is equal to the diffusion flux along the 

surface towards atomic incorporation sites (ie. step edges). One particular length scale that 

defines this process is the atomic surface diffusion length that directly depends on the 

activation energies for desorption and diffusion. These energies are surface properties that 

depend on the crystal polar orientation, as that determines the surface, but does not depend 

on the growth conditions at constant temperature within the typical processing regime of 

MOCVD. In this case, the two different polar surfaces are expected to have different 

corresponding atomic surface diffusion lengths.  

 

The net flux towards the surface is dependent on the vapor supersaturation. The vapor (Ga) 

supersaturation is directly controlled by our growth conditions (i.e. V/III ratio). On the other 

hand, the surface diffusion flux at a certain temperature is only dependent on the surface 

adatom concentration gradient. Therefore, the macroscopic mass distribution profile that is 

determined by the mass transport due to these fluxes is directly dependent on the growth 

conditions, even at a constant temperature (as the experiments in this section). In other 

words, this macroscopic mass transport is dependent on growth conditions even though the 

atomic surface diffusion lengths are only functions of temperature. Nevertheless, a mass 

transport critical length due to the actual macroscopic mass distribution profile can be 

defined, as a function of growth conditions. This critical length is associated to the 

macroscopic mass diffusion length, strongly depending on the polar surface, temperature and 
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other growth parameters. In this way, mass transport between the different domains can be 

controlled by changes in the growth conditions that directly influence the supersaturation. 

 

Following this model, the domains with the longest associated critical length will have a 

negative net mass flux, that is, material will be lost from the domain towards the other 

domain. This will be evident for LPS with domain sizes within this length scale that is about 

tens of microns. In the present growth conditions, the Ga-polar domain will grow thicker than 

the N-polar domain, even within the mass transport limited regime. Nevertheless, the mass 

flux could be reversed if the growth conditions are changed to favor one domain over the 

other, thus creating flat LPSs.  

 

Under the presented growth conditions, Ga atoms migrate for a critical length that is different 

for each polarity. If this critical length in the N-polar material is larger than that in the Ga-

polar GaN, when both polarites are in contact, the Ga-polar region would have a positive net 

flux of Ga-atoms. Thus, the Ga-polar film would grow thicker than the N-polar film. If the 

critical length is inverted, the N-polar GaN region would grow thicker. The distance that is 

needed to equalize the height of the N- and Ga-polar domain can be interpreted as an 

indicator for the critical length of the Ga-atoms. In the extreme case of the V/III ratio of 800, 

a very high critical length of Ga-atoms on the Ga-polar side compared to a low value on the 

N-polar side, will lead to a strongly diminished growth of Ga-polar GaN close to any 

inversion domain boundary.  
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CHAPTER 4: Conclusions and Future Work 

4.1 Conclusions 

MOCVD growth of N- and Ga-polar GaN on sapphire and in lateral polarity structures was 

investigated. Six major conlusions can be drawn from this work: (1) It was demonstrated that 

the commonly observed height difference at inversion domain boudaries of LPSs can be 

attributed to mass transport between the N- and Ga-polar domains with dependence on stripe 

width and not stripe orientation; (2) This mass transport can be controlled by such simple 

growth parameters as the V/III ratio, in which an equal height GaN LPS can be made; (3) 

There exists a distance that is needed to equalize the height of the N- and Ga-polar domain; 

(4) This distance can be interpreted as an indicator for the critical length of the Ga-atoms; (5) 

This mass transport critical length due to the actual macroscopic mass distribution profile can 

be defined as function of growth conditions; and (6) There is no intrinsic growth rate 

difference between the two different polar orientations.  

4.2 Future Work  

The critical diffusion length of the Ga-species in each polar region is dependent on the V/III 

ratio. An increase in the V/III ratio, will lead to an increase in the critical length within the 

Ga-polar region, while the converse is true for the N-polar region. Other parameters that 

contribute to supersaturation, such as temperature and gas composition, can also influence 

the critical diffusion length and thickness of each polar domain. Future experiments will aim 

to adjust these other parameters to overwhelmingly confirm that III-metal vapor 
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supersaturation is the universal governing parameter for LPS growth characteristics in GaN, 

AlGaN, and AlN. Furthermore, work in AlGaN and AlN LPSs will attempt to replicate mass 

transport observations seen in GaN LPSs.  

 

The results of this work will enable the growth of same height LPSs for fabrication of 

advanced devices. In particular, second harmonic generation is an immediate application 

because of quasi-phase matching requirements are met and quasi-phase matched strutures are 

yet to be utilized for this application. Periodic, lateral stripes of N- and III-polar have to be 

grown side by side for constructive interference of the traveling waves. The conversion 

response for QPM depends on the periodicity of the LPS. The optimum stripe length in a 

LPS necessary to achieve first order quasi-phase matching depends on the wavelength of the 

fundamental wave and the refractive index of the material for the fundamental and second 

harmonic waves [37].  
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