
ABSTRACT 

LAI, KUN-YU ALVIN. InGaN/GaN Quantum Wells Grown on Polar and Nonpolar GaN 

Substrates. (Under the direction of Dr. Mark Johnson and Dr. Doug Barlage). 

 

Nonpolar (m-plane or a-plane) gallium nitride (GaN) is predicted to be a potential 

substrate material to improve luminous efficiencies of nitride-based quantum wells (QWs). 

Numerical calculations indicated that the spontaneous emission rate in a single 

In0.15Ga0.85N/GaN QW could be improved by ~2.2 times if the polarization-induced internal 

field was avoided by epitaxial deposition on nonpolar substrates. 

A challenge for nonpolar GaN is the limited size (less than 10×10 mm
2
) of substrates, 

which was addressed by expansion during the regrowth by Hydride Vapor Phase Epitaxy 

(HVPE). Subsurface damage in GaN substrates were reduced by annealing with NH3 and N2 

at 950 ºC for 60 minutes. It was additionally found that the variation of m-plane QWs’ 

emission properties was significantly increased when the substrate miscut toward a-axis was 

increased from 0º to 0.1º.  

InGaN/GaN QWs were grown by Metalorganic Chemical Vapor Deposition 

(MOCVD) on c-plane and m-plane GaN substrates. The QWs were studied by 

cathodoluminescence spectroscopy with different incident electron beam probe currents (0.1 

nA ~ 1000 nA). Lower emission intensities and longer peak wavelengths from c-plane QWs 

were attributed to the Quantum-confined Stark Effect (QCSE). The emission intensity ratios 

of m-plane QWs to c-plane QWs decreased from 3.04 at 1 nA to 1.53 at 1000 nA. This was 

identified as the stronger screening effects of QCSE at higher current densities in c-plane 

QWs.   



To further investigate these effects in a fabricated structure, biased 

photoluminescence measurements were performed on m-plane InGaN/GaN QWs. The 

purpose was to detect the possible internal fields induced by the dot-like structure in the 

InGaN layer through the response of these internal fields under externally applied fields. No 

energy shifts of the QWs were observed, which was attributed to strong surface leakage 

currents.  
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CHAPTER 1    

Introduction and Motivation 

 

1.1 Background on light emitting diodes 

Visible spectrum (red) light emitting diodes (LEDs) debuted in 1962 [1]. The invention 

was followed by the first demonstration of yellow LED in 1972 [2]. Due to the limited light 

emission efficiency, red and yellow LEDs were initially used in wrist watches and instrument 

panel indicators. Until early 1990s, LEDs operating in this portion of spectrum did not 

achieve the light efficiencies superior to those of incandescent lamps [3]. Although the first 

blue LED was made in 1971 [4], it has proved difficult to extend the wavelength to the range 

below 550 nm. In the following decade, blue LEDs were of little practical use because of the 

low efficiencies. Due to the lack of blue spectrum, the applications of LEDs were limited 

mostly to electronic indicators.  

The main challenges to short wavelength LEDs were attributed to the growth problems 

of wide band gap semiconductors: 1) lack of suitable substrates, and 2) difficulties in making 



 

 

 

2 

p-doped materials. With the problems unresolved, wide band gap semiconductors can only be 

grown on foreign substrates, resulting in low quality crystals due to the mismatch in lattice 

constants and thermal expansion coefficients. Furthermore, the lack of p-doped 

semiconductors made it impossible to fabricate electronically driven devices.  

The key breakthrough came in late 1980s. Specular and crack-free GaN films were 

eventually achieved with low temperature AlN or GaN buffer layers grown by metalorganic 

chemical vapor deposition (MOCVD) [5,6]. P-type GaN was obtained by Mg doping of 

MOCVD films with a low energy electron beam irradiation (LEEBI) treatment [7], and soon 

it was found that thermal annealing at 700 ºC under N2 ambient led to similar results [8]. The 

success in producing high quality GaN films made it possible to grow InGaN quantum wells 

(QWs), the key components to emit light with the wavelength below 550 nm. The 

applications of solid state lighting advanced dramatically since the commercialization of blue 

LEDs in mid 1990s. With the three primary colors available, white light sources can be made 

either with proper mixtures or with the combination of blue LEDs and yellow phosphors. 

This opens up many important applications, such as large panel displays, outdoor signs or 

even general lighting. Figure 1 shows the efficiency growth of LEDs. The rapid development 

of technology has caused the light output to double about every 36 months since the 1960s, 

in a similar way to Moore’s law. Now, with the advantages of low turn-on voltage, small size 

and long lifetime, solid state lighting is of even more importance as energy conservation has 

become a global challenge. It is the primary goal of this project to first understand how GaN-

based LEDs are affected by some inherent material properties, and secondly, to develop the 

technology for the devices with superior performances.  
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Figure 1.  The efficiency growth of LEDs. Figure adopted from Lumileds Lighting [9]. 

 

1.2 InGaN quantum wells 

Since the commercialization of blue LEDs, GaN has become one of the most important 

semiconductors in the post-silicon age. Depending on the compositions, the bandgap energy 

of AlInGaN varies from 6.2 eV to 0.7 eV. The large energy variation and direct band gaps 

make AlInGaN a candidate for light emitting devices. However, the success of III-nitrides 

was not expected in the early stage of development. Before 1990, most of the research efforts 

on wide-bandgap semiconductor were involved in II-VI compounds (ZnSe/ZnS) because of 

the less lattice mismatch. Indeed, now people are still amazed at the high luminescence 

efficiencies achieved by InGaN QWs.   
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The lattice mismatch between GaN and sapphire, the main substrate for commercial 

LEDs, is 13% [10].  The huge mismatch resulted in a high density of structural defects. 

Typical threading dislocation densities in commercial blue LEDs observed by transmission 

electron microscopy (TEM) were on the order of 10
10

 cm
-2

 [11]. Dislocation densities in this 

range would not be allowed in a working device fabricated with other materials. Being 

responsible for the high efficiencies in blue and green emissions, InGaN QWs’ immunity to 

the structural defects drew much research attention in the last decade. Up to now, it is 

believed that the luminescence in blue/green LEDs came from the radiative recombination 

within the In-rich regions, acting as quantum dot (QD)-like structures due to the phase 

segregation in InGaN layers. Phase segregation in InGaN alloys can be attributed to the low 

miscibility of InN in GaN [12]. Theoretical and experimental results suggested that the QD-

like structures confined the carriers not only vertically (along the growth direction) but also 

laterally so that the diffusion towards the surrounding defects was suppressed [13-16].  

Cross-sectional TEM and energy-dispersive x-ray (EDX) microanalysis, observed by 

Narukawa et al. [14], showed that the contrast of light and shade in the InGaN well layers 

corresponds to the difference in In composition. Figure 2 shows the dot-like structures of 

InGaN layers revealed by the cross-sectional TEM image. It was argued that the self-formed 

QD-like structures may not be due to the interface fluctuation, but result from the intrinsic 

nature of InGaN alloys since phase separation would be energetically favored in this system. 

Electroluminescence and photocurrent spectra of commercial LEDs, measured by O’Donnell 

et al. [15], also suggested that the scalabilities of the Stokes shift, absorption edge  
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Figure 2.  Cross-sectional TEM image showing dot-like structures of InGaN layers. Figure 

adopted from Ref. [14]. 

 

broadening, and luminescence peak width with emission peak energy revealed a common 

factor controlling the spectroscopic properties of InGaN layers. It was proposed that this 

commonality arise from the presence of quantum dots whose composition did not change 

with the level of indium incorporation. Carriers excited optically or electrically were 

captured by the quantum dots before they can be destroyed in the network of dislocations. 
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1.3 Homoepitaxial growth on GaN substrates 

The desire to further improve device performance drove people to grow III-nitride 

films on native GaN substrates. Most of the commercially available nitride-based devices are 

grown on sapphire or SiC substrates. The mismatches in lattice constants and thermal 

expansion coefficients between the substrates and the epitaxial films result in undesired 

defects, such as threading dislocations [17] or cracks [18]. Compared with those built on 

sapphire, devices fabricated homoepitaxially on GaN substrates have exhibited superior 

performances [19-20]. Due to the scalability and the high growth rates (up to several hundred 

microns per hour), hydride vapor phase epitaxy (HVPE) is currently one of the most 

promising techniques to produce bulk GaN substrates. The development of bulk GaN is still 

in the early stage, and several critical problems remain to be resolved. Difficulty in obtaining 

large-size substrates is one of the main challenges. Currently, 2-inch free standing GaN 

substrates are only available for mass production by growing bulk GaN on GaAs substrates 

by HVPE and remove the GaAs substrates by aqua regia [21]. Figure 3 shows the image of 

GaN substrate grown by HVPE. In order to reduce the cost and the availability, alternative 

methods are desired. 

 

Figure 3.  Free standing GaN substrates grown by HVPE. Figure adopted from Sumitomo 

Electric [22]. 
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1.4 Polarization in wurtzite GaN 

Epilayers for conventional III-nitride devices are grown along the polar [0001] 

direction and preserve wurtzite structures. The lack of inversion symmetry in wurtzite 

structure leads to spontaneous (SP) polarization [23], and the lattice mismatch between 

epilayers and substrates results in piezoelectric (PZ) polarization [24]. These two 

polarizations were found to induce huge electric fields up to 15 MV/cm along the [0001] 

direction in wurtzite III-nitrides [23]. These substantial electric fields pull the electrons and 

holes towards opposite sides in quantum wells, resulting in the reduced overlap between 

wave functions. The reduced overlap adversely affects GaN-based optical devices in 2 ways: 

i) decreasing the radiative recombination efficiencies [25]; ii) shifting the emission to shorter 

wavelengths (blue-shift) with increased driving currents, as a result of Quantum-confined 

Stark Effect [26,27]. 

In electromagnetics, polarization vector P is defined as the dipole moment per unit 

volume:  

  ][
0 V

t

V

p
limP
→

=  (C/m
2
)                                                                                                     (1-1) 

 

where V is a volume, pt is the total number ( N ) of dipole moments in V: 

  ∑
=

=
N

1i
idppt                                                                                                                 (1-2) 

 

where dpi is a single dipole moment given by dpi = Qli , where Q is the magnitude (in 

coulombs, C) of each of the negative and positive charges whose centroids are displaced 

vectorially by distance li.  
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 SP polarization is defined as the polarization in the absence of strain, and can be 

explained with Figure 4. In Figure 4 (a), the four polar axes in zincblende GaN cancel each 

other in direction and in magnitude. As a result, no SP polarization is induced. However, 

this is not the case for wurtzite GaN. As shown in Figure 4 (b), the lack of inversion 

symmetry in wurtzite structure leads to the unbalanced polar axes. The resulting SP 

polarization is in the direction of [0001]. 

 

 

(a) 

 

(b) 

Figure 4.  Schematic illustration of the SP polarization in (a) zincblende GaN and (b) 

wurtzite GaN. The small and large spheres indicate Ga and N, respectively. The arrows 

indicate the directions of dipole moments, pointing from the anion (N) to the cation (Ga).  
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PZ polarization is related to strain by  
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where px
pz

, py
pz

, and pz
pz

 are the PZ polarizations in every direction, eij (i, j = x, y, z ) is the PZ 

constant, and εij is strain in the strained layer. The z direction is set parallel to the [0001] 

axis. The PZ constants, e31 and e33, correspond to the polarization along the c-axis, while 

e15 is related to that induced by a shear strain. Therefore, in the calculation of the electric 

field along the c-axis, e15 is often omitted. The strain elements in the case of a wurtzite 

structure are  
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where ae and as are respectively the free-standing a-axis lattice constants of the epitaxial layer 

and the substrate, c13 and c33 are the elastic stiffness constants for the epitaxial layer. 

 The total polarization P in wurtzite GaN is sum of PZ and SP polarizations: P = P
pz

 + 

P
sp. Polarization is related to electric field E by elementary electrostatics: D = εE + P, where 

D is the displacement field, and ε is the static dielectric constant. Bernardini et al. calculated 

(1-3) 
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the total polarization in III-Nitrides by applying Vegard interpolation to SP polarization and 

PZ constants, and assuming a uniform displacement field all over the crystal [23]. Figure 5 

presents the values of the electric field as a function of strain in a single AlxInyGa1-x-yN QW 

with GaN barriers. The white region corresponds to the values of total electric fields (E = E
pz

 

+ E
sp

), while the hatched region corresponds to those purely by PZ polarization (E
pz

). In the 

figure, it can be seen that huge electric field, up to 15 MV/cm, is expected in the alloy of 

InGaN with high In compositions. Figure 5 also shows that SP polarization is dominant in 

Al-rich alloy wells, while PZ polarization is dominant in In-rich regions. 

 

 

 

Figure 5.  Total electric fields (in white region) and PZ fields (in hatched region) in 

AlxInyGa1-x-yN/GaN QW as a function of in-plane strain. The contact zone, indicated by the 

arrow, corresponds to the case of InGaN alloy. Figure adopted from Ref. [23]. 
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1.5 Nonpolar GaN 

In the late 1990s, the results from theoretical calculations indicated the undesired 

internal electrical fields could be avoided by growing QWs along the directions of [1100] and 

[1120] [23, 25]. Nonpolar GaN was then referred as the crystal with the fabrication surface of 

m-plane {1100} or a-plane {1120}. Figure 6 shows the calculated PZ fields in the strained 

In0.1Ga0.9N/GaN QWs as a function of θ, defined as the angle between the growth direction 

and the c-axis [25]. In the figure, it is shown that no PZ field is induced in the case of θ = 39° 

and θ = 90°. Examples of the crystal orientations are (1124) and (1012) for θ = 39°, and 

(1120) and (1100) for θ = 90°. 

Building devices on nonpolar GaN has drawn much research interest since her 

potential was proposed. However, III-nitrides layers heteroepitaxially grown on nonpolar 

substrates, such as γ-LiAlO2 [28] or r-plane sapphire [29] consistently show high densities of 

stacking faults, in addition to dislocations which are commonly observed in c-plane III-

nitrides. These stacking faults and dislocations adversely affect the optical devices in blue 

and UV regions [30]. To overcome this problem, nonpolar substrates can be synthesized by 

growing thick c-plane GaN by HVPE, and then slicing transversely to expose nonpolar 

surfaces. Nonpolar substrates obtained in this manner have been proven to possess superior 

structural and optical qualities compared to those obtained heteroepitaxially [31]. Optical 

devices built on transversely exposed (TE) nonpolar GaN substrates also showed 

dramatically improved performances [32, 33]. In this study, InGaN/GaN QWs grown on TE 

m-plane GaN substrates are characterized by various techniques. The results are compared 

with those reported previously, and explanations for the difference are provided. 
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Figure 6.  Longitudinal PZ field in strained In0.1Ga0.9N/GaN QWs as a function of polar 

angle θ, defined as the angle between the growth direction and the c-axis. Figure adopted 

from Ref. [25]. 
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1.6 Motivations and dissertation overview 

The purpose of this project is to evaluate the effect of polarization on wurtzite 

InGaN/GaN QWs. This requires the optimization work on substrate preparation and QWs 

growth. With the optimization work completed, analyses can be performed to understand 

how the properties of QWs are affected by the polarization-induced electrical fields. The 

dissertation is organized as follows: 

Chapter 2 described the preparation of GaN substrates. The procedures for making 

polar and nonpolar GaN substrates are provided. The substrates are characterized by different 

techniques in order to evaluate the crystal qualities. Methods to improve the substrates’ 

properties are presented. 

Chapter 3 contains the results of InGaN/GaN QWs grown on c-plane sapphire. The 

QWs structures are grown by metal-organic chemical vapor deposition (MOCVD). Details of 

the optimized growth conditions are provided. The method of evaluating well/barrier 

thickness by x-ray diffraction is described. 

Chapter 4 provides the study of substrate miscut effects on nonpolar InGaN/GaN QWs. 

QWs grown on the GaN substrates with different miscut angles are systematically compared. 

The mechanism responsible for the different properties, including surface smoothness, 

emission intensities, and peak wavelengths are proposed.  

Chapter 5 presents the evaluation results of polar and nonpolar InGaN/GaN QWs. The 

evaluation consists of theoretical and experimental parts. In theoretical part, stationary 

perturbation theory is employed to study quantum-confine Stark effect (QCSE) in a single 
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InGaN/GaN QW. After the analysis, experimental results obtained from the QWs grown on 

polar and nonpolar GaN are provided and compared with results by theory. 

Chapter 6 contains the study of QCSE in nonpolar InGaN/GaN QWs. The purpose of 

this study is to investigate the potential electrical field induced by the polarization existing in 

the dot-like structures of m-plane InGaN layers. The emission spectra of m-plane QWs under 

lateral DC biases are presented. Problems of the measurements are discussed. 

Chapter 7 summarizes the results of this project, and proposes the plan for future work. 
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CHAPTER 2 

Preparation of GaN Substrates 

 

2.1  Introduction 

 Native bulk GaN grown by HVPE is currently one of the best substrates for nitride-

based devices. As mentioned in sections 1.3 and 1.5, HVPE-grown polar and nonpolar GaN 

substrates have led to superior device performances. However, some challenges still remain 

to be overcome. Substrate size is the main difficulty, especially for nonpolar GaN. Although 

nonpolar GaN obtained by slicing from c-plane GaN boules produce promising crystal 

qualities, the very limited substrate sizes prevent her from being commercialized through 

mass production.  

Surface preparation is another issue. During the process of making GaN substrates, 

surface preparation is of critical importance for subsequent device fabrication. Grinding, 

lapping, and polishing are the typical processes used to prepare the substrate and its surface. 

There are three important characteristics that require special attention as the criteria for 

epitaxial ready surface: i) smoothness, ii) scratches, and iii) subsurface damages. The latter is 
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especially critical since it is unobservable by the standard optical, atomic force and scanning 

electron microscopy techniques. Subsurface damages were believed to be caused by the 

unbalanced force of the silica-colloid grinding during the process of surface polish. 

Cathodoluminescence is one of the techniques being able to reveal the subsurface damages 

by measuring the optical intensity within the interaction volume of the incident electron 

beams. If present, subsurface damages can lead to sub-optimal properties of epitaxial films 

and heterostructures grown thereupon [34]. Thermal annealing has been adopted as an 

effective approach to recover the surface damage in GaN substrates induced by mechanical 

polish. Enhanced near-band-edge emissions and higher flatness of the surface were obtained 

after annealing [35]. However, little work has been accomplished to investigate the effects of 

thermal annealing on subsurface damages. 

In this chapter, a method to enlarge bulk non-polar GaN is investigated. Non-polar m-

plane GaN substrates were regrown homoepitaxially by HVPE with the attempt to achieve 

high lateral expansion rates. In order to remove subsurface damages, different annealing 

conditions were applied to GaN substrates after polish. The goal is to develop an optimum 

process for the preparation of HVPE GaN substrates. 

 

2.2  Experimental 

Bulk non-polar GaN was prepared by Kyma Technologies, Inc., and the procedures 

are described as follows: a GaN boule, 2-inch in diameter and 9-mm in thickness, was grown 

on c-plane sapphire by HVPE. After removing the sapphire substrate, the GaN boule was cut 

transversely (along the c-axis) to expose m-plane surfaces {1100}.  
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Figure 7.  M-plane GaN substrate (seed) prepared by slicing from c-plane GaN boules. 

 

 

 

Table 1.  The two annealing conditions for GaN substrates. 

 Sample A Sample B 

Temperature 950 ºC 950 ºC 

Gases 
NH3: 4000 sccm 
N2: 5000 sccm 
H2: 7700 sccm 

NH3: 4000 sccm 
N2: 12700 sccm 
H2: 0 sccm 

Pressure 76 Torr 76 Torr 

Temp. Ramp Rate 120 ºC/min 120 ºC/min 

Time 10 minutes 60 minutes 
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The exposed non-polar surface was polished mechanically and chemically to obtain high 

flatness. Then an m-plane seed with approximate size of 8×4 mm2 was obtained by manually 

cleaving. Figure 7 shows the image of an example m-plane GaN seed thus prepared. Finally, 

the seed was placed on the sapphire support plate, and loaded into the HVPE chamber for 

regrowth. As the regrowth started, the position of seed was fixed by the surrounding GaN 

directly grown sapphire. The regrowth time was 2 hours at the regrowth condition optimized 

for the growth in [0001] direction and expected to result in 500-µm-thick overgrown layer.  

The regrown sample was characterized by optical microscopy, scanning electron 

microscopy (SEM), x-ray diffraction (XRD) and cathodoluminescence (CL). The XRD was 

measured with a Cu anode at 40 keV and 45 mA. The SEM/CL images were obtained with 

the acceleration voltage of 5kV and the probing current of 0.6 nA.  

In order to reduce the subsurface damages in GaN substrates, thermal treatments with 

different conditions were carried out in the reactor of an MOCVD system. Since the 

annealing with N2 or N2 plasma treatment was reported to produce smoother surface [35], 

while the annealing with H2 tended to result in rougher surface [57], thermal annealing with 

different gas mixtures were tested in order to compare the surface morphologies and the 

effects on subsurface damages. Two samples (A and B) grown under different conditions 

[38], but with identical polishing procedure were annealed at different gas conditions: 

Sample A was annealed with the gas mixture of NH3, H2 and N2, while Sample B was 

annealed with the mixture of NH3 and N2. Details of the two annealing conditions were 

summarized in Table 1. Before annealing, the crystalline qualities of Sample A and Sample B 



 

 

 

20 

was measured by X-ray rocking curves. The full widths at half maximum (FWHMs) for GaN 

(0002) from Sample A and Sample B were 189 arc seconds and 372 arc seconds, respectively.  

SEM and panchromatic CL imaging, with accelerating voltages of 5-20 kV and 

probing current of 0.6 nA, were used to characterize the surface morphology and subsurface 

damage. Photoluminescence (PL) spectroscopy, performed with He-Cd laser excitation at 

325nm at room temperature was used to study the optical properties. Atomic force 

microscopy (AFM) with the scanning area of 10×10 µm
2
 was employed to valuate surface 

roughness. 

 

2.3  Enlargement of non-polar GaN substrates by HVPE regrowth 

Figure 8 (a) presents the optical micrograph showing a plan-view of m-plane bulk GaN 

after HVPE regrowth with 2 hours. Firstly, it is found that the substantial lateral expansion 

occurred in [0001], [1120] and [1120]. In these three directions, the thickness of lateral 

expansion was at least 500 µm. The interfaces between the seed and the regrown crystal were 

indicated by the white line. The non-straight interfaces were from the irregularity in cleaving 

during seed preparation. Secondly, since very little lateral expansion was observed in bottom 

of the sample, the regrowth rate is believed to be much higher in [0001] than that in [0001]. 

Since the formation of GaN in an HVPE system is dominated by the consumption of GaCl 

with H2 or NH3 [36], the growth rate on the (0001) Ga polar surface should be much higher 

than that on the (0001) N polar surface. 

Figure 8 (b) shows a micrograph in cross-section of an m-plane GaN sample regrown 

at similar growth conditions. In the figure, the substrate and the regrowth can be  
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(a) 

 

 

                                                                          (b) 

Figure 8.  (a) Optical micrograph of the plan-view (1100) bulk GaN regrown homoepitaxially 

by HVPE. The vertical dark bar running through the right-half of the sample is a crack, 

which may be caused by the thermal constraint occurring between sapphire and GaN. (b) The 

micrograph in cross-section of an m-plane GaN after HVPE regrowth. The white line 

indicates the boundary of the substrate.  

[0001] 

[1120] 
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differentiated by the surface morphology, namely the substrate area is rougher; while the 

regrowth area is smoother. More importantly, it was found that the crystal was regrown 

predominantly in the m directions <1100>, as the angles between any two facets were all 

identified to be 120°. This observation indicates that the m-plane is one of the preferential 

expansion planes during the regrowth. 

In order to observe the crystal closely, the sample was cleaved along the top edge of 

the sample shown in Figure 8 (a) and evaluated by SEM. Figure 9 shows a SEM micrograph 

of the cross-section perpendicular to the [0001] direction of the sample. The contrast 

difference unambiguously defines the substrate region and the regrowth region. A dashed 

line was drawn along the interface. Lateral regrowth of 836 µm in the [1120] direction was 

measured, corresponding to a growth rate of 418 µm/h. 

 The structural quality of the regrown crystal was evaluated by XRD and CL imaging. 

The single crystalline of the regrown crystal was confirmed by XRD measurement. Figure 10 

shows the high resolution rocking curve on the m-plane surface of the sample after regrowth. 

The full-width at half maximum (FWHM) of the rocking curve was approximately 116 

arcsec, indicating a high quality of the regrowth. In order to compare the dislocation densities 

in the seed and in the regrown crystal, CL images were taken at the cleaved c-plane cross- 

section of an m-plane sample after regrowth.  

Figure 11 (a) and (b) present the panchromatic CL images taken from the seed and 

the regrown areas, respectively. The dislocation density in the seed was approximately 5×10
6
 

cm
-2

, while that in the regrown areas is approximately 1×10
6
 cm

-2
. The seemingly lower  



 

 

 

23 

 

 

 

 

 

 

 

Figure 9.  SEM image of the cleaved cross-section perpendicular to the [0001] direction of 

the sample. A dashed line is drawn between the substrate and the lateral regrowth. 

Figure 10.  X-ray rocking curve on the m-plane regrown surface. 

Figure 11.  Panchromatic CL images of (a) the substrate area and (b) the regrowth area in 

a cleaved cross-section of an m-plane GaN after regrowth. 
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dislocation density in the regrowth area indicates that the quality of non-polar GaN does not 

deteriorate after regrowth. 

 

2.4  Thermal annealing of subsurface damages in GaN substrate after polishing 

Figures 12 (a) – (d) present the SEM and CL images of Sample A (describe on page 

15) before and after annealing. Figure 12 (a) shows that the polished surface (before 

annealing) possessed a very smooth surface. AFM measurement confirmed the smoothness 

by giving the RMS roughness of 0.12 nm. However, the panchromatic CL image taken at the 

same area, shown in Figure 12 (b), revealed additional lines with lower emission intensity 

identified as subsurface damages. Figure 12 (c) and (d) show the results after the annealing 

with NH3, H2 and N2 at 950 ºC for 10 minutes. It is apparent that the scratches become more 

prevalent, and were even observed in the SEM image. The surface roughness also increased 

after annealing. The RMS roughness of the annealed surface went up to 11.83 nm. This result 

indicates that the annealing with H2-containing gas mixtures produced an inhomogeneous 

etching effect on the surface, and enhanced the damages caused by the polishing process. 

Similar results were reported earlier in [57] where a rougher surface of bulk GaN was 

observed after the annealing with pure H2 at similar temperatures. Mastro et al. also 

performed annealing of HVPE GaN layers with H2 at different temperatures [58]. It was 

found that the decomposition of GaN layers started to take place at about 800 ºC, via the 

following reaction: GaN
s
 + 3/4 H2

v
 = Ga

l
 + 1/4 N2

v
 + 1/2 NH3. 
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                             (a)                                                             (b) 

 

 

                             (c)                                                             (d) 

 

Figure 12.  (a) SEM image of Sample A before annealing. (b) Panchromatic CL image taken 

at the same area, revealing subsurface damages. (c) SEM image of Sample A after the 

annealing with NH3+H2+N2 at 950 ºC for 10 minutes. (d) Panchromatic CL image at the 

same area. The roughness and scratches were enhanced after annealing and became visible in 

SEM and CL images. (Image magnification: 500X; scale bar: 10 µm; acceleration voltage: 5 

kV) 

SEM CL 

SEM CL 
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Figures 13 (a) – (d) show the SEM and CL images of Sample B before and after 

annealing. In Figures 13 (a) and (b), similar features as in Figure 12 (a) and (b) were 

observed where the SEM image presented a very smooth surface while the CL image 

revealed the undesired subsurface damages. Figures 13 (c) and (d) present the results after 

the annealing with NH3 and N2 at 950 ºC for 60 minutes. As shown in Figure 13 (d), the 

subsurface damages were significantly reduced after annealing. It should be noted that a 

thorough search on the annealed surface around the original area was performed with the 

attempt to locate the same spot in Figure 13 (a) and (b), but it was difficult as most of the 

scratches in CL images disappeared. The images of Figure 13 (c) and (d) were recorded at 

the approximate location. 

The surface RMS roughness measured by AFM before and after annealing was 0.12 

nm and 3.75 nm, respectively. The increase in roughness may be due to a slight surface 

decomposition during the annealing. Shin et al. reported that GaN crystals showed significant 

surface roughening after the annealing with pure ammonia at 1130 ºC for 2 hours [59]. The 

surface roughening after ammonia annealing may be due to the reaction between GaN and 

the H-containing species which were decomposed from NH3. It is suspected that Sample B 

may experience similar effects during the annealing. The result suggested that the etching 

effect provided by the annealing with NH3 and N2 was homogeneous, and able to remove the 

damaged surface uniformly. Similar observations were reported by Ryu et al. where the 

polish-induced damages in HVPE GaN substrates were found to be recovered after the 

annealing with pure N2 [35]. 
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       (a)                                                             (b) 

 

            
 

                               (c)                                                             (d) 

 

Figure 13.  (a) SEM image of Sample B before annealing. (b) Panchromatic CL image at the 

same area, revealing subsurface damages. (c) SEM image of Sample B after the annealing 

with NH3+N2 at 950 ºC for 60 minutes. (d) Panchromatic CL image at the same area, 

showing significantly reduced subsurface damages. (Image magnification: 500X; scale bar: 

10 µm; acceleration voltage: 5 kV) 
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Figures 14 (a) – (d) show the panchromatic CL images taken at increasing 

acceleration voltages (5kV, 10kV, 15kV and 20kV) from Sample B after annealing. It was 

found that the subsurface damage started to become less visible at 15 kV, and almost 

disappeared at 20 kV. This indicated that the intensity contribution from the damaged 

subsurface area became less dominant as the electron penetration depth was increased by the 

higher acceleration voltage. The penetration depth of the electron at 15 kV was estimated to 

be about 1.48 µm, according to the results by Monte Carlo numerical simulation [37]. It was, 

therefore, assumed that the damaged area was within the depth of 1.48 µm from the surface. 

Figures 15 (a) – (b) show the PL spectra comparison of Sample A and Sample B before 

and after annealing, respectively. In Figure 15 (a), it can be seen that the near-band-edge 

emission from Sample A was noticeably reduced after annealing. The reduced near-band-

edge emission indicated that surface stoichiometry may be partly destroyed by the H2-

containing etching gases. The relatively strong (compared to Sample B) yellow luminescence 

from Sample A may be due to the higher oxygen flows during the HVPE growth [38]. It has 

been found that oxygen is one of the main sources in GaN leading to the emission around 

540 nm [39]. As for Sample B, Figure 15 (b) shows that the PL intensities were comparable 

before and after annealing. The slightly decreased intensity may be due to a limited surface 

degeneration during the annealing. 
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Figure 14.  (a) Panchromatic CL images taken from sample at different acceleration voltages: 

(a) 5 kV, (b) 10 kV, (c) 15 kV, and (d) 20 kV. (Image magnification: 500X; scale bar: 10 µm) 
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Figure 15.  (a) PL spectra of sample A before and after annealing with NH3+H2+N2. (b) PL 

spectra of sample B before and after annealing with NH3+N2. 

 

 

 

(a) 

(b) 



 

 

 

31 

2.5  Conclusions 

M-plane bulk GaN was regrown on m-plane GaN seeds by HVPE. Substantial lateral 

regrowth was observed in [0001], [1120] and [1120] directions. It was found that the 

regrowth was much faster on (0001) Ga polar surface than that on (0001) N polar surface. 

The higher growth rate in [0001] was attributed to the thermodynamics in an HVPE system. 

The 120° angle between the different facets shows the m-plane is one of the preferential 

expansion planes during the regrowth. The crystal quality of the regrown sample was 

confirmed by XRD and CL measurements. The dislocation densities in the seed and the 

regrown areas were approximately 5×10
6
 cm

-2
 and 1×10

6
 cm

-2
, respectively. The high lateral 

regrowth rate and low dislocation density indicate a feasible method to obtain large-area, 

high-quality non-polar GaN substrates. 

An unoptimized polishing process for GaN substrates could lead to subsurface 

damages, which were not visible in SEM and AFM, but were revealed in CL images. 

Thermal annealing was found to be effective in mitigating subsurface damages. However, the 

annealing with different gas mixtures resulted in substantially different surface morphologies. 

Annealing with H2-containing gases at 950 ºC led to an inhomogeneous etching effect, and 

produced a substrate surface with more scratches and enhanced roughness. On the other hand, 

annealing with NH3 and N2 at the same temperature resulted in a substrate surface with 

noticeably reduced subsurface damages. Surface roughness and optical properties of the 

sample were slightly sacrificed after the annealing with such gas mixtures. The depth of the 

subsurface damages was estimated by the CL images taken at different excitation voltages. 

The results indicated the damaged region was within less than 1.48 µm from the surface. 
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Since the thermal treatment was carried out in an MOCVD reactor, the annealing conditions 

with NH3 and N2 may be adopted as the preheat step for the homoepitaxial growth of GaN.  
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CHAPTER 3 

Growth of InGaN/GaN Quantum Wells on C-plane 

Sapphire 

 

3.1  Introduction 

InGaN alloys are the key components to replace conventional light bulbs in the 

spectrum range from ultraviolet to green. The evaluation of polarization effects on the 

performance of blue/green LEDs also rely on the successful growth of InGaN-based QWs. It 

is therefore highly important to establish a repeatable growth condition for the QWs with 

certain emission wavelength.  In this chapter, growth details for InGaN/GaN QWs are 

provided. Due to the limited number of GaN substrates, the growth was optimized on c-plane 

sapphire. Methods to determine QWs properties, including peak wavelength and well/barrier 

thicknesses, are also presented.  
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3.2  Experimental 

InGaN/GaN QWs studied in this project were grown by low pressure (76 torr) 

MOCVD. Figure 16 shows the layer structure for the QWs. Three periods of InGaN/GaN 

QWs were grown on 1-µm n-type (carrier concentration: 5×10
17

 cm
-3

) GaN and capped with 

50-nm unintentionally doped GaN. The layers for n_GaN and i_GaN were grown at 1020 ºC, 

and the QWs were grown at 750 ºC. Ammonia (NH3), trimethylgallium (TMGa, for n_GaN 

and i_GaN), triethylgallium (TEG, for QWs), and trimethylindium (TMIn) were used as the 

precursors. The carrier gas for TMG and TEG was H2 and N2, respectively. The V/III ratio 

(ratio of group-V mole fraction to group-III mole fraction) for n_GaN and i_GaN was 3670, 

while that for well and barrier was 12200 and 33700, respectively.  

In order to estimate the thicknesses of well and barrier, high-resolution XRD scans 

were measured on similar structures. Two samples (Sample 1 and Sample 2) with 10- period 

QWs were prepared for XRD measurements. The only difference between Samples 1 and 2 

was the growth time for well: 20 seconds for Sample 1 and 30 seconds for Sample 2. The 

layer structures of the two samples followed the one in Figure 16, except the QW periods 

were ten. 

QWs’ emissions were revealed by room-temperature PL spectra. The spectra were 

obtained by 40-mW 325-nm He-Cd laser excitation, with the laser spot size of 1.5 mm in 

diameter. High-resolution XRD scans were performed with a Cu (λ= 0.154 nm) anode at 27 

kV and 20 mA. 
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Figure 16.  Layer structure of InGaN/GaN QWs. 

 

 

 

 

 

Figure 17.  PL spectra from the optimized InGaN/GaN QWs on 2-inch c-plane sapphire. 
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3.2  Results 

Figure 17 presents the PL spectra of the optimized InGaN/GaN OWs. A strong peak 

at 462 nm was observed. The full width at half maximum (FWHM) was 24 nm 

Figure 18 presents the XRD scans on Sample 1 and Sample 2. The main peak is 

(0002) from the thick n_GaN and the satellite peaks at lower angles are (0002) from the 

InGaN/GaN superlattice. It can be shown that the distance between satellite peaks relates to 

the thickness of one period (well plus barrier) [40]. The thickness of a single period can be 

obtained by Bragg conditions: 2d sinθn = nλ, where d is the thickness for one period, θn is the 

diffraction angle of the n-th order peak, and λ is the wavelength of x-ray (λ = 0.154 nm). For 

Sample 1, the peaks at 16.69° (n = -1) and 16.17° (n = -2) gave d1 = 8.85 nm. Similarly, the 

peaks of Sample 2 at 16.68° and 16.25° leads to d2 = 10.60 nm. The difference between d1 

and d2 (d1 – d2 = 1.75 nm) should come from the 10-sec growth time difference for the well, 

indicating the growth rate for well is 0.175 nm/sec. As a result, the well thicknesses for 

Samples 1 and 2 are 3.50 nm and 5.25 nm, respectively. With well and period thicknesses 

known, the barrier thickness for the two samples can be obtained: 5.35 nm. The optimized 

barrier thickness was found to be 6.5 nm. 
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Figure 18.  High-resolution XRD scans on Sample 1 and Sample 2. 

 

3.4  Conclusions 

InGaN/GaN QWs were grown by MOCVD on c-plane sapphire. PL spectra of the 

optimized layer structure revealed a strong peak at 462 nm with the FWHM of 24 nm. Well 

and barrier thicknesses of the QWs were estimated by high-resolution XRD scans. The 

results indicated that the optimized thicknesses for well and barrier were 3.5 nm and 6.5 nm, 

respectively. 
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CHAPTER 4 

Effect of Substrate Miscut Angles on Nonpolar 

InGaN/GaN Quantum Wells 

 

4.1  Introduction 

M-plane GaN obtained by slicing from c-plane GaN bulk crystals grown by HVPE is 

currently among the best substrates for nonpolar nitride-based devices [41]. With defects 

greatly reduced, m-plane InGaN/GaN LEDs have reached comparable performance to 

current c-plane LEDs [42].  

It was reported that emission intensities and wavelengths from m-plane InGaN/GaN 

QWs were highly sensitive to the miscut angles of GaN substrates [43]. Although the 

previous study showed the emission wavelengths from m-plane LEDs was increased by 

increasing substrate miscut angles toward the [0001] (c
-
-axis) direction [43], there has been 

very limited study on the effect of increasing the miscut angles toward the [1120] (a-axis) 

direction. Furthermore, little work has been done to provide the mechanism explaining the 
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observations. In this chapter, detailed analysis on the dependence of m-plane InGaN/GaN 

QWs’ properties on GaN substrate misorientation is provided. The goal is to understand how 

m-plane QW properties, including surface roughness, emission wavelength, and well/barrier 

interfaces are influenced by the miscut angles of substrates. 

 

4.2  Experimental 

Two sets of m-plane GaN substrates were studied. The first set included the substrates 

containing two different miscut angles toward [0001] c
+
-axis (Sample A: 0.1º; Sample B: 

0.7º); the second set are the substrates with miscut toward a-axis and c
+
-axis (Sample C: 0.1º 

to a-axis / 0.1 to c+-axisº; Sample D: 0.1º to a-axis / 0.3º to c+-axis). The m-plane substrates 

were prepared by slicing from c-plane GaN boules grown by HVPE. The exposed m-plane 

surface was polished mechanically and chemically to obtain high flatness. After the process 

of surface polish, the miscut angles of the substrates were determined by high-resolution 

XRD at room temperature using Philips x-ray diffractometer. The diffractometer was 

equipped with a parabolic graded x-ray mirror collimator followed by a twofold 

monochromator and a three crystal analyzer. 

InGaN/GaN QWs were grown under the same conditions by MOCVD. Before growth, 

substrate was preheated at 700 ºC for 10 minutes in the ambient of NH3 and N2, and the 

temperature was raised to 1020 ºC for the growth of n-GaN and i-GaN. The QWs were 

grown at 750 ºC. Substrate temperature was monitored by infrared pyrometer focused on 

epitaxial surface. Details of the growth conditions have been described in section 3.2. 
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Surface roughness of the substrates and the epitaxial films (before and after QW 

growth) were measured by AFM with the scanning area of 2×2 µm2. Before QW growth, 

AFM was performed on the surface of 0.5-um n-GaN. After the measurement, the samples 

were cleaned by boiling solvents, and reloaded in the reactor for subsequent growth. The 

emissions of the QWs were studied by room temperature cathodoluminescence (CL) with the 

accelerating voltage of 5 kV and probing current of 0.6 nA.  

In compositions and well thicknesses of InGaN/GaN QWs were estimated by 

secondary ion mass spectrometry (SIMS). SIMS measurement was carried out by a Cameca 

IMS 6f system. During the measurement, O
2+

 primary ions at the impact energy of 1.25keV 

were employed as the sputtering source. The sputtered In ions were detected by their unique 

mass-to-charge ratio. The incident angle of O2+ was 40º from surface normal, and the depth 

resolution under this condition was about 1.8 and 3.6 nm/decade at the leading and trailing 

edges, respectively.  

 

4.3  Results 

The as-received m-plane GaN substrates exhibited atomic flat surface with RMS 

roughness in the range of 0.051 – 0.062 nm. Figure 19 shows the AFM image recorded on 

the substrate surface of Sample D. Smooth morphology with monolayer steps can be seen in 

the image. Similar surface morphologies were also observed on the substrates of Samples A, 

B, and C. Figure 20 shows the AFM images of the QWs surfaces on the four samples.  

The RMS values measured at different growth steps with the four samples were listed 

in Table 2. For Samples A and B, with the miscut angles toward a-axis fixed at 0º, it was  
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Figure 19.  AFM image recorded on the substrate surface of Sample D.  

 

 

 

Table 2.  Characteristics of Sample A, B, C and D measured by high-resolution XRD, AFM, 

and CL. 

 
Miscut Angles 
a-axis/c-axis 

Surface Roughness RMS (nm) 
substrate    n-GaN    QW 

CL Spectra (nm) 
peak λ       FWHM 

Sample A 
Sample B 

0º / 0.1º 
0º / 0.7º 

0.062        1.39       1.81 
0.051        3.18       3.97 

411            38.1 
416            40.7 

Sample C 
Sample D 

0.1º / 0.1º 
0.1º / 0.3º 

0.054        1.28       1.46 
0.056      36.66     47.01 

404            33.8 
449            57.8 
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Figure 20.  AFM images recorded on the QW surfaces of (a) Sample A, (b) Sample B, (c) 

Sample C, and (d) Sample D. 
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found that surface roughness on n-GaN and QWs increased by about 2 times when the miscut 

was increased from 0.1º to 0.7º toward c+-axis. As the miscut toward a-axis increased to 0.1º, 

which is the case for Samples C and D, the variation of surface roughness was substantially 

enhanced when the miscut change remained toward c
+
-axis. As shown in Table 2, the RMS 

values on n-GaN and QWs were increased by more than 25 times when the c
+
-axis miscut 

was raised from 0.1º to 0.3º. These results indicated that the control range of surface 

roughness by substrate misorientations can be significantly improved when the miscut angle 

toward a-axis was slightly increased from 0º to 0.1º. 

Figure 21 revealed the CL spectra obtained from the four samples. The peak 

wavelengths from Samples A and B were 411 nm and 416 nm, respectively. The correlation 

between surface roughness and emission wavelengths suggested that In incorporation 

efficiency was increased on rougher surface. It is suspected that the diffusion length of In 

atoms became shorter when surface roughness was increased. With surface diffusion 

decreased, the probability of In being incorporated in the InGaN well was improved. The 

FWHMs for Samples A and B were 38.1 nm and 40.7 nm, respectively. The rougher surface 

of Sample B may also lead to stronger scattering of In atoms across the well/barrier 

interfaces, resulting in lower carrier confinement. This can be the reason for Sample B’s 

lower emission intensity and larger FWHM. The difference between Samples C and D 

became much more evident as the miscut toward a-axis was increased from 0º to 0.1º. With 

surface roughness significantly enhanced, Sample D produced the peak wavelength of 449 

nm, while Sample C only gave the emission at 404 nm. The longer emission wavelength of 

Sample D was achieved at the sacrifice of intensity and FWHM. Compared with Sample C,  
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Figure 21.  CL spectra measured with Samples A, B, C, and D.  

 

the intensity of Sample D was lower by almost an order, and the FWHM was larger by 1.7 

times (57.8 nm vs. 33.8 nm). The degraded emission properties of Sample D were attributed 

to the stronger atomic scattering as surface roughness increased. 

Figure 22 presents In composition depth profiles in the active regions estimated by 

SIMS with the four samples. Table 3 summarizes the results of SIMS measurements. In 

Figure 22 (a), the regions of wells and barriers in Samples A and B were defined by the 

peaks and valleys of the In depth profiles. In compositions in the wells for Samples A and B 

were respectively 8.6% and 8.8%, showing relatively little difference. However, the 

difference became larger in the barrier regions, where the compositions for Samples A and B  
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Figure 22.  In composition depth profile measured by SIMS for (a) Samples A and B and  

(b) Samples C and D.  

 

Table 3.  Quantum well properties of Sample A, B, C and D estimated by SIMS. 

 

 

 

 

 

 

 
In compositions (%)     well width (nm)      

      well         barrier 

Sample A 
Sample B 

        8.6            6.5                    4.4 
        8.8            7.8                    4.0 

Sample C 
Sample D 

7.5            4.9                    4.9 
9.3            ---                      --- 



 

 

 

46 

were 6.5% and 7.8%, respectively. The larger peak-to-valley ratio obtained in Sample A 

indicated sharper well/barrier interfaces, leading to better carrier confinement. As a result, 

Sample A produced stronger emission intensities. The well widths were approximated by the 

averaged FWHMs of the three In peaks. The values thus determined for Samples A and B 

were 4.4 nm and 4.0 nm, respectively. As the emission wavelength of Sample B is slightly 

longer than that of Sample A, the narrower well width of Sample B indicated that its longer 

wavelength was due to the slightly higher In contents in the well regions. 

In depth profiles became dramatically different for Samples C and D. As shown in 

Figure 22 (b), the peak-to-valley ratio in Sample C was even larger those in Samples A and B. 

This produced the best carrier confinement among the four samples, leading to the highest 

emission intensity and the smallest FWHM. As for Sample D, the significantly roughened 

surface achieved the highest In composition of 9.3%. However, the strong surface scattering 

ruined the well/barrier boundaries, resulting in a merged thick InGaN layer. The emission 

intensity and FWHM of Sample D were therefore deteriorated. 

 

4.4  Conclusions 

The effect of m-plane GaN substrates miscut angles on the properties of InGaN/GaN 

QWs were investigated. It was found that surface roughness and emission wavelengths of the 

QWs were highly sensitive to the miscut toward a-axis. With the miscut toward a-axis fixed 

at 0º, the changes in surface roughness and emission wavelength were less obvious when the 

miscut toward c-axis increased from 0.1º to 0.7º. As the miscut toward a-axis was increased 

to 0.1º, surface roughness was enhanced by 25 times and emission wavelength became longer 
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by 45 nm when the miscut toward c-axis increased from 0.1º to 0.3º. The results indicated 

that the control range of m-plane QWs’ properties can be significantly improved when the 

substrate miscut toward a-axis was slightly increased from 0º to 0.1º. 
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CHAPTER 5 

Polarization Effects on InGaN/GaN Quantum Wells 

 

5.1  Introduction 

In this chapter, the effect of polarization on InGaN/GaN QWs is studied theoretically 

and experimentally.  In theoretical analysis, spontaneous emission rates and emission 

wavelengths in a single InGaN/GaN QW under different static electrical fields are calculated 

based on stationary perturbation theory. The purpose is to estimate how much internal field is 

enough to cause noticeable changes in emission intensities and wavelengths. 

In experiments, InGaN/GaN QWs are grown on c-plane and m-plane GaN substrates. 

There have been numerous reports of LEDs grown on nonpolar GaN substrates [32, 42, 44, 

45]. Despite the progress in light output power, two major problems remain to be solved: i) 

the expected superior light efficiency to that of c-plane LED has not been realized, ii) the 

emission wavelengths from m-plane (or a-plane) InGaN QWs were found to be significantly 

shorter than those from c-plane QWs under the same growth condition [45, 46]. 
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Among the reports of LEDs on nonpolar GaN substrates, reduced (relative to c-plane 

LEDs) or negligible blue-shift with increased drive currents is one of the most common 

observations leading to the claim that the internal field is eliminated. Most of the reported 

results provided no data from control samples [32, 42, 44], or employed the QWs grown on 

c-plane sapphire as the control sample [46]. Since the thermal conductivities of sapphire [47] 

are at least 5 times lower than those of bulk GaN [48], a lower actual substrate temperature 

should be expected on sapphire for identically-set growth temperature. This would lead to 

higher In incorporation efficiency and correspondingly longer emission wavelength. As the 

atomic diffusion of In is sensitive to temperature [49], the lower actual growth temperature 

on sapphire may also lead to less In diffusion across the well/barrier interfaces, which is 

expected to result in difference in emission intensities and wavelengths.  

In order to unambiguously demonstrate the effect of polarization, polar and nonpolar 

InGaN/GaN QWs are respectively grown on c-plane and m-plane GaN substrates. The two 

types of GaN substrates preserve similar dislocation densities and dimensions.  

 

5.2  Theoretical studies on Quantum-confined Stark Effect 

Quantum-confined Stark Effect (QCSE) is the shifting of emission wavelength from a 

quantum-confined system under the influence of a static electric field [27]. The shifting of 

wavelength occurs with the changes in emission intensities. The emission intensity from a 

QW can be estimated by the spontaneous emission rate (SER) in an electron system, which is 

derived via Fermi’s Golden Rule [50]:  
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where τ0 is electron’s lifetime, q is the electron charge, ω0 is the frequency of the perturbing 

electromagnetic field, rmn = <m|x|n> is the dipole matrix element, ε0 is the permittivity in free 

space, and c is the speed of light. From the equation, it is clearly that SER is proportional to | 

rmn |
2
. Assuming the situation that only the first two bound states in the single QW are 

interactive, rmn can be written as rmn = <1|x|2>, where |1> and |2> are the 1
st
 and 2

nd
  bound 

states in the QW. 

Calculating rmn under a constant electric field requires time-independent perturbation 

theory, where the one-dimensional Schrodinger equation is  

〉Ψ=〉Ψ++〉Ψ
∂

∂−
||)(|

2 2

22

EWV
xm

h
                                                                                   (5-2) 

 

with V the potential distribution of an unperturbed QW, and W the perturbation from a 

constant electric field. In our case, W is of the form 

)1(0 −−=
L

x
EW                                                                                                                      (5-3) 

 

with L the well thickness, and E0 the energy change across L. Now the state function |Ψ> is a 

linear combination of |1> and |2>: 

|Ψ> = A |1> + B |2>                                                                                                               (5-4) 

 

Plugging (6) into (4) leads to 

 

AE1 |1> + BE2 |2> + AW |1> +BW|2> = EA |1> + EB|2>                                                    (5-5) 
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where E1 and E2 are respectively the energy eigenvalues for |1> and |2> of the unperturbed 

Hamiltonian, and E is the eigenvalue of the perturbed Hamiltonian. Multiplying equation (5-

5) by <1|, and by <2|, and applying the orthonorrmal properties, equation (5-5) became 

(E1 + R – E) A + S B = 0                                                                                                     (5-6a) 

T A + (E2 + U – E) B = 0                                                                                                    (5-6b) 

 

with R = <1|W|1>, S = <1|W|2>, T = <2|W|1>, and U = <2|W|2>. In order for the equations 

to have nontrivial solutions, their determinant must vanish, and solving the resulting 

expression for E gives 

})]))(((4)[({
2

1 2/1

21

2

2121 STUEREUEREUEREE −++−+++±+++=                     (5-7) 

 

The values of E1 and E2 can be obtained by numerically solving the energy eigenvalues in a 

single InxGa1-xN/GaN QW. For a QW with finite depth, |1> and |2> are of the form: 

|1> = C1sin(k1x)                                                                                                                   (5-8a) 

|2> = C2cos(k2x)                                                                                                                  (5-8b) 

where k1 and k2 are the propagation constants, and C1 and C2 can be approximated by the 

normalization integrals 

∫
=

=

L

x

dxxkC
0

1

22

1 1)(sin                                                                                                             (5-9a) 

∫
=

=

L

x

dxxkC
0

2

22

2 1)(cos                                                                                                            (5-9b) 

Since the values of the overlap integrals between electron’s and hole’s wavefunctions 

outside the QW were less than 1% of the maximum, the evaluation of C1 and C2 was  
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Table 4.  Physical parameters used in the calculations for the SER in a single InGaN/GaN 

quantum well. 

Band gap energy of GaN 3.39 eV  [48] 

Band gap energy of InN 0.65 eV  [49]  

Conduction band offset of GaN / InN 0.43 eV  [50] 

Valence band offset of GaN / InN 1.00 eV  [50] 

Effective electron / hole masses of GaN 0.20m0 / 1.50m0  [51] 

Effective electron / hole masses of InN 0.11m0 / 1.63m0  [52] 

Well Material In0.15Ga0.85N 

Barrier Material GaN 

Well Width 6 nm 

 

neglected the wavefunctions outside the QW. The perturbed wavefunctions in conduction 

band and in valence band were obtained by applying electron and heavy-hole effective 

masses to equation (5-2), respectively. Once electron’s and hole’s wavefunctions were 

known, the dipole matrix element rmn can be evaluated. Table 4 lists the physical parameters 

used in the calculations. All of the parameters for InxGa1-xN were obtained by applying 

Vegard’s law between GaN and InN. 

Fiugre 23 (a) presents the normalized SER at different magnitudes of electric fields. 

Evidently, the recombination efficiency fell off as the fields were increased. At the 

magnitude of 1MV/cm, SER decreased by ~2.2 times. Electric filed on the same order of 

magnitude was predicted by Bernardini et al. [23]. The results in Figure 23 (a) were close to 

the conclusion reported by Takeuchi et al. [25], where the crystal orientation dependence of 

the transition probability in a 3-nm In0.1Ga0.9N/GaN QW was numerically studied. It was  
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Figure 23.  (a) The normalized SER at different electric fields in a single In0.15Ga0.85N/GaN 

QW. (b) The emission wavelength at different electric fields from the QW. 

(a) 

(b) 
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found that the transition probability became 2.3 times smaller when the electrical field of 0.7 

MV/cm was induced by PZ polarization. 

Figure 23 (b) gives the emission wavelength from the QW at different electric fields. 

As the internal electrical field increases, the conduction band and valence band in the QWs 

become more tilted, causing electrons and holes to stay at the two ends within the well. When 

electrons and holes are recombined from the tilted bands, a longer wavelength (smaller 

recombination energy) is expected. In the figure, red-shift up to 25 nm occurred when the 

fields were increased to1 MV/cm. The red-shift can be counterbalanced by increased 

excitation power densities. The process is explained as follows, when more carriers were 

pumped into QWs at high power densities, the accumulation of electrons and holes produced 

repulsive Coulomb potential, canceling the force by polarization-induced field. Consequently, 

electrons and holes were pulled back to each other and flattened the bands, resulting in 

shorter emission wavelengths. This is one of the reasons that blue-shifts are commonly 

observed in c-plane QWs when injection currents were increased. 

From Figure 23 (a) and (b), correlating the changes in intensities with those in wavelengths 

leads to the following important observation. At small electrical fields (< 0.2 MV/cm), small 

change in wavelength can signify big decrease in emission rate. For example, a shift of 4 nm 

in wavelength (from 412.7 nm at 0.01 MV/cm to 416.7 nm at 0.20 MV/cm) corresponds to 

the emission-rate decrease of 48 %.  On the other hand, for similar wavelength shift at large 

electrical field (from 433.3 nm at 0.80 MV/cm to 437.4 nm at 0.94 MV/cm), the emission 

rate only decreases by 0.31 % (for the same change in electrical fields). 
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5.3  Experimental 

InGaN/GaN QWs were grown with identical conditions by MOCVD on m-plane 

(1100) and c-plane (0001) GaN substrates. The same growth conditions were also applied to 

1-µm GaN template on c-plane sapphire for comparison.  M-plane GaN substrates were 

obtained by slicing c-plane GaN bulk crystals. Threading dislocations in m-plane and c-plane 

substrates were evaluated by panchromatic CL images, and they were both in the range of 

1~5×10
6
 cm

-2
. Off-axis angles determined by high-resolution x-ray diffraction (HRXRD) 

were 0.6° toward [0001] for m-plane GaN, and 0.6° toward [1100] for c-plane GaN. The 

dimensions for m-plane and c-plane substrates were 10×3 mm
3
 and 10×4 mm

3
, respectively. 

The dimension for GaN template on sapphire was 2 inch in diameter. 

Details of the QWs growth are described in sections 3.2 and 4.2. Indium compositions 

in the active regions were estimated by high-resolution XRD and SIMS, and they were 5.3%, 

5.4%, and 8.7% for the QWs on m-plane GaN (m-GaN), c-plane GaN (c-GaN) and c-plane 

sapphire (c-sapphire), respectively. Optical properties of the QWs were investigated by 

room-temperature CL spectra with the wavelength resolution of 0.5 nm. During the 

measurements, electron beams with the acceleration voltage of 5 kV were injected to the 

scanning area of 10×6 µm2, and the probe currents varied from 0.1 nA to 1000 nA, 

corresponding to the current densities from 1.67×10-4 A/cm2 to 1.67 A/cm2. In order to 

determine the well thicknesses, cross-sectional TEM images were recorded on the active 

regions. TEM samples were prepared by focus ion beam (FIB) using Ga ion at 30 kV. 
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5.4  Results 

Figure 24 shows CL spectra taken from the QWs grown on these substrates. One can 

see that the peak emissions of the three samples appeared at 397.0 nm (m-GaN), 416.5 nm 

(c-GaN), and 458.5 nm (c-sapphire). Despite the same growth condition, the wavelength 

observed on c-sapphire was longer than that on c-GaN. This may be attributed to the lower 

thermal conductivity of sapphire. Although the susceptor temperatures were set to be 

identical, the lower thermal conductivity of sapphire resulted in poorer coupling of the 

substrate to the susceptor. This led to a lower actual growth temperature, and 

correspondingly higher In incorporation efficiency.  

Comparing the emissions from QWs grown homoepitaxially on m-GaN and c-GaN, it 

can be seen that the intensity of m-plane QWs was about 2 times stronger than that of c-plane 

QWs. The intensity difference between m-plane and c-plane QWs was very close to the 

theoretical results in section 5.2 and the ones reported by Takeuchi et al. [25]. The peak 

wavelengths for m-plane and c-plane QWs were 397.0 nm and 416.5 nm, respectively. The 

value of wavelength difference is less than the ones reported by other researchers, where the 

peaks were 402 nm for m-plane QWs and 450-460 nm for c-plane QWs [46]. It was noticed 

that the peaks of c-plane QWs in Ref. [46] were obtained on c-plane sapphire. As the thermal 

conductivity of sapphire is lower than that of GaN [47,48], the larger discrepancy may result 

from the difference in real growth temperature between sapphire and GaN substrates. In 

Figure 24, since comparable experimental conditions were applied to m-plane and c-plane 

QWs, the longer peak wavelength of c-plane QWs was believed to result from the tilted  
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Figure 24.  CL spectra taken from the QWs grown m-plane GaN, c-plane GaN and c-plane 

Sapphire. Probe current: 10 nA.  

 

bands caused by QCSE. The FWHMs for m-plane and c-plane QWs were 20.0 nm and 24.5 

nm, respectively. It is suspected that the slightly larger FWHM of c-plane QWs was caused 

by the additional contributions of the sub-bands formed in the tilted QWs. 

Figure 25 present the cross-sectional TEM images at the active regions of the three 

samples. The image of the m-plane structure was taken at the [0001] zone axis, while the c-

plane images were taken at the [1100] zone. It was found that the QW boundaries were  
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Figure 25.  Cross-sectional TEM images taken in the InGaN/GaN QWs grown on: (a) m-

plane GaN, (b) c-plane GaN, and (c) c-plane sapphire. 

 

 

 

Figure 26.  Normalized CL spectra at different probe currents measured with the QWs 

grown on: (a) m-plane GaN, (b) c-plane GaN, and (c) c-plane sapphire. 

(a) (b) (c) 
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sharper on sapphire than on GaN substrates. The sharper QW interfaces on sapphire indicated 

better carrier confinement, and this explained the strongest emission intensities seen in 

Figure 24. The less-sharp boundaries and larger well widths on GaN substrates were possibly 

due to the stronger diffusion of In atoms across well/barrier interfaces [49]. Since the actual 

growth temperature on GaN should be higher due to its higher thermal conductivity, stronger 

In diffusion was expected in the QWs grown on GaN substrates. The QW width in the 

structures grown on m-GaN and c-GaN were found to be about 4.5 nm, while the one on c-

sapphire were 2.0 nm. The thinner well widths and longer emission wavelength of the QWs 

on c-sapphire indicated a higher In incorporation efficiency, and this was in correspondence 

with In compositions estimated by SIMS and XRD. 

Figure 26 shows normalized CL spectra from the three samples at different probe 

currents. Clear blue-shift was observed on c-sapphire. In Figure 22 (c), the peak wavelength 

on sapphire shifted from 465.0 nm at 0.1 nA to 456.0 nm at 1000 nA. The blue-shift can be 

explained by the combined effects of band filling and screening of QCSE. In band filling, as 

the carrier densities in QWs were increased with higher driving currents, electrons and holes 

can fill up to higher energy states and be recombined from there. Blue-shift therefore 

occurred. In the screening of QCSE, when more carriers were pumped into QWs, the 

accumulation of electrons and holes produced repulsive Coulomb potential, counterbalancing 

the force by polarization-induced field. Consequently, electrons and holes were pulled back 

to each other and flattened the bands of QWs, resulting in larger recombination energies. 
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Figure 27.  CL Peak wavelengths at different probe currents for QWs on c-GaN and m-GaN. 

 

 

As the wavelength shifts in Figure 26 (a) and (b) were less apparent, peak 

wavelengths as a function of probe currents were plotted for c-GaN and m-GaN in Figure 27. 

In the figure, the peak shifted from 418.5 nm at 0.1 nA to 416.0 nm at 1000 nA for c-plane 

QWs, whereas very limited shifts were observed on m-plane QWs. It should be noted that the 

blue-shift may result from different mechanisms, such as band filling and screening of QCSE. 

However, since comparable experimental conditions were applied to m-plane and c-plane 

QWs, the larger blue-shift produced by c-plane QWs clearly demonstrated that the 

polarization effect existed, and was screened when the current densities in the QWs increased 

at larger probe currents.   
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Figure 28.  (a) The integrated CL emission intensities of the QWs on m-GaN and c-GaN at 

different CL probe currents. (b) The integrated CL intensity ratios of the QWs on m-GaN and 

c-GaN, defined as R = Im / Ic, at different CL probe currents.  
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Figure 28 (a) exhibits the integrated CL intensities of the QWs grown on c-GaN and m-

GaN. From the figure, it can be seen that the slopes of the two lines for c-plane and m-plane 

QWs decreased after the probe currents reached 10 nA. The efficiency drop is also observed 

by other groups [32, 51], and possible causes included Auger recombination in InGaN [52] 

and current leakage through the QWs [53]. 

An important observation in Figure 28 (a) is that the intensity difference between m-

plane and c-plane QWs gradually decreased as the probe currents increased from 1 nA to 

1000 nA. The trend is more obvious when the integrated intensity ratio R was plotted as a 

function of probe currents, shown in Figure 28 (b). The intensity ratio R was defined as R = 

Im / Ic where Im and Ic are the integrated CL intensities for m-plane QWs and c-plane QWs, 

respectively. Except the case at 0.1 nA, where the band filling of localized energy states in 

QWs may dominate, the ratio decreased from 3.04 at 1 nA to 1.53 at 1000 nA. This 

observation can be explained by the schematic shown in Figure 29. At low probe current (1 

nA), the carriers within c-plane QWs provided relatively small Coulomb potential to 

counterbalance the polarization-induced electrical field, leading to stronger band tilting. For 

m-plane QWs, if no internal field was assumed, the bands were flat. This implies a larger 

difference in recombination efficiency between m-plane and c-plane QWs. When the probe 

current became higher ( > 1 nA), since more carriers were pumped into the QWs, the 

increased Coulomb potential produced stronger repulsive field to cancel the polarization-

induced field in c-plane QWs. The bands in c-plane QWs then became less tilted, and 

therefore the efficiency drops in c-plane QWs were mitigated at high probe currents. Since 

no internal field was assumed in m-plane QWs, the bands remained flat at high probe  
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Figure 29. Schematic illustration of m-plane and c-plane QWs at low and high probe currents. 

 

currents. As a result, the difference in recombination efficiency between the two types of QW 

decreased at high probe currents.  

As the probe current of 1000 nA reached the upper limit of the CL system, 

logarithmic fitting was applied in Figure 28 (b) for the points at 1 nA ~ 1000 nA. The fitting 

was performed with the attempt to find the critical current where the integrated intensity of c-

plane QWs equaled that of m-plane QWs, i.e. R = 1. The relationship between the intensity 

ratio R and the probe current J ( in nA) approximately followed the equation: 

R = 2.965 – 0.475 log (J)                                                                                         (5-10) 

It was found that Jc = 1.37×10
4
 nA for R = 1. The value of Jc corresponds to the current 

density of 22.84 A/cm
2
. This means that when J = Jc, the number of carriers pumped into c-
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plane QWs was enough to produce the electrical field with the same magnitude but the 

opposite direction as the field induced by piezoelectric and spontaneous polarizations. As the 

value of Jc depends on carrier concentrations and polarizations experienced by the QWs, 

different Jc’s should be expected for the QWs with different well thicknesses and In 

compositions. 

 

5.5  Conclusions 

Theoretical treatments based on stationary perturbation theory were performed to 

evaluate QCSE in a single InGaN/GaN QW.  The results showed that spontaneous emission 

rate dropped by 220 % and peak wavelength increased by 25 nm when the internal electrical 

field increased from 0 to 1 MV/cm.  

InGaN/GaN QWs were grown on m-plane and c-plane GaN substrates with similar 

experimental conditions. Higher emission intensities and shorter peak wavelengths were 

obtained on m-plane QWs. These were attributed to the reduced or eliminated QCSE in m-

plane QWs. As CL probe current increased from 0.1 nA to 1000 nA, blue-shift of 2.5 nm was 

observed in c-plane QWs, while very limited wavelength shift was seen in m-plane QWs. 

The intensity ratio of m-plane QWs to c-plane QWs was found to decrease as the probe 

current increased. The trend can be explained by the screening of QCSE in c-plane QWs, and 

approximately followed the equation: R = 2.965 – 0.475 log (J). 
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CHAPTER 6 

The Emissions of Nonpolar InGaN/GaN Quantum Wells 

under Biases  

 

6.1  Introduction 

When the dependence of internal fields on crystal orientation was theoretically 

evaluated, two dimensional ideal QWs were assumed in the InGaN active regions [25]. 

However, as described in section 1.2, there is a tendency in InGaN towards quantum-dot 

(QD)-like structures due to the phase separation of InN and GaN.  

If the 3-dimensional carrier confinement (QD) is formed in the active region, a finite 

electrical field in the lateral direction (perpendicular to the growth direction) should be 

considered. This is due to the fact that even the QWs are grown along the nonpolar directions 

(either [1100] or [1120]), the strong SP and PZ polarizations still stay along the c-axis [0001] 

[54]. Since material discontinuity along the lateral <0001> direction exists in the QD-like 

structure, finite electrical field should be induced by SP and PZ polarization along the 
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<0001> direction [23]. As shown in section 1.4, the relation between electrical field and 

polarization is governed by the equation:  

D = εE + P                                                                                                                   (6-1) 

with D the displacement field, E the electrical field, P the macroscopic polarization, and ε the 

static dielectric constant. The displacement filed D is determined by the free-charge 

distribution in the material: 

)( npe −=∇ • D                                                                                                            (6-2) 

with e the electron charge, and p and n the hole and electron concentrations, respectively. 

When carriers are excited in the QDs, equal number of electrons and holes can be assumed, 

which implies the charge neutrality, i.e., .0)( =−=∇ • npeD  For the QWs grown along the 

nonpolar directions, since D = 0 and P ≠ 0 along <0001>, equation (6-1) tells that E ≠ 0 in 

<0001>. Such finite electrical field will still laterally pull electrons and holes apart within the 

QDs, and adversely affect the radiative recombination efficiency. In other words, wavelength 

shifts under the influence of static electric field due to QCSE should still be preserved in 

nonpolar LEDs. 

An intuitive approach to investigate the possible QCSE in nonpolar QWs is to apply 

an external field along <0001>, and observe how the QWs’ emission changes with the 

external field. A similar measurement has been performed on a single InGaN layer grown on 

c-plane sapphire, and red-shift of more than 5 meV was observed by micro-PL under the 

lateral bias of 10V [55]. The results indicated that carriers are confined 3-dimentionally in 

the active region. Therefore, when the lateral electrical field was applied, electrons and holes 

were pulled away from each other in the tilted bands, and resulted in lower recombination 
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energies (red-shift). Similar measurement performed on the QWs grown on nonpolar GaN 

substrates would provide the direct evidence for the lateral polarization-induced fields.  

In this chapter, lateral biases are externally applied to m-plane InGaN/GaN QWs 

during microPL measurements. The purpose is to investigate the possible internal electrical 

filed induced by the polarizations exerting on the dot-like structures in the InGaN layers. 

 

6.2  Experimental 

InGaN/GaN QWs were grown by MOCVD on m-plane GaN substrates. The miscut 

angle of the substrate was 0.6º toward [0001] c
+
-axis. The growth conditions were described 

in sections 3.2 and 4.2.  

In order to apply DC bias across the QWs, square metal contacts were fabricated on 

the epitaxial surface with standard lithography. Negative photo-resist AZ5214 was applied to 

pattern the film surface. After the lithography, Ti (30nm)/Al (90nm) were deposited on the 

sample by e-beam evaporator to form ohmic contact. The dimensions of the contacts were 

300×300 µm
2
,
 
and gaps between adjacent contacts were 1.2 µm.  

The QWs’ emissions under biases were measured by a microPL system with the spot 

size of 5 µm in diameter. Optical signals were excited by 325 nm He-Cd laser with the power 

of 200-mW. During the measurements, DC biases from 0V to 30V were applied across the 

gaps of adjacent ohmic contacts in order to induce changes in wavelengths and intensities. 

The measurement was carried out at Auburn University, Alabama. Figure 30 shows the 

schematic of the measurement set-up.  
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Figure 30.  Schematic illustration of biased microPL measurement set-up. 
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6.3  Results 

The first attempt of measurement was not successful. It was found that the laser spot 

size of the micro-PL system was too large to excite any signal from the 1.2-µm gap. 

Measurable optical signals from the QWs could only be obtained at the edge, where 1/3 of 

the laser beam spot covered the gap area, and the rest beam spot covered the bare area (no 

metal pads). Figure 31 gives the schematic showing the relevant positions of beam spot. It 

was reported that the polarization-induced field in wurtzite GaN was along [0001] [56]. The 

first external bias was therefore chosen to be along the opposite direction, i.e., [0001] in 

order counterbalance the existing field. After the laser beam was focused at the gap edge, DC 

bias up to 30 V was applied during the spectra measurement.  

 

 

 

Figure 31.  Schematic showing the relevant position of laser beam spot on the surface of m-

plane QWs. Dimensions are not to scale. 
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Figure 32 presents the micro-PL spectra from the m-plane InGaN/GaN QWs under 

different biases. Both forward (+ 30V, along [0001]) and reverse (- 30V, along [0001]) biases 

were applied during the measurement. The spectra showed negligible change under either 

bias. The results indicated the applied biases were not high enough to cause any change in 

the QWs’ emission. 

 

 

 

Figure 32.  Micro-PL spectra from m-plane InGaN/GaN QWs under different DC biases 
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In order to estimate the lateral fields generated by the applied biases, a commercial 

simulation package (ATLAS, Silvaco International) was used to calculate the static field 

distribution within the 1.2-µm gap. During the simulation, the thin InGaN well layers were 

neglected, and carrier concentration for i_GaN was assumed to be 5×10
16

 cm
-3

.  

Figure 33 gives simulation results under 30V. Most of the gap area was under the field 

of 0.34 MV/cm, and the maximum of 1.70 MV/cm occurred at the contact end. It should be 

noted that the calculations were performed in an ideal gap area. In the case of Figure 31, the 

electric field at the gap edge, where the optical signals were collected, should be much less 

than the simulated values.  

 

 

Figure 33.  Simulated lateral electric field distribution within the 1.2 µm gap of adjacent 

contacts under a DC bias of 30 V 
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Robinson et al. carried out similar measurement on a single InGaN layer grown on c-

plane sapphire [55].  Figure 34 shows the results of microPL measurements in Ref. [55]. In 

the figure, a red-shift of ∆E = -5.4 meV was observed at the bias of 10 V. The results 

indicated that electrons and holes were pulled apart in the dot-like structures as lateral bias 

increased. In m-plane QWs, if similar dot-like structures exist, the lateral bias is expected to 

result in blue-shift (i.e., ∆E > 0). This is because the carriers should be separated in the dot 

structure at 0 bias by the polarization-induced field, which is along c-axis. The separation of 

carriers should decrease if the bias is increased to counterbalance the existing field, leading 

to the flat band condition and larger recombination energies. 

 

  

Figure 34.  (a) Biased microPL spectra of a single InGaN layer grown on c-plane sapphire 

recorded at 4.2 K. (b) Plots of peak intensities and energies as a function of biases in (a). 

Figure adopted from Ref. [55] 
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In order to observe a noticeable wavelength shift, the 2
nd

-generation samples were 

made and sent to University of Oxford, UK for low temperature (4.2K) biased microPL 

measurement. For the new samples, the gaps between adjacent metal pads were increased to 

3 µm to improve the detection efficiency of the optical signals from QWs. The rest parts of 

the samples remained the same as those described in section 6.2.  

Preliminary results from the new samples still exhibited no changes in energy shift as 

the lateral biases were increased to 20 V. The large surface leakage currents ( > 0.1 A) were 

believed as the cause to the absence of energy shifts. For successful measurements, the 

surface currents should be less than 10 µA in the bias range of 0 ~ 20 V. The large surface 

leakage currents indicated that very limited potential drop was generated across the QWs. As 

a result, the carries in the QWs could not response to the electrical fields which were 

externally applied. In order to resolve the leakage problem, the 3
rd

-generation samples were 

planned. 

 

6.4  Conclusions 

Biased microPL measurements were performed on m-plane InGaN/GaN QWs with 

the attempt to investigate the possible internal fields induced by the polarization running 

across any dot-like structures in the InGaN layer. The results indicated that the externally 

applied biases were not sufficient to cause noticeable energy shifts of the QWs. It was 

believed that the strong surface leakage currents were responsible for the absence of energy 

shift.  
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CHAPTER 7 

Summaries and Future Works  

 

7.1  Summaries 

M-plane bulk GaN sliced from c-plane GaN boules was regrown by HVPE with the 

attempt to increase substrate size. Substantial lateral regrowth rates ( > 250 µm/hr) were 

observed in [0001], [1120] and [1120] directions. The 120° angle between the different facets 

shows the m-plane is one of the preferential expansion planes during the regrowth. The 

dislocation densities in the seed and the regrown areas were approximately 5×10
6
 cm

-2
 and 

1×10
6
 cm

-2
, respectively. The high lateral regrowth rate and low dislocation density indicate 

a feasible method to obtain large-area, high-quality nonpolar GaN substrates. 

GaN substrates with subsurface damages were treated with two different annealing 

conditions. The annealing with H2-containing gases at 950 ºC led to an inhomogeneous 

etching effect, and produced a substrate surface with more scratches and enhanced roughness. 

On the other hand, the annealing with NH3 and N2 at the same temperature resulted in a 

substrate surface with significantly reduced subsurface damages. Surface roughness and 
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optical properties of the sample were slightly sacrificed after the annealing with such gas 

mixtures. The depth of the subsurface damages was estimated by the CL images taken at 

different excitation voltages. The results indicated the damaged region was within 1.48 µm 

from the surface.  

The effect of m-plane GaN substrates miscut angles on the properties of InGaN/GaN 

QWs were investigated. It was found that surface roughness and emission wavelengths of the 

QWs were highly sensitive to the miscut toward a-axis. With the miscut toward a-axis fixed 

at 0º, the changes in surface roughness and emission wavelength were limited when the 

miscut toward c-axis increased from 0.1º to 0.7º. As the miscut toward a-axis was increased 

to 0.1º, surface roughness was enhanced by 25 times and emission wavelength became longer 

by 45 nm when the miscut toward c-axis increased from 0.1º to 0.3º. The results indicated 

that the control range of m-plane QWs’ properties can be significantly improved when the 

substrate miscut toward a-axis was slightly increased from 0º to 0.1º. 

InGaN/GaN QWs grown on polar (c-plane) and nonpolar (m-plane) GaN substrates 

were studied theoretically and experimentally. Calculations based on stationary perturbation 

theory were performed to evaluate the influence of a static electrical field on a single 

InGaN/GaN QW.  The results showed that emission-rate drop of 220 % and red-shift of 25 

nm occurred when the electrical field increased from 0 to 1 MV/cm. 

InGaN/GaN QWs were grown by MOCVD on c-plane and m-plane GaN substrates 

with comparable conditions. Lower emission intensities and longer peak wavelength were 

observed on c-plane QWs This was attributed to the band tilting in c-plane QWs caused by 

QCSE in c-plane QWs. However, the intensity ratios (m-plane QWs to c-plane QWs) 
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decreased from 3.04 at 1 nA to 1.53 at 1000 nA. The observation was explained by the 

stronger screening effects of QCSE at higher current densities in c-plane QWs.  

Biased microPL measurements were carried out on m-plane InGaN/GaN QWs. The 

purpose was to investigate the possible internal fields induced by the polarization running 

across any dot-like structures in the InGaN layer. The results of several initial trials indicated 

that the externally applied biases were not sufficient to cause noticeable energy shifts of the 

QWs. One of the possible causes was the strong surface leakage currents. In order to obtain 

detectable energy shifts under biases, new samples with modified layer structures have been 

proposed.  

 

7.2  Future Works 

The first thing to do is to successfully perform the biased microPL measurements 

with m-plane QWs. Any detectable energy shift, either ∆E > 0 or ∆E < 0, would be a direct 

evidence to show if there is any internal field induced in the “nonpolar” QWs. Figure 35 

shows the layer structures planned for the 3
rd

-generation samples. A list of changes is shown 

below: 

1.  The QW periods will be reduced to 1 in order to receive clear optical signal from any dot-

like structures. Emission characteristics of the 3-period InGaN/GaN layers would be 

slightly shifted relative to one another due to differences in the local strain. This would 

naturally lead to a smearing out around the spectral regions of interest. 

 2.  The QW cap layer will be thinned from 50 nm to 7 nm to prevent current flowing.  
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 3.  The metal alloy will be Cr/Ni/Au, instead of Ti/Al. As the unintentionally-doped cap 

layer is slightly n-type, and Ti/Al is the alloy to make ohmic contact on n-GaN. To avoid 

excess carriers being injected to the epi-layer, Schottky contact (Cr/Ni/Au) to n-GaN will 

be used. 

4. In order to prevent surface oxidation and any potential defects, which are likely to 

enhance leakage currents, an isolation layer of SiN will be deposited on the sample 

surface.  

 

 

Figure 35.  Layer structure of the 3rd-generation sample for biased microPL measurement. 



 

 

 

78 

The second thing to follow up is to increase the emission wavelengths of nonpolar 

QWs. It is believed that nonpolar InGaN QWs will exhibit greater potential at longer 

emission wavelengths. Longer emission wavelengths require higher In incorporation 

efficiencies in the QWs, which results in stronger piezoelectric polarization due to the 

increase in lattice mismatch between well and barrier. As larger internal fields will be 

induced by the stronger piezoelectric polarization, nonpolar QWs are expect to bring more 

improvement in the luminous efficiencies of InGaN-based QWs.  

Higher In incorporation efficiencies are typically achieved by lower growth 

temperatures or higher TMIn flow rates. In the process of increasing QW peak wavelengths, 

the trade-off between In compositions and crystal qualities should always be considered. 

Figure 36 shows the PL spectra of the InGaN QWs grown on sapphire at different growth 

temperatures. It can seen that lowering the QW growth temperature from 750ºC to 730ºC 

increased the peak wavelength from 417 nm to 463 nm, but the emission intensity decreased 

by ~50%. The result indicated that the carrier confinement of a QW structure deteriorated at 

the lower growth temperature. 

Figure 37 shows PL spectra the QWs grown at different TMIn flows. As shown in the 

figure, the emission wavelength was increased from 441 nm to 483 nm when TMIn flow 

increased from 38 sccm to 45 sccm. However, this was also achieved at the sacrifice of 

emission intensity. Increasing TMIn flows in the QW may not only bring up the In 

composition, but also increase the QW width. As In composition and QW width increase, the 

strain energy in active region also increases, and this will introduce additional defects in the 

epitaxial film. 
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Figure 36. PL spectra of the InGaN/GaN QWs grown on sapphire at the growth temperature 

of (a) 750ºC and (b) 730ºC. The peaks at 362 nm were from the near-band-edge emission of 

GaN. 
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Figure 37. PL spectra of the InGaN/GaN QWs grown on sapphire at the TMIn flow of (a) 38 

sccm and (b) 45 sccm.  
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Appendix A 

 

MATLAB Code: Calculations of Quantum-confined Stark Effect in a       

           Single In0.15Ga0.85N/GaN Quantum Well 

 

clear all; 

echo off; 

 

m0 = 9.1e-31; (free electron mass, Kg) 

h = 1.05e-34;  (Plank constant, J-s) 

x=0.15;  (Indium content) 

Eg=3390*(1-x)+650*x;  (Band gap energy of InxGa1-xN, meV) 

 

L = 6e-9;  (quantum well width) 

V0 = 430*x*1.6*1e-22;  (Conduction Band offset, meV) 

V0h = 1000*x*1.6*1e-22;  (Valence Band offset, meV) 

m = (0.2*(1-x)+0.11*x)*m0;   (electron effective mass of InxGa1-xN) 

mh = (1.5*(1-x)+1.63*x)*m0;  (heavy hole effective mass of InxGa1-xN) 
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theta0= sqrt((m*V0*L^2)/(2*h^2)); 

theta0h= sqrt((mh*V0h*L^2)/(2*h^2)); 

 

theta = 0:0.001:pi; 

f=sqrt(((theta0./theta).^2)-1); 

t=tan(theta); 

tt=-cot(theta); 

d=abs(f-t); 

dd=abs(f-tt); 

 

fh=sqrt(((theta0h./theta).^2)-1); 

th=tan(theta); 

tth=-cot(theta); 

dh=abs(fh-t); 

ddh=abs(fh-tth); 

 

figure(1); 

subplot(2,1,1); 

plot(theta,t,theta,f,theta,tt); 

AXIS([0 pi 0 5]); 

title('Boundary Solutions in Conduction Band'); 

xlabel('\theta = kL / 2'); 

Solving Schrodinger equation 

with finite barrier potential 
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subplot(2,1,2); 

plot(theta,t,theta,fh,theta,tt); 

title('Boundary Solutions in Valence Band'); 

xlabel('\theta = kL / 2'); 

AXIS([0 pi 0 15]); 

 

for i=1:length(d) 

    if d(i) == min(d) 

         n = i; 

    end   

    if dd(i) == min(dd) 

         p = i; 

    end   

    if dh(i) == min(dh) 

         nh = i; 

    end   

    if ddh(i) == min(ddh) 

         ph = i; 

    end   

end 

 

 

Obtaining the first 2 bound 

energy states in conduction band 

and in valence band. 
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theta1 = theta(n); 

theta2 = theta(p); 

k1 = 2*theta1/L; 

k2 = 2*theta2/L; 

E1 = h*h*k1*k1/(2*m*1.6e-22) 

E2 = h*h*k2*k2/(2*m*1.6e-22) 

 

theta1h = theta(nh); 

theta2h = theta(ph); 

k1h = 2*theta1h/L; 

k2h = 2*theta2h/L; 

E1h = h*h*k1h*k1h/(2*mh*1.6e-22) 

E2h = h*h*k2h*k2h/(2*mh*1.6e-22) 

 

 

e=0.01:0.01:1; 

E0=e*500; 

 

c1_sq=8*theta1/(4*theta1*L-L*sin(4*theta1)); 

c2_sq=8*theta2/(4*theta2*L+L*sin(4*theta2)); 

Rr=c1_sq.*E0*L*(0.25-(1- 

cos(4*theta1))/(32*theta1*theta1)); 

Obtaining the first 2 bound 

energy states in conduction band 

and in valence band. 

Calculating the perturbed  

energy eigenstates. 
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alpha=k1+k2; 

beta=k1-k2; 

S=-0.5*sqrt(c1_sq*c2_sq).*E0*(-cos(alpha*L)/alpha+ 

sin(alpha*L)/L/alpha/alpha-cos(beta*L)/beta+ 

sin(beta*L)/L/beta/beta-(1-cos(alpha*L))/alpha- 

(1-cos(beta*L))/beta); 

U=c2_sq.*E0*(L/4-(cos(2*k2*L)-1)/8/k2/k2/L); 

b=E1+E2+Rr+U; 

c=(E1+Rr).*(E2+U)-S.*S; 

E1p=0.5.*(b-sqrt(b.*b-4.*c)); 

E2p=0.5.*(b+sqrt(b.*b-4.*c)); 

ratio=-S./(E1+Rr-E1p); 

A=ratio./(abs(ratio)+1); 

B=1./(abs(ratio)+1); 

 

c1_sqh=8*theta1h/(4*theta1h*L-L*sin(4*theta1h)); 

c2_sqh=8*theta2h/(4*theta2h*L+L*sin(4*theta2h)); 

Rh=-c1_sqh.*E0*(L/4-L*(1- 

cos(4*theta1h))/32/theta1h/theta1h); 

alphah=k1h+k2h; 

betah=k1h-k2h; 

Sh=0.5*sqrt(c1_sqh*c2_sqh).*E0*(- 

Calculating the perturbed 

 energy eigenstates. 

Obtaining the 

wavefunctions for 

electrons and holes. 
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cos(alphah*L)/alphah+ 

sin(alphah*L)/L/alphah/alphah- 

cos(betah*L)/betah+ 

sin(betah*L)/L/betah/betah-(1- 

cos(alphah*L))/alphah-(1- 

cos(betah*L))/betah); 

Uh=-c2_sqh.*E0*(L/4-(cos(2*k2h*L)- 

1)/8/k2h/k2h/L); 

bh=E1h+E2h+Rh+Uh; 

ch=(E1h+Rh).*(E2h+Uh)-Sh.*Sh; 

E1ph=0.5.*(bh-sqrt(bh.*bh-4.*ch)); 

E2ph=0.5.*(bh+sqrt(bh.*bh-4.*ch)); 

ratioh=-Sh./(E1h+Rh-E1ph); 

Ah=ratioh./(abs(ratioh)+1); 

Bh=1./(abs(ratioh)+1); 

 

for z=1:length(e) 

    E1_plot(z)=E1; 

    E2_plot(z)=E2; 

    E1h_plot(z)=E1h; 

    E2h_plot(z)=E2h; 

end 

Obtaining the wavefunctions 

for electrons and holes. 
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figure(2); 

plot(e,E1_plot,e,E2_plot,e,E1p,e,E2p); 

title('The first 2 states in CB') 

xlabel('Electric Fields (MV/cm)');ylabel('Energy (meV)'); 

figure(3); 

plot(e,-E1h_plot,e,-E2h_plot,e,-E1ph,e,-E2ph); 

title('The first 2 states in VB') 

xlabel('Electric Fields (MV/cm)');ylabel('Energy (meV)'); 

figure(4); 

plot(e,Ah,e,Bh); 

 

dx=0.1; 

x=0:dx:L*1e10; 

ph1=sqrt(c1_sq)*(1e-10).*sin(k1.*x*1e-10); 

ph2=sqrt(c2_sq)*(1e-10).*cos(k2.*x*1e-10); 

ph1h=sqrt(c1_sqh)*(1e-10).*sin(k1h.*x*1e-10); 

ph2h=sqrt(c2_sqh)*(1e-10).*cos(k2h.*x*1e-10); 

for k=1:length(x) 

    r_nor(k)=ph1(k)*x(k)*ph1h(k)*dx; 

end 

RR_nor=sum(r_nor)^2; 

Calculating the spontaneous 

emission rates 
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for j=1:length(E0) 

    for k=1:length(x) 

        phe(j,k)=A(j)*ph1(k)+B(j)*ph2(k); 

        phh(j,k)=Ah(j)*ph1h(k)+Bh(j)*ph2h(k); 

        r(j,k)=phe(j,k)*x(k)*phh(j,k)*dx; 

    end 

    R(j)=sum(r(j,:)); 

    RR(j)=abs(R(j))^2; 

End 

 

figure(5); 

subplot(3,1,1); 

plot(x,2+phe(10,:)*1e6,x,-1+phh(1,:)*1e6); 

axis([0 60 -5 5]); 

title('The Wavefunctions at E_0 = 0.01MV/cm') 

subplot(3,1,2); 

plot(x,2+phe(50,:)*1e6,x,-1+phh(50,:)*1e6); 

axis([0 60 -5 5]); 

title('The Wavefunctions at E_0 = 0.5MV/cm') 

subplot(3,1,3); 

plot(x,2+phe(90,:)*1e6,x,-1+phh(100,:)*1e6); 

Calculating the spontaneous 

emission rates 
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axis([0 60 -5 5]); 

title('The Wavefunctions at E_0 = 1MV/cm') 

xlabel('Distance (A)'); 

figure(6); 

plot(e,RR/RR_nor) 

xlabel('Electric Fields (MV/cm)'); 

ylabel('Normalized Spontaneous Emission Rate'); 

 

del_E=Eg+E1p+E1ph; 

lenda=1240000./del_E; 

figure(7); 

plot(e,lenda); 

xlabel('Electric Fields (MV/cm)'); 

ylabel('Wavelength (nm)'); 
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Appendix B 

 

MOCVD Operation Procedures 
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