
 
 
 

ABSTRACT 
 
BERKMAN, ERKAN ACAR. Growth and Fabrication of GaN and InxGa1-xN Based 
Optoelectronic Devices. (Under the direction of Dr. Nadia El-Masry and Dr. Salah Bedair.) 
 
 
 In this study, heteroepitaxial growth of III-Nitrides was performed by metalorganic 

chemical vapor deposition (MOCVD) technique on (0001) Al2O3 substrates to develop GaN 

and InxGa1-xN based optoelectronic devices.  

Comprehensive experimental studies on emission and relaxation mechanisms of 

InxGa1-xN quantum wells (QWs) and InxGa1-xN single layers were performed. The grown 

films were characterized by x-ray diffraction (XRD), Hall Effect measurements, 

photoluminescence measurements (PL) and transmission electron microscopy (TEM). An 

investigation on the effect of number and width of QWs on PL emission properties of InxGa1-

xN single QWs and multi-quantum wells (MQW) was conducted. The experimental results 

were explained by the developed theoretical bandgap model. The study on the single layer 

InxGa1-xN films within and beyond critical layer thickness (CLT) demonstrated that thick 

InxGa1-xN films display simultaneous presence of strained and (partially) relaxed layers. The 

In incorporation into the lattice was observed to be dependent on the strain state of the film. 

The findings on InxGa1-xN QWs and single layers were implemented in the 

development of InxGa1-xN based LEDs and photodiodes, respectively. The as-grown samples 

were fabricated using conventional lithography techniques into various optoelectronic 

devices including long wavelength LEDs, dichromatic monolithic white LEDs, and p-i-n 

photodiodes. 

Emission from InxGa1-xN/GaN MQW LEDs at wavelengths as long as 625nm was 

demonstrated. This is one of the longest peak emission wavelengths reported for MOCVD 

grown InxGa1-xN MQW structures. Dichromatic white emission in LEDs was realized by 

utilizing two InGaN MQW active regions emitting at complementary wavelengths.  

InGaN p-i-n photodiodes operating at various regions of the visible spectrum tailored 

by the i-layer properties were developed. This was achieved by the novel approach of 



 
 
 

employing InxGa1-xN in all layers of the p-i-n photodiodes, enabling nearly-lattice matched 

growth. The photodiodes displayed zero-bias responsivity values as high as 0.037A/W, and 

the peak responsivity wavelength of the photodiodes ranged between 416nm and 466nm. To 

the author’s best knowledge, the latter value remains the longest peak detection wavelength 

among InxGa1-xN based p-i-n photodiodes.  
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1. INTRODUCTION 
 

 Long regarded as a scientific curiosity, III-Nitrides have attracted significant 

attention in science and the technology of semiconductor devices and have earned 

tremendous commercial interest for modern electronic and optoelectronic devices. “III-

nitrides” nomenclature refers to AlN, GaN, InN and the respective alloys formed between 

these compounds. Every alloy of this group has a direct bandgap ranging from 0.7eV (InN) 

to 6.2eV (AlN) which covers the entire visible, near ultraviolet (NUV) and near infrared 

(NIR) portions of the electromagnetic wave spectrum. Hence, devices performing in this 

wide spectral range can be tailored by adjusting the composition of the binaries. There is also 

great scientific interest as this material system appears to form the first semiconductor 

material system in which extended defects do not affect severely the optical properties of the 

devices. Moreover, nitride based devices are the most environmentally friendly of the 

compound semiconductors. InGaN/GaN structures constitute an indispensable part of the III-

nitride based devices. The recently identified smaller bandgap of InN implies that InxGa1-xN 

can be utilized for optoelectronic applications in a broader spectral range. All these properties 

render the  InxGa1-xN material system indispensable for development of optoelectronic 

devices such as LEDs and LDs. Despite recent technological advances, with all the attention 

centered on device operation, a number of questions regarding fundamental material aspects 

have been left unanswered. The main focus of this dissertation is the growth, characterization, 

fabrication and testing of InxGa1-xN based optoelectronic devices; and the investigation of the 

material property-device performance relationship.   

Chapter 2 of this dissertation presents background information on the III-N material 

system including material properties, brief history and growth challenges encountered along 

the emergence of these materials. 

An introduction on the metalorganic chemical vapor deposition (MOCVD) growth 

technique and description of the Thomas Swan MOCVD system used in this research are 
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presented in Chapter 3. The experimental GaN growth procedure and characterization results 

of unintentionally and intentionally doped GaN films are given in this chapter as well.  

Chapter 4 focuses on InxGa1-xN growth challenges and remedies for successful 

growth. The emission mechanism in InxGa1-xN single quantum well (SQW) and multi-

quantum well (MQW) structures is studied experimentally, and a bandgap model was 

developed to investigate the role of relaxation on emission properties. The growth of thick 

InxGa1-xN single layers is reported in conjunction with structural and optical characterization 

to investigate the relaxation mechanism and compositional distribution in films within and 

beyond critical layer thickness.  

The development of InxGa1-xN based visible long wavelength LEDs and dichromatic 

white LEDs employing two InGaN MQW active regions designed to emit at complementary 

wavelengths are demonstrated in Chapter 5. 

Chapter 6 demonstrates a novel approach of utilizing nearly lattice matched InxGa1-xN 

p-i-n photodiodes operating at various regions of the visible spectrum tailored by i-layer 

properties. This was achieved by employing InxGa1-xN in all layers of the p-i-n photodiodes. 

The Appendix presents the semiconductor characterization equipment and procedures, 

as well as a detailed description of the optoelectronic device fabrication route utilized in this 

study.  
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2. BACKGROUND: III-N Materials 
 
2.1 III-N Material System 

Long regarded as a scientific curiosity, III-nitrides have attracted significant attention 

in science and technology of semiconductor devices and have earned tremendous commercial 

interest for modern electronic and optoelectronic devices. “III-nitrides” nomenclature refers 

to AlN, GaN, InN and their respective alloys with each other. 

III-nitrides display many unique and favorable properties compared to other 

semiconductor material systems. Every alloy of this group has a direct bandgap ranging from 

0.7eV (InN) to 6.2eV (AlN) which covers the entire visible, near ultraviolet (NUV) and near 

infrared (NIR) portions of the electromagnetic wave spectrum as illustrated in Figure 2-1. 

Hence, devices performing in this wide spectral range can be tailored by adjusting the 

composition of the binaries. Another virtue of the wide bandgap energy depicts itself in low 

intrinsic carrier concentrations, ni, over a large temperature range. Since ni is an exponential 

function of the bandgap, devices based on III-nitride semiconductors display lower leakage 

and dark currents compared to their Si or GaAs based counterparts. Again owing to the wide 

energy gap resulting from strong bonding, III-nitrides are physically, chemically and 

thermally stable. Unlike more conventional semiconductor materials, such as Si and GaAs 

which possess cubic symmetry, these materials are most stable in wurtzite crystallographic 

structure. As a result of this crystal structure lacking inversion symmetry, III-nitrides are 

polar crystals and hence possess properties such as piezoelectricity, pyroelectricity and non-

linear optical properties. They present high thermal conductivities. The charge carriers; 

electrons and holes, have high effective masses, and hence lower carrier mobilities compared 

to other conventional semiconductors, however; the high saturation drift velocity of carriers 

compensate for this. All these properties render the III-nitrides indispensable for 

development of high-power, high frequency and high temperature electronic applications and 

optoelectronic devices such as LEDs and LDs. Moreover, nitride based devices are the most 

environmentally friendly of the compound semiconductors. The physical properties of III-
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nitrides are tabulated in Table 2-1 along with other common compound semiconductors for 

comparison. The origin of the outstanding physical properties of the III-nitrides is the large 

electronegativity difference between group III elements and nitrogen resulting in strong 

directional bonds.  

 
Figure 2-1. III-N lattice parameter vs. bandgap energy. 
 

It should be mentioned that the emergence of GaN, despite all the aforementioned 

properties, has not been easy. Several obstacles had to be overcome before development of 

successful devices including implementation of sophisticated epitaxial growth techniques, 

finding suitable substrates and achieve p- and n-type doping just to name a few. 

Although most of the progress have taken place in the last two decades, the initial 

attempts to grow single crystal GaN dates back to 1930`s. Juza and Hahn [1] were the first to 

synthesize gallium nitride by the reaction of ammonia with hot gallium in order to study the 

crystal structure and lattice constants of the material. Grimmeiss and Koelmans [2] studied 

the photo luminescence (PL) properties of GaN crystals grown by the same method. Later, 

Maruska and Tietjen [3] used vapor phase epitaxy to grow larger samples on Al2O3 

(sapphire) substrates. These approaches produced GaN that were inherently n-type, which 
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was attributed to N vacancies resulting from high growth temperatures. Seifert et al. [4] 

suggested that n-type conductivity was due to oxygen impurities coming from the quartz 

growth chamber or atmospheric leaks. The first LED’s for this material system were grown 

by Pankove, Miller and Berkeyheiser [5], where a M-i-n (Metal – intrinsic – n-type) structure 

was used since their method was unable to produce p-type films. During this time period, 

significant amount of discoveries and advances were achieved for the implementation of 

GaN based devices. However, the lack of sophisticated epitaxial growth methods, lack of 

suitable substrates, and the inability to obtain p-type material at that time slowed down the 

exploitation of GaN and its alloys until the late 1980’s. It is beneficial to go over these key 

issues that hindered commercial interest in III-Nitride materials for so long. 

 

Table 2-1. Selected physical properties of III-N and common wide bandgap semiconductors 
[6, 7]. 
 

Parameter GaN AlN InN 6H-SiC Si GaAs ZnO 

Crystal  
Symmetry Wurtzite Wurtzite Wurtzite Wurtzite Diamond Cubic Wurtzite 

Lattice Constant 
 a, c (Å) 

3.189, 
5.185 

3.112, 
4.982 

3.548, 
5.76 

3.081, 
15.117 5.431 5.653 3.252, 

12.99 

Bandgap Energy 
(eV) 

3.4 
Direct 

6.2 
Direct 

0.77 
Direct 

3.03 
Indirect 

1.12 
Indirect 

1.42 
Direct 

3.34 
Direct 

Breakdown Field 
(MeV/cm) >3   3 0.3 0.4  

ē effective mass 
 (m0) 

0.22 0.33 0.11 0.45 0.98 0.067 1 

h effective mass 
(m0) 

0.8   1.2 0.49 0.45 0.59 

Satur. velocity 
(107cm/s) 2.5  2.5 2 1 2  

Density  
(g/cm3) 6.15 3.23 6.81 3.21 2.33 5.32 5.61 

Index of 
Refraction 2.33 2.2 2.85-3.0 2.6-2.7 4 3.43 1.78 
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2.1.1 Substrates for GaN 

There has been intensive research on finding a suitable substrate for the epitaxial 

growth of III-Nitrides. The studied substrates for growth of GaN include Si, SiC, sapphire, 

NaCl, ZnO, GaN, GaP, InP, W, MgAl2O4, TiO2, MgO, LiGaO2 and LiAlO2. One of the best 

review papers on the growth of GaN, published by Strite and Morkoc [8], compiled results 

for various studies investigating different substrates. Among the mentioned substrates, Si 

remains one of the desirable options due to its well-established growth, availability in large 

substrate size, and most importantly low cost. However, Si has dissimilarities in crystal 

structure and physical properties to III-nitrides and exhibits 17% lattice mismatch with GaN. 

Silicon carbide (SiC) on the other hand offers a lattice mismatch of only 3.5% with GaN, but 

SiC wafers are significantly more expensive compared to other alternative substrates. The 

use of SiC as a viable substrate in III-N devices still is contingent on the commercial thrust 

that has been improving the technology to reduce the cost. Sapphire presents a good 

compromise between Si and SiC and thus remains one of the most popular substrates for 

GaN owing to its low price, hexagonal symmetry, ease of handling and pregrowth cleaning, 

availability of large area crystals of high quality, transparent nature and high temperature 

stability. Note that sapphire is not the best choice in terms of lattice mismatch (~15% 

mismatch with GaN). The mismatch in lattice parameter and thermal expansion coefficient 

results in films with high dislocation densities. However, good quality epilayers still can be 

produced using sapphire as a substrate. J. Narayan and B. Larson showed that films having a 

large misfit relative to the substrate (>7%-8%) can grow epitaxially in the form of single 

crystals by a mechanism called domain matching epitaxy (DME), where integral multiples of 

lattice constants or major lattice planes match across film–substrate interfaces [9]. The 

crystal orientations of the sapphire substrate and GaN grown on c-plane (0001) sapphire are 

parallel, but the unit cell of GaN is rotated by 30° about the c axis with respect to the 

sapphire unit cell, as seen Figure 2-2.  In this crystallographic relation, the [11¯00] axis of 

GaN is parallel to the [12¯ 10] axis of sapphire and seven (1¯21¯ 0) planes of sapphire match 

six (011¯ 0) planes of the GaN film [10]. 
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Figure 2-2.The atomic arrangement on the (0001) Basal plane involving III–nitride lattice 
and sapphire [10]. 

 

2.1.2 Two Step Growth Method: Nucleation Layer 

Early on, progress in GaN growth typically was held back by poor nucleation on 

sapphire which leads to large dislocation densities, high background doping levels, and 

buried conductive layers near the GaN/sapphire interface. For many years, the high 

dislocation density reduced the group III nitrides to a research curiosity and hindered device 

fabrication.  

The beginning of the growth of good quality epilayers was made by Yoshida et al in 

1983. They were the first to use the two-step method of growth demonstrating that if an AlN 

buffer layer is grown between the GaN film and the sapphire substrate, the quality of the 

layers improves dramatically [11]. In cases of heteroepitaxy with high lattice mismatch (e.g. 

GaN/Al2O3) the undesirable consequences of Volmer-Weber growth can be avoided by the 

deposition of a nucleation layer (NL) on the substrate at a relatively low temperature prior to 

the growth of the actual epilayer. The two-step method further was investigated and 

improved by Akasaki, Amano and co-workers in the late 80`s. They demonstrated that high 
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quality epilayers of III–nitrides on sapphire substrates can be grown by MOVPE if the 

growth is performed in two steps [12, 13]. In the first step a thin GaN or AlN buffer layer is 

grown at a low temperature (typically 450-550˚C). The actual GaN epilayer is grown in the 

second step at a much higher temperature (~1050˚C). The buffer layer, i.e. NL, grown at low 

temperature provides the high density of nucleation centers and promotes the lateral growth 

of the main GaN epilayer. It was confirmed by atomic force microscopy (AFM) studies that 

the structure of the buffer layer is columnar (mosaic) due to islandic growth [14]. Due to the 

large difference in the lattice constants of the buffer layer and the substrate, the free energy 

of the system is lowered if the growth is three dimensional (3-D). The 3-D islands formed are 

coherent with the substrate. The low temperature NL promotes a high temperature islanding 

process in which individual grains essentially are dislocation free and most threading 

dislocations (TD) result from island coalescence. There are several parameters that determine 

the effectiveness of this low temperature NL, which in turn affects the final crystal quality of 

the GaN layer. Typically, the NL growth conditions are changed empirically until optimal 

material properties and performance are achieved. Changes in the NL growth parameters 

such as thickness, growth temperature, growth rate, temperature ramp rate to the epilayer 

growth temperature, and extent to which the sapphire surface is exposed to NH3 prior to NL 

growth have all been shown to influence the NL growth and  subsequent quality of the high-

temperature GaN layers  [15-17].  

In all studies it was agreed that there is an optimum point of NL parameters leading to 

high quality GaN epilayers, nevertheless the recrystallization mechanism has not yet been 

clarified due to lack of proper in-situ data. TEM and AFM studies show that the time of 

ramping and annealing the buffer layer has a large influence on the structure of the buffer 

layer and on the quality of the subsequently grown epilayer [14, 18]. The quality of the main 

epilayer improves by annealing the buffer layer, typically for several minutes. If the buffer 

layer is annealed beyond an optimal time, the quality of the epilayer starts degrading. In the 

original work of Akasaki and co-workers, AlN was used as buffer layers. Nakamura used 

GaN as buffer and showed that the quality of the GaN epilayers improves if the GaN buffers 
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are used instead of AlN buffers [19]. Today, the advantages of using GaN NL`s on sapphire 

are well known and practiced commonly, however, the mechanisms by which the NL evolves 

during the anneal to high temperature still are not well established. Most of the studies 

regarding the NL have focused on the microstructural changes that occur in the NL rather 

than the actual mechanisms by which the NL is transformed. Initially the mechanism of NL 

crystalline improvement was attributed to solid phase recrystallization through vacancy and 

dislocation reduction since similar activation energy, EA, is observed in metal alloys. Later 

on, TEM studies revealed that the NLs contain mostly cubic material with many stacking 

fault defects [20]. The thermal annealing of the NL results in the fraction of defective cubic 

material to decrease and the fraction of hexagonal material to increase.  

In their recently published paper Koleske et al [21], suggested that the GaN NL 

evolution on sapphire is initiated by NL decomposition kinetics. Following initial 

decomposition of the NL during the thermal treatment, Ga atoms generated during the 

decomposition are incorporated into the growing GaN nuclei, which emerge atop the NL near 

1000 ˚C. As a result, they suggest that initiating high temperature GaN growth on a NL with 

maximum roughness can lead to dislocation bending near the GaN sapphire interface leading 

to GaN epilayers with relatively lower dislocation densities.  

Threading dislocation density in a heteroepilayer grown on a sapphire substrate with a 

low temperature GaN, AlN, InN, ZnO, or SiN NL is still as high as 107–1010 cm-2. It was 

initially thought that the dislocations formed during GaN growth are not detrimental in terms 

of electrical and optical properties. However, recently it has been shown by several 

researchers that these defects and threading dislocations formed during growth do have ill 

consequences for III-N growth, charge transport and optical emission. One of the first studies 

on the detrimental effects of threading dislocations and defects in GaN showed that 

dislocations do reduce the light output from the LEDs considerably [22].  These defects act 

as pipes through which metals atoms diffuse rapidly which results in significant increase in 

the leakage current. There are studies with experimental evidence showing that dislocations 
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in GaN are not benign and are nonradiative recombination centers [23]. The reduction in the 

minority carrier density was considerable and accompanied by higher leakage current.  

It should be noted, however, that this two step growth method cannot compensate for 

the thermal mismatch and the GaN layers grown on sapphire are still under thermal 

compressive stress after cooling to RT.  

2.1.3 A Milestone: P-type Doping of GaN  

The high donor background carrier concentration of the undoped GaN films due to 

native defects, commonly attributed to N vacancies or O and Si impurities, has hindered the 

development of reliable p-type films. All initial efforts to obtain p-type doping resulted in 

highly resistive and compensated material. The fundamental difficulties in achieving p-type 

conductivity in GaN will be discussed in the next chapter. 

 It wasn’t until 1989 that the first distinct p-type film with low resistivity was reported 

by the incidental discovery of  improved conductivity by orders of magnitude in Mg doped 

GaN upon low-energy electron-beam irradiation exposure [24]. Concurrently, the first p-n 

junction with UV band-edge emission and violet LEDs were demonstrated [24].  Nakamura 

achieved p-type GaN with 2Ω·cm resistivity and 3x1017cm-3 hole concentration by thermal 

annealing of Mg-doped GaN under N2 atmosphere, which breaks electrically inactive Mg-H 

complexes to overcome hydrogen passivation of acceptors [25]. This was a major milestone 

that opened the path to the development of III-N devices. 
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3. GaN GROWTH 
 
 
3.1.  Introduction to Metalorganic Chemical Vapor Deposition 

Numerous techniques have been employed to grow III-V nitride thin films. As the 

technology of crystal growth improved, each new crystal growth technique was applied to the 

nitride problem. Over the last couple of decades, researchers have adopted the newer 

molecular beam epitaxy (MBE) and chemical vapor deposition (CVD) techniques. Currently, 

almost all of the reported high quality III-N material is grown by one of these two approaches.  

This study utilizes the metalorganic chemical vapor deposition (MOCVD) technique 

for the epitaxial growth of III-N films. One of the fascinating aspects of MOCVD is the 

capability to grow the widest variety of III-V materials with excellent control and uniformity. 

Monolayer thickness and transitions are possible. Perhaps the most important capability is to 

grow most of the III-V alloys in a single growth apparatus, in any sequence during a single 

deposition experiment and thus create heterostructures with novel physical properties. Even 

though MOCVD has suffered initially from the lack of in-situ monitoring methods that were 

readily available in MBE, introduction of techniques such as infrared radiation transmission 

intensity (IR-RTI) have provided means of real time monitoring of the growth surface and 

paved the way for the growth of compound semiconductors by this technique. 

The term “MOCVD” was originated and initially reported by Manasevit [1, 2]. He 

wished to emphasize that his “then new” process transported metals using organic 

compounds; hence “metalorganic” rather than the more rigorously correct “organometallic”. 

Other authors have used alternative nomenclatures including OMVPE (organometallic vapor 

phase epitaxy), OMCVD (organometallic chemical vapor deposition), OMP (organometallic 

pyrolysis), MOVPE (metalorganic vapor phase epitaxy) and others. Regardless of the name, 

the point of commonality is that room temperature vapors of organometallic compounds are 

used to transport at least one of the primary constituents.  The points that distinguish 

variations of the technique depend primarily upon precursor selection and reactor pressure, 
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the system design details, methods of mixing the chemicals in the gas stream and the carrier 

gas composition.  

Alkyls of the group III metals and the hydrides of the group V elements usually are 

used as precursor species in MOCVD. Dilute vapors of these chemicals are transported at or 

near room temperature to a hot zone (reaction chamber) where a pyrolysis reaction occurs 

that can be generalized by:  

RHMEEHM R 333 +→+  

In the above reaction M and E represent the group III and group V elements 

respectively, while R is the organic compound (typically an alkyl) to which the group III 

element is attached. Accordingly, the formation of GaN from trimethylgallium (TMG) and 

NH3 is described by the equation: 

( ) 4333 3CHGaNNHGaCH +→+  

This simplified form of the reaction does not represent any intermediate steps that 

may occur. If more than one such reaction simultaneously occurs, as in the case of deposition 

of InxGa1-xN, the alloy composition x is determined by the relative rates of the two reactions 

which in turn depend upon a number of factors including gaseous diffusion, any intermediate 

steps, thermodynamics and reactor gas dynamics.  

 The flow of metalorganic precursors into the reaction chamber is attained by passing 

a carrier gas (usually hydrogen, nitrogen, or some mixture of the two) through a bubbler 

which contains the metalorganic in either liquid or solid form. The molar flux of 

metalorganic compound entering the chamber, fMO, is governed by the bubbler equilibrium 

vapor pressure of the metalorganic, PMO, total pressure on the bubbler, P, and the flow rate of 

carrier gas through the bubbler, fC,  as given by: 

C
MO

MO f
P

Pf =  

The molar flow rate of the carrier gas, fC, can be calculated by implementing the Ideal Gas 

Law which gives; 



 

 
 

15 

TR
VPf atm

C .
'.

=  

where Patm is the atmospheric pressure, V’ the volumetric flow rate of the carrier gas, R is the 

gas constant and T is the standard temperature. Standard units used for f and V’ are 

μmole/min and sccm (or slm), respectively. Looking at the above equation, molar flux of the 

metalorganic can be controlled by adjusting either the composition of the gas-phase, i.e. 

PMO/P, or the volumetric flow rate of the carrier gas.   

 The equilibrium vapor pressure, PMO, of metalorganics is a strong function of bubbler 

temperature and tabulated for various temperatures by manufacturers. The bubbler 

temperature, hence the PMO, is adjusted by submerging the bubblers in temperature controlled 

chiller baths. The total pressure of the bubbler, P, typically is regulated by a pressure 

controller on the outlet of the bubbler.  

 The molar flow rate of metalorganic into the chamber also is proportional to the feed 

rate of carrier gas, fC, into the bubbler. For a given PMO/P ratio, a higher carrier gas flow rate 

will transport more metalorganic to the reaction chamber. 

 

3.2. Overview of the Thomas Swan MOCVD Reactor  
The epitaxial growth of all the samples in this study was done using the Thomas 

Swan Epitor MOCVD reactor with a 2” SiC coated graphite susceptor. As is the case with 

any compound semiconductor growth via MOCVD, the main components of the process 

involves a gas delivery system, sources and precursors, a reaction chamber with a heated 

susceptor, and an exhaust system.  

The gas delivery system for the Epitor MOCVD system includes the carrier gas 

supply, upper/lower vent lines, upper/lower run lines, make-up lines, metal-organic bubblers, 

and gaseous reactant sources as illustrated in Figure 3-1. The carrier gas is high purity N2 

(99.99%) filtered through a Nanochem 1400 resin purifier. The dew point of the carrier N2 

gas is monitored constantly by a Panametrics hygrometer. There are separate gas lines for 

group III and V sources to avoid any premature mixing and gas phase reaction. In addition, 
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the pressure of these lines should be kept balanced otherwise backfilling into the lower 

pressure line is inevitable. Each line is coupled with a vent line to divert the flow into the 

chamber or to the system vent as desired at any given time. The disturbance in gas flow or 

variation of pressure in the gas lines upon switching between run/vent manifolds is 

eliminated by the use of make-up lines shown in Figure 3-1. Trimethylgallium (TMG) and 

trimethylindium (TMI) are used as the group III precursors, while high purity blue NH3 

(minimum purity of 99.99%) is employed as the nitrogen source for the III-N film growth on 

top of double side polished (0001) sapphire (Al2O3) substrates. In addition to the N2 carrier 

gas, H2 is flowed through both column III and V gas lines into the reactor for its beneficial 

thermal and carbon (C) scavenging properties. C is introduced into the system as a result of 

the decomposition of metalorganic precursors and can create energy levels in the bandgap as 

an amphoteric dopant in GaN, i.e. it can form either an acceptor or a donor level depending 

on the element it substitutionally replaces in the lattice. C replacing the group III element (Ga, 

In) in the lattice acts as a donor, while at the group V element (N) site it becomes an acceptor. 

 
Figure 3-1. The gas delivery system schematics for the Thomas Swan Epitor MOCVD 
system. 
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The input gases are introduced into the system via a close-coupled showerhead that 

sits 2cm above the susceptor. This close proximity of the inlet gases and the susceptor results 

in small residence time of reactants over the substrate, minimizes buoyancy and recirculation 

effects, and circumvents premature gas phase reactions. In addition, the high density of mini 

inlet tubes (100tubes/in2) on the showerhead surface provides homogenous and diffuse 

introduction of reactants which helps film uniformity and prevents jetting of reactants.  

The reaction chamber is a hollow stainless steel cyllinder whose inner wall is lined 

with a removable quartz sleeve to avoid deposition on the inner walls. The chemical reaction 

of precursors takes place on the 2” SiC coated graphite susceptor, heated resistively by the 

boron nitride (BN) coated graphite heating element. The susceptor is rotated at 60rpm by a 

Ferrofluidic double magnetic fluid/bearing assembly to achieve film uniformity. The 

temperature of the susceptor is monitored with a C-type thermocouple and controlled by a 

Eurotherm 818 Temperature Controller interfaced to the Thomas Swan software. Periodic 

temperature calibrations are executed through the optical probe ports located on top of the 

reactor using a Mikron M668 pyrometer coupled with fiber optic cables. The whole reaction 

chamber assembly is placed in a glovebox attached to a load-lock. This minimizes exposure 

of the chamber to air and water vapor during wafer loading/unloading. The schematic of the 

growth chamber and its relevant components are illustrated in Figure 3-2. 
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Figure 3-2. Thomas Swan 1x2” close-coupled showerhead reactor and its components. 

 
 
3.3. GaN Growth  

The GaN growth is performed on double-side polished, 330μm thick, 2” diameter 

(0001) Al2O3 substrates. Prior to loading into the growth chamber, the 2” wafer is scribed 

into 8 identical pie-shaped pieces to reduce the consumption of substrates. The whole 2” 

wafers only are used as substrates to grow i-GaN or n-GaN layers for further use as templates 

for a batch of consecutive device growth experiments. In this way: i) the total time of the 

device runs is shortened i.e. more efficient use of precursors, and ii) consistency between 

each device run is ensured since all structures are deposited on identical GaN templates. 

These grown templates are scribed into the regular 1/8th wafers as well, before they are 

loaded into the chamber once again. Since the wafers and grown templates are handled 

outside during the scribing step, a cleaning step is required before loading these into the 

MOCVD system. The wafers/templates are cleaned in hexane, acetone and methanol for 10 

minutes each, respectively, in an ultrasonic bath, and then dried with a N2 gun.  Finally, the 

substrates are loaded into the chamber via the load lock mechanism described previously. 

The MOCVD GaN growth in this study was comprised of the following steps:  
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i. Substrate Clean and Surface Restructuring: This step involves baking of the 

substrate at 1060°C under H2 overpressure to desorp water and hydrocarbons 

on the substrate, and more importantly to deplete O2 from the Al2O3 surface 

via reactive atomic hydrogen to obtain an Al-rich surface [3]. This 

restructuring of the substrate surface is critical for the nitridation and the 

subsequent buffer layer growth steps.  

ii. Nitridation of Al2O3: The restructured Al-rich Al2O3 surface is exposed to 

NH3 at 540°C to create an AlN surface layer on which the buffer layer is 

grown. 

iii. Buffer Layer Growth: TMG is introduced into the chamber at 540°C to 

deposit a thin, GaN buffer layer. At this low temperature the nucleation rate is 

high (diffusion rate is low) and small islands of cubic GaN are formed. The 

role and characteristics of the buffer layer, i.e. nucleation layer (NL), was 

described in detail in Chapter 2. 

iv. Buffer Anneal: The substrate is heated up to the actual GaN epilayer growth 

temperature (~1040°C) and annealed for 60 seconds prior to GaN growth 

which allows GaN islands to coarsen and coalesce, and initiates 

transformation of the cubic crystal structure to the hexagonal crystal structure.   

v. GaN Epilayer Growth: TMG is flowed into the chamber with a molar flow 

rate of 33μ/min at 1040°C for the duration of the run. 

 

The conditions for each of the above individual steps of GaN growth are tabulated in 

Table 3-1. Note that nitridation and buffer layer growth are performed at a higher pressure 

than the other steps to achieve NH3 overpressure in order to compensate for the low cracking 

efficiency of NH3 at these low temperatures. Detailed experimental procedure for the 

optimization of this growth process is published earlier [4].  
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Table 3-1. GaN growth steps and experimental conditions. 
Process  
Step 

Temperature 
 (ºC) 

Pressure 
(Torr) 

TMG Flux 
(μmol/min) 

NH3 Flux 
(slm) 

H2 Flux 
(slm) 

Time 
(min) 

Clean/ 
Bake 1060 200 -- -- 0.6 5.0 

Surface 
Nitridation 540 500 -- 1.0 0.4 1.5 

Buffer 
Layer 540 500 14.2 1.0 2.5 4.5 

Buffer 
Anneal 1040 200 -- 2.5 1.9 3.0 

GaN 
Growth 1040 200 33.1 2.5 1.9  

 

 

3.3.1. Characterization of i-GaN 
The routinely performed structural, electrical and optical characterizations of the 

grown i-GaN films to ensure crystal quality include: optical microscopy, x-ray diffraction 

(XRD), double crystal x-ray diffraction (DCXRD), Hall Effect measurements and 

photoluminescence (PL) measurements. The characterization equipment and the procedure 

performed for each characterization technique is presented in Appendix A. 

The aforementioned GaN growth procedure yields good quality i-GaN epilayers. The 

as-grown samples look transparent to the eye, and featureless and smooth under the 

Nomarski optical microscope. The typical 1μm thick i-GaN epitaxial samples displayed 

DCXRD full-width-at-half-maximum (FWHM) values ranging between 200-240arcsec from 

the (0002) reflection, which is consistent with current literature for heteroepitaxial growth of 

GaN on sapphire via MOCVD [5-7]. The XRD rocking curve peak for the (0002) reflection 

is broadened by defects such as stacking faults and screw or mixed dislocations [8], therefore 

it is related closely to crystal quality of the epilayers. Typical GaN substrates, MOCVD 

epilayers on GaN substrates and MOCVD GaN on sapphire exhibit on-axis FWHM values of 

85–130, 80–120, and 220–245arcsec, respectively [7].  However, a symmetrical reflection 

such as (0002) is insensitive to pure edge dislocations and therefore does not present the 
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whole picture. It is known that the threading dislocations on c-sapphire tend to be edge-type 

in nature [9, 10].  Thus rocking curves for asymmetrical reflections were performed around 

the (102) and (302) planes as well as on 3.6μm thick films, which yielded FWHM values of 

646 and 1100arcsec, respectively. These symmetric and asymmetric reflection peak 

broadenings closely fall within other current reported data [5, 11]. 

The room temperature Hall measurements indicate that films are semi-insulating with 

low background carrier concentrations in the order of 1015cm-3. It is well known and 

commonly reported that the unintentionally doped GaN films exhibit n-type conduction due 

to native defects and impurities. Keeping the background donor concentration as low as 

possible is desirable, especially for p-type doping of the material. The typical room 

temperature PL emission spectrum shows a strong emission peak at 364nm corresponding to 

the band-edge emission of GaN as seen Figure 3-3. The FWHM of this emission peak is 

narrow, generally ~40meV, considering the thermal broadening (kT) of the PL emission is 

13meV at room temperature [12]. The lack of any significant deep-level emission indicates 

that the presence of optically-active defect states within the bandgap is minimal. 

The characterization results mentioned briefly here are just an overview of the 

archetypical results of i-GaN grown over the last few years. The details of the 

characterization results in conjunction with optimizing/investigating GaN growth conditions 

are described elsewhere [4]. 
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Figure 3-3. Typical PL emission spectrum for undoped GaN films.  

 
 
3.3.2. N-type Doping of GaN 

N-type doping of nitrides has never been a major problem; in fact the nitrides display 

a tendency to exhibit n-type conduction unless particular precautions are exercised. The as-

grown material can exhibit background electron concentrations exceeding 1019cm-3, the cause 

of which has been debated widely. For a long time, the n-type nature of this material system 

was attributed to formation of nitrogen vacancies during growth. Nitrogen vacancies do act 

as donor levels provided they are created in the material, as in the case of post-ion 

implantation. However, the relatively high formation energy of nitrogen vacancies renders 

their formation during growth highly unlikely [13]. The first-principle calculations of 

formation energy of native defects and impurities related to n-type doping is shown in Figure 

3-4. Now it is accepted widely, though not proven, that unintentional incorporation of dopant 

impurities (oxygen and silicon) results in the observed n-type conduction. It has been 

demonstrated that the unintentionally doped GaN exhibits presence of O or Si concentrations 
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sufficient to explain the background n-type conductivity [14, 15]. Direct experimental data 

about the role of native defects on doping still are scarce. 

 

 
Figure 3-4. Formation energy of native defects (nitrogen and gallium vacancies) and donor 
levels (oxygen and silicon) vs. Fermi level relative to the valence band in GaN [13]. 
 
 

Si has been used the most widely as a dopant for intentional n-type doping of III-

nitrides. Si proved to be an efficient dopant owing to its low activation energy, 12-30meV 

below the conduction band [14, 16, 17], and ease of incorporation. Si substitutionally 

replaces Ga in the GaN lattice, i.e. SiGa, while the nitrogen substitutional site and the 

interstitial configurations are energetically unfavorable [18]. This is a consequence of the 

similarity between the atomic radii of Ga and Si. Therefore, while Si sits readily at a Ga site, 

it leads to strain if it replaces the smaller N atom or assumes an interstitial position in the 

lattice. Despite the minimal strain caused by Si, the maximum amount of Si doping appears 

to be limited by formation of cracks observed in films with high Si concentration [19-21].  

First-principles calculations show that Si incorporation does not alter the lattice constant of 
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the GaN and it is believed that the increase in tensile stress with increasing Si concentration 

is related to the crystallite coalescence mechanism [21]. It has been shown that tensile 

stresses arise as a result of attractive forces between grains during growth of thin films [22].  

In this study, a 10ppm monosilane (SiH4) gas tank is used as the n-type dopant source. 

The growth conditions for the growth of n-type material are identical to that of the undoped 

GaN described in Section 3.3.1 other than the additional introduction of SiH4 into the gas 

mixture through a dilution manifold shown in Figure 3-5. The dilution manifold enables 

precise control of dopant concentration over several orders of magnitude as seen in Table 3-2.  
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Figure 3-5. Schematic of the silane dilution manifold for n-type doping of GaN. 
 
 

The electrical properties listed in Table 3-2 are determined by Hall Effect (Van der 

Pauw) measurements, the details of which are described in Appendix A. The n-GaN films 

exhibit room temperature electron mobilities, μe, of 330cm2/V·s for ~1018 carriers/cm-3, 

which is consistent with typically reported values for MOCVD grown Si:GaN with similar 

carrier concentrations [23]. 
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Table 3-2. Room temperature electrical properties of selected n-GaN films as determined by 
Hall Effect measurements. 

 

Sample ID Electron 
Concentration (cm-3) 

Mobility 
(cm2/V∙s) 

Resistivity 
(Ω∙cm) 

S012-06 5.7x1018 215 0.0050 

S048-06 2.1x1018 300  

S096-06 3.0x1018 260 0.0080 

S099-06 6.5x1018 216 0.0044 

S100-06 2.7x1019 117 0.0020 

S102-06 1.5x1019 174 0.0025 

S121-06 4.0x1019 100 0.0010 

S132-07 1.3x1018 330 0.0140 
 

 

The structural and optical properties of n-GaN are akin to unintentionally doped i-

GaN films. The as-grown Si:GaN films look smooth and featureless under the Nomarski 

optical microscope. Commonly reported cracking of Si doped GaN films was not observed in 

any of our samples even for Si doping levels and film thicknesses as high as mid 1019cm-3 

and 2μm, respectively. The XRD and DCXRD measurements on n-GaN yielded identical 

results to those of the i-GaN, with (0002) rocking curve FWHM values ranging between 200-

260arcsec. Figure 3-6 demonstrates the typical Si:GaN PL emission spectrum displaying a 

strong and sharp peak at 365nm (FWHM≈45meV) similar to the i-GaN films, as well as a 

very broad and weak emission peak around 500-590nm, which has been commonly reported 

for n-GaN in literature. The origin of this yellow emission still is under debate, and numerous 

proposed culprits of this occurrence include complexes of extended defects and point defects 

or impurities [24-28], edge dislocations [29], and N divacancies [30].  
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Figure 3-6. PL emission spectrum of n-type GaN film with electron concentration, 

n=3.0x1018cm-3. 

 

3.3.3. P-type Doping of GaN 
As previously mentioned, the p-type doping of GaN always has been a major problem, 

in fact it was not until 1989 that the very first p-type conduction was reported for this 

material system by the accidental discovery of the activation of Mg acceptor states via low-

energy electron beam irradiation [31]. Later on, Nakamura showed that Mg acceptor states 

can also be activated thermally by annealing the films around 700°C under nitrogen 

atmosphere which breaks the Mg-H complexes [32]. Since then, hole concentrations 

exceeding 1018cm-3 have been demonstrated and implemented in devices. Still, p-type doping 

levels are not high enough to yield low resistance cladding layers and ohmic contacts. 

To get high carrier concentrations, it is an apparent requisite to incorporate a high 

concentration of dopant impurities. There are several factors, inherent and external, 

contributing to the difficulties in efficient p-type doping of III-nitrides including: 

 



 

 
 

27 

i.  Solubility:  

The incorporation of an impurity into a host crystal is not merely dictated by temperature and 

the abundance of ambient impurity concentration. The maximum dopant concentration that 

can be obtained in a material under thermodynamic equilibrium is dictated by the solubility 

limit. The extent of solubility depends on the size and chemical similarity between the dopant 

atom and the atom of the host lattice that is being substituted. In the case of Mg doping of 

GaN, the Mg concentration is limited by formation of Mg3N2, and the solubility of Mg in 

GaN is ~5x1020cm-3. Therefore, even though a high dopant concentration is desired for 

attaining low resistivity-high hole concentration films, excessive Mg doping spoils the p-type 

conductivity by formation of intermetallics.   

 

ii. The acceptor ionization (activation) energy: 

  According to Boltzmann statistics, the fraction of dopants, N, that contributes to 

electrical conduction as free carriers, i.e. ionized carriers, at a given temperature simply is 

given by: 

)exp(
kT
EN A−=  

where k is the Boltzmann constant, T is the temperature in Kelvin and EA is the ionization 

energy of the acceptor (or donor for n-type semiconductors).  The ionization energy of Mg in 

GaN is reported to be 170-250meV [33-35]. This means that, according to Boltzmann 

statistics only ~0.2% of the Mg impurities are active electrically at room temperature. 

Therefore, even achieving Mg incorporation up to the solubility limit of 5x1020cm-3 gives 

~1018cm-3 active carriers. This represents the best case scenario, which ignores the 

compensation of the holes by the background donor impurities. 

 

iii. Compensation of Holes:  

As mentioned in the previous section, as-grown GaN exhibits n-type conductivity due 

to native defects/donor impurities. The background donor carriers compensate the holes, 

decreasing the p-doping efficiency even further in III-nitrides. 
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iv. Misplaced Dopant Impurities:  

 For a Mg atom to contribute a hole to the GaN lattice, i.e. act as an acceptor, it has to 

sit at the Ga lattice sites. Mg atoms at interstitial positions or substituting N in the crystal 

lattice will not act as a p-type dopant. However it has been demonstrated that these 

configurations are high energy states, and hence likely are not to occur [36]. 

 

 As can be seen, there are both inherent factors (the solubility limit and the high 

ionization energy of the acceptor level) and external factors (compensation of holes by 

impurities and defects) that work against achieving high hole concentrations. Standard 

experimental GaN growth procedure had to be modified to work around these factors and in 

turn obtain device-worthy p-GaN epilayers.  

Bis(cyclopentadienyl)magnesium (Cp2Mg) is introduced into the gas mixture as the 

Mg source with flow rates ranging from 60sccm to 200sccm through a 200sccm MFC. The 

growth temperature is reduced from the regular GaN growth temperature of 1040°C to either 

925°C-1020°C depending on the device structure for which it is intended. Reduced growth 

temperature is shown to enhance Mg incorporation into the GaN film [37]. Lower p-layer 

growth temperatures also are desired for device structure growth as well; since the p-type 

capping layers are grown on top of InGaN active regions which tend to deteriorate at high 

temperatures. However, this deviation from the optimized GaN growth conditions naturally 

results in worsened crystal quality. Hence there is a compromise between lowering the 

growth temperature to protect the active region and the p-GaN crystal quality. Another 

measure taken for p-type doping is reducing the TMG molar flow rate from 33μmoles/min to 

14 μmoles/min. Reducing the TMG flux has two justifications. The first motive is to 

compensate for the less efficient cracking of NH3 at lowered growth temperature and hence 

to keep the V/III ratio balanced. Secondly, as previously mentioned, Mg substitutes Ga in the 

lattice, so there is a competition between the two species for the same lattice site. Therefore, 

reducing the TMG flux favors Mg incorporation. The as-grown samples are subjected to a 
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post-growth anneal under N2 atmosphere for 20 minutes at 735°C to break thermally the Mg-

H complexes and attain electrically active Mgn [32].   

Electrical properties of the Mg doped p-GaN layers are determined by Hall Effect 

(Van der Pauw) and Hot Point Probe techniques. The electronic properties of the standard p-

GaN layers used in devices are tabulated in Table 3-3. Note that the adverse effects of 

reducing the growth temperature on electrical properties of p-GaN layers depict itself in 

lowered hole concentration and the accompanying increase in resistivity. This is believed to 

be a result of the n-type native defects, which compensate the holes, formed due to non-

optimal growth conditions (lowered growth temperature and growth rate). However, this 

worsening of electrical properties is not as damaging to LED device performance as the 

disintegration of the InGaN QWs due to the high temperature of p-GaN growth. Therefore, 

most of the LED structures in this study were comprised of p-GaN capping layers grown at 

950°C as will be discussed in Chapter 5.   

 

Table 3-3. Room temperature electrical properties of p-GaN layers used in devices as 
determined by Hall Effect measurements. 

Sample ID Growth 
Temperature (°C) 

Hole 
Concentration (cm-3) 

Mobility 
(cm2/V∙s) 

Resistivity 
(Ω∙cm) 

S140-06 1020 2.4x1017 3.0 0.98 

S141-06 950 9.3x1016 8.4 5.5 
  

The (0002) DCXRD rocking curve FWHM of the 0.7-1.0μm thick Mg:GaN layers are 

typically around 350-400arcsec, which is notably higher than that of the i-GaN and n-GaN 

layers (200-260arcsec) due to the more defective nature of the Mg:GaN layers promoted by 

the deviation from the optimized GaN growth conditions. 

For low Mg doping levels, the PL emission from the Mg acceptor state is observed at 

385nm in addition to the strong band edge emission at 364nm; however these films do not 

possess enough holes to provide p-type conductivity. As the Mg incorporation into the GaN 

lattice is increased, the main PL emission peak shifts from the band edge emission at 364nm 
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towards a broad emission centered at 435 nm, i.e. 2.85eV as seen in Figure 3-7. The 

appearance of this peak is an indication of sufficient Mg doping to achieve p-type 

conductivity. The origin of this emission is not associated with Mg acceptor level, but has 

been attributed to deep levels formed in heavily doped Mg:GaN films [35, 38]. One possible 

explanation for its presence is recombination between the nitrogen vacancy level which is 

~300 meV below the conduction band and the Mg acceptor level as depicted in Figure 3-8. It 

has been observed that the annealing of the samples increases the PL emission intensity but 

does not change the emission wavelength. The fringy appearance of the PL emission 

spectrum is caused by interference of the multiple reflections of light between the two 

reflecting surfaces (i.e. GaN and sapphire) known as Fabry-Perot. These periodic resonant 

reflections are related to the film thickness, d, by: 

])()([2 2121

21

λλλλ
λλ

nn
d

+
=  

In the above equation λ1 and λ2 correspond to the wavelengths of successive interference 

peaks while n(λ) is the wavelength dependent refractive index which can be calculated using 

the well-known first-order Sellmeir dispersion relation given by [39]: 
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+=
λ

λ  

where A, B and C are fitting parameters. The interference fringes observed in Figure 3-7 

correspond to a total GaN film thickness of 1.4 and 1.5μm using the fitting values reported 

for GaN on Al2O3 in references [40, 41] ,respectively. These thickness values determined for 

the Fabry-Perot interference patterns are in good agreement with the actual film thickness of 

~1.3μm (0.05μm GaN buffer layer+0.28μm GaN template+0.95μm p-GaN) as determined by 

previous optical microscopy, transmission spectra and TEM studies. 
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Figure 3-7. PL emission spectrum of p-type GaN. 
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Figure 3-8. Simplified band diagram for Mg-doped GaN showing possible energy transitions 
associated with the observed PL emission spectra. 
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4.  InxGa1-xN GROWTH STUDIES  
 

The demonstration of laser diodes, light-emitting diodes, photodetectors and other 

electronic and optoelectronic devices has rendered the III-nitrides the focus of scientific 

research and commercial interest. InGaN/GaN structures constitute an indispensable part of 

these devices. The recently identified smaller bandgap of InN implies that InGaN can be 

utilized for optoelectronic applications in a broader spectral range. Despite recent 

technological advances with all the attention centered on device operation, a number of 

questions regarding fundamental material aspects have been left unanswered.  This chapter 

focuses on InGaN growth challenges and remedies for successful growth. The emission 

mechanism is studied experimentally and a bandgap model was developed to investigate the 

role of relaxation on emission properties in InGaN SQW and MQW structures. A study on 

optical and structural properties of InGaN single layers within and beyond critical layer 

thickness (CLT) also is performed. 

 

4.1. Background: Emission in Semiconductors and QWs   
 The eventual goal of this chapter is to investigate and in turn control aspects of 

InGaN growth to lay the groundwork for development of InGaN based optoelectronic 

devices. Most of the current optoelectronic devices utilize two dimensional 

pseudomorphically grown structures such as MQWs. Perhaps a brief introduction on 

emission mechanism in semiconductors and QWs and how these structures are implemented 

in optoelectronic devices is in order. 

Photons posses a fair amount of energy but they have very little momentum 

associated with them. For a direct bandgap semiconductor the exchange of electron and hole 

wavefunctions, i.e. recombination of carriers, involves essentially no change in momentum 

and results in emission of photons corresponding to the energy of transition. This radiative 

recombination of electron-hole pairs can be used for the generation of incoherent, narrow 

spectrum electromagnetic radiation by an applied electric current. Such devices are called 
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light emitting diodes (LEDs). Note that the reverse process (creation of electron-hole pairs 

upon optical excitation) is the operation mechanism for photodiodes/photodetectors. A mere 

p-n junction shown in Figure 4-1(a) is perhaps the simplest example of an LED device. 

Thermodynamics dictates that the Fermi level remains constant across the junction, i.e. 

dEF/dT=0, hence a built in potential of height V0 is formed. The barrier height, V0, is 

determined by the position of the Fermi level on n- and the p-side of the junction which is a 

function of the respective doping concentrations ND and NA as: 











= 20 ln

i

DA

n
NNkTV  

where ni is the intrinsic carrier concentration of the semiconductor at temperature T and k is 

the Boltzman’s constant. The charge balance requires diffusion of electrons from the n-side 

into the p-side, and holes from p-side to diffuse into the n-side resulting in a charge free 

region near the junction known as the depletion region. Under forward-bias, the depletion 

width is decreased, thus electrons and holes are injected into the regions with the opposite 

conductivity type from where they diffused, and eventually recombine to emit a photon as 

depicted in Figure 4-1(b). The average distance a minority carrier diffuses before 

recombination is called the characteristic diffusion length given by τ.DL = , where D is the 

diffusion coefficient and τ is the minority carrier lifetime. Diffusion length strongly depends 

on defect and carrier concentrations and for GaN it typically ranges from a fraction of a 

micron to several microns. The minority carrier concentration decreases as carriers diffuse 

further into the adjacent region of opposite carrier type. As a result, the carriers available for 

recombination spread over a large distance which is not ideal for efficient recombination.  

In order to increase the recombination probability, double heterostructures are often 

used, which employ a smaller and a larger bandgap semiconductor as shown in Figure 4-1(c). 

The carriers injected into the active region of the heterostructure (small bandgap material), 

are confined by the barriers formed by the larger bandgap semiconductor. Thus, the 

recombination region is dictated by the thickness of the active region and not by the diffusion 

length. Note that the radiative recombination events occurring per unit volume per unit time 
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is given by the bimolecular recombination equation; pnBR ..=  where B is the bimolecular 

recombination coefficient (cm3/s), and n and p are the electron and hole concentrations, 

respectively. This equation implies that the high concentration of carriers confined in thin 

heterostructures results in much higher recombination efficiencies compared to 

homojunctions in which the carriers are distributed over microns. As the active layer 

thickness in the double heterostructure becomes close to the De-Broglie wavelength (around 

10nm for typical semiconductors) quantum effects become dominant and such a structure 

commonly is called a Quantum Well. In this 2-D quantum world, the energy levels of the 

carriers are quantized in that they only have discrete energy values, i.e. subbands, whose 

energy positions are dependent on the height and width of the barrier and can be calculated 

by means of fundamental quantum mechanics. This allows tunability of the emitted 

wavelength through the adjustment of energy levels by changing the well width and height. 

In addition, carriers in QWs display a sharper density of states compared to their bulk 

counterparts. These lead to high recombination efficiency of carriers and narrow spectral 

emission.  

(a)

(b)

(c)

(a)

(b)

(c)  
Figure 4-1.  Carrier distributions in p-n junction under (a) zero-bias (b) forward bias and (c) 
p-n heterojunction under forward bias. 
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4.2. InN: The Origin of Challenges in InGaN Growth  

InN has not received the attention given to GaN or AlN despite its potentially 

superior optical and electrical properties. InN is predicted to have the lowest electron 

effective mass among the III-N semiconductors, hence it offers higher electron saturation 

velocities and mobilities [1]. In fact, Monte-Carlo simulations predict a peak electron 

saturation velocity of 4.3x107cm/s for InN, significantly higher compared to that of GaN with 

3.1x107cm/s [2]. Both the theoretical calculations and experimental studies demonstrate that 

electron mobility in InN is much higher than GaN. Variational principal calculations predict 

room temperature electron mobility of 4400Vcm2/V.s for InN and 1100Vcm2/V.s for GaN 

[3]. The experimentally measured electron mobility in InN of 2700cm2/V.s [4] still is far 

superior to the highest mobility reported for GaN at 900cm2/V.s [5].    

The lack of interest and lethargic progression of research in InN mainly is due to the 

difficulties in growth of high quality crystals. The fundamental obstacle is the high 

equilibrium N2 vapor pressure of InN, 103-105 Torr at typical deposition temperatures, as 

seen in Figure 4-2. This results in the prompt decomposition of InN on the growth surface, 

hence the observed thermal instability of the compound and its alloys. This hindered the 

implementation of the commonly used CVD methods for the growth of this material. InN, 

similar to GaN and AlN, suffers from lack of a suitable substrate material and high native 

defect concentration.   
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Figure 4-2. Equilibrium nitrogen vapor pressure of III-V semiconductors [6]. 

 

The attempts for growing InN crystals date back to the 1970’s. Cuomo and Hovel 

were the first to report the growth of polycrystalline wurtzite InN films using RF sputtering 

[7]. Up until the early 2000`s the bandgap of InN was reported to be 1.9eV [8]. The existence 

of alternative, well-characterized semiconductors such as AlGaAs and Zn(Ga,Al)AsP, with 

bandgaps close to this early reported bandgap of InN is another reason for the initial lack of 

interest in InN. InN single crystals would have a much smaller bandgap than the commonly 

accepted one based on these early experiments which were grown by sputtering methods. 

Recently, InN single crystals were grown successfully and its bandgap energy was measured 

at 0.7-0.8eV [9, 10]. The discrepancy could be due to difference in crystallinity. Another 

possibility is that the InN contains a large amount of oxygen from sputtering, the main 

growth technique used initially for synthesis of this material. The bandgap of In2O3 is 2.7eV, 

which could explain the large bandgap energy. Another effect that was believed to contribute 

to the overestimation of the InN bandgap is the Burstein-Moss effect. The Burstein-Moss 

effect occurs when carrier concentrations are such that the carriers fill the conduction band, 
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and was first observed in InN [11]. This results in overestimation of the bandgap measured 

by optical absorption spectroscopy due to the additional energy required to excite the 

electrons from the top of the valence band to the Fermi level in the conduction band. The 

empirically measured bandgap, M
gE , as a function of donor concentration, n, is formulated as 

[8]: 
3/1810*1.2 −−+= nEE g

M
g  

where the Eg represents the bandgap of the InN which was assumed to be 1.89eV. Note that 

even though this effect can be significant for high carrier concentrations (n>1019cm-3), it 

cannot account for the bandgap discrepancy of almost 1.2eV.  

The growth of high-quality InN and an enumeration of some of its fundamental 

physical properties remain obscure. For instance, coexistence of low and high-carrier density 

regions is observed commonly in recent high quality InN epitaxial layers and remains 

unexplained. In contrast, InGaN established extensive use in the active regions of 

commercial violet to green LEDs and offers a potential operation range of 0.7eV to 3.4eV for 

optoelectronic devices such as LEDs, LDs, and optical detectors. Therefore, it is of great 

importance to grow high quality InxGa1-xN for high efficiency optoelectronic devices 

working in this wavelength. However, the fundamental inherent issues of InN growth and 

characterization directly present themselves in InxGa1-xN as well, although less pronounced.  

 

4.3. InGaN Growth Considerations 
The fundamental difficulty in epitaxial growth of InxGa1-xN arises from the high 

equilibrium vapor pressure of N2 over InN as shown previously in Figure 4-2 and the large 

disparity between the Ga and In atomic radii [12]. The weak nature of the In-N bond results 

in high In desorption rates from the growth surface. The In atom absorption and desorption 

are competitive processes in InGaN growth. The possible pathways for incident In atoms on 

the growth surface are shown in Figure 4-3 [13]. 
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Figure 4-3. Reaction pathways for In adatom at the growth surface. 
 

With a simple mass balance, this competitive process can be expressed as: 

rn dsin  F F F F ++=  

In the above equation Fin, Fs, Fd and Fm represent the fluxes for total incident In, In 

incorporation in the solid, In desorption from the surface and In metal droplet formation, 

respectively, all in atoms/cm2·s.  The residence lifetime of an In adatom at the surface is: 

kTEde /
0ττ =  

where Ed is the activation energy for desorption, k the Boltzman’s constant and T the 

temperature. Therefore, the desorption rate, Fd, can be presented as: 
kTE

d
deF /−∝  

The desorption rate is inversely proportional to the residence time of the In atom on the 

growth surface. Even though τ and Ed have not been enumerated for the III-N system, it is 

recognized that Fd for In is much higher than that of Ga since the In-N bond is weaker than 

the Ga-N bond. These deductions are confirmed by the published experimental data showing 

that In content of InGaN films are inversely proportional to growth temperature [13, 14], and 

particularly high In/Ga flow ratios are required to achieve incorporation of InN in InGaN 

films [15]. 
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  As depicted by the above model; low temperatures, sufficient In flux and high 

nitrogen pressures favor In atom absorption at the surface. However, it is a dilemma in itself 

to satisfy the above conditions. Reducing the growth temperature causes less efficient 

cracking of ammonia as shown in Figure 4-4 resulting in less nitrogen or nitrogen radicals 

available for bonding. Under these conditions In metal droplets can form and act as sinks for 

In adatoms which competes with the incorporation of InN into the film [6, 13]. Another 

problem associated with low growth temperature is the reduced surface mobility of reactive 

species that can result in poor surface coverage and 3-D growth. 

Obviously, all the aforementioned predicaments become more pronounced as the 

intended bandgap is lowered. These fundamental growth issues have hindered development 

of III-N optoelectronic devices operating at long wavelengths (>500nm).  

 
 
Figure 4-4. Cracking efficiency of NH3 as a function of temperature. 
 
 
4.4. Key Features of InGaN Growth 

There are several key features that need be considered in the growth of high quality 

InGaN films. The following is an outline and discussion of these features. 
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4.4.1. Lattice Mismatch and Strain  
Strain in heteroepitaxy arises from two sources; (1) the difference in interplanar 

spacings between the substrate and the epitaxial layer, and (2) the difference in thermal 

expansion coefficients between the substrate and the epitaxial layer. In most cases, and in the 

growth of III-nitrides, lattice parameter mismatch, εf, is the dominant of the two and this 

misfit strain is given by: 

s

se

se

se
f a

aa
aa

aa −
≈

+
−

=
2/)(

ε  

where ae and as are the bulk (unconstrained) lattice parameters of the epitaxial layer and the 

substrate, respectively. In the case of wurtzitic InxGa1-xN growth on GaN along the c-axis, 

the above equation yields an elastic strain of around 0.11x using a0
GaN=3.189Å and 

a0
InGaN=3.540Å. This means that an InxGa1-xN active layer with x=0.2 (20% InN), will have a 

considerable misfit strain of 2.2%. The initial growth of InxGa1-xN is pseudomorphic i.e. the 

grown film is strained coherently and assumes the in-plane lattice constant of the GaN, aInGaN 

= a0
GaN. The compressive strain along the a-direction is compensated by tetragonal distortion, 

i.e. elongation in the c-direction in accordance with Poisson’s ratio. The strain energy 

increases as the InxGa1-xN layer thickness increases until a critical point, which is known as 

critical layer thickness (CLT), is reached. Upon exceeding the CLT, strain energy is released 

via formation of misfit dislocations and the film assumes its unconstrained lattice parameter.   

The state of strain is of utmost importance in InGaN active layers since strain affects 

many fundamental parameters such as the bandgap properties, internal fields and 

composition which will be discussed in greater detail in the following sections. 

 

4.4.2. Compositional Inhomogeneities and Phase Separation 
An important consequence of the lattice parameter disparity between GaN and InN is 

the low miscibility of the two compounds or in other words their tendency to “unmix”. The 

lattice mismatch results in a miscibility gap and is a driving force for compositional 

fluctuations during growth of InxGa1-xN films. InN content and strain state of the film 
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determines whether spatial compositional (or strain) fluctuation or complete phase separation 

by spinodal decomposition takes place. 

Several experimental studies demonstrated that InxGa1-xN with 0.05<x<0.2 is 

typically metastable and features compositional fluctuations while for x>0.25 it is unstable 

and expected to phase separate by spinodal decomposition at typical InGaN growth 

temperatures [16, 17].  

Compositional undulations in the form of nanometer-scale regions with higher In 

content than the surrounding matrix have been observed experimentally by several groups 

and predicted theoretically. The composition fluctuation may arise from several mechanisms 

such as strain induced island formation [18] , spinodal decomposition [17, 19], composition 

pulling effect [20] and surface segregation effect [21]. It is uncertain which mechanism 

dominates for the formation of the compositional fluctuations. The formation of high-In 

clusters is a mechanism that releases the strain energy. The presence of these quantum-dot-

like nanoclusters actually is beneficial for light emission since these create localized 

minima/maxima in the energy bandgap providing energetic traps for charge carriers resulting 

in strong exciton localization. The exciton localization promotes efficient recombination of 

carriers within In-rich nanoclusters. Strong emission from InGaN QWs, despite the high 

dislocation density, can be explained by this exciton localization mechanism as the density of 

the nanoclusters, ~1012-1013cm-2, is higher significantly than typical dislocation densities 

(106-109cm-2). However, the presence of the nanoclusters adversely affects the carrier 

transport properties and the efficiency of optoelectronic devices. 

The lattice mismatch between InN and GaN can result in phase separation by 

spinodal decomposition as well, especially for high x values. In this process, the up-hill 

diffusion of In atoms leads to the formation of two phases with high and low InN contents as 

dictated by the GaN-InN phase diagram. Ho and Stringfellow studied the temperature 

dependence of the binodal and spinodal lines in the InxGa1-xN system using a modified 

valence-force-field model and predicted that the equilibrium solubility of In in GaN would be 

less than 6% at typical growth temperatures (800 °C) for a relaxed InxGa1-xN film [19]. 
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However, InxGa1-xN QWs with x>0.2 can be grown routinely without any phase separation 

effects. This can be explained by the role of strain in phase separation. In Cahn’s classical 

spinodal decomposition theory, there are 3 energy terms involved in a spinodal type phase 

transformation: free energy, gradient energy, and strain energy. The first term favors spinodal 

decomposition while the latter 2 terms stabilize compositional fluctuations in the material, i.e. 

suppress spinodal decomposition. Hence it is expected that InGaN films under strain, such as 

thin QWs, can sustain higher x values compared to their bulk counterparts without 

undergoing a phase separation as confirmed by several studies [22, 23]. The effect of strain 

on the T-x phase diagram between wurtzite GaN and InN calculated by valence-force-field 

model is shown in Figure 4-5 [23]. For the strained film in Figure 4-5(b) the critical 

temperature is lower and the miscibility gap is shifted to higher InN compositions compared 

to the relaxed film in Figure 4-5(a).  

 
Figure 4-5. Equilibrium phase diagram for (a) relaxed, and (b) strained InxGa1-xN films as 
predicted by valence-force-field model [23]. The yellow areas represent the metastable 
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region. Note that the miscibility gap is shifted to higher InN compositions and lower 
temperatures for the strained case.  

 
4.4.3. Internal Fields: Spontaneous and Piezoelectric Polarization 

The criteria for polarization in a material are the existence of polar bonds and a 

crystal structure lacking inversion symmetry. Wurtzite III-N materials display spontaneous 

polarization (SP) due to: (i) a highly ionic bond nature resulting from a large difference in 

electronegativity between group III elements (Ga, Al, In) and N; (ii) wurtzite crystal 

symmetry with similar atoms on the same plane, i.e. no inversion symmetry. Semiconductors 

with zinc-blende cubic structure do not exhibit polarization due to their cubic symmetry. The 

direction of SP only depends on the polarity of the crystal. For Ga-faced GaN, the case in this 

study, the direction of the SP is from the surface to the substrate. 

In addition to SP, III-nitrides display piezoelectricity which is the ability to generate 

an electric potential in response to applied mechanical stress. This means the elastic strain in 

InGaN will induce an internal piezoelectric (PZ) field. The direction of PZ polarization 

depends on the polarity of the crystal and the state of strain (compressive or tensile). The PZ 

field for InxGa1-xN under biaxial compressive stress grown on Ga-faced GaN will be towards 

the surface of the film as shown in Figure 4-6.  
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Figure 4-6. Directions of piezoelectric polarization (due to compressive strain) and 
spontaneous polarization in InGaN grown on GaN 
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The total internal field is the sum of piezoelectric and spontaneous polarizations given 

by Ftotal=FSP+FPZ. In InxGa1-xN ternary alloys, spontaneous polarization is typically an order 

of magnitude smaller than the PZ polarization and can be ignored in most practical 

calculations. This is a consequence of the remarkably high strain values in InGaN, which is a 

factor in the piezoelectric polarization field calculations. In addition, the difference in 

spontaneous polarization between GaN and InN is small, leading to a relatively small 

spontaneous polarization field. More quantitative analysis on internal electric fields in InGaN 

films will be presented in the following section.  

 

4.4.4. Quantum Confined Stark Effect 
The strain induced piezoelectric field, which is perpendicular to the QWs, leads to 

bending of the energy bandgap as seen in Figure 4-7. The effective energy gap between the 

valence band maxima and the conduction band minima is reduced resulting in longer 

wavelength emission. This effect is known as Quantum Confined Stark Effect (QCSE). The 

redshift in emission caused by QCSE is beneficial for long wavelength applications; however 

it also introduces two drawbacks: (i) the emission spectrum broadens, and (ii) more 

importantly the recombination efficiency is reduced since the holes and electrons are 

spatially separated by an electric field and hence, there is less electron- hole wavefunction 

overlap as depicted in Figure 4-7. The role of QCSE on emission properties and how to 

exploit it for long wavelength applications will be discussed shortly. 
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Figure 4-7. Band-bending in QWs due to piezoelectric field. Note that the electrons and 
holes are spatially separated with small wavefunction overlap as a result of QCSE. 

 

4.5. InGaN QW Study: Experimental and Model  
In order to develop efficient GaN/InGaN LEDs, a fundamental understanding of the 

emission mechanism is requisite. In this study, over 40 InGaN SQW and MQW structures of 

various well widths and number of wells were grown and characterized to analyze the 

emission properties. The experimental data was accompanied by our theoretical bandgap 

model to explain the relaxation behavior in SQW and MQWs.   

   

4.5.1. The Growth of InGaN QWs-Experimental 
The growth of InGaN requires modifications to the regular GaN growth due to particular 

challenges mentioned previously in this chapter. Trimethylindium (TMI) was added to the 

column-III gas mixture as the In source. The fast desorption rate of In-N from the surface is a 

major obstacle for InN incorporation. Therefore, the growth temperature was reduced to 700-

780°C to slow the desorption rate and allow sufficient residency time for In to be 

incorporated into the film. The NH3 flow was increased from 2.5slm to 4slm to compensate 

for less efficient cracking of NH3 at lower temperatures (Figure 4-4), and the reactor pressure 

was increased from 200torr to 500torr to provide additional nitrogen overpressure. The 
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overall reaction for catalytic cracking of ammonia is:  23 2
3 HN NH +→ . It is found from this 

equation that the presence of H2 in the surrounding atmosphere suppresses NH3 

decomposition. The negative effect of hydrogen on In incorporation has been demonstrated 

experimentally [24]. Therefore, H2 is not introduced into the reactor during InGaN deposition 

despite its common use in GaN and AlGaN growth owing to its beneficial carbon scavenging 

and thermal properties.  

The QW structures in this study are all grown on 1.5μm thick, high quality GaN 

layers the growth of which is described in Chapter 3. The QW structures are comprised of 

GaN barriers and InxGa1-x N wells grown at 770°C and 740°C, respectively. The well width 

was varied between 15Å and 80Å, while the barrier width was kept constant at 135Å in all 

structures. The growth rate of wells and barriers were 30Å/min (0.18μ/hr) as confirmed by 

DCXRD and previous TEM studies, which will be presented shortly. The set of experiments 

were conducted for 1, 3, 4 and 7QW structures, as listed in Table 4-1, to investigate the effect 

of both the number and width of QWs on emission and relaxation mechanisms. Unlike the 

LED devices, these structures were not capped with a p-type layer for more accurate 

photoluminescence (PL) characterization. The absorption coefficient, α,  of GaN is ~105cm-1 

which means a 0.25μm thick p-GaN cap itself would absorb over 90% of the incoming laser, 

as calculated by I/Io=exp(-α·d). Furthermore, p-GaN gives a broad peak around 425nm which 

might obscure the PL analysis.   
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Table 4-1. The list of experiments performed for the InGaN QW study. Note that some are 
repeated to ensure reproducibility of growth conditions. 

Sample 
ID 

Number 
QW 

Well 
Width  

(Ǻ) 

Well 
Growth 
Time (s)  

Sample 
ID 

Number 
QW 

Well 
Width  

(Ǻ) 

Well 
Growth 
Time (s) 

S206-06 4 30 60  S082-07 1 60 120 
S207-06 4 37.5 75  S083-07 1 42.5 85 
S208-06 4 22.5 45  S084-07 1 37.5 75 
S209-06 4 15 30  S085-07 7 30 60 
S210-06 4 45 90  S086-07 7 25 50 
S213-06 4 40 80  S087-07 7 20 40 
S214-07 4 30 60  S092-07 7 23.5 47 
S215-06 4 34 68  S094-07 7 25 50 
S217-06 4 45 90  S103-07 7 33.5 67 
S220-06 4 10 20  S104-07 7 37.5 75 
S001-07 4 60 120  S105-07 7 42.5 85 
S002-07 4 80 160  S106-07 7 45 90 
S054-07 1 30 60  S107-07 7 60 120 
S054-07 2 30 60  S115-07 7 35 70 
S074-07 4 30 60  S116-07 3 30 60 
S075-07 4 30 60  S117-07 3 32 64 
S076-07 1 30 60  S118-07 3 31 62 
S077-07 1 22.5 45  S119-07 2 30 60 
S078-07 1 34 68  S122-07 2 32 64 
S079-07 1 40 80  S123-07 2 34 68 
S081-07 1 45 90  S003-07 300nm Thick Control Sample 

 

4.5.2. Characterization of InGaN QWs  
XRD and DCXRD were utilized to evaluate the quality of the QWs and the interfaces, 

determine the InN composition in the wells, verify the growth rate and assess the strain state. 

However, there are challenges associated with performing the measurements and interpreting 

the results. First of all, a mere ω-2θ on-axis scan will not reveal the composition since the 

QWs are strained and the measured d-spacing of (0002) planes will give an overestimation of 

composition due to tetragonal distortion of the InxGa1-xN film. In literature erroneous InN 

composition calculations, which rely on mere on-axis scans, surprisingly are common. On- 
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and off-axis scans are needed to extract the InN composition independent of the strain. The 

on-axis scan will only give the “c” lattice parameter of the film; an accompanying off-axis 

scan is required to extract the “a” lattice parameter. However, the QWs are too thin and 

sometimes do not give sufficient intensity from inclined off-axis planes such as (103) or 

(105). Secondly, the InxGa1-xN peaks are broadened due to compositional fluctuations in this 

material system. To measure precisely the composition of the QWs without the effect of 

strain, a 300nm single layer InxGa1-xN control sample was grown with identical growth 

conditions used for the QWs. The InxGa1-xN layer at this thickness is expected to be fully-

relaxed for x>0.05 [25, 26]. The composition of this layer is expected to give the actual 

nominal InN composition of the QWs grown under identical conditions. 

 

4.5.2.1. Determining the Composition of the QWs: Characterization of the Control 

Sample 

The on-axis (002) and off-axis (103) scans performed on the 300nm thick single 

InxGa1-xN layer control sample are shown in Figure 4-8 and Figure 4-9.  
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Figure 4-8. On-axis (0002) XRD scan for the 300nm thick InxGa1-xN single-layer control 
sample. 
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Figure 4-9. Off-axis (103) XRD scan for the 300nm thick InxGa1-xN single layer control 
sample. 
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According to Bragg’s law, constructive interference occurs only when the path 

difference is an integer multiple of wavelength, or simply: 

( )θλ sin..2. dn =  

In this equation n, λ, d and θ are: the order of reflection, the wavelength of the incoming x-

ray (λ=1.5406Å for CuKα radiation), interplanar spacing of diffracting planes and Bragg 

angle, respectively.  

The on-axis scan in Figure 4-8 shows a (0002) InxGa1-xN peak at a Bragg angle of 

2θ=33.84° corresponding to InGaN
(0002)d  =2.647Å. The composition, x, can be calculated by 

applying Vegard’s law, according to which the composition can be estimated by linear 

interpolation using lattice parameters of pure binary alloys as end points such that: 

100% x
dd
ddInN
GaNInN

GaNInGaN

−
−

=  

Substituting GaN
(0002)d  =2.594Å, InGaN

(0002)d  =2.647Å and InN
(0002)d =2.85Å one gets 21%InN, i.e. 

x=0.21.  

The off-axis scan in Figure 4-9 shows a (103) reflection for the InGaN film at 

2θ=61.81°, corresponding to d=1.50Å. For hexagonal symmetry, the relation between the 

interplanar spacing “d” and lattice parameter “a” is given by: 

2

2

2

22

2 3
41

c
l

a
khkh

d
+







 ++
=  

where h, k and l are Miller indices of the plane. For the (103) plane using 

c=2∙ InGaN
(0002)d =5.294Å as measured by the on-axis scan, the in-plane lattice parameter is 

calculated as a= 3.29Å.  

Having extracted both the c, and the a lattice parameters for the 300nm thick InxGa1-

xN film, the actual value of x independent of strain can be calculated using Hooke’s law 

simplified for the Wurtzite structure given by: 
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In the above equation cInGaN and aInGaN are the measured alloy lattice parameters, c0 and a0 are 

the relaxed parameters of the alloy calculated by Vegard’s law and Cij are the linearly 

interpolated elastic constants from the binary semiconductors. The values of the elastic 

constants are given in Table 4-2. Every term in the above equation except cInGaN and aInGaN 

can be expressed in terms of “x” and solving the 3rd degree equation for x yields, x=0.2. This 

result almost is identical to the composition extracted from the on-axis scan (x=0.21), 

meaning that the effect of strain is minimal and the 300nm film is fully relaxed with 20%InN.  

 

Table 4-2. GaN and InN physical parameters used as input parameters to solve Hooke’s 
equation. 

 c(Å) a(Å) C13(GPa) C33(GPa) ν=2C13/C33 
GaN 5.186 3.189 103 405 0.509 
InN 5.704 3.54 92 224 0.821 

 
 

PL measurement with a 325nm HeCd laser was performed to confirm the 

composition of the 300nm thick InxGa1-xN layer as seen in Figure 4-10. The single peak at 

494nm corresponds to a bandgap energy of 2.51eV using E=h.c/λ where h and c are the 

Plank’s constant and the speed of light respectively. The bandgap of relaxed InGaN can be 

expressed as: 

)1).(.().1(. xxbExExE GaN
g

InN
g

InGaN
g −−−+=  

where b is the experimental bowing parameter and has a value of ~2.5eV for the composition 

range studied here [27]. Solving the above equation for x with eVE InN
g 7.0= , 

eVE GaN
g 41.3=  and eVE InGaN

g 51.2=  gives x=0.195, or 19.5% InN which is in agreement 

with the composition measured by the XRD analyses.   
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Figure 4-10. PL spectrum of the 300nm thick InGaN sample 
 

 The XRD and PL analyses on the 300nm thick InxGa1-xN layer showed that the 

InGaN QWs grown under identical conditions is expected to have a nominal InN 

composition of 20%. 

 

4.5.2.2. Structural Characterization of InGaN QWs 

DCXRD analyses were performed to verify the quality of well-barrier interfaces and 

to determine the periodicity of the QWs. As x-rays travel through a repeated structure, they 

interact to form interference patterns known as Pendellosung fringes [28]. This creates 

fringes in the diffractogram with decreasing intensity away from and centered around the 0th 

order peak. The periodicity of the structure, L, is related to the position of the peaks by,   

   
)sin(sin2

.

0θθ
λ
−

=
n

nL   

where θn is the diffraction angle of the nth order peak, θ0 is the angle of the 0th order peak and 

n is the order of the peak. For the QWs, L is the sum of the well and the barrier thickness, 

L=LW+LB. Figure 4-11 shows the DCXRD profile of a 7QW structure with distinct 
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interference fringes indicating sharp well/barrier interfaces. The period, L, was calculated to 

be 160Å using the equation above. The growth time for the wells and barriers in this sample 

were 60 and 270 seconds respectively, corresponding to 29Å wells and 131Å barriers with a 

growth rate of 29Å/min. This growth rate is in good agreement with our previous TEM 

studies which confirmed a growth rate of 30Å/min for identical growth conditions.   
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Figure 4-11. DCXRD scan for a 7QW sample showing Pendellosung fringes; an indication 
of sharp well/barrier interface. 
 
 
4.5.2.3. Photoluminescence Characterization of InGaN QWs 

Emission characteristics of the In0.2Ga0.8N QWs were analyzed by PL measurements 

performed with a 325nm HeCd laser. The effect of well width and number of wells on 

emission properties is investigated for MQW and SQW structures. Figure 4-12 and Figure 

4-13 show the PL emission wavelength for different well widths in MQW (4QW is shown 

here) and SQW structures, respectively.   
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Figure 4-12. PL emission wavelength vs. well width for a 4QW structure, representative of 
MQW samples. 
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Figure 4-13. PL emission wavelength vs. well width for a SQW structure. 
 

Figure 4-12 can be divided into three regions. Region I (L<30Å) exhibits a monotonic 

increase in emission wavelength with increased well width due to QCSE. The experimental 

data points in Region I give an electric field of approxiamtely 2.3MV/cm, which is in 

agreement with other reported data with similar InN composition [29]. Theoretical internal 
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field calculations predicted a similar magnitude of electric field as will be shown in the next 

section. For well widths greater than 30Å, Region II, the reduction in emission wavelength 

with thickness indicates the onset of a relaxation process. Region II is bounded by 

L=LR=30Å where the strain has its maximum value, and by complete strain relaxation 

around L=45Å, region II and III boundary, after which the strain has minute values. “LR” 

represents the maximum thickness of the In0.2Ga0.8N layers in the structure for the onset of 

relaxation in the MQW structure as a whole, and is different from the critical layer thickness 

(CLT). The relaxation process is accompanied by a reduction in strain in turn the 

piezoelectric field acting on the In0.2Ga0.8N QWs. It can be argued that in Region II there are 

two opposing factors controlling the value of the bandgap and hence the emission 

wavelength: a blue shift due to decrease in the strain and the induced piezoelectric field, and  

a red shift due to the increase in the well width. This can explain the decrease in the PL 

emission wavelength followed by an increase in Region II. As the well width is increased 

further, Region III, the layers become almost fully relaxed, i.e. small values of residual strain 

and weaker PZ field. The bandgap in this region almost is independent of the quantum well 

thickness. The same trend in dependence of the PL emission wavelength on well width was 

observed for 3 and 7QW structures as well.  

Figure 4-13 shows the emission from the SQW structures of different well widths, 

and this plot can be analyzed in three regions as well. The behavior is a little different than 

MQW cases and the onset of relaxation (LR) occurs latest compared to 3, 4 and 7QW 

structures, at LR=34Å. These can be explained by the differences in relaxation mechanisms 

of SQW and MQW structures which will be discussed and quantified comprehensively in the 

following section. 

 

4.6. Bandgap and Strain Relaxation Model for InGaN QWs 
As mentioned in previous sections, several parameters affect the emission properties 

of InxGa1-xN layers. The bandgap of the relaxed InxGa1-xN, InGaN
GE , as a function of 

composition, x, is given by: 
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( )xbxxEExE InN
G

GaN
G

InGaN
G −−+−= 1)1(  

where b is the experimental bowing parameter and GaN
GE , InN

GE  are the energy bandgaps of 

the GaN and InN, respectively.  

The energy bandgap of InGaN QW differs from that of relaxed InxGa1-xN films, and 

the above equation needs to be modified to take into account the following factors: i) 

Quantum effects since the wells are thinner than the De Broglie wavelength, ii) the strain in 

the wells and iii) the binding energy of excitons.  

The quantization of energy states in QWs leads to an increase in the bandgap known 

as the quantum size effect (QSE). The quantized energy states in the conduction and valence 

bands for electrons and holes, respectively can be calculated by solving the 1-D time 

independent Schrödinger equation with the appropriate boundary conditions. Considering a 

n=1 transition in a potential well from the lowest electron energy state in the conduction band 

(CB) into the first heavy hole state in the valence band VB, the energy of transition is 

E=EG+ΔEG,QSE and the bandgap shift due to QSE, ΔEG,QSE is given by: 
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In this equation me* represents the effective mass of the electron in the conduction band of 

effective well width Leff,CB and mh* the hole effective mass in valence band of width Leff,VB. 

The effective quantum well width, Leff, used in the above equation is larger than the physical 

well width, Lphys, due to the effect of the wave function spreading into the barriers as given 

by [30]: 
2/1
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where mw,b are the effective mass of the carriers in the well and the barrier material, ħ is the 

reduced Plank’s constant and V0 is the potential barrier for heavy and light holes. Note that 

for mw=mb, 0..2/ Vmh w is simply the penetration depth for a hole at the bottom of the well, 

hence Leff describes the effect of a hole spreading into the barrier. For x=0.2, the change in 
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bandgap of In0.2Ga0.8N QWs due to QSE for different well widths as calculated by the above 

equations is shown in Figure 4-14. It can be seen that, the effect of QSE ranges between 

20meV-150meV for In0.2Ga0.8N well widths ranging between 20nm-80nm. Note that ΔEG,QSE 

diminishes as the well width increases akin to the basic particle-in-a-box problem. 
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Figure 4-14. The bandgap shift due to QSE vs. well width for In0.2Ga0.8N  
 

Another important factor that affects the emission wavelength in a QW is the strain 

state. The bandgap for the relaxed and strained InxGa1-xN were found to be [31, 32]: 
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Thus the bandgap change due to strain can be expressed simply by: 
2

,,, 6244.0564.1 xxEEE strainedGrelaxedGstrainG −=−=∆  

The compressive strain in InxGa1-xN in terms of x is: 
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Then the bandgap change due to strain becomes: 
2

, 6033.5122.14 xxxxstrainGE εε −−=∆  
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Note that the above expression is independent of well thickness and the compressive 

nature of the stress in InGaN QWs makes the above term positive, which means this term 

causes a blueshift in emission. Figure 4-15 shows the bandgap energy and the emission 

wavelength of the relaxed and strained InxGa1-xN for different InN compositions. As can be 

seen from the figure, the maximum theoretical wavelength that can be obtained from the 

strained In0.2Ga0.8N QWs is 500nm. The 2 terms discussed up to this point, i.e. QSE and 

strain, both cause a blueshift in emission. Thus there should be another mechanism that 

results in a redshift to explain the observed long wavelength emission (>500nm) of the 

In0.2Ga0.8N QW samples.  
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Figure 4-15. Emission wavelength and bandgap energy of relaxed and strained InxGa1-xN 
layer versus InN content (x). 
 

The other factor that changes the bandgap is the QCSE due to piezoelectric field 

which causes a reduction in bandgap, i.e. a redshift in emission. The values for the energy 

shift of the ground state, ΔE, due to QCSE, which largely applies to the nitride MQWs of 

width less than 5 nm, obtained from second order perturbation is [33]: 
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In the equation above, m* is the effective mass, q is the elemental charge, ħ is the reduced 

Plank’s constant, Leff, CB and Leff, VB are the effective quantum well width in the conduction 

and valence band, and F is the induced electric field due to spontaneous and piezoelectric 

polarization. The total induced electric field, F, can be expressed as [34]: 
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The left-hand side term is the strain induced piezoelectric field and the right-hand side term 

is the spontaneous polarization field, where ε0 is the free space permittivity, εr, dij and Cij are 

the dielectric, piezoelectric and elastic constants, respectively calculated from the linear 

interpolation of GaN and InN values as the end points. The value of constants and parameters 

used for the internal field calculations are tabulated in Table 4-3. Note that the minus sign 

between the PZ field and the SP field indicates that these fields act in opposite directions as 

mentioned before. For In0.2Ga0.8N QWs this equation predicts an internal PZ field of 

3MV/cm, which is in good agreement with our experimentally calculated value of 2.3MV/cm 

and the previously reported values with similar composition [29]. 

Table 4-3. GaN and InN material constants used in bandgap calculations. The values are 
compiled from [35, 36]. 

Material Constant GaN InN 
Lattice constant  a (Ǻ) 3.189 3.544 
Lattice constant  c (Ǻ) 5.186 5.704 
Band gap EG (eV) 3.4 0.7 
Elastic constant C11 (GPa) 367 223 
Elastic constant C12 (GPa) 135 115 
Elastic constant C13 (GPa) 103 92 
Elastic constant C33 (GPa) 405 224 
Piezoelectric constant d31 -1.7x10-12 -1.1x10-12 
Relative dielectric 8.9 15.3 
Electron effective mass 0.2 mo 0.11 mo 
Hole effective mass mh

* 0.8 mo 0.5 mo 
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 The final term that needs to be considered is the excitonic binding in QWs. In 

applying the Bohr model to the excitons, two factors must be taken into account: i) electrons-

holes are moving through a medium of high dielectric constant εr and ii) reduced mass of the 

carriers should be used instead of 0.9995m0 that applies to the electron-proton system in the 

hydrogen atom.  Therefore, the exciton binding energy is calculated by the implementation of 

the simple Bohr model as: 
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where q is the elemental charge, ħ is the reduced Planck’s constant, εr is the permittivity of 

the semiconductor, n is the principal quantum number, RH is the Rydberg constant for the 

hydrogen atom (13.6eV), Ryd is the excitonic Rydberg constant and mred is the reduced mass 

defined as: 
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The exciton binding energy for In0.2Ga0.8N is calculated to be 23.8meV for the 3-D 

exciton and 95.2meV for the 2-D exciton case [37]. For an infinite well Ryd2D=4Ryd3D. In 

the actual case, the exciton behavior is somewhere between the 2-D and 3-D. The exciton 

localization on compositional fluctuations in InGaN cause broadening in exciton PL 

linewidth. As seen from the calculated values, the effect of exciton binding is relatively small 

(<100meV) and will not be included in the QW bandgap model calculations. 

Combining the expressions for the relaxed InxGa1-xN bandgap, the bandgap shifts due 

to QSE, strain, and strain induced QCSE; the energy bandgap of an InxGa1-xN QW can be 

written in terms of composition, x, and well width ,L, by: 
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The InxGa1-xN material constants in the above equation were obtained by Vegard’s Law 

using GaN and InN values given in Table 4-3 as end points for the linear interpolation.  

As can be seen from the above discussions, relaxation of the QWs will change the 

strain state of the QWs and in turn the bandgap. The effect of relaxation in QWs can be 

overlooked, thus we introduce a new factor, G, to take into account the relaxation behavior 

and the changes in internal strain in the InxGa1-xN layer. G represents percentage of the 

remaining strain in the InxGa1-xN layer relative to the amount of maximum strain existing just 

at the onset of relaxation, LR, where the strain has a maximum value i.e., 100%. As the wells 

get thicker than LR, relaxation takes place and thus the strain and internal fields change. The 

values of remaining strain, G, were obtained by fitting the experimental PL measurements to 

the bandgap equation developed above using strain as a variable parameter in the equation. It 

is found that the value of the remaining strain is not constant and changes with well width as 

the width gets larger than LR as shown in Figure 4-16 for SQW and MQW structures.  
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Figure 4-16. The remaining strain (G) values calculated by fitting the bandgap model to the 
experimental PL data using strain as a variable for the SQW and MQW cases.  
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Note that for the SQWs remaining strain decreases linearly with thickness with a 

constant rate, while for MQWs the relaxation seems to slow down as the structure gets 

thicker and there are two different relaxation rates (slopes); an indication of two relaxation 

mechanisms taking place. The initial relaxation rates of SQW and MQW structures are 

almost identical as can be deduced from the slopes; however the MQWs exhibit a second 

slope as wells get thicker indicative of a second relaxation mechanism. The relaxation of 

strained layer superlattices via two different mechanisms: i) relaxation of individual QWs, ii) 

relaxation of the whole superlattice structure,  has been observed and reported before [38]. 

The nature of these mechanisms is illustrated in Figure 4-17. 

 

 

(a) (b)(a) (b)
 

Figure 4-17. Schematic illustration of the two strain-relaxation mechanisms: (a) relaxation in 
individual QWs with paired dislocation segments and loops at individual strained layers, and 
(b) relaxation of the MQW structure as a whole, (misfit dislocations introduced at the base of 
the superlattice structure). Figure taken from [38]. 
 

The first process involves relaxation of the individual QWs which are strained to a 

GaN substrate and/or GaN barrier. For this case the GaN barriers are not strained and the 

critical layer thickness (CLT) represent the onset of relaxation for the SQW. The relaxation 

of In0.2Ga0.8N SQW occurred at a CLT of 34Å. The second mechanism is observed in MQW 

structures, where the relaxation of the whole structure takes place at a critical value, LR, 
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which is different from the CLT. “LR” represents the maximum thickness of the InGaN 

layers in the structure for the onset of relaxation in the MQW structure as a whole, and is 

only equivalent to the critical layer thickness (CLT) for the SQW case. The fairly thick, 

highly-strained (~2% for x=0.2) MQW structure is not lattice matched to the GaN substrate 

and dislocations can start forming at the GaN/MQW interface. This presents the onset of the 

second relaxation process in MQWs and appears earlier for the higher number of wells as 

seen in Figure 4-18. The LR values for 1, 3, 4 and 7QW structures are obtained from 

experimental PL data points.  
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Figure 4-18. Number of QWs vs. onset of relaxation, LR. Note that the onset of relaxation 
occurs earlier for higher number of wells. 

 

Figure 4-19 and Figure 4-20 show the emission behavior as a function of well width 

as calculated by the bandgap model along with the experimental PL data points for SQW and 

4QW structures, respectively. The developed model fits the experimental data well.   
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Figure 4-19.  Bandgap of In0.2Ga0.8N SQWs for different well thicknesses as measured by 
PL and as calculated by the bandgap model. 
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Figure 4-20. Bandgap of In0.2Ga0.8N 4QW structures for different well thicknesses as 
measured by PL and as calculated by the bandgap model. 
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4.7. Thick InGaN Growth Studies 
For most optoelectronic devices, two dimensional pseudomorphically grown 

structures such as (MQW) are required. Therefore, the limits of lattice mismatch, InN 

incorporation and layer thickness must be known. This information also is invaluable for 

development of devices with thick InGaN layers such as p-i-n photodiodes as will be 

discussed in Chapter 6. So far, studies addressing thick InGaN single layers have been 

deficient due to the challenges in growth of thick InGaN films and errors/difficulties in 

interpreting the characterization results (the bandgap controversy, composition and strain 

variations in InGaN films etc...). The goal of this study is to investigate the effect of interplay 

between composition and strain on structural and optical properties of InGaN single layers 

within and beyond the critical thickness thickness (CLT) in the 30nm-730nm thickness range.  

The growth of high quality thick InGaN films features all the adversities associated 

with InGaN QWs discussed previously and also presents additional challenges. The initial 

growth of InxGa1-xN is pseudomorphic and upon exceeding the critical layer thickness, CLT, 

strain energy is released via formation of misfit dislocations and the InGaN film assumes its 

unconstrained lattice parameter. These dislocations deteriorate optoelectronic efficiency by 

acting as recombination centers, shortening excess carrier lifetime, and limiting the usable 

operating life of these devices. It is known that the biaxial compression in InGaN films 

grown on GaN stabilizes the composition modulations [22, 23]. Thus relaxation in thick 

InGaN layers not only introduces threading dislocations but also favors phase separation. In 

addition, phase separation in any alloy involves long range diffusion and thus there is a 

correlation between occurrence of phase separation and length of time required for the 

growth of the film. Note that the characteristic diffusion length, X, is related to diffusion 

coefficient, D, and time, t, by tDX .∝ .  

 

4.7.1. Thick InGaN Growth: Experimental 
InxGa1-xN films are grown on 1μm thick undoped GaN templates. The growth 

conditions of the undoped GaN were described in Chapter 3. The InGaN films were grown at 
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800°C or 830°C with In/Ga molar ratio of 1 and a growth rate of ~0.37μ/hr. The thickness of 

the InxGa1-xN layers were varied between 30-730nm with nominal InN compositions of 

x=0.07 or x=0.13 depending on the growth temperature as shown in Table 4-4.  

Table 4-4. List of studied InGaN samples (s: strained layer, r: relaxed layer)  

Run 
# 

Sample 
I.D. 

Growth Temp. 
(°C) 

Thick 
(nm) 

Layer εxx 
(%) 

x 
 (%) 

PL Emission 
(eV) 

S191-06 A(1) 830 31 s N/A N/A 3.10 

S197-06 B(1) 830 50 s N/A N/A 3.09 

S190-06 C 830 69 s -0.96 7.3 3.03 

s -0.81 7.2 S192-06 D 830 200 r -0.25 10.5 2.89 

s -0.65 7.7 S004-07 E 830 400 r 0.09 8.1 2.75 

s -0.87 7.8 S005-07 F 830 513 r 0.03 9.4 
Multiple 

Peaks 
s -0.87 7.4 S195-06 G 830 730 r -0.16 7.5 

Multiple 
Peaks 

S136-07 H(2) 800 31 s N/A 13 N/A 

S141-07 I(2) 800 400 s 
r N/A 13 N/A 

(1) No XRD or TEM analyses were performed on the sample.  
(2)No x-ray mapping was performed on the sample. The nominal In composition and layer thicknesses were 
obtained from DCXRD and TEM analyses, respectively. 
 

4.7.2. Characterization of Thick InGaN Films 
The as-grown InGaN films were characterized by XRD, DCXRD and PL analyses. In 

addition, selected samples were sent to Institute of Physics Polish Academy of Sciences for 

comprehensive structural characterization including reciprocal space mapping (RSM) and 

TEM analyses under the supervision of Dr. Liliental-Weber (Lawrence Berkeley National 

Laboratory) in a collaborative study. The structural characterization results that are presented 

here are preliminary, and a more detailed publication showing the RSM and TEM images 
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alongside Rutherford Backscattering (RBS) analyses on these samples will be published by 

Dr. Liliental-Weber.   

 
4.7.2.1.  Structural Characterization of Thick InGaN Films 

Reciprocal space maps (RSM) were employed to independently measure the 

composition and the strain in selected samples. High resolution X-ray diffraction (HRXRD) 

scans in our facilities on symmetric (0002) and asymmetric reflections (103) also were 

performed to confirm the composition independent of strain. Difficulties in separating the 

effect of strain and InN composition have generated misinterpretations in the literature as 

both strain and InN composition can vary over depth in thick InGaN films [39]. Further 

structural characterization was performed via TEM analysis.  

The RSM results for samples C, E, F and G all grown at 830°C, with nominal 

composition x=0.07, revealed that the 69nm thick InGaN film (Sample C) is 

pseudomorphically strained to the underlying GaN, while the 400nm, 513nm and 730nm 

thick films (Samples E-G) have strained and (partially) relaxed in-plane lattice constants. 

This indicates the simultaneous presence of two layers in InGaN films that are grown thicker 

than the critical layer thickness (CLT): i) a pseudomorphic layer close to the GaN/InGaN 

interface, and ii) a (partially) relaxed layer after the CLT is exceeded. The parallel strain 

component, εxx, in these layers are calculated by: 

InGaN

InGaNInGaN
xx a

aa

,0

,0−
=ε  

where a0,InGaN and c0InGaN represent the relaxed (bulk) InxGa1-xN lattice constants given by 

Vegard’s law, while aInGaN and cIngaN are the measured lattice constants. Note that the strained 

layers have εxx values of 0.83±0.18%, while the relaxed layers display much smaller strain 

values as seen in Table 4-4 . 

The thicknesses of the strained layers in the In0.07Ga0.93N films were measured by 

TEM to be 46-69nm. The strained (pseudomorphic) layers have a constant InN composition 

of x=0.075±0.003 as determined by x-ray analyses. On the other hand, the relaxed layers 

consistently displayed a higher InN content of around x=0.09 as can be seen in Table 4-4. It 
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had been demonstrated previously by XRD and RBS/channeling analyses that relaxation in 

InxGa1-xN may not follow an isocomposition line and In composition, x, increases as growth 

proceeds known as the compositional pull effect [39]. The high lattice mismatch between 

GaN and InN (~11%) results in weak incorporation of In near the GaN/InGaN interface 

where the strain is high since the In atoms are prone to segregate at more relaxed regions in 

order to minimize the system strain energy. Exclusion of In atoms at the interface allows the 

preliminary stages of growth to be coherent with GaN. As layer thickness increase, the film 

partially relaxes allowing more In atoms to be incorporated. This is supported experimentally 

in this study as well as by the fact that the strained layers have lower InN content (x=0.075) 

compared to the relaxed layers (x=0.09) with smaller εxx values as seen in Table 4-4. 

The TEM images of Sample C, 69nm thick In0.07Ga0.93N sample, revealed a 

practically defect-free film other than a few stacking faults (SF) and minor corrugations at 

the surface where islands meet. The thicker films, however, have a population of SF and V-

defects in the relaxed layer. The V-defects originating from the threading dislocations (TDs) 

result in highly corrugated sample surfaces. The highly defective 730nm thick film (Sample 

G) did not display a clear-cut strained region. The pseudomorphic region in Sample G is 

believed to have experienced a thermal annealing process during the long growth period 

which could provide sufficient thermal budget for the strained layer near the GaN/InGaN 

interface to relax partially. This supposition is supported by x-ray analysis which showed that 

the nominal In composition in this sample is almost uniform throughout the entire depth 

(x=0.074 at the GaN/InGaN interface and x=0.075 in the relaxed layer) unlike other samples 

thicker than the CLT, all of which displayed strained layers with x=0.07 and (partially) 

relaxed layers with x=0.09±0.01. 

In0.13Ga0.87N films (Samples H and I) displayed increased density of defects 

compared to In0.07Ga0.93N films (Samples A-G) originating from larger mismatch due to 

higher InN content and poorer crystal quality due to reduced growth temperature. TEM 

analysis on the In0.13Ga0.87N films revealed formation of small V-defects even in the fully 

strained Sample H. The In0.13Ga0.87N layers grown at 800°C displayed 30nm thick strained 
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layers, significantly thinner than those observed in films with x=0.07 ranging between 46-

69nm. This is expected since higher InN composition leads to higher mismatch and earlier 

relaxation, i.e. lowered CLT. The CLT values reported here are ~3 times smaller than the 

values predicted by the People and Bean Model [25, 40], which may be attributed to partial 

relaxation of InGaN films, i.e. existence of residual strain beyond the CLT in these films. 

The People and Bean Model assumes full relaxation of the structure by misfit dislocation 

generation and is determined solely by energy balance. However, there are other mechanisms 

through which strain is relieved other than formation of misfit dislocations in In0.2Ga0.8N 

films such as formation of In-rich nanoclusters, V-defects and compositional modulations. 

4.7.2.2. PL Characterization of Thick InGaN Films 

The PL emission spectra of InGaN films with nominal In composition x=0.07 in 

Figure 4-21 show that In0.07Ga0.93N films with thicknesses up to 200nm display single 

emission peaks with a monotonous redshift as the film thickness increases. For thicker films, 

multiple and broad emission peaks are observed indicating the presence of regions with 

different compositions and/or strain states. This result is in excellent agreement with the 

TEM and XRD analyses which revealed the simultaneous presence of strained and relaxed 

layers in samples thicker than 200nm. The redshift in PL emission peak upon increasing the 

thickness of InxGa1-xN films of the same nominal In composition can be explained by the 

progressive reduction in strain as layers get thicker as seen in Table 4-4. It is well known that 

biaxial compressive strain in InGaN causes blueshift in PL emission [31]. Therefore, as the 

thickness of the strained In0.07Ga0.93 films is increased from 31nm to 69nm, the effective 

bandgap reduces due to decreasing strain values resulting in the observed redshift. X-ray 

analysis had shown that thicker films (t≥200nm) exhibited a higher nominal InN composition 

of x=0.09 in their partially relaxed layers past the CLT. Therefore the (partially) relaxed 

200nm sample displays additional and more pronounced redshift due to its higher InN 

content. One might expect to see the emission wavelength remain constant after this point; 

however the 400nm thick sample displays further redshift in emission. This can be attributed 
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to residual strain beyond CLT (partial relaxation), or perhaps clustering of InN-rich regions 

enhanced by higher thermal budget in this thicker film.  

The 513nm and 730nm thick samples display very broad and multiple emission peaks 

due to their highly defective nature and low crystal quality. As mentioned before, thick 

samples tend to exhibit pronounced clustering and phase separation due to: i) lack of strain 

field that suppresses spinodal decomposition, ii) high concentration of defects, especially 

TDs, associated with relaxation, and iii) thermal budget resulting in diffusion of In which 

aids composition fluctuation. Note that the average In diffusion length for the 730nm thick 

film is almost 5 times that of the 31nm thick film ( τDX ∝ ).  
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Figure 4-21. PL emission spectra for InGaN films grown at 830°C. 
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5.  GROWTH and FABRICATION of III-N LEDs 
 
5.1. Introduction to Solid State Lighting 

Light emission from a solid material caused by an electrical power source is called 

electroluminescence, a phenomenon which was observed first in a crystal of carborundum 

(SiC) in 1907 [1]. After that, solid state lighting became forgotten for half a century until the 

emergence of novel, man-made III-V compounds and the demonstration of GaAs 

semiconductor lasers in the 50’s and 60’s [2]. It is noteworthy that these early devices were 

reported to display “brilliant” emission despite the fact that the highest efficiency achieved 

was only 0.6%, since until that time monochromatic lights were generated by filtering 

incandescent light, so the narrow spectral emission in III-V compound LEDs appeared 

impressively pure. These simple p-n junction diode devices had low light output, the LEDs 

were expensive and only specific colors were available. Thus the application of LEDs in the 

next three decades was limited to appliances requiring little light output such as HP 

calculators, digital watches and phone keypads.  

Through the 90’s, advances in semiconductor growth techniques and the emergence 

of III-N materials led to wide scale commercialization of UV, blue, green and eventually 

white LEDs. With the full palette of colors, solid state lighting rapidly began replacing the 

conventional colored lamps and on its way to becoming the ultimate light source.  

Solid-state lighting offers many advantages over the conventional incandescent 

technology. LEDs, with potential of near unity efficiency, are highly superior compared to 

incandescent light bulbs which typically dissipate 70-80% of its emission in the infra-red 

(IR) region with typical light output power of 5-20lumens/watt. The average lifetime of 

LEDs is hundreds of times longer compared to their incandescent counterparts, so their 

significantly higher initial costs are compensated in the long run by the lack of maintenance 

and replacement expenses.  The longer lifetime and higher efficiency of LEDs also result in 

less energy consumption, i.e. less carbon emission, thus they are environmentally friendly. In 

addition, solid state emitters are shock and thermal resistant as they do not have any moving 
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parts or fragile components. There are two main challenges that need to be overcome before 

solid state lighting can replace the current incandescent and fluorescent technologies: i) the 

high cost of manufacturing (lumens/$), ii) illumination level and color rendering of white 

light need to be improved for indoor lighting. It should be noted that high-power (≥ 1 Watt) 

LEDs are necessary for practical general lighting applications. As seen in Figure 5-1, LED 

technology is exhibiting significant improvement in efficiency as progresses in III-nitrides 

take its course at full speed. The III-nitride material system is bound to be an integral part of 

solid state lighting since it offers emission covering the whole visible spectrum owing to its 

binaries with bandgaps ranging between 0.7-6.2eV. 

 

Figure 5-1. Progression of luminous efficiency of selected light sources over time. 
 
5.2. Basic Diode and LED Parameters 

5.2.1. Diode I-V Characteristics 
The I-V characteristics of LEDs were performed using Keithley Sourcemeters 

controlled by Keithley C-trace software. Several important diode parameters can be extracted 
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from an I-V curve including diode ideality factor, series resistance, turn-on voltage, leakage 

current etc. The I-V characteristic of an ideal diode is given by the Shockley equation as: 

( )1. )/( −= nkTqV
S eII  

In this equation q, k, T, IS and n are the elemental charge, Boltzmann’s constant, temperature, 

saturation current and diode ideality factor, respectively. The diode ideality factor, n, is a 

measure of how closely the diode follows the ideal diode equation, and has a value of 1 for 

an ideal diode. In practice, there are second order effects so that the diode does not follow the 

simple diode equation and the ideality factor provides a way of describing the current 

mechanism (for example n=1 for diffusion and n=2 for recombination dominated processes). 

The ideality factor can be extracted by plotting ln(I) vs. V, the slope of which gives q/nkT.  

The saturation current is given by: 
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where A is the area, ni is the intrinsic carrier concentration of the semiconductor and Di, τi 

and Ni are the diffusion coefficient, carrier lifetime and concentration of the minority carriers. 

It becomes clear with the above equation that saturation current is closely related to doping 

level and defect density of the semiconductor. 

The parasitic resistance, RP, and series resistance, RS of a diode are defined as: 

/e)EV (i.e. VVat  /
originnear    /

Gon-turn >>=
=

dIdVR
dIdVR

S

P  

However, measurements at high voltages are not accurate due to heating effects in devices 

with high resistance. For this case, the diode equation can be rewritten as: 

( )1−= − )/()(. nkTIRVq
S

SeII  

This equation can be rearranged simply into: 

Iq
nkTR

dI
dV

S
1

+=  

Thus the series resistance of a diode can be extracted from the slope of (I.dV/dI) vs. I plot. 
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5.2.2. LED Efficiency 
The I-V characteristics mentioned above give a good indication of electrical 

performance of the diode; however, for an optoelectronic device such as an LED, optical 

performance is of utmost importance. The definitive figure of merit for the performance of an 

LED is the ability to convert electrical current into light output, i.e. efficiency. The active 

region of an ideal LED emits one photon for every injected electron and has internal quantum 

efficiency, ηint, of unity, which is defined as: 

qI
hP

RNR

R

/
)/(

secondper  LED into injected electrons of #
secondper region  active from emitted photons of # int

11

1

int
ν

ττ
τ

η =
+

== −−

−

 

where Pint is the output optical power from the active region, I is the injection current and τR 

and τNR represent radiative and non-radiative recombination lifetimes of carriers, respectively. 

The radiative and non-radiative are the two main recombination mechanisms in 

semiconductor materials. The radiative recombination of electrons and holes results in 

emission of photons of wavelength corresponding to the energy of transition; while non-

radiative recombination produces phonons (lattice vibrations). There is a competition 

between radiative (photon emission) and nonradiative recombination (phonon emission) 

mechanisms, and obviously the former is the preferred process in a light-emitting device. 

Thus the internal efficiency can improved by enhancing the radiative recombination (small 

τR) and/or minimizing the nonradiative recombination probability (large τNR).  

Most non-radiative recombination events are caused by crystal defects such as 

impurities, native defects and misfit dislocations which create levels in the energy bandgap. 

These defects trap the carriers and act as non-radiative recombination centers that kill the 

luminous efficiency. The minority carrier lifetime and diffusion length are decreased in the 

presence of defects. Hence, it is crucial that the active region is of high crystal quality to 

minimize the non-radiative recombination events.  

As discussed in Chapter 4, the radiative recombination probability (1/τNR) can be 

increased by the use of double heterostructures (DH) with bulk or quantum well (QW) active 
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regions. The thickness of the active region in DH has a significant effect on the internal 

quantum efficiency. For active layer thicknesses larger than the carrier diffusion length the 

confinement is lost and the structure essentially performs as a homojunction. On the other 

hand, if the active layer is too thin then carriers tend to overflow at high injection currents. 

From these discussions, it is apparent that the internal quantum efficiency is dictated by the 

growth aspect of the devices. 

Improving the internal efficiency is only half of the story, not every photon emitted 

from the active region is emitted into the free space. There are several mechanisms through 

which the emitted photon is absorbed or reflected inside the semiconductor. Thus, an 

extraction efficiency, ηext, should be defined that gives the fraction of the emitted photons 

leaving the LED as: 

)/(
)/(

secondper region  active from emitted photons of #
secondper  space free into emitted photons of #

int ν
ν

η
hP

hP
extraction ==  

where P is the optical power emitted into free space. The biggest extraction loss for the 

compound semiconductors is the total internal reflection of the photon at the semiconductor-

air interface due to the high refractive index of these materials. Implementing the well known 

Snell’s law, the critical angle for total internal reflection, φC, for a semiconductor with index 

of refraction nS is: 

SairC nn /sin =ϕ  

For GaN with n=2.5, the φC is only 23.6° which means that only photons that are incident 

within 23.6° to the surface normal can leave the semiconductor. This defines a light escape 

cone, and the power that can escape from this cone bounded by φC (in radians) can be 

approximated by: 

2

4
1

C
source

escape

P
P

ϕ=  

Therefore, only a staggering 4.18% of the emitted photons escape from a planar GaN layer. 

The total internal reflection losses can be minimized using epoxy encapsulants and utilizing 

active regions of different geometry (e.g. cylindrical mesa’s instead of planar) or 
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implementing more advanced LED die shapes such as truncated inverted pyramid (TIP) 

structures to maximize the light output. The other notable extraction losses include Fresnel 

reflections at the surface and reabsorption of the photons by another layer, defects or top 

metal contacts. Antireflective coatings (ARC) and metal contacts of minimal size with 

current spreading layers can be used to diminish these extraction losses.  

The overall external quantum efficiency of an LED is simply the ratio of useful light 

particles to the injected charge particles given by: 

extractionext qI
hP

ηη
ν

η .
/

)/(
secondper  LED into injected electrons of #

secondper  space free into emitted photons of #
int===  

In some cases, rather than dealing with the number of charged particles injected into 

the LED, it is more practical just to talk about a wall-plug power efficiency which is the ratio 

of the optical power output from the LED, P, to the electrical power input, IV such that; 

IV
P

plugwall =−η  

Notice that while high internal efficiency, nint, is contingent on high-quality material 

growth; the extraction efficiency, nextraction, is improved through fabrication and processing 

remedies. Thus, efficient LED manufacturing is a polygon of multidisciplinary aspects 

requiring knowledge, expertise and technology in various fields.  

  

5.2.3. Concept of Luminous Efficiency 
The electromagnetic radiation is defined by radiometric units such as number of 

photons (intensity), photon energy and optical power. However, human reception is not 

equally sensitive to all wavelengths. Additionally, the human eye can detect only a very 

small portion of the electromagnetic spectrum, and the eye sensitivity differs for every 

wavelength within the visible spectrum as well. The eye sensitivity function is greatest at 

555nm, and drops by 2 orders of magnitude at both ends of the visible spectrum. Thus, 

radiometric units are inadequate for describing the power of a light source. To characterize 

light and color sensation by the human eye, photometric units are introduced which take into 

account the eye sensitivity function, λ.   
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For an LED working in the visible spectrum, luminous efficiency is an important 

figure of merit which is the measure of perceived light power normalized to the electrical 

power operating the LED and has the units lm/W given by: 

IV
lumΦ

=Efficiency Luminous  

In the above equation, Φlum is the luminous flux in lumens (lm) which includes the eye 

sensitivity function, V(λ), as: 

∫=Φ
λ

λλλ dPV
W
lm

lum )()(683  

where 683lm/W is a normalization factor and P(λ) is the light power emitted per unit 

wavelength.  

A typical incandescent light bulb works with a luminous efficiency of 5-20lm/W, 

while this value is 50-80lm/W for fluorescent sources and up to 140lm/W for high-intensity 

discharge (HID) sources. Current commercial nitride based blue and green LEDs expell 30-

40lm/W, while commercial white LEDs now are capable of producing a luminous flux of 

250lm [3].  

 

5.3. Visible Long Wavelength LEDs 
Currently, LEDs in the 630–700nm (yellow-red) wavelength range are based on the 

AlGaInP material system that has been well established [4].  However, emission in the amber 

and yellow (580-600nm) showed limited success due to several limitations in this material 

system. At the other end of the visible spectrum, InxGa1-xN has been used widely for violet, 

blue and green LEDs with fruitful commercial success [5]. Unfortunately, this material 

system faces severe difficulties as well when attempting to produce LEDs emitting at 

wavelengths longer than 530 nm. The primary reason is the 11% lattice mismatch between 

InN and GaN, leading to spinodal decomposition once the InN content reaches a critical limit 

around x>0.25 at typical InGaN growth temperatures [6]. In addition, III-nitrides are 

piezoelectric (PZ) materials as mentioned beforehand, which means that the strain caused by 
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lattice mismatch will induce piezoelectric fields resulting in band bending and quantum-

confined Stark effect (QCSE). As discussed previously QCSE causes a decrease in effective 

energy bandgap, i.e. redshift in emission. Even though this redshift is beneficial for achieving 

longer emission wavelengths, the loss in internal quantum efficiency due to decreased 

electron-hole wave function overlap results in weak emission. Thus, LEDs emitting in the 

550–620 nm range have been shown to be difficult to achieve using either the phosphide or 

nitride material systems. Ironically, this is the spectral range over which the human eye has 

the maximum sensitivity. It is crucial, especially for indoor lighting applications and white 

emitting devices, to complete the full color palette. The objective of this study is to develop 

InxGa1-xN LEDs emitting in the 525-625nm wavelength range with the knowledge and 

experience gained from the QW studies described in greater detail previously.     

 

5.3.1. Long Wavelength LED Growth and Processing 
Efficient emission above 550nm using InGaN has proven to be a difficult task. 

Achieving longer wavelengths requires high InN incorporation, the difficulties of which have 

been discussed in Chapter 4. To overcome these obstacles, several modifications to the 

growth procedure were performed.  

The growth of LED devices was performed on pre-grown 1-1.5μm thick high-quality 

n-type GaN templates. This layer had resistivity, mobility and carrier concentration values of 

ρ=0.02Ω.cm, μ= 350cm2/V·s and 1x1018cm-3, respectively as measured by room temperature 

(RT) Hall Measurement. For the growth of yellow-amber LEDs only, a 200-400Å thick 

InxGa1-xN smoothing layer is grown between the n-GaN layer and the first InGaN well at 

800°C to lessen the effect of large lattice mismatch. The MQW active region is composed of 

4 periods of 3nm thick InGaN well/13.5nm thick GaN barrier both grown at a rate of 

30Å/min. The barrier growth temperature was 770°C, while well growth temperatures were 

ranged between 690-770°C depending on the target emission wavelength of the LED. The 

MQW structure then was capped with a 200-400Å thick low temperature (LT) undoped GaN 

capping layer grown at 860°C. This LT-cap protects the wells from the higher temperatures 
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employed for the p-GaN layer growth. The whole structure is capped with a ~0.2μm thick p- 

GaN layer deposited at a growth rate of 0.6μm/hr at 925-950°C rather than the regular p-GaN 

growth temperature of 1020°C to minimize the detrimental effects of high temperature on 

MQWs with high InN compositions. The temperature ramp rate from the last barrier to the 

low and high temperature caps had been one of the most critical parameters in growth of 

these long wavelength LED structures with high InN%. Slow ramp rates result in In out-

diffusion and desorption of QWs, while fast ramping leads to formation of In droplets and 

metallic wafer appearance. Temperature ramp rates of 0.30°C/sec from the last barrier to the 

low temperature cap, and 0.17°C/sec from the low temperature cap to the high temperature 

cap were determined to yield the best results. 

Despite the lowered growth temperature, RT Hall measurements for this p-GaN layer 

resulted in reasonable electronic properties with ρ=4Ω.cm, μ=12cm2/V·s and p=1x1017cm-3. 

The grown LED structures were fabricated into 400μmx400μm mesas formed via 

conventional photolithography techniques and etching the wafers down to the n-layer by 

inductively coupled chlorine based plasma etching. The LED device processing is described 

thoroughly in Appendix A. Contacts to the n- and p-type layers were made by e-beam 

deposition of 250Å Ti /500Å Al /2000Å Au and 500Å Ni/500Å Au, respectively. The LED 

structure schematic is shown in Figure 5-2. 

 
Figure 5-2. Schematic of the long-wavelength emitting LED devices. 



 

 
 

86 

 
 
5.3.2. Testing of the LEDs: Measuring the Luminous Efficiency 

A conventional probing station with micromanipulators was used to test the LEDs. 

The optical power output of the fabricated LED devices was measured using an Oceanoptics 

Spectrometer in conjunction with a Thorlab DET210 Si p-i-n photodiode connected to 

Keithley I-V sourcemeters. The electroluminescence (EL) emission spectrum is obtained by 

coupling the emitted light into fiber optic cables connected to the spectrometer. The optical 

power is measured with the Si photodiode of known sensitivity (in A/W) as a function of 

wavelength, which is shown in Figure 5-3. Therefore, the current induced in the photodiode 

by the LED emission can be converted to power, P (W), and power density (W/m2). This 

measured power enables one to calculate the wall-plug efficiency, IVPplugwall /=−η , and 

external quantum efficiency, extractionext qIhP ηηνη .//)]/([ int== , of the LEDs as the 

injection current, voltage and emission wavelength are all known. The total internal 

reflection (the light escape cones) and Fresnel reflection losses were taken into account for 

the calculation of internal quantum efficiency, ηi. The luminous efficiency computation 

required the calculation of luminous flux: ∫=Φ
λ

λλλ dPV
W
lm

lum )()(683 . 

Therefore, the calculation of luminous efficiency involves the eye sensitivity function 

V(λ) and the power emitted per unit wavelength. The CIE 1978 (photopic) eye sensitivity 

function values, V(λ), published in [7] were adopted for the luminous efficiency calculations 

via the above equation. The total emission power, P, measured by the Si photodiode was 

converted to emitted power per unit wavelength, P(λ), by means of the knowledge of 

sensitivity of the photodiode as a function of wavelength (Figure 5-3) and the EL emission 

spectrum of the LED device. Reasonably accurate luminous efficiency calculations were 

performed with this methodology. Essentially, the optical power output, and in turn the 

luminous efficiency of an LED can be measured most accurately using an integrating sphere. 

Despite the presence of integrating spheres in the facilities, they could not be utilized since 
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the LED devices were not packaged and wire bonded. Therefore, biasing the LEDs inside the 

integrating sphere was impractical.  

It should be noted that the performed methodology gives an underestimation of the 

actual LED performance in terms of efficiency and output power values. There are extraction 

losses associated with not using an integrating sphere such as coupling losses between the 

semiconductor-fiber optic cables and semiconductor-Si photodiode active area. In addition, 

there are internal losses that were not taken into account and that can not be minimized 

unless the devices are packaged, such as passivation of mesas which reduces surface 

recombination. 

 

 

Figure 5-3. Spectral responsivity of the Thorlab DET210 p-i-n photodiode. 

 
  

5.3.3. Green LED I-V and Emission Properties 
The green LED devices displayed reasonably sharp turn-on characteristics with a 

diode ideality factor of n=2.1 as shown in Figure 5-4. III-Arsenide devices typically have an 

ideality factor of 1.5-2, while values as high as 5-6 are commonly reported for III-Nitride 

devices. Thus, n=2.1 measured for the green LED is a competent value, in spite of the p-type 
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GaN grown under non-ideal conditions. However, the adverse effect of this non-optimized p-

GaN with low carrier concentration (~1017cm-3) on diode properties depicts itself in high 

series resistance, RS, that measured to be 160-190Ω. The RS of similar III-N LED devices in 

literature typically range between 10-50Ω. The leakage current of the devices were as low as 

5x10-11A at 0V, and 10-6A at -4V.   
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Figure 5-4. The I-V curve for the green LED. 
 
 
 The electroluminescence (EL) spectrum of the green LED in Figure 5-5 shows that 

the peak emission wavelength shifts from 520nm to 505nm as the injection current is 

increased. This blue-shifting has been observed previously [8], and is attributed to either 

carrier screening of the piezoelectric field resulting in reduced band bending; or the band-

filling of lower energy states with carriers forcing higher energy states to become populated. 

The inset of Figure 5-5 illustrates the emission from the device at an injection current of 

50mA.  
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Figure 5-5. The EL spectra of the green LED at various injection currents. Inset shows the 
green emission at an injection current of 50mA during testing. 

 

It should be noted that the green LEDs in this research were fabricated to verify that 

the low temperature p-cap and the processing scheme developed for the yellow-amber LEDs 

are working. The development of green LEDs is not obscure and done with commercial 

success.  

 

5.3.4. Yellow-Amber LED I-V and Emission Characteristics 
The I-V curve of the yellow-amber LED shown in Figure 5-6 reveals a relatively 

sluggish turn-on characteristic. The diode ideality factor and series resistance extracted from 

the I-V curves were n=5.6-6.4 and RS=600-1000Ω, respectively. The leakage current was 

measured to be 4x10-8A at 0V and 5x10-6A at -4V. The lesser diode performance of the 

yellow-amber LEDs compared to green LEDs can be attributed to lowered well growth 

temperature. Higher InN composition required for long wavelength emission results in 

enhanced compositional modulations, higher density of defects and rough interfaces all of 
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which contribute to high leakage currents. In addition, growth of the p-GaN on top of a rough 

and defective layer will affect adversely the p-GaN carrier transport properties and can result 

in lower carrier concentration and poor diffusion length.  
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Figure 5-6. The I-V curve for the yellow-amber LED. 
 

Despite the non-ideal I-V characteristics, the devices were highly successful in terms 

of emitting at targeted wavelengths. Figure 5-7 (a) and (b) show the EL emission spectra of 

the devices at low and high injection currents, respectively. Note that there is a significant 

blueshift in emission upon increasing the injection current due to the carrier screening of the 

PZ field at high carrier injection levels. For low injection currents (up to 2mA) the emission 

wavelength is 625nm, and as the injection current is increased (above 6mA) the peak 

wavelength shifts to 575nm. The observed blueshift in yellow-amber LEDs (Δλ=50nm) is 

significantly higher than the shift in green LEDs (Δλ=15nm) due to the larger magnitude of 

the PZ field in the yellow-amber QWs induced by larger mismatch strain. The PZ field 

present in these QWs is so large (in the order of MeV/cm) that the carriers injected by 

driving currents lower than 15mA are not enough to screen it fully, and the emission energy 
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keeps shifting in the blue direction until it gradually reaches saturation at higher injection 

currents. 

 

Figure 5-7. EL emission spectra for yellow-amber LED at (a) low and (b) high injection 
currents. Insets show the emission of the devices during testing.  
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The amber emission at 625nm produced an optical power of 0.023W/m2 at 1mA 

injection current and 6.8V corresponding to a luminous efficiency of 0.07lm/W and an 

internal efficiency of 0.11%. Increasing the injection current to 1.5mA results in 0.047W/m2 

output optical power at 605nm corresponding to luminous and internal efficiencies of 

0.11lm/W and 0.14%, respectively. Even though these numbers are almost two orders of 

magnitude away from commercial application, it remains as one of the longest emission 

wavelengths reported for MOCVD grown nitride based MQW devices.  

The output optical power for the 575nm emission was 2.9W/m2 at an injection current 

and voltage of 10mA and 10.9V. This corresponds to an internal efficiency of 0.44% and 

luminous efficiency of 0.8lm/W.  

As mentioned beforehand, these efficiency and output power values are 

underestimations of the actual performance. There are several losses that were not included 

in calculations such as the coupling losses between the semiconductor-fiber optic cables and 

semiconductor-Si photodiode active area. The use of an integrating sphere would have 

minimized such extraction losses. In addition, there are losses that can not be minimized 

unless the devices are packaged, such as passivation of mesas which reduces surface 

recombination. Furthermore, the whole active area did not contribute to light emission in 

these devices since the current does not spread throughout the mesa cross-section unless 

current spreading layers are utilized which have not been employed in this study.  

 

5.4. White LEDs 

5.4.1. Background: Obtaining White Light 
The “holy grail” of implementing LEDs for indoor lighting applications to replace 

incandescent and fluorescent light sources requires development of efficient white LEDs. 

Illuminating buildings only accounts for about a quarter of the electricity used in the US, 

according to the Department of Energy. 

White light is perceived when 3 receptor cones of the human eye are stimulated with 

a certain ratio. However, sensation of color and flux varies between different individuals. 
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Therefore, the International Commission for Illumination (CIE) standardized the 

measurement of color with color matching functions and chromacity diagrams. The 

sensitivity of red, green and blue cones are quantified by color matching functions )(
_

λx , 

)(
_

λy  and )(
_

λz , respectively. The value of )(
_

λy  is assigned to be identical to the eye 

sensitivity function V(λ). Then a 2-D chromacity diagram as given in Figure 5-8 can be 

constructed with x and y axis such that: 
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X, Y and Z in the above equation represent the relative simulation of the respective cones 

defined as: 
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Figure 5-8. CIE 1931 x,y chromaticity diagram. Monochromatic colors are on the perimeter 
of the chromaticity diagram. Figure taken from [9].  

 
LED technology has demonstrated white light emission with external quantum 

efficiencies in excess of 50%. Recently, Nichia reported luminous efficiency in excess of 

150lm/W at an injection current of 20mA [10], while Cree’s commercial white LEDs (Xlamp 

XR-E) offer a minimum luminous flux of 100 lumens at 350 mA which corresponds to a 

luminous efficiency of around 86lm/W [3]. In early 2008, researchers at Bilkent University 

in Turkey demonstrated a new technique for producing white light from blue LEDs coated 

with nanocrystals. This approach was shown emitting “more than 300 lumens per watt” [11]. 

In addition to illumination power, white light emitters should have good color 

rendering characteristics, i.e. quantitative measure of the ability of a light source to reproduce 

the colors of objects faithfully in comparison with an ideal or natural light source. This 

property of an illuminant is characterized by the color rendering index (CRI) which is 

evaluated by comparing it with a reference light source having ideal color rendering 

properties (such as the CIE illuminant D65) and a CRI of 100. The CIE advocates the 
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reference source to be a planckian black body radiator using the correlated color temperature 

as the black body temperature. 

Looking at the chromacity diagram one can realize that white light can be obtained by 

color mixing of two (dichromatic) or more light sources. Provided that the color sources have 

spectral linewidths narrower than the color matching functions, the color coordinates of the 

multi-component light source can be expressed as: 

321

332211

LLL
LxLxLx

x
++
++

=
 

where Li is the weighing factor of the light source with optical energy Pi given by: 

iiiiiii PzPyPxL )()()(
___

λλλ ++=  
This equation tells us that, multi-component light is a linear combination of the 

individual coordinates. Thus any color located between two color coordinates, including 

white, can be obtained. 

Present white LEDs are manufactured either by combining multiple wavelength 

emitters (dichromatic/ trichromatic), or using a short wavelength emission (blue or UV) with 

a wavelength converter. Currently, the latter technique is the more popular method and 

typically involves an InGaN active region blue LED passed through an yttrium aluminum 

garnet (YAG) based phosphor wavelength converter. Thus, the emission spectra of white 

LEDs based on phosphor converters consist of the blue emission from the LED and the wide 

long wavelength emission from the phosphor. This approach results in the best color 

rendering index (CRI) but not the highest luminous efficiency because the phosphor scatters 

some of the light and conversion of the LED’s blue output into visible light is not 100%. A 

light source simulating the sun’s emission exhibits excellent color rendering but a lower 

luminous efficacy than a dichromatic white light source. Trichromatic white light sources 

(red, blue and green) offer improved color rendering, however they are more difficult and 

expensive to manufacture as they either require packaging of 3 monochromatic LEDs or 

growth of monolithic LEDs with 3 active regions of respective complementary wavelengths. 

Note that efficient red emission from an InGaN active region has not been achieved yet, thus 
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currently it is not feasible to develop RGB type white LEDs based on the III-N material 

system. 

Dichromatic white light sources have been shown to give the highest theoretical 

luminous efficiencies, as high as 400lm/W [12], however this approach results in a lower 

CRI compared to broad-band emitters. The values of the complementary wavelengths λ1 and 

λ2 with appropriate power ratios to obtain D65 white illuminant is given in Table 5-1.  

Table 5-1. Monochromatic (single wavelength) complementary wavelengths λ1 and λ2 with 
the proper power ratios that give CIE Illuminant D65. 

Complementary wavelengths Power ratio 

λ1 (nm) λ 2 (nm) P(λ2)/P(λ1) 

380 560.9 0.000642 

390 560.9 0.00955 

400 561.1 0.0785 

410 561.3 0.356 

420 561.7 0.891 

430 562.2 1.42 

440 562.9 1.79 

450 564.0 1.79 

460 565.9 1.53 

470 570.4 1.09 

475 575.5 0.812 
 

 

5.4.2. Growth and Fabrication of Dichromatic Monolithic White LEDs 
The goal of this study was to develop dichromatic monolithic white LEDs by growing 

two InGaN MQW regions with different compositions emitting at complementary 

wavelengths. According to the chromacity diagram and Table 5-1, white light can be 

obtained by the mixing of 2 monochromatic emissions 380nm<λ1<480nm and 
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560nm<λ2<575nm at the proper power ratio P2/P1. Based on the experimental data presented 

beforehand demonstrating efficient emission at these wavelengths [13], it is possible to grow 

and fabricate such dichromatic (dual wavelength) monolithic white LEDs.  

Dichromatic monolithic white LED structures were grown on 1.5μm high quality n-

type GaN films. The growth of this template layer was described in Chapter 3. The first 

active region emitting at λ1 consisted of “n” periods of 13.5nm GaN barriers and 3nm InGaN 

wells both grown at 770°C. For the second active region of n periods emitting at the longer 

wavelength, λ2, the barrier and well growth temperatures were reduced to 760°C and 725°C, 

respectively to achieve higher InN incorporation. The structures were capped with a low 

temperature GaN protective layer and a 0.2μm thick high temperature p-GaN as described 

beforehand. This growth scheme was performed for n=2, n=3 and n=4. The structure of the 

dichromatic monolithic LEDs is illustrated in Figure 5-9. Note that the InN compositions of 

the two active regions are different, i.e. X>Y.   
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Figure 5-9. Schematic of the fabricated dichromatic monolithic white LEDs. 
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PL measurements performed on the as-grown wafers prior to device processing 

revealed blue and yellow emission in all samples as targeted. These PL results are 

summarized in Table 5-2. The emission of each wafer looked white to the eye with similar 

brightness.  

 

Table 5-2. Photoluminescence results for the as-grown dichromatic wafers emitting white 

light. 

Sample 
ID 

#blue wells (λ1) x 
#yellow wells (λ2) 

(λ1) 
(nm) 

(λ2) 
(nm) 

PL intensity ratio 
(Iyellow/Iblue) 

S080-06 4x4 445 557 0.337 

S081-06 3x3 472 558 0.218 

S082-06 2x2 482 557 0.511 

 
 

Note that the PL emission intensity from the yellow emitting active region is weaker 

than the blue, despite being closer to the surface i.e. despite absorbing most of the incident 

laser power. This is expected due to i) reduced electron-hole wavefunction overlap in the 

more strained longer-wavelength emitting MQW region because of the QCSE, and ii) higher 

InN composition of these MQWs resulting in higher density of defects detrimental to 

emission efficiency.  

 

5.4.3. Dichromatic Monolithic White LED I-V and Emission Characteristics 
The wafers were processed into mesa type horizontal LED devices using the 

fabrication scheme described in Appendix B. Of the 3 wafers processed, only the 3QW 

devices (S081-06) produced bright emission in EL that could be detected by the Oceanoptics 

spectrometer. The 2 and 4QW samples emitted white light visible to the eye, but not 

continuous and bright enough to be registered by the spectrometer. This may be attributed to 

issues related to processing of the wafers since all the samples displayed similar PL emission 
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characteristics prior to processing. The typical I-V characteristic of the 3QW devices is given 

in Figure 5-10. The devices displayed diode ideality factors that ranged between 4.4 and 6.1, 

with typical series resistances of 300Ω-400 Ω. The relatively high series resistance of the 

LED devices is a result of the increased number of QWs as each well and barrier results in 

additional voltage drop due to their undoped nature.  

-0.002

0.002

0.006

0.010

0.014

-8 -5 -2 1 4 7

Voltage (V)

C
ur

re
nt

 (A
)

S081-06W Dev1

 

Figure 5-10. The I-V curve for the dichromatic white LED with 3 blue and 3 yellow QWs.  
 

The EL emission spectra for the same device is given in Figure 5-11, the inset of 

which shows the bright white emission during testing at an injection current of 10mA. 
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Figure 5-11. EL emission spectra for dichromatic white LED with 3 blue and 3 yellow 
emitting QWs. Inset shows the emission of the device at an injection current of 10mA.  
 

The EL spectrum shows a strong green-yellow emission, unlike the PL spectra. This 

can be attributed to the recombination of most of the injected carriers around the yellow 

emitting active region which is closer to the p-type layer. It has been reported in other studies 

that carrier recombination mainly occurs in the QWs closer to the p-GaN since the hole 

injection efficiency from the cladding layer to the QW decreases as the distance between 

them is increased [14, 15].  

The recombination events are favored to take place nearer to the p-type layer due to i) 

the higher effective mass of the holes, i.e. lower mobility, ii) the relatively defective nature of 

the p-type layer resulting in short carrier lifetimes and thus short diffusion lengths. Note that 

the characteristic diffusion length of the minority carriers, X, is related to diffusion 

coefficient, D, and minority carrier lifetime, τ, as τDX ∝ . Therefore, when the electrons 

and holes are injected into the mesa structure from n- and p-doped regions, respectively, they 

recombine much closer to the p-type layer. This is supported by the appearance of the p-GaN 

emission at ~425nm in the EL spectra.  
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The output optical power from this device as measured by the Si photodiode was 

1.2x10-8W (0.015W/m2) at an injection current and voltage of 0.050mA and 5V, respectively. 

This corresponds to a luminous efficiency of 2.78lm/W taking into account only the total 

internal reflection and Fresnel reflection losses in the semiconductor.   

 

5.5. Conclusion 
In this study, long wavelength visible and dichromatic monolithic white LEDs with 

InGaN MQW active regions were developed. The yellow-amber LED displays one of the 

longest reported emissions from an MOCVD grown InGaN MQW LED structure at 625nm. 

The dichromatic white LEDs with two active MQW regions designed to emit at respective 

complementary wavelengths exhibited white emission with luminous efficiency of 2.78lm/W. 

The efficiency and luminous flux of the LEDs reported here can be improved significantly by 

employing p-GaN of lower resistivity-higher carrier concentration. A major culprit of the low 

efficiency of the LED devices in this study is the p-GaN cap layer with only 1017cm-3 carriers 

grown at a lower-than-ideal temperature to protect the InGaN MQW regions. Despite being 

outside the scope of this research, implementation of more advanced processing techniques 

such as passivation of mesas, using transparent current spreading layers or exercising high 

extraction efficiency structures (e.g. truncated inverted pyramid device geometry) is expected 

to improve the efficiencies further. Also, packaging of the devices would have allowed 

testing of LEDs with an integrating sphere. The used methodology of collecting and 

measuring the emitted light with lenses and/or fiber optic cables introduced additional 

coupling losses.     

For the white LEDs, there also remains the challenge of improving the CRI. These 2-

terminal devices do not allow flexibility in relative power of the blue and yellow regions, i.e. 

adjustment in color rendering. A 3-terminal tunnel junction device as in Figure 5-12 enables 

independent power control of individual active regions to optimize the brightness vs. color 

rendering index for a variety of applications. This structure actually was grown along the 

course of this study (S133-06), but was not fabricated into mesa type horizontal devices. The 
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main challenge was the elaborate processing steps including additional etch step and masks, 

and much tighter tolerances in mask alignment. Also, the etcher tolerance became of 

importance since precise and uniform etch rate is required to etch the wafers exactly down to 

the tunnel junction which is only several hundred angstroms thick.   
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Figure 5-12. The schematics of the proposed 3-terminal tunnel-junction dichromatic white 
LED device. 
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6. INGAN PIN PHOTODIODES 
 
 
6.1.  Introduction  

To date, the majority of the III-N photodetector work has focused on GaN and AlGaN 

based UV photodetectors. Little research effort has been conducted to develop III-N 

photodiodes working in the 400-700nm wavelength range [1-3]. InxGa1-xN can be a candidate 

for high efficiency photovoltaic applications in the visible part of the spectrum due to its 

tunable bandgap between 0.7 and 3.4eV, high breakdown voltage, and potentially fast 

response speed, sharp cutoff and high responsivity. The tunable bandgap can render the 

InGaN photodetectors very useful in bio-detection and high temperature applications. 

  This chapter reports demonstration of all InxGa1-xN layer p-i-n photodiodes detecting 

in the 365-500nm wavelength range with tunable peak responsivity wavelengths tailored by 

the i-layer properties. We implemented nearly lattice-matched growth of the whole p-i-n 

structure by the novel approach of utilizing InxGa1-xN in all layers, the advantages of which 

will be described shortly.  

 

6.2. Background on p-i-n Photodiodes  
 Two-terminal devices designed to respond to photon absorption by displaying a 

change in conductivity are called photodiodes. Principally, even bulk semiconductors can be 

used as photoconductors; however, in practice junction devices are usually employed to 

improve the speed of response and sensitivity. The junction photodiode is the most common 

photo detection device that can be made with any semiconductor material and any technique 

that can form a p-n junction. The operation principle of the junction photodiodes is 

straightforward. The diode is operated under reverse-bias (photoconductive mode which 

offers faster response) or zero-bias (photovoltaic mode which offers less noise) when the 

depletion width is wide and only the small dark current flows through the junction. If the 

junction is uniformly illuminated with photons of energy higher than the bandgap (hν>Eg), 

the incident photons are absorbed forming electron-hole pairs (photogenerated carriers). The 
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photogenerated carriers in the depletion region, W, or within the diffusion length, L, on either 

side of the depletion region are swept in opposite directions by the electric field between the 

p and n regions of the junction giving rise to a photocurrent. The resulting current, Iop, due to 

collection of these photogenerated carriers is given by: 

)( WLLqAgI npopop ++=  

In the above equation A is the area under illumination, gop is the generation rate of carriers 

(EHP/cm-3-s), and Li is the minority carrier diffusion length. Note that if the photon energy is 

less than the bandgap (hν<Eg), the photons will not be absorbed. On the other extreme, if the 

photons are much more energetic than the bandgap (hν>>Eg), they will be absorbed very near 

the surface where the recombination rate is high. Therefore it is important to select a 

semiconductor with a bandgap energy corresponding to the particular wavelength of 

detection.  

One can easily see that it is advantageous to have a large depletion width to increase 

the number of absorbed photons, i.e. increased number of electron-hole pairs, and hence 

higher photocurrents which is a measure of responsivity of the photodiode. In addition, a 

wide W leads to a smaller capacitance reducing the RC time constant of the detector. On the 

other hand, a wider W increases the transit time of photogenerated carriers across the 

junction, which results in slower response time of the photodetector. Therefore there is a 

compromise between the responsivity and the bandwidth of the device in terms of the 

depletion width. In order to tailor the depletion width to meet the requirements of 

photoresponse and bandwidth, one convenient method is to insert an undoped i-layer 

between the p and n regions. Such devices are known as p-i-n (PIN) photodiodes. Due to the 

low density of carriers in the i-region, i.e. high resistivity, practically the entire voltage drop 

occurs across the i-layer that is fully depleted at zero- or very low reverse-bias. As much as 

the responsivity scales with the i-layer thickness as mentioned above, increased thickness 

introduces higher series resistance, surface roughness and can adversely affect carrier 

collection efficiency. If the carrier lifetime within this i-layer is long compared to the drift 

time (τlifetime>>τdrift), the majority of the photogenerated carriers will be collected by the n and 
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p regions. Hence the trade-off between high response speed (small depletion width) and 

responsivity (large depletion width) must and can be controlled by i-layer thickness. 

Furthermore, the carrier concentration in doped regions is desired to be as high as possible to 

maximize the electric field acting on the i-layer. 

In order to ensure the absorption of photons in the intrinsic region, bandgaps of the 

doped layers should be selected so that the absorption of photons takes place inside the i-

layer, i.e. Eg
i≤Eg

n,p. This way the doped region will act as a window layer to incoming light. 

Otherwise a significant portion of the incoming photons are absorbed by this doped layer as 

dictated by: 

)exp(
0

t
I
I

α−=  

 where I/I0 is the fraction of the light that passes through a layer of thickness t with an 

absorption coefficient of α. The absorption coefficients of GaN and InN are αGaN=105cm-1 [4] 

and αInN≈104cm-1 [5] above the band-edge. 

 

6.2.1. Photodiode Parameters  
Quantum Efficiency: 

Quantum efficiency, η, is a quantity defined for a photosensitive device as the 

percentage of photons hitting the photoreactive surface that will produce an electron–hole 

pair. For a detector, it is the ratio of induced current to incident flux often measured in 

electrons per photon (dimensionless). It is an accurate measurement of the device’s electrical 

sensitivity to light. As the energy of a photon depends (inversely) on its wavelength, η is 

typically given over a range of different wavelengths to characterize the efficiency of the 

optoelectronic device for different photon energies.  With solar cells and photodiodes an 

often used figure of merit is the external quantum efficiency, ηe, which is the current 

generated by the device per incident photon given by: 

)//(
/

photon 1 ofenergy  / photons ofpower  total
electron of chargecurrent / 
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Therefore  the external quantum efficiency depends on both the absorption of photons 

and the collection of electrical charge. Ideally every incoming photon is absorbed generating 

an electron-hole pair and these charges are separated and collected at the junction, however 

there are losses associated with this process. An internal quantum efficiency, ηi, can be 

defined taking into account the absorption and reflection losses in the material calculated by: 

)]1)(1/[( )( d
i eRe αηη −−−=  

where R is the reflectivity and α is the absorption coefficient of the semiconductor. 

 

Responsivity: 

 One of the most important photodetector parameters is the responsivity, ℜ , which is 

defined as the photocurrent per unit incident optical power in A/W. In other words, 

responsivity is a measure of opto-electronic conversion efficiency of the detector. It depends 

on the external quantum efficiency, ηe, the wavelength of the incident photons, λ, and the 

gain, g, as given by: 

qg
hc

eλη
=ℜ  

where ħ, c and q are the Planck’s constant, speed of light and elementary charge. Note that 

there is no internal optical gain associated with the operation of a p-i-n diode; hence g takes 

the value of 1 in the above equation. 

 

Noise Equivalent Power (NEP) and Detectivity: 

 The noise equivalent power (NEP) represents the minimum detectable signal in the 

photodetector and is defined as the incident light power required to obtain a unity signal to 

noise ratio as given by: 

ℜ
=

2
ni

NEP  



 

 
 

108 

where in is the total noise current and ℜ  is the responsivity as defined above. NEP is also 

used in the calculation of detectivity, D*, of a photodetector which is a measure of signal to 

noise performance. D* is defined as; 

NEP
ABW

i
ABWD
n

=
ℜ

=
2

*  

where A is the area of the photodetector and BW is the bandwidth. There are several 

contributors to the noise current; however the dominant three are the 1/f noise (jitter noise), 

shot-noise (generation recombination noise) and thermal noise (Johnson noise).   

 
6.3. Photodiode Device Design and Growth 

6.3.1. GaN p-i-n Photodiode: Control Device 
Prior to the growth and fabrication of the nearly-lattice matched InGaN photodiodes, 

the device design and fabrication scheme was first implemented on a GaN p-i-n 

photodetector. The GaN p-i-n structure was fabricated as a “control” device to ensure the 

functionality of the photodetector fabrication procedure in terms of yielding efficient 

photodetectors. 

The GaN p-i-n control device structure consisted of n-, i- and p-GaN layers grown on 

a 0.5μm thick unintentionally doped GaN template. The MOCVD growth conditions of 

unintentionally doped GaN, n-GaN and p-GaN are described in detail in Chapter 3. The n-

layer is 1.5μm thick Si:GaN with electron mobility, resistivity and electron concentration of 

μ=350cm2/V·s, ρ=0.02Ω·cm and n=1x1018cm-3, respectively as determined by room 

temperature Hall Effect measurements. The i-layer is 0.5μm thick semi-insulating, 

unintentionally doped GaN. The p-layer is 0.23μm thick Mg:GaN with resistivity and hole 

concentration of ρ=0.98Ω·cm and n=2.4x1017cm-3.  

The grown GaN p-i-n structure was fabricated into mesa type horizontal devices 

according to the processing steps as described in Appendix B.  
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6.3.2. InGaN p-i-n Photodiodes   
 Developing efficient p-i-n photodetectors with tunable peak responsivity wavelengths 

can be achieved only through close control of i-layer properties. The i-layer crystal quality 

dictates the efficiency (and in turn responsivity) of a p-i-n diode, while the bandgap of the i-

layer determines the wavelength range at which the photodetector operates.  

 We adopted the approach of nearly lattice-matched growth of the whole p-i-n 

structure by utilizing InGaN in all layers of the photodetector devices. As explained and 

demonstrated in detail in Chapter 4, the growth of InxGa1-xN films on GaN is a challenge 

due to high lattice mismatch (~11%) between GaN and InN. This mismatch results in a high 

density of dislocations and tendency of the binaries to “unmix” leading to compositional 

fluctuations as well as rough surfaces in InxGa1-xN films grown on GaN [6-8]. Detectors built 

with the active layers grown on GaN had shown poor photoresponse and performance. 

Growing the i-InGaN active layer on a lattice matched n-InGaN rather than the 

conventionally used n-GaN is expected to circumvent these problems improving the i-InGaN 

crystal quality and in turn the device performance. Furthermore, capping the device 

structures with p-InGaN rather than the conventional p-GaN or p-AlGaN capping layers 

enables significantly lower growth temperatures (~850°C vs. ~1050°C). In addition, the use 

of p-InGaN offers improved metal contacts to the p-layer. Owing to their large bandgaps and 

low hole concentrations, ohmic contacts to III-N materials, especially p-type semiconductors, 

has been a major challenge and one of the persistent problems spoiling the potential 

performance of these devices. InxGa1-xN has a lower band gap than GaN and AlGaN, thus the 

potential barrier height formed between the contact metal and the p-type semiconductor is 

expected to be lower for p-InGaN than the conventionally used p-GaN or p-AlGaN layers. 

 The MOCVD growth of p-i-n structures were performed on a 0.5μm thick high 

quality n-GaN templates with mobility, resistivity and electron concentration of 

μ=350cm2/V·s, ρ=0.02Ω·cm and n=1x1018cm-3, respectively as determined by room 

temperature Hall Effect measurements. The n-layer of the p-i-n is Si:InxGa1-xN with 

μ=85cm2/V·s and n=1.2x1019cm-3 with nominal InN composition, x, that depends on the 
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growth conditions and ranged between x=0.07 and x=0.13 as determined by on- and off-axis 

x-ray diffraction performed along (002) and (105) planes. Recently, p-type InxGa1-xN with 

high hole concentration was reported despite the native defect induced background electron 

concentrations in this material system [9, 10]. In this study, p-type Mg:InxGa1-xN with room 

temperature hole concentration of p=4x1016cm-3 and μ=11-15cm2/V·s was achieved by 

optimizing growth conditions. The i-layer was doped slightly with Mg as well to obtain a 

compensated, highly-resistive active region with typical carrier concentrations in the 1014 to 

1015 cm-3 range with resistivities up to 45Ω.cm. The InGaN p-i-n photodiode device structure 

is shown in Figure 6-1. The n-, i-, and the p-layers of the photodiodes are all InxGa1-xN 

epilayers with different InN content as indicated in Figure 6-1 where X>Y.  

 

 

Figure 6-1. InGaN p-i-n photodiode device structure. 
 
 

6.4. p-i-n Photodiode Processing and Testing 
The grown GaN and InGaN p-i-n structures are fabricated into mesa type horizontal 

devices as described in Appendix B. The list of fabricated p-i-n device structures and their i-

layer properties are given in Table 6-1. 
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Table 6-1. The p-i-n device structures and i-layer properties. 

i-layer Properties 
Sample 

ID 
Device 

Structure ID 
Growth Temperature 

(°C) 
Thickness 

(μ) 
InN Content 

(%) 
S026-07 GaN Test Structure 1040 0.5 0 

S057-07 Structure A 830 0.1 7 

S039-07 Structure B 830 0.5 7 

S045-07 Structure C 810 0.5 13 
 

The testing of the photodetectors was performed by a standard probing station with 

micromanipulator probes and Keithley voltage-current sourcemeters. The Keithley 

sourcemeter is interfaced to a computer through which the I-V curves of the diodes were 

traced by Keithley C-Trace software. The I-V characteristics under illumination and spectral 

responsivity of photodetectors were measured using two different illumination sources: a 

1000W Newport Solar Simulator and a white light source coupled with a diffraction grating 

monochromator. The solar simulator light power incident on the wafer was adjusted between 

1/100 and 4 suns by use of optics and neutral filters. The monochromator output was 

measured by a Thorlab DET210 Si p-i-n photodiode and an Oriel Spectrometer.  

 

6.4.1. GaN p-i-n Photodiode Testing Results 
 The typical I-V curve of the GaN p-i-n photodiodes, as shown in Figure 6-2, yield a 

diode ideality factor and series resistance of n=2.4 and RS=45-50Ω, respectively. These 

values are in line with similar GaN p-i-n photodiodes in the literature [11, 12]. The 

photodiode exhibits a dark current of I=10-10A at 0V, corresponding to a current density of 

J=62.5nA/cm2. The I-V curve exhibits significant shift upon illumination with the solar 

simulator (red curve in Figure 6-2). The ratio of the short-circuit currents under illuminated 

and dark conditions is ISC,Light/ISC,Dark=1.6x105.  
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Figure 6-2.  GaN p-i-n photodetector I-V curves measured under dark (dashed blue curve) 
and front-illuminated (red curve) conditions. 
 
 The spectral responsivity of the front-illuminated GaN photodiode shown in Figure 

6-3 displays a peak responsivity of 0.021A/W at 365nm (the GaN bandgap of 3.4eV). This 

responsivity corresponds to an external efficiency of ηe=7.1% and an internal efficiency of 

ηi=10%. The culprit of this seemingly low quantum efficiency is the 0.23μm thick p-GaN 

layer which absorbs 90% of the incoming photons where the carriers do not diffuse into the 

junction. For a p-type thickness of 0.05μm, the external and internal efficiency of these 

devices would be ηe=42.3% and ηi=60.5%, respectively without the utilization of anti-

reflective coatings (ARC) which increase the efficiency by an additional 20%. These values 

are comparable to other reported III-N based p-i-n photodetectors with operating at the same 

wavelength [11, 13]. The performance of the control GaN p-i-n devices indicate that the 

growth and fabrication schemes developed primarily for InGaN photodiodes are capable of 

producing III-N devices comparable to current literature.  
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Figure 6-3. Spectral responsivity of the front-illuminated GaN p-i-n photodetector device 
displaying a peak responsivity at 365nm, the GaN band-edge. 
 

 
6.4.2. InGaN p-i-n Photodiode Testing Results 

The detection wavelength and performance of InGaN p-i-n photodiodes displayed a 

wide variety depending on the i-layer properties as summarized in Table 6-2. 

 

Table 6-2. Selected device properties of InGaN p-i-n photodetectors 

Device 

ID 

i-Thick. 

(μ) 

InN Comp. 

(%) 

Max Resp. 

(A/W) 

Peak Resp. λ   

(nm) 

η i 

(%) 

Structure A 0.1 7 0.037 426 15.5 

Structure B 0.5 7 0.017 416 6.2 

Structure C 0.5 13 0.0035 466 1.1 
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Figure 6-4 shows the photoresponse of device structure A with a 0.1μm thick 

In0.07Ga0.93N i-layer upon illumination from the 1000W Solar Simulator.  The ratio of short 

circuit currents under backside illumination and dark conditions for the diode is ~105. The I-

V curve gave a diode ideality factor, n, 1.8 and a series resistance, Rs, of 86Ω. These current 

InGaN p-i-n diode values are comparable to those commonly observed in III-N based 

photodetectors devices [11, 12, 14] despite the p-InxGa1-xN layer utilized in this study. 

 
 

Figure 6-4. Photoresponse of the I-V curve for device structure A upon illumination with the 
Oriel solar simulator. The inset shows the I-V curve. 

 

A zero-bias peak responsivity of ℜ =0.037A/W was measured at 426nm for this 

device structure as shown in Figure 6-5 and is superior to previously reported InxGa1-xN 

photodiodes (ℜ ≈0.08A/W) operating at similar wavelength [3], however lower compared to 

typical GaN and GaN/AlGaN UV photodetectors (0.12-0.2A/W at 360nm) [13, 15]. This 

responsivity corresponds to an external efficiency, ηe, of 11 % and internal efficiency, ηi, of 

15.5% taking into account absorption and reflection losses in the semiconductor. Inset of 
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Figure 6-5 shows that the dependence of photocurrent on incident optical power is linear, 

which means responsivity of the photodiodes remains constant against the variation of the 

incident optical power. 

 

Figure 6-5. Spectral responsivity of device structure A displays a peak responsivity of 0.037 
A/W at 426 nm. The inset shows the linear dependence of photocurrent on input light 
intensity. 

 

Device structure B with 0.5μm thick i- and n-InGaN layers displayed peak 

responsivity and external quantum efficiency values of ℜ =0.017A/W and ηe=5.1%, 

respectively. Series resistance of 95kΩ, which is 3 orders of magnitude higher than that of 

device structure A, due to the highly resistive and compensated 0.5μm thick i-layer can 

explain the lesser performance of the device. The worsening of the photodiode properties in 

device structure B can be attributed also to the problems associated with growth of thicker 

InGaN films as discussed in Chapter 4. It is expected that the 0.1μm thick i-layer in Sample 

A is still not fully relaxed and under biaxial compressive stress. On the other hand, the 0.5μm 
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thick i-layer in Sample B is estimated to be relaxed [16], and thus predicted to have a higher 

density of defects.  

Increasing the InN content, x, of the i-layer from x=0.07 to x=0.13 by decreasing the 

i-layer growth temperature (device structure C) resulted in significant redshift of the peak 

responsivity wavelength from 426nm to 466nm. This is the longest peak responsivity 

wavelength reported for a III-N photodiode to the author’s best knowledge. The responsivity 

and the external quantum efficiency of this photodiode were ℜ =0.0035A/W and ηe=1%, 

respectively. This deterioration of photodiode performance can be attributed to high defect 

density in the i-layer instigated by higher InN content and thicker films. This is supported by 

the higher leakage current and diode ideality factor (n=3.7) observed in device structure C 

compared to device structure A. 

The normalized spectral responsivity of device structures A, B and C are shown in 

Figure 6-6. Device structures with i-layers grown below 800°C to achieve higher values of x 

for detection at longer wavelengths failed to demonstrate any rectification or optical response. 

Wafers had surfaces with metallic appearance after growth, attributable to In metal 

segregation. This is attributed to difficulties in thick InxGa1-xN film growth since InN 

compositions of x>25% were repeatedly achieved in quantum wells (QW) without any In 

segregation [17]. 
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Figure 6-6. The normalized spectral responsivity of InGaN devices. The peak responsivity of 
photodetectors range between 416 and 466 nm depending on the growth conditions. 
 

Another important figure of merit in a photodiode is the detectivity, D*, which 

characterizes signal to noise ratio. The two main sources of noise are thermal noise and the 

noise due to background illumination. The responsivity measurements in this study were 

performed under dark background conditions. For a thermal-noise limited photodiode, i.e. the 

thermal noise is much higher than noise from the background illumination, the detectivity is 

given by: 
2/1
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where kB and T are the Boltzman constant and temperature, respectively. The R0A term is the 

dynamic resistance factor, where R0 is the resistance at zero bias and A the area of the device. 

To detect low levels of light, a large dynamic resistance is essential. Detectors operating at 

shorter wavelengths typically have large D*, up to 10x1014cmHz1/2W-1 for UV 

photodetectors. The dynamic resistance term and detectivity for device structure A were 
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measured to be R0A=7.8x105Ωcm2 and D*=2.5x1011cmHz1/2W-1, respectively. This value of 

D* is comparable to current detectors used in 200-1000nm wavelength range. It should be 

mentioned that the detectivity value reported here depends on R0 and in highly resistive 

devices such as III-Nitride photodiodes, the measurement of R0 from I-V curves might give 

imprecise results [18].   

 

6.5. Conclusion  
In summary, we have demonstrated all InGaN layer p-i-n photodiodes operating at 

different regions of the visible spectrum tailored by i-InGaN properties. Growing a lattice 

matched n-InGaN underlayer prior to the growth of the i-InGaN active layer leads to high 

quality i-InGaN. Employing a p-InGaN cap enabled lower growth temperatures than the 

conventionally used p-GaN or p-AlGaN. This approach resulted in p-i-n photodetectors of 

promising responsivity (0.037A/W), efficiency (15.5%) and detectivity. The peak 

responsivity wavelength ranged between 416 and 466nm. The latter value is the longest peak 

responsivity wavelength reported for III-N based photodetectors to the author’s best 

knowledge. The results indicate that InGaN based photodiodes can be a feasible alternative to 

current commercial photodetectors performing in different regions of the visible spectrum. 

 



 

 
 

119 

References 
 
 
1. Y. K. Su, Y. Z. Chiou, F. S. Juang, S. J. Chang, J. K. Sheu, Jpn. J. Appl. Phys., 2001. 

40: p. 2996. 
 
2. J. C. Roberts, C. A. Parker, J. F. Muth, S. F. Leboeuf, M. E. Aumer, S. M. Bedair, M. 

J. Reed, J. Elec. Mat., 2002. 31(1): p. L1. 
 
3. O. Jani, C. Honsberg, A. Asghar, D. Nicol, I. Ferguson, A. Doolittle, S. Kurtz, 

Photovoltaic Specialists Conference, 2005: p. 37-42. 
 
4. J. F. Muth, J. H. Lee, I. K. Shmagin, R. M. Kolbas, H. C. Casey Jr., B. P. Keller, U. K. 

Mishra, S. P. DenBaars, Appl. Phys. Lett., 1997(71): p. 2572. 
 
5. S. X. Li, R. Armitage, J. C. Ho, E. R. Weber, E. E. Haller, Hai Lu, William J. Schaff, 

Appl. Phys. Lett., 2004(84): p. 2805. 
 
6. D. Doppalapudi, S. N. Basu, K. F. Ludwig, T. D. Moustakas, J. Appl. Phys., 1998. 

84: p. 1389. 
 
7. I. Ho, G. B. Stringfellow, Appl. Phys. Lett., 1996. 69: p. 2701. 
 
8. S. Srinivasan, F. Bertran, A. Bell, F. A. Ponce, S. Tanaka, H. Omlyaand, Y. 

Nakagawa, Appl. Phys. Lett., 2002. 80: p. 550. 
 
9. K. Kumakura, T. Makimoto, N. Kobayashi, Jpn. J. Appl. Phys., 2000. 39(4B): p. 

L337-L339. 
 
10. Po-Chang Chen, Chin-Hsiang Chen, Shoou-Jinn Chang, Yan-Kuin Sua, Ping-Chuan 

Chang, Bohr-Ran Huang, Thin Solid Films, 2006. 498(1-2): p. 113-117. 
 
11. R. McClintock, M. Razeghi. Optoelectronic Devices: III-Nitrides, ed. M. Razeghi, M. 

Henini. 2004: Elsevier. 251-284. 
 
12. J. C. Lin, Y. K. Su, S. J. Chang,  W. H. Lan, K. C. Huang, W. R. Chen, C. H. Lan, C. 

C. Huang, W. J. Lin, Y. C. Cheng, C. M. Chang, Optoelectronics, IET, 2008. 2(2): p. 
59-62. 

 
13. D. Walker, A. Saxler, P. Kung, X. Zhang, M. Hamilton, J. Diaz, M. Razeghi, Appl. 

Phys. Lett., 1998. 72(25): p. 3303. 



 

 
 

120 

 
14. J.M. Shah, Y.L. Li, T. Gessmann, and E.F. Schuber, J. Appl. Phys., 2003. 94: p. 2627. 
 
15. J.D. Brown, Z. Yu, J. Matthews, S. Harney, J. Boney, J.F. Schetzina, J.D. Benson, 

K.W. Dang, C. Terrill, T. Nohava, W. Yang, S. Krishnankutty, MRS Internet J. 
Nitride Semicond. Res., 1999. 4(9): p. 1-10. 

 
16. C. A. Parker, J. C. Roberts, M. J. Reed, S. X. Liu, and N. A. El-Masry,  S. M. Bedair, 

Appl. Phys. Lett., 1999. 75(18): p. 2776. 
 
17. P. Barletta, E. A. Berkman, A. M. Emara, B. Moody, M. J. Reed, N. A. El-Masry, and 

S. M. Bedair, Appl. Phys. Lett., 2007. 90: p. 151109. 
 
18. C. J. Collins, T. Li, D. J. H. Lambert, M. M. Wong, R. D. Dupuis, J. C. Campbell, 

Appl. Phys. Lett., 2000. 77(18): p. 2810. 
 
 
 
 
 
 
  



 

 
 

121 

 

 

 

APPENDIX



 

 
 

122 

 
 
A. Semiconductor Characterization Equipment and Procedure 
 

i) Optical Microscopy 
Optical microscopy is perhaps the simplest yet one of the most versatile 

characterization tools utilized in thin film technology. It provides quick visual inspection of 

films and does not require sample preparation. In this study the grown wafers were inspected 

by an Olympus optical microscope (BX41) fitted with differential interference contrast 

(Nomarski) capabilities to generate contrast even for very small surface features. Compound 

optical microscopes can produce a magnified image of a specimen up to 1000× but at high 

magnifications have a limited depth of field. There is a limit to the optical resolution, d, of an 

optical microscope due to diffraction dictated by the wavelength of the light used, λ,  and the 

numerical aperture of the system, NA, given by: 

AN
d

2
λ

=  

For an average λ of 550nm, and NA of 0.95, which is the maximum possible NA value with 

air as the medium, the resolution is limited to around 290nm due to diffraction.   

In conventional bright field microscopy, the incident light impinges vertically on the 

sample and the horizontal surfaces reflect most of the light while inclined or vertical surfaces 

randomly deflect the light out, thus identification of horizontal and vertical surfaces is based 

on the intensity of the light collected by the objective lens. Dark field microscopy represents 

the reverse condition in which horizontal surfaces appear dark and vertical surfaces bright. 

This enables the small surface irregularities to be identified, unlike bright field microscopy. 

The differential interference contrast (DIC) microspcopes, on the other hand, works by 

separating a polarised light source into two beams which take slightly different paths through 

the sample. The incident beam is split by a crystal in the objective lens into a reference beam 

through a variable phase changer and a direct beam that interacts with the sample. The length 

of each optical path differs which is given by the product of refractive index and geometric 
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path length, and the two beams interfere when they are recombined. This gives the 

appearance of a 3-D image corresponding to the variation in optical density of the sample, 

accentuating lines and edges, though not providing a topographically accurate image.   

The surface morphology of III-N films gives valuable information regarding crystal 

quality which can be linked to growth temperature, growth rate or buffer layer parameters by 

experienced crystal growers. Optical microscopy also was used to assess the bulk GaN 

growth rate and inspect InGaN ternary alloys for formation of In droplets.  

 

ii) X-Ray Diffraction Analysis 
X-ray diffraction (XRD) is a versatile non-destructive structural characterization tool. 

X-ray diffraction analysis of the grown epitaxial films can be used to determine identity, 

strain state, grain size, epitaxial quality, composition, crystal orientation, and defect structure 

of the phases as well as film thickness in periodic multilayer structures.   

A typical diffractometer has a fixed source of x-rays directed to the sample of interest 

and a detector on the other side of the sample to collect the diffracted beam. The sample and 

detector rotate to scan through a range of angles. The constructive interference of the 

diffracted x-ray beams by the regular periodicity of the atoms in crystalline samples only 

occurs at certain angles that satisfy the Bragg’s Law given by: 

)sin(2 Bdn θλ =  

where n is the order of reflection, λ is the wavelength of the x-ray beam, d is the interplanar 

spacing of the reflecting planes and θB is the Bragg angle. For any angle other than θB the 

scattered x-rays undergo destructive interference and hence no signal is perceived by the 

detector. Therefore determination of θB reveals the interplanar spacing of the crystal phase, 

and in turn the lattice parameter.  

 In this study, θ-2θ scans were used routinely to determine the composition of ternary 

InxGa1-xN alloys utilizing Vegard’s Law, according to which the composition x can be 

estimated by linear interpolation using interplanar spacings of pure binary alloys GaN and 

InN as end points such that: 
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GaNInN

GaNInGaN

dd
ddx

−
−

=  

The above equation does not take into account the strain in the film, thus knowledge 

of the strain state of the film is required for accurate determination of ternary alloy 

composition, x. If the film is under tensile or compressive strain, the lattice spacing will 

change to accommodate the strain. The effect of strain can be incorporated in the calculation 

solving for Hooke’s Law once the in-plane and out-of-pane lattice constants are measured via 

symmetrical and asymmetrical reflections, which was discussed in greater detail in Chapter 4.  

In this study, the XRD analyses were performed using a Rigaku Geigerflex D-Max 

diffractometer in the Bragg-Brentano configuration as shown in Figure A-1. 

 

Figure A-1. Schematic representation of the x-ray diffraction apparatus. 
 

Double crystal x-ray diffraction (DCXRD) is a special kind of x-ray analysis in which 

the radiation generated by the x-ray tube is further collimated through a Si crystal and then 

directed onto the sample that is rocked around the Bragg angle. Theoretically, for an ideal 

single crystal material the Bragg condition is satisfied only at the exact Bragg angle, θB. 

However, the actual diffraction peaks exhibit broadening due to structural misorientation, 

dislocations and mosaicity that are present in virtually every semiconductor crystal. 

Therefore, the structural quality of a crystalline film can be assessed based on the width of its 

diffraction peak. The common figure of merit for crystal quality assessment of epitaxial films 
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is the full-width at half maximum (FWHM) of the diffraction peak given in arcsesonds. The 

FWHM for a silicon sample is on the order of 20 arcseconds, while the high density of 

dislocations and mosaicity in typical MOCVD grown GaN epitaxial films widens the 

diffraction peak up to several hundred arcseconds. In this study, standard DCXRD 

measurements were done using a Bede Model 200 diffractometer. In addition, a 3-axis 

Philips X’pert was used for high resolution rocking curves and to determine of well/barrier 

thicknesses of MQW structures. As x-rays travel through periodic structures, such as MQWs, 

they interact to form an interference pattern. This pattern is visible in the diffractogram as 

periodic fringes (known as Pendellosung fringes) decreasing with intensity away from and 

centered around the 0th order peak. The periodicity of the repeating structure, t, can be 

calculated by the path difference for constructive interference as: 

t
n

n 2
sinsin 0

λ
θθ =−  

where θn is the angle of reflection for the nth order peak, θ0 is the angle of the 0th peak and 

lambda is the wavelength of radiation. Note that for MQW structures, t represents the total 

thickness of the well and the barrier, i.e. t=twell+tbarrier. The occurrence of these Pendellosung 

fringes takes place if the well/barrier interfaces are well defined and abrupt, therefore such 

measurements are not useful only for determining the well/barrier thickness, but also as a 

qualitative indicator of interface quality. 

 

iii) Hall Measurement 
The electrical characterization of the semiconductor films were done by Hall Effect 

measurements in Van der Pauw configuration shown in Figure A-2. This technique enables 

determination of resistivity as well as the carrier type, concentration and mobility. High 

purity In pieces are soldered as metal contacts to 4 corners of square samples of size 5-10mm 

x 5-10mm. Standard Keithley current and voltage source-meters are utilized to perform the 

measurements described below.  
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Figure A-2. Contact placement for the Van der Pauw technique.  
 

The measurements start with the determination of sheet resistance, RS. This is done 

by flowing current across two adjacent contacts (for example I1,2), and measuring the voltage 

across the opposite contacts (V3,4). In this case the vertical and horizontal resistances simply 

will be given by: 

2
// 4,32,12,14,3 IVIV

Rvertical
+

=  

2
// 3,21,41,43,2 IVIV

Rhorizontal
+

=  

 The sheet resistance, RS, of the film is given by the solution of the equation: 

1)/exp()/exp( =−+− ShorizontalSvertical RRRR ππ  

However, the mere knowledge of sheet resistance is not sufficient enough to 

determine the type, concentration and mobility of carriers. To obtain these, the Hall Effect is 

utilized. A Hall Effect measurement is based on the nature of carrier flow in a material. In the 

absence of a magnetic field the charge carriers, i.e. electrons and holes, travel through a 

straight path in a semiconductor. When an external magnetic field, Bz, perpendicular to 

current flow is applied, a Lorentz force of magnitude: 

nA
IBBqvF zxy ==  
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acts on the charge carriers with speed, charge and concentration of vx, q and n for current I. 

The Lorentz force pushes majority carriers to one side and minority carriers to the other. As a 

result, an electric field is created to balance the net effect of this accumulated charge. The 

creation of the electric field, εy, is called the Hall Effect, which results in voltage VH = 

εyd=IB/qn (Hall Voltage) acting perpendicular to both the magnetic field and the current flow. 

Then once VH is measured, the polarity of it indicates the carrier type, while the sheet carrier 

concentration, nS, and mobility, μ, can be calculated by: 

H
S qV

IBn =  

µS
S qn

R 1
=  

iv) Photoluminescence 

Photoluminescence (PL) is a process in which a substance absorbs photons and then 

re-radiates photons as a result of excitation of carriers to a higher energy state and then a 

return to a lower energy state accompanied by the emission of a photon. The time between 

absorption and emission of photons generally is in the order of nanoseconds.This is one of 

many forms of luminescence and is distinguished by optical stimulation, typically by a laser, 

hence the prefix photo.  

PL is an important characterization technique for semiconductors that can provide 

information regarding crystal quality, purity, bandgap, impurity and dopant ionization 

energies, state of strain, composition of ternary alloys and nature of defects present in a 

material.  

PL measurements were performed using an Omnichrome 35mW He-Cd laser (325 

nm), 0.5m monochromator, a photomultiplier tube and a standard lock-in amplifier. The 

energy of this laser is suitable to photoexcite GaN and InxGa1-xN alloys. The laser beam is 

directed onto the sample via a set of mirrors and lenses and the resultant emission from the 

sample is focused into the monochromator.  
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B. Device Processing Equipment and Procedure  
 
i) Modular Cleanroom and Processing Equipment 

Processing of optoelectronic devices was performed in our 8’x8’ modular Cleanroom. 

The ceiling is covered with four 2’x4’ HEPA filters fitted with high volume air blowers that 

provide clean air into the room, which is exhausted from the bottom vents. The cleanroom 

was tested to be better than Class 100 as measured by handheld particle counters. The room 

consists of a chemical hood, Chemat Technologies KW-4A spin coater, Karl Suss MJB 3 

contact aligner with a 200W/cm2 mercury light bulb and Thermionics e-beam evaporator. 

The etching of the samples was performed outside the cleanroom with a Minilock II 

Inductively Coupled Reactive Ion Etcher (ICP-RIE) by Trion Technology. 

 

ii) III-N Device Processing Procedure 
The fabrication procedure of the LED and the p-i-n photodiode devices are identical, 

and described below in detail. The as-grown wafers are processed into mesa type devices via 

conventional lithography techniques.   

Prior to processing, all wafers are annealed in a quartz annealing station heated by a 

halogen lamp at 700-735°C for 20 minutes under N2 atmosphere. This annealing step breaks 

the Mg-H complexes and activates the p-layer of the devices as explained in Chapters 2 and 3. 

The annealed samples are cleaned in hexane, acetone and methanol for 10 minutes each, 

respectively, in an ultrasonic bath. Then the wafers are taken into the cleanroom to be 

processed by the following procedure: 

1. Dehydration bake of wafers at 105°C for 5 minutes on hot plate. 

2. Futurrex NR9-3000PY negative photoresist (PR) application using the Chemat 

Technologies spin coater. The resist initially is spun with a slow cycle for 10 

seconds (300-500rpm) to spread the PR on the wafer evenly and a fast cycle at 

5000rpm for 40 seconds to remove excess PR. PR thickness typically ranges 

between 1 and 5μm. 

3. Soft bake of the resist at 150°C for 60 seconds. 
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4. Mask alignment in Karl Suss aligner for lithography of the Ni etch mask.  

5. Exposure of the negative resist (light power of 20mW/cm2 for 17 seconds). 

6. Post exposure bake (hard bake) at 105°C for 90 seconds. 

7. Development of the resist in RD-6 developer for 30 seconds. 

8. Visual inspection of wafers under optical microscope. Repeat of steps 1-8 if there 

are problems such as misalignment of the mask pattern, presence of edge beaks, 

insufficient wetting of the resist, etc. 

9. HCl dip for 60 seconds to remove the native oxides from the surface. 

10. Deposition of 1000Å thick Ni etch mask layer in the Thermionics e-beam 

evaporator. Ni deposition is performed at a base pressure of 10-6Torrs with an 

average deposition rate of 2 Å /s. 

11. Acetone dip for excess Ni lift-off. 

 

The lithography steps performed for Ni etch-mask is (steps 1-11) are summarized in 

Figure B-1. Note that the photoresist profile has a negative slope, i.e. undercut profile, due to 

the nature of negative photoresist. The incoming light is absorbed as it penetrates through the 

resist, resulting in underexposure of the bottom part. As a result, the upper portion of the 

negative resist becomes more resistant to dissolution in the developer solution than the lower 

resist, and hence the formation of the undercut profile. Achieving this undercut profile is 

extremely important for successful lift-off of the metal. Otherwise the deposited metal will 

become a contiguous layer and proper lift-off will not take place. The ease of lift-off is the 

main reason for choosing a negative photoresist in this study. 
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Figure B-1. Ni etch mask lithography steps: Photoresist spin, exposure of the wafer, 
photoresist development, Ni deposition, excess Ni lift-off.  

 
12. Flash annealing of the Ni mask at 400°C for 5 seconds. 

13. Mesa formation via ICP etching in the Minilock II ICP-RIE etcher down to the n-

layer. Etching is performed at a pressure of 8 to 12mTorr under 25sccm chlorine 

(Cl2) and 5sccm boron trichloride (BCl3) flow with 100W RIE power and 250-

260W ICP power that results in an average GaN etch rate of 6500-7000Å/min. 

The etch selectivity of the process, i.e. etch rate ratio of GaN to Ni mask, is larger 

than 100. The post-etch mesa depth and profiles on each wafer are checked by a 

Dek-Tak profilometer. 

14. Removal of the Ni-etch mask by Ni-etchant solution which provides an etch rate 

of 30Å/min. 
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 The formation of mesas by ICP etching and the removal of Ni etch-mask are 

illustrated in Figure B-2. 

 

Figure B-2. Formation of mesas: ICP etching of the wafer using Ni etch-mask, formation of 
the mesas, and removal of the Ni etch-mask. 
 

15. Repeat of steps 1-9 for p-type metallization lithography.  

16. Deposition of contact metals to the p-layer: 500Å Ni/500 Å Au.  

17. Acetone dip for metal lift-off.  

18. Annealing of the p-type contacts at 500°C for 8 minutes in air to achieve ohmic 

contacts to the p-type semiconductor. It is believed that this step oxidizes Ni into 

NiO, a non-stoichiometric oxide, which improves contact properties [Chen, L.C., 

et al., J. Appl. Phys., 1999. 86(7): p. 3826-3832]. 

19. Repeat of steps 1-9 for n-type metallization lithography. 

20. Deposition of contact metal to the n-layer: 250 Ǻ Ti/500 Ǻ Al/2000 Ǻ Au.  

21. Acetone dip metal lift-off. 
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22. Visual inspection of the processed wafers with optical microscope. 

 

The final product of the described fabrication procedure yields mesa type devices as 

illustrated in the Figure B-3. 

(0001) Al2O3

GaN Buffer Layer

GaN Template

n-Layer

Active Region

p-Layer +-

(0001) Al2O3

GaN Buffer Layer

GaN Template

n-Layer

Active Region

p-Layer +-

 
   (a)      (b) 

Figure B-3. The schematics of the LED and p-i-n photodiode devices processed according to 
the above processing scheme: (a) Top view and (b) Cross section of the device structures.  
 
 
 


