
 

ABSTRACT 

REED, MASON JACOB.  Light Emitting Diodes and Dilute Magnetic Semiconductors in the 

III-Nitride Materials System (Under the direction of Dr. Nadia El-Masry and Dr. Salah M. 

Bedair) 

 

The purpose of this research has been to produce novel light emitting diodes in the 

III-nitride materials system via metal organic vapor phase epitaxy.  Three distinct types of 

devices were grown: 1) blue light emitting diodes with a peak wavelength of 445 nm were 

grown on sapphire substrates, 2) blue light emitting diodes were grown on ruby substrates to 

produce dual wavelength light emitters with peak wavelengths of 430 nm and 694 nm, and 3) 

ultraviolet light emitting diodes with a quaternary active region with a peak wavelength of 

340 nm were grown on sapphire substrates. The diodes’ characteristics are examined and 

iteratively improved based on feedback from characterization.  Modifications to the 

metalorganic chemical vapor deposition system’s physical configuration and growth 

parameters have also been employed to improve material properties.   

The dual wavelength light emitting diodes have been produced as a first step towards 

the realization of a monolithic white light emitting diode for potential use in solid state 

lighting applications.  These dual wavelength devices were grown on chromium doped 



 

sapphire substrates (also known as ruby).  The high-energy photons originating in the III-

nitride active region photoexcite chromium atoms within the ruby substrate which 

subsequently emit red photons.  In this manner a compact dual emitter of both red and blue 

photons is realized.  

The quaternary ultraviolet light emitting diodes were demonstrated as a potential path 

towards more efficient short wavelength emitters in the group III-nitride materials system. 

The incorporation of a small percentage of indium has been shown to increase the radiative 

recombination efficiency of AlGaN layers due to induced carrier localization at indium 

fluctuations. Ultraviolet light emitting diodes emitting at a peak wavelength of 340 nm were 

demonstrated using this approach. 

 An investigation of the ferromagnetic properties Mn-doped GaN dilute magnetic 

semiconductors on the material’s Fermi energy was also made. It was found that the 

occupancy of the deep manganese acceptor level must be controlled through Fermi energy 

engineering to achieve ferromagnetic GaN:Mn. 
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1 INTRODUCTION 

The AlInGaN materials system makes up a class of compound semiconductors known 

as the III-nitrides.  The binaries AlN, GaN, and InN can be combined in pairs to form ternary 

compounds AlxGa1-xN, InxGa1-xN and AlxIn1-xN, or mixed to form AlxInyGa1-x-yN, a 

quaternary compound.  The III-nitride system’s energy gap spans nearly and order of 

magnitude of variation, ranging from the relatively large 6.2 eV band gap of AlN to the 

modest band gap of InN at 0.7 eV.  In all cases, a direct band gap is maintained.   

These compounds enjoyed their first commercial success in 1995 as blue light 

emitting diodes.  Since their emergence in the commercial market, III-nitride based light 

emitting diodes have rapidly improved in brightness and efficiency.  By 1995, the world’s 

first solid-state blue laser diode had been developed using the III-nitride system.  This laser 

diode is now scheduled to replace the red laser diodes currently used in digital versatile disc 

(DVD) players; the shorter wavelength will result in storage capacity of about 27 GB 

(compared to 5 GB of the red laser DVD technology).  Although optoelectronic applications 

of GaN based devices currently represent a multi-billion dollar industry, the potential of GaN 

has yet to be fully exploited. 

Despite the widespread success of III-nitride compound semiconductors in 

optoelectronic devices; this is not the only application for this materials system.  This is a 

maturing semiconductor materials system which has already shown promise in a number of 

applications: HFETs, BJTs, lasers, optical waveguides, light emitting diodes, photovoltaic 

cells, solar blind detection systems, etc.  However, high brightness light emitting diodes are 

currently the primary application of GaN based devices.  In fact, the brightness of light 
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emitting diodes has, in many cases, surpassed the luminous efficiency of incandescent bulbs 

(20 lm/Watt)1,2.  Not only are efficient light emitting diodes with high brightness emerging 

on the market, but the full range of visible colors are now achievable with solid state 

emitters.  This has set the stage for a paradigm shift in the general illumination market.  Gone 

are the days in which LEDs were used only as indicator lights.  A new market for high 

brightness light emitting diodes is emerging in which our homes and business will be 

illuminated by solid-state lighting.  

1.1 Motivation 

There are three primary challenges to be met before solid state lighting can be widely 

adopted: 1) reducing the initial cost of the solid state lighting system, 2) producing a high 

quality white light while maintaining high luminous efficiency, and 3) adopting standard 

configurations for solid state lighting solutions to foster direct competition between 

companies.  Although two of the three challenges are commercial concerns, producing a high 

quality white light while maintaining high luminous efficiency falls under the jurisdiction of 

scientific research.  

Currently there are three distinct approaches for producing white light with LEDs.  

The first approach to achieve widespread commercial success uses a blue GaN based LED 

die coated with a thin layer of yellow phosphor.  Some of the blue light passes through the 

phosphor and a portion of it is absorbed and converted to yellow light in the phosphor.  The 

combination of yellow and blue light is interpreted as white light by the eye.  In the second 

approach, an ultraviolet GaN based LED die is coated with a mixture of red, green, and blue 

phosphors.  The ultraviolet light has sufficient energy to excite all three phosphors to create 

several wavelengths of light that mix to form white light.  In the third approach, three 
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separate LEDs, one red, one blue, and one green, are mixed to produce a giant pixel of sorts.  

This LED pixel is capable of producing a gamut of colors, including white, depending upon 

the relative drive currents of the three LEDs.  Each of these three methods have their 

strengths and weaknesses to be sure, but none produce white light from a single solid state 

emitter without the aid of phosphors or without working in concert with other LEDs.  It is 

one of the aims of this research to develop a fully monolithic light emitting diode based on 

the III-nitrides that can be used to produce an efficient white light source without the use of 

phosphors or other LEDs. 

  

1.2 Organization of Chapters 

Following this introduction, Chapter 2 will give a background on the physical, 

mechanical, electronic, and optical properties of the III-nitrides, highlighting properties that 

are relatively unique to the III-nitride semiconductors.  

Chapter 3 introduces a numerical solution for the 1-dimensional Schrödinger equation 

developed for this research. This numerical solution can be used to simulate the allowed 

energy states and wave equations for an electron in an arbitrary potential profile. This 

numerical model will be used to simulate several heterostructures utilized in this research. 

Chapter 4 gives a brief discussion of the methods used to characterize the thin films 

grown for this research.  

Chapters 5 presents the MOCVD system used in this research and some of the design 

features peculiar to it. Chapter 6 discusses the growth of GaN and some observations which 

led to improvements in material quality. The growth of ternary and quaternary alloys and 

there application to light emitting diodes are discussed in Chapter 7.  
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The modular clean room constructed for semiconductor processing is discussed in 

Chapter 8 along with the various processing steps utilized in the production of light emitting 

diodes. 

The growth of light emitting diode structures and their optoelectronic properties are 

discussed in Chapter 9. Three basic types of LEDs were grown and each is given its own 

section in this chapter.  

The growth and properties of the dilute magnetic semiconductor GaN:Mn are 

discussed in Chapter 10 along with potential application of this material in to produce light 

emitting diodes having circularly polarized light output.  

In Chapter 11, results are summarized and conclusions given. 
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2 BACKGROUND 

The following sections are a compilation of the physical, electronic and optical 

parameters of the III-nitrides, such as lattice constants, thermal expansion coefficients, 

piezoelectric constants, elastic parameters, band gaps, electron affinities, dielectric constants, 

effective masses, carrier mobility, ionization energy of dopants, etc.... These properties are 

necessary to calculate band offsets, lattice misfit and elastic strain, built-in electric fields, 

carrier concentration, and other important characteristics that determine the performance 

characteristics of all types of electronic devices created in the III-nitride material system.   

2.1 Physical and Mechanical Properties of the III-Nitrides 

The III-nitrides can exist in the zincblende or the wurtzite crystal structure; however, 

the wurtzite crystal structure is far more stable and is the crystal structure of all thin films 

grown for this work. The group symmetry for InN, GaN, and AlN in the wurtzite hexagonal 

phase is C4
6v-P63mc. Below is a tabulation of some of the basic physical parameters of this 

materials system and some substrate materials used in epitaxial growth. 

 

 

 

 

 

 

 

 



 6

Table 2.1:  Physical and Mechanical Properties of III-Nitrides and Substrates 

 crystal 
structure 

lattice 
parameter 

at 300 K (Å) 

density 
(g/cm3) 

thermal 
expansion 

coeff. 
αT 

(10-6/K) 

Metling 
point 
TM 
(ºC) 

atoms/cm3 

AlN zincblende 4.38 -  3000  

AlN wurtzite a=3.11 
c=4.981 3.255 4.2 

5.3 3000 9.58x1022 

InN zincblende 4.980 -  1100  

InN wurtzite a=3.5446 
c=5.7034 6.810  1100 6.4x1022 

GaN zincblende 4.511 -  2500  

GaN wurtzite a=3.1878 
c=5.1850 6.095 5.59 

3.17 2500 8.9x1022 

α-
Al2O3 

corundum a=4.758 
c=12.99 3.98 8.8 

7.9 
2040  

6H-
SiC wurtzite a=3.081 

c=15.117  4.3 
4.7 2830  

Si Diamond 5.43095 2.329 2.6 1412 5.0x1022 

ZnO hexagonal a=3.252 
c=5.313 5.7 2.9 1975  

 

As can be seen in the above table, the more commonly employed substrate materials 

(sapphire, SiC, and Si) exhibit large lattice and/or thermal expansion coefficient differences 

as compared to GaN. The thermal expansion and lattice mismatch between the various 

constituents of a multilayer thin film deposited at elevated temperature can lead to the 

accumulation of large strains in the resulting heterostructure at room temperature. The 

mechanical behavior of the thin film in response to these stresses depends on several factors 

such as the level of film adhesion to the substrate, the temperature of deposition, film 

thickness, etc… As the volume (thickness) of the deposited film increases, the strain energy 

also accumulates. Eventually, the film will change in some manner to reduce the 
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accumulated strain energy; this behavior is known as relaxation. The relaxation may occur 

via dislocation formation at the film/substrate interface, the formation of three-dimensional 

features, film delamination, film cracking, or some combination thereof.  

From the above discussion, it is apparent that homoepitaxy is highly preferable to 

growth on a foreign substrate; however, homoepitaxy is currently very rare due to the lack of 

readily available and affordable GaN or AlN substrates. This is because it is very difficult to 

form a GaN melt due to the extremely high equilibrium overpressure of nitrogen at GaN’s 

melting temperature (45,000 atm3). As a result, III-nitride thin films are most commonly 

grown heteroepitaxially, with α-Al2O3 and 6H-SiC being the most commonly used 

substrates. This causes most III-nitride thin films to contain a high dislocation density (108-

1010/cm2) and considerable residual stresses. Although special steps can be taken to mitigate 

these defects, the widespread availability of GaN substrates is a highly anticipated 

development expected to further enhance the performance of many III-nitride semiconductor 

devices.  This is not to say that the development of bulk GaN substrates will be a panacea for 

lattice mismatch since there exist considerable misfit even between the nitrides, particularly 

between InN and GaN. Recall that the lattice misfit, f, of an epitaxial film is defined as 

0

0

0

00

)(
)()(

a
a

fa
fasaf ∆

=
−

=                                           (2.1) 

where )(0 sa  and )(0 fa  represent the unstrained lattice parameters of film and substrate, 

respectively along a given crystallographic direction at the heterointerface.  Negative values 

of f indicate that the epitaxial film is under compression, while a positive value indicates the 

film is stretched into tension. For InN films grown on GaN substrates, the lattice misfit is -

10.07% and f = 2.5% for AlN grown on a GaN substrate. For convenience, the misfit as a 
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function of composition has been plotted below (assuming pseudomorphic growth on a GaN 

substrate) in Figure 2.1.  
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Figure 2.1. Lattice misfit of InxGa1-xN and AlxGa1-xN grown on GaN substrate 

 

The determination of a pseudomorphic film’s stress state will come into play when 

determining the piezoelectric induced electric field within heterostructures of these materials.  

2.2 Electronic Properties of the III-Nitrides 

Knowledge of the electronic properties exhibited by the III-nitrides is essential for 

rational device design. What follows is a tabulation of some of the basic electronic properties 

of the III-nitrides and a brief explanation of how these properties are used to predict the 

performance and properties of a device structure. This information will be used in later 

chapters to analyze the specific device structures grown for this research. 
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The energy gap of the III-nitrides can be tuned over a 5.5 eV energy range by alloying 

InN, GaN, and AlN with one another. The gap of InxGa1-xN increases from 0.7 eV to 3.4 eV 

as the percentage of InN is decreased from 100 to 0%. In the AlxGa1-xN ternary alloy system, 

the band gap increases from 3.4 eV to 6.2 eV as the percentage AlN is increased from  0 to 

100% (ternary InxAl1-xN alloys are generally not grown due to the large difference in the 

aluminum and indium cations’ size and bond strength to nitrogen in the lattice).  A direct 

band gap is maintained for all III-nitrides. In Figure 2.2, the energy gap of the III-nitrides is 

plotted as a function of lattice spacing at standard pressure and room temperature.  
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Figure 2.2. Lattice parameter versus band gap in the III-nitride materials system 

 

The ability to tune this direct band gap over such an extensive spectrum makes the III-

nitrides well suited for a range of electronic and optoelectronic devices.  
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The band gap values given above are at room temperature (300 K). The Varshni 

equation given below describes the temperature dependence of a semiconductor’s band gap. 

)(
)(

2

0 β
α

+
−=

T
TETEg                                           (2.2) 

Where T is in degrees Kelvin, E0 is the energy gap at absolute zero, and α and β are 

constants. For GaN E0≈3.50 eV, α=9.09x10-4 eV/K, and β=830 K. In Figure 2.3below, this 

relation is plotted from 0 K to 300 K.  
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Figure 2.3. Band gap of GaN as a function of temperature from 0 k to 300 k 

 

Note the band gap narrows with increasing temperature. Band gap narrowing with increasing 

temperature is common to all III-nitride semiconductors, although some other 

semiconductors do exhibit a positive dEg/dT. 
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 Included below is a tabulation of some electronic properties of the III-nitrides useful 

in commonly performed solid state physics calculations. It should be noted that there exists 

considerable disagreement between and amongst the experimentally measured and 

theoretically predicted values for even the basic electrical properties of these materials, but 

the tabulated values represent at least a ballpark value for estimation 

.   Table 2.2: Some Electronic Properties of the III-Nitrides 
Band Gap 

(eV)  
0 k 300 k 

Relative 
permittivity 

χs 
(eV) 

DOS 
Effective 

mass 
Effective DOS (cm-3) 

c-AlN - - -  - 
- 

- 
- 

h-AlN - 6.2 9.14 (static)4 
4.6 (high ν)4 0.64 

5me/mo=0.4 
6mh/mo=7.26 

NC = 1.2 x 1015 T 3/2 
NV = 9.4 x 1016 T 3/2 

c-InN - - -   - 
- 

h-InN - 0.7 15.3 (static)  
7,8me/mo=0.11 
5mh/mo=1.65 

2/3141076.1 TNC ×≅  
2/31610 TNV ≅  

c-GaN 3.28 3.2   
9me/mo=0.13 
10mh/mo=1.4 

NC = 2.3 x 1014 T 3/2 
NV = 8.0 x 1015 T 3/2 

h-GaN 3.50 3.44 ║=10.4 
┴=9.5 4.19 

9me/mo=0.20 
10mh/mo=1.5 

2/314103.4 TNC ×≅  
2/315109.8 TNV ×≅  

 

From literature, the most comprehensive survey to date of band parameters for III-nitrides is 

given by I. Vurgaftman and J. R. Meyer11. They reviewed all available literature and 

suggested a single recommended value for many of the band parameters based upon averages 

over the most reliable experimental and theoretical determinations: 
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Table 2.3: Band Parameters of the III-Nitrides11 

 

  

2.2.1 Heterojunction band offsets 

Determining the expected band offsets in a heterojunction device is an important step 

towards understanding its electronic and optical properties. In compound semiconductor 

devices, III-nitrides included, heterojunctions are employed in most technologically 

significant applications of these materials. The development of accurate heterojunction 
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diagrams is essential for modeling of device behavior and performance. An early theoretical 

model was developed by R.L. Anderson to predict the band offsets at a heterojunction 

interface12.  In Anderson’s model, the conduction band offset is equal to the difference in 

electron affinity, χ, of the two semiconductors: 

χχχ ∆=−=∆ 21CE                                          (2.3) 

and the valence band offset is given by: 

χ∆−∆=∆ gV EE                                             (2.4) 

Therefore,  

gVC EEE ∆=∆+∆                                        (2.5) 

Although Anderson’s model can be used to produce qualitative schematics of heterojunction 

band diagrams, experimentally measured band offsets are very different from those predicted 

with this model. Over the years several other “rules”, such as the common anion rule, have 

been proposed to predict band offsets, but detailed experimental measurements have shown 

that a simple 60:40 distribution of the ∆Eg is often accurate for many heterojunctions with 

type I band lineup. In other words, ∆EC =0.6 ∆Eg and ∆EV = 0.4 ∆Eg. However, the 

experimental data available to date for the band offsets between the nitrides do not seem to 

follow the 60:40 distributions either. 

The measured band discontinuities between the binary III-Vs are listed below. Please 

note that two values are listed for the conduction band discontinuities with InN due to recent 

reassessment of InN’s energy gap to 0.78 eV; these values are listed in parentheses. 

 
AlN/GaN13 

 
∆Ec = 2.0 eV 
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∆Ev = 0.7eV 
 
GaN/InN13 

 
∆Ec = 0.43 eV, (1.63eV) 
∆Ev = 1.0 eV 

 
AlN/InN13 

 
∆Ec = 2.7 eV, (3.62 eV) 
∆Ev = 1.8 eV 

 
The above values describe the band offsets between the binary III-nitride semiconductors, 

however, the compositional dependence of these offsets must be known as well since actual 

devices typically contain ternary alloys. To a first order approximation, the band offsets can 

be assumed to vary linearly with composition. The offsets listed here should not be taken as 

absolutes since theoretical calculations and experimental measurements of these 

discontinuities are still in some state of flux, particularly for InN containing alloys. Future 

improvements in material synthesis, theoretical calculations, and measurement techniques 

will undoubtedly cause continued revision of these numbers for some time to come.  

2.2.2 Dopants and other point defects 

Conductivity control is a defining characteristic of semiconductors. The intentional 

incorporation of dopant atoms into a host lattice is the most common method used to 

manipulate the conductivity of a semiconductor, although the intentional formation of 

intrinsic defects has also been used to some affect.  Dopants form energy states within the 

band gap of a semiconductor. An acceptor state is neutral if empty and negative when 

ionized, while a donor state is positive when ionized and neutral when occupied.  The 
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ionization energy of a dopant state is most simply analyzed by treating it as a hydrogen atom. 

Recall the ionization energy of a hydrogen atom is given by: 

eV
qm

EH 6.13
32 22

0
2

4
0 ==

hεπ
                                          (2.6) 

To apply this formulation to the ionization of an impurity, we must use the conductivity 

effective mass of an electron, mce=3(1/m1*+1/m2*+1/m3*)-1, and replace the free-space 

permittivity with the permittivity of the semiconductor14.  
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=

ε
ε

                                        (2.7) 

Equation 2.7 can also be applied to predict acceptor ionization energy, EA, by using the hole 

conductivity effective mass. The application of the above formula to the III-nitrides predicts 

the following ionization energies for the III-nitrides: 

GaN: ED = 27.2 meV; EA = 204 meV 

InN: ED = 6.4 meV; EA = 95.9 meV 

AlN: ED = 85.1 meV; EA = 1182 meV 

Where ED is the ionization energy of donors and EA is the ionization energy for acceptors. 

Although this treatment is an oversimplification of the actual calculation of impurity 

activation energy, it does give an accurate picture of the situation. Recall that for effective 

ionization at room temperature, the ionization energy must be comparable to kT = 26 meV or 

less at room temperature. In GaN, the activation of n-type dopants is efficient due to their 

low ionization energy; however, the ionization energy of p-type impurities is relatively large, 

resulting in a low ionization fraction of these impurities and some difficulty in p-type doping. 

In AlN, the ionization energy of donors is still fairly low; however, the ionization energy of 
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acceptors would make it seemingly impossible to obtain p-type AlN. For InN, the ionization 

energy of both donors and acceptors is relatively low. The observed ionization energy for 

several important impurities and defects is given below: 

Donors in GaN: Si = 0.12-0.02 eV 

                           VN = 0.03-0.1 eV 

Acceptors in GaN: Mg =0.14-0.21 eV  

                                Zn = 0.21 eV 

                                VGa = 0.14 eV 

          Cd = 0.55 eV 

                                Zn = 0.21-0.34 eV 

Data for the ionization energy of acceptors and donors in InN and AlN are scarce. 

AlN nitride acceptor and donor atoms tend to form self compensating AX and DX 

complexes, resulting in very highly resistive films, and InN films usually show a background 

electron concentration of 1019/cm3. However, the measured ionization energies of impurities 

within InxGa1-xN and AlxGa1-xN ternary alloys are available for moderate values of x. 

Magnesium is most commonly used as the p-type dopant, and silicon is most often used as 

the n-type dopant. The ionization energy of Mg in InxGa1-xN is plotted as a function of x in 

Figure 2.415. As the indium content is increased, the ionization energy of the acceptor level 

decreases.  
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Figure 2.4. Ionization energy of Mg versus indium composition in InxGa1-xN 

 

The ionization energy of Mg in AlxGa1-xN is plotted as a function of x in Figure 2.516.In this 

case, as the aluminum content is increased, the ionization energy of Mg acceptors increases, 

making p-type doping increasingly difficult.  
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Figure 2.5. Ionization energy of Mg in AlxGa1-xN as a function of composition 
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By calculating the band gap of the InxGa1-xN and AlxGa1-xN alloys, a plot of magnesium’s 

ionization energy as a function of band gap is shown in Figure 2.6(note the steady rise in 

activation energy with increasing band gap) 15,16.  
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Figure 2.6. Ionization energy of the Mg acceptor state in III-nitride semiconductors as a 
function of band gap energy. 

 
This is also the case for silicon doping, however, n-type AlxGa1-xN films have been 

demonstrated by several groups at very high mole fractions of AlN17,18 

In addition to ionization energy, the solubility limit of dopant atoms in the host crystal 

plays an important role in determining the range of carrier concentrations achievable by 

impurity doping. The solubility limit of the dopant must be qualified as the solubility on the 

intended lattice site. To a large extent, the solubility limit of the dopant impurity is a measure 

of the size and chemical similarities between the dopant and the atom it is intended to 

replace. The more similar the dopant and host atom are, the higher the solubility becomes. 

The solubility is also affected by the Fermi energy19. The formation energy of a positively 
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charged donor state increases with increasing Fermi energy, therefore, the formation of 

ionized donors becomes increasingly difficult as the conduction electron concentration 

increases. Similarly, the formation energy of a negatively charged acceptor state increases as 

the Fermi energy decreases, therefore the formation of ionized acceptor states becomes 

increasingly difficult in materials with high hole concentrations. This argument can be 

extended to show that, not only does the formation energy of ionized donors increase with 

electron concentration, but the formation energy of acceptors (which compensate the donors) 

decreases. In effect, the doping process is self-limiting due to the spontaneous formation of 

these compensating native defects. As a result, there are limitations to the range of achievable 

Fermi energies within a material under equilibrium. These limits are referred to as Fermi 

energy pinning level, εpin
19

.   

Doping failures in wide band gap semiconductors are often attributed to the size of the 

band gap, however this is not exactly the case. Rather, the Fermi energy pinning level for n-

type material, n
pinε , with respect to the conduction band minimum (CBM), and the Fermi 

energy pinning level for p-type material, p
pinε , with respect to the valence band maximum 

(VBM) determines the success or failure of doping efforts in semiconductor materials. In 

other words,  

• a material in which n
pinε <<CBM cannot be n-type doped19 

• a material in which p
pinε >>VBM cannot be p-type doped19 

Of course, this is an obvious statement, but it allows one to calculate the maximum 

permissible carrier concentration achievable in the presence of compensating defect. The 

Fermi energy pinning level is shown schematically in Figure 2.7.  
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Figure 2.7. Fermi energy pinning level for n- and p-type semiconductors 

 

It is the formation of these compensating defects along with the limited solubility of available 

dopant atoms at the growing surface that limit doping in most cases.  

2.2.3 Piezoelectric and spontaneous polarization 

In certain materials, the application of a strain induces an electrical polarization 

within the material, and conversely, the application of a voltage across the material will result 

in a strain. This is known as the piezoelectric effect, and it was discovered (actually 

predicted) in 1880 at the Sorbonne by Jacques and Pierre Curie. The III-nitrides exhibit the 

piezoelectric effect. This effect only occurs in polar crystals which do not exhibit a center of 

symmetry. The simplest crystal structure capable of the piezoelectric effect is the zincblende 

structure. A unit cell of the cubic ZnS crystal structure is shown in Figure 2.8.  
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Figure 2.8. ZnS in the  zincblende crystal structure 

 

Note that this unit cell contains four negatively charged S atoms bonded with four positively 

charged Zn atoms in a tetrahedron. Since the electronegativity of sulfur is greater than that of 

zinc, an electric dipole moment, µ, exists along each Zn-S bond which points from the 

negative anion towards the positive cation by convention. Recall, a vector quantity, called the 

electric dipole moment, µ, describes two charges, q and –q, separated by a distance R, with 

a magnitude given by qR. The magnitude is often reported in SI units of Cm: 

µ = qR                                                             (2.8) 

 The direction of µ points from the negative charge towards the positive charge. In the 

unperturbed state of the zincblende unit cell, the resultant of all the dipoles in the tetrahedron 

sum to zero due to its symmetry. However, the application of stresses along certain directions 

will perturb the symmetry of the tetrahedrons, and a net dipole will form. Imagine, for 

example, that this unit cell experiences a uniaxial compression along the [110] direction. If 

we picture a single tetrahedron for simplicity, we see that this compressive force will push 
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the two Zn atoms along the [110] direction closer together, and the two Zn atoms along the 

]011[  direction will be pushed further apart and the sulfur atom will be displaced downwards 

as shown in Figure 2.9.  

µµ

 
Figure 2.9. ZnS Tetrahedron being uniaxially compressed along [110]. Cell distortion 
creates a net dipole moment. 

 

On the first order, the magnitude of the electric dipole along each bond has remained 

unchanged, but the direction of the bond has changed, resulting in a net polarization, P, in the 

[001] direction.  The polarization, P, of a sample is the electric dipole density, given by:  

P = <µ>Ν                                                  (2.9) 

Where <µ> is the mean dipole moment of a unit cell, and N is the number density of unit 

cells.  The polarization of a material is commonly reported in C/m2. 

 For cubic materials, a single piezoelectric constant relates the electric polarization 

along a crystal direction to the strain in a plane perpendicular to this axis. For crystals of 

lower symmetry several independent piezoelectric constants are required to fully describe the 

piezoelectric effect in these materials. To determine polarization due to the piezoelectric 

effect, the following equation can be applied20: 

kjkijjijPZ CdeP εε == , xyzxyzzzyyxxkj ,,,,,, =            (2.10) 
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where eij are the piezoelectric coefficients, and εj is the strain tensor. In the alternate 

formulation, dij are the piezoelectric coefficients relating the polarization to the stress tensor 

σj=Cjkεk.. Contracted matrix notation is used with summation assumed over repeated indices. 

From the above equation, it can be shown that for (0001) oriented hexagonal thin films such 

as GaN, PPZ along the [0001] direction (z-direction) is given by: 

133
33

13
31, 2 ε








−= e

C
C

eP ZPZ                                       (2.11) 

The table below indicates piezoelectric constants taken from E. T. Yu et al.20 and references 

therein: 
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Table 2.4: Polarization Coefficients of the III-Nitrides 

 

These constants are used to calculate the magnitude of the piezoelectric effect in III-nitride 

layers under a given state of strain. Strain originates from biaxial stress due to lattice 

mismatch between the films and substrate. In this research, the heterostructures typically 

employ very thin (~30Å) films of InxGa1-xN and fairly thin layers of AlxGa1-xN (200 Å) on 

thick GaN layers (20,000 Å). The InxGa1-xN and AlxGa1-xN layers are fully or partially 

constrained to the GaN substrate. As a result, a state of biaxial compression is generated in 

the InxGa1-xN alloys, and a state of biaxial tension is produced in AlxGa1-xN alloys. 



 25

 In addition to the piezoelectric component to polarization, there also exists a 

spontaneous polarization in the heterostructures of noncentrosymmetric compound materials 

along certain crystallographic directions. Such is the case for the III-nitrides. The growth 

direction is most commonly along the [0001] or [000 1 ] direction. Along these directions, the 

material consists of layers of two closely spaced hexagonal bi-layers, one layer consisting of 

nitrogen and the other the metal cation. This is shown schematically in Figure 2.10. 

 
Figure 2.10. Schematic of bilayer structure along the [0001] direction 

 

Either the nitrogen or gallium atoms are in the top position of a bilayer. When the Ga is in the 

top position, this is known as a Ga-face (or A-face). When N is in the top position of the 

bilayer, this is known as N-face (or B-face). In MOCVD growth, high quality films are 

usually Ga-face. Although, in rough MOCVD grown films, the growth can be either N-face 

or Ga-face. In MBE growth, the spontaneous polarity is controlled by carefully manipulating 

the growth conditions used in the initiation of growth. By convention, a Ga-face film is 

growing in the [0001] direction, and a film growing with a N-face is growing in the [000 1 ] 

direction. The corresponding (0001) and (000 1 ) are termed the Ga-face and N-face, 

respectively. The geometry and density of dangling bonds encountered by adatoms is 
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different for A and B faced films. For nitrogen face growth, each unoccupied nitrogen site at 

the surface only has one dangling bond normal to the growth surface along the [000 1 ] 

direction. However, in the case of growth on Ga-face material, each nitrogen site at the 

surface has three dangling bonds and these bonds are inclined to the (0001) growth surface. 

These differences in the electronic structure of the surface sites are responsible for the 

different growth characteristics of N-face and Ga-face material.  

In an unstrained thin film, away from either interface, there is no net electric dipole. 

However, the dipoles at the top and bottom interface of the film may not be cancelled, due to 

the interruption of symmetry along the growth direction at these interfaces, and this leads to a 

spontaneous polarization of the film. Values of the spontaneous polarization for GaN, AlN 

and InN are available only from theory. These are the last values given in the table above. 

The spontaneous polarization in InN and GaN listed in the above table are very similar, 

making piezoelectric induced polarization the dominant source of electric fields in the large 

lattice-mismatched InGaN/GaN heterostructure. For AlN, the spontaneous polarization value 

is quite different from GaN and InN, making contributions from both the spontaneous and 

piezoelectric polarizations important in this case.  

Theoretical calculations have shown that the spontaneous polarization always points 

from the Ga face towards the N face for AlN, GaN and InN. In other words, the spontaneous 

polarization is always in the [000 1 ] direction. For III-nitride films grown in the c-plane, 

tension induces PPZ in the direction of the nitrogen face, while compression produces PPZ in 

the direction of the Ga face. The direction of the spontaneous and piezoelectric polarizations 

is given for unstrained GaN and AlxGa1-xN and InyGa1-yN  pseudomorphically strained to 

GaN in Figure 2.11 below20. 
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Figure 2.11. Crystal structure, spontaneous polarization fields (Psp) and piezoelectric fields 
(Ppz) in unstrained GaN, compressively strained InGaN, and AlGaN under tension. Ga-face 
is at upper interface. 

 

The total polarization is the summation PSP and PPZ. The charge density, ρpol, arising from 

polarization is given by: 

polspPZ PPP ρ−=+•∇=∇ )(                     (2.12) 

This means that abrupt changes in polarization result in large polarization induced charge 

densities. This is the case at the heterointerface where differences in spontaneous polarization 
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between the two materials and dramatic changes in strain result in large changes in P. Since 

these are essentially discontinuities at the interface, a large polarization charge results. The 

magnitude of electric field in a layer can be obtained by taking the difference of polarization 

charge at the interfaces of the layer and dividing by the dielectric constant of the layer,  

|E|=
s

polpol

ε

ρρ

2

21 −
. The direction of electric field due to polarization will point from the 

relatively positive interface towards the relatively negative interface. Free carriers will move 

in an effort to cancel this polarization-induced electric field.  

 The goal of an analytical analysis of the polarization effects of a heterostructure is to 

arrive at an expression relating the sheet charge densities formed at the interfaces to the 

polarization coefficients, band offsets, barrier heights and applied voltage to the device. The 

starting point for this analysis to apply Gauss’ Law to each interface to arrive at expression 

relating the polarization induced charges, electric fields and sheet densities. These 

expressions are used in conjunction with the expression for satisfying charge neutrality for 

the entire structure to arrive at an expression. However, the effect of free-carriers and ionized 

impurities makes arriving at an analytical solution which necessitates the use of numerical 

simulation.  To this end, a numerical model was produced and is discussed in Chapter 3. 

 

2.3 Optical Properties of the III-Nitrides 

The III-nitrides exhibit some interesting optical properties in comparison to other 

compound semiconductors. Owing to their large band gap, these materials have a large 

effective mass for electrons and holes. This leads to large exciton binding energies in these 

materials, ~26 meV for GaN. As a result, the excitons show stability even at room 
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temperature. Also due to the large effective masses, the wave function in this material is not 

spread very wide in space. This makes the electrons and holes very sensitive to local 

potential fluctuations. For example, the Bohr radius of an exciton in GaN is as small as 3 

nm21. In GaAs, the exciton is much more spread out, making it “see” only the average 

potential in this space making it less sensitive to small potential fluctuations. 

 The large exciton binding energy and effective mass are a redeeming feature of the 

III-nitrides. To date, most commercially available III-nitride LED structures are highly 

defective, with dislocation densities of ~1010/cm2, but these materials are still efficient light 

emitters contrary to initial expectations. It just so happens that alloys of InxGa1-xN, the 

material used in the active layer in these optoelectronic devices, naturally forms random 

fluctuations of indium concentration. These fluctuations produce corresponding fluctuation in 

the band gap, thereby creating a potential fluctuation. In regions of higher indium content, a 

potential minimum is formed. These concentration fluctuations form a nanotexture of 

potential fluctuations. Owing to the aforementioned small effective Bohr radius of an exciton 

in this material, it is able to “sense” this potential fluctuation whereas an exciton in another 

material such as GaAs would not. As a result, carriers in III-nitrides can become localized at 

these potential minima instead of finding their way to one of the plentifully distributed non-

radiative recombination centers. In effect, the non-radiative recombination lifetime is 

significantly lengthened by localization at these potential fluctuations, allowing radiative 

recombination to occur first. This effect allowed the first LEDs produced in this material to 

function, sparking huge interest in these materials and a flurry of research activity.  

But perhaps the most unique feature of the III-nitride wurtzite system is the huge 

internal electric fields present in the quantum wells and their surrounding barriers and the 
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effect this has on their optical properties. A similar effect can be produced in cubic III-Vs 

grown along the [111] direction, however, the constants describing the piezoelectric and 

spontaneous polarization of the III-nitrides makes these effects much more pronounced in the 

wurtzite III-nitrides. Internal fields on the order of 1MVcm-1 within InxGa1-xN/GaN 

heterostructures are commonly observed (10x the internal fields created within the arsenides 

and tellurides).  

What effect do these internal fields have on the optical properties of these materials? 

The first effect of the extreme band bending in the wells is a spatial separation of the electron 

and hole wave functions towards opposite sides of the quantum well as shown in Figure 2.12. 
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Figure 2.12. Electron and hole wavefunction in a 56 angstrom strained In0.2Ga0.8N quantum 
well, 3 MV/cm internal field 
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 The electron and hole wavefunctions of an InGaN quantum well with a large internal electric 

field of 3 MV/cm were simulated over a range of well thickness from 3 to 60 angstroms 

using a the numerical model discussed in Chapter 3. Selected wavefunctions are plotted in 

Figure 2.13 to highlight the variation of spatial overlap of the electron and hole 

wavefunctions inside of a polarized quantum well.  
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Figure 2.13. Electron and hole wavefunctions showing changing overlap with well thickness. 
10 Å and 40 Å hole wavefunctions shown relative to electron wavefunction. 

 

Because of internal electric fields confining the free carriers at the well interfaces, increasing 

the quantum well thickness decreases the overlap integral of the hole and electron wave 

functions, thereby decreasing the oscillator strength. The oscillator strength is estimated by 

multiplying the hole and electron probability together to find the probability that an electron 
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and hole are both present at the same location and summing over all space. The result of this 

analysis for a fully strained In0.2Ga0.8N with no carrier screening of the internal electric field 

is summarized in a plot of oscillator strength as a function of well thickness in Figure 2.14.  
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Figure 2.14. Oscillator strength of In0.2Ga0.8N quantum well as a function of well thickness. 
Fully strained to GaN substrate, well field is 3.16 MV/cm. 

 

Note that the oscillator strength rapidly decreases with increasing well thickness. At first 

glance, it may seem best to use a very thin quantum well to increase the brightness of these 

LEDs, but we must be cognizant of the fact that the confinement of the ground energy state 

decreases rapidly with decreasing well thickness; this places a lower limit on the thickness of 

the quantum well.  

An additional complication of the large internal electric fields arising from 

spontaneous and piezoelectric polarization fields is the effect they have on the emission 
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energy from a quantum well.   These large internal electric fields redshift the emission energy 

of photons emitted from the quantum well to an increasing degree with increasing quantum 

well thickness.  This effect is the so-called quantum confined Stark effect.  In fact, estimates 

of the electric field within a well are made by taking the slope of a plot of PL emission 

energy as a function of well thickness. Such estimates are generally below theoretical 

estimates due to partial neutralization of surface charge through absorbates, or screening by 

free carriers. Again using the numerical model discussed in Chapter 3, the effect of quantum 

and polarization effects on the apparent band gap of a quantum well in the III-nitride 

materials system was simulated to give a quantitative measure of this effect. In this analysis, 

the electron and hole wavefunctions were simulated as a function of quantum well thickness 

for an In0.2Ga0.8N well (GaN barriers) that is strained and unstrained. The difference in 

energy of the first bound electron and hole wavefunctions is equivalent to the energy of a 

photon emitted from the quantum well; these results are shown in Figure 2.15. 
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Figure 2.15. The apparent band gap of In0.2Ga0.8N quantum wells as a function of thickness 
with and without polarization effects. Internal field of 3.16 MV/cm assumed in strained 
structure. 

 

 The apparent band gap of the unstrained quantum well is blue-shifted only by quantum size 

effects and asymptotically approaches the band gap of bulk In0.2Ga0.8N as the quantum well 

thickness is increased. In stark contrast to the unstrained case, the polarization effects 

dominate the emission energy of the strained quantum well; the apparent band gap’s change 

with thickness in this case is dictated by the internal electric field (3.16 MV/cm) with a small 

offset due to the quantum size effects at the triangular well at each interface. Instead of 

approaching the band gap of bulk In0.2Ga0.8N the apparent band gap of the strained quantum 

well is redshifted nearly linearly with increasing well thickness and quickly falls below the 

bulk band gap. These simulation results have been conducted in the absence of free-carrier 

screening of the internal electric field; in this case, the distance between the unstrained and 

strained apparent band gap in Figure 2.15 represents the maximum shift due of the apparent 
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band energy due to polarization effects for a quantum well of this thickness and composition. 

Free carrier screening and lattice relaxation will tend to reduce the amount of redshift to 

some intermediate value by reducing the internal electric fields present in the quantum well.  

To put these results into practical terms, consider the example of a 30 Å In0.2Ga0.8N 

single quantum well with GaN barriers. From Figure 2.15, it is apparent that the emission 

wavelength can fall from anywhere between 564nm to 428nm, depending on the carrier 

concentration and strain state of the quantum well. In other words, this single device is 

potentially capable of emitting over 45% of the visible spectrum. Under device operation, 

carrier injection into the quantum well and the bias voltage on the device both act to 

counteract the internal electric field in the well (for a p-type up device), which leads to a blue 

shift of emission wavelength with increasing forward bias (or increasing pump intensity in 

the case of optical excitation). This effect is commonly observed in commercially available 

devices based on the III-nitride materials system, particularly in devices containing highly 

strained optically active regions.  

From the above discussion, it is apparent that optimization of InGaN quantum well 

structures for use in optoelectronic devices is complicated by the polarization effects present 

in these materials, however, these polarization effects can also be exploited to good use in 

stained layer superlattice doping, HFETS, and in the manipulation of emission energy from 

optical devices. 
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3 NUMERICAL SOLUTION TO 1-DIMENSIONAL SCHRÖDINGER EQUATION 

In order to give a reasonable picture of the electron distribution and allowed energy 

states within devices produced in this research, a numerical solution to Schrödinger’s 

equation was developed. The numeric solution is capable of solving Schrödinger’s equation 

for arbitrary potential profiles and allowed several interesting effects in the III-nitride system 

to be simulated. The formulations presented herein are based upon those of I-H. Tan, G.L. 

Snider, L.D. Chang, and E.L. Hu22. 

3.1 1-D Schrödinger’s Equation 

The problem under investigation in this case is the static probability of finding an 

electron (or hole) in the potential profile created by a semiconductor heterostructure as a 

function of distance traveled through this heterostructure. The time-independent 1-

dimensional Schrödinger equation provides an adequate mathematical description of this 

situation: 

( ) ( ) ( ) ( ) ( )xExxVx
dx
d

xmdx
d ψψψ =+








− ∗

1
2

2h        (3.1) 

Note that the derivative of mass is taken with position. This is necessary since the effective 

mass of the charge carriers is a function of position in the heterostructure (mass is different in 

the different layers).  

 Equation 3.1 must be discretized so that it can be operated upon numerically. This is 

accomplished by re-formulating Schrödinger’s equation using a three-point finite difference 

scheme. A schematic of the finite difference scheme used here is shown in Figure 3.1. 
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Figure 3.1. Dicretization of potential profile for numeric solution of Schrödinger equation 

 

A central difference three point difference scheme is used in the numerical formulation of 

Schrödinger’s equation. The discretized equation is given below. 
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In Equation 3.2, derivatives are replaced by the difference operator, ∆, where  

∆f(x)=f(x+ ∆x)-f(x). The discretized form can be written in matrix form as follows: 
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If the mesh size (the distance between sampling points) is constant, hi = hi-1, this result is a 

tridiagonal matrix which is symmetric. Just to give the reader a better idea of the form of this 

matrix, it is expanded below 
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Entries not shown are all zero. Only the main diagonal, the superdiagonal and subdiagonal 

have values other than zero. The rank of this matrix is determined by the number of mesh 

points into which the potential profile is divided. In order to solve for the eigenvalues of the 

eigenequation seen in Equation 3.3 (which are the allowed energy states of the system) we 

must construct and solve the characteristic equation of this eigenequation. 

For a tridiagonal symmetric matrix, we define a series of polynomials by23: 
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Where pi in Equation 3.6 is the determinant of the principal submatrix in  

A including the first diagonal element down to the ith diagonal element. For a tridiagonal 

matrix of order N, pn(λ )= 0 is the characteristic equation to be solved23.  

 The series of polynomials in Equation 3.6 have an important property. Each root of 

pk(λ) separates a pair of two consecutive roots of pk+1(λ). In other words, each root of pk+1(λ) 
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is between two consecutive roots of  pk(λ) except for the minimum and maximum roots of the 

former23. The relation among the roots of consecutive polynomials is illustrated in Figure 3.2. 
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Figure 3.2. Relation among the roots of consecutive polynomials 

 

This relation between roots makes it possible to use the bisection method to determine the 

roots of successive polynomials.  

3.2 Bisection Method for Determining Eigenvalues 

The roots (eigenvalues) of the characteristic polynomial pn(λ ) can be determined by the 

bisection method. The roots of the Nth polynomial are actually built up to by solving for the 

roots of successive polynomials until the last polynomial is reached. Since we know two 

consecutive roots of one polynomial form a search interval for the root of the next 

polynomial, we employ the bisection method.  

 The bisection method can be used to find a root of any polynomial if a search interval 

is known to contain a single root. If, for example, the polynomial y(x) is known to have a 

root in the interval a≤x≤c, the value of y(a) and y(c) will have opposite signs since the 

function crosses zero somewhere in this range. Therefore, the sign of the product y(a)*y(c) is 

negative when a root exists in the interval and positive when no root exists in the interval. 
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This fact is used to determine on which half of a search interval the solution exists as shown 

in Figure 3.3.  
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Figure 3.3. Schematic showing the first, second, third, fourth, and fifth search intervals using 
the bisection method to track down the root of the polynomial y(x) in the interval[a,c]. 

 

The size of the search interval after n iterations is related to the size of the initial search 

interval, (c-a)0, by the following 

n

ac
2

)( 0−
                        (3.7) 

This is also equivalent to the maximum difference between the nth midpoint of iteration and 

the actual root of the polynomial 

ε<
−

n

ac
2

)( 0      (3.8) 

Solving for n in Equation 3.8 gives the number of iterations required to ensure the error in the 

approximate root is no larger than ε. 
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 Applying the bisection method to the characteristic polynomials of Equation 3.6 

allows us to solve for the allowed eigenenergies of the system described by the matrix A. In 

this research, we will only focus on eigenenergies of bound states. Higher energies are of no 

interest since they do not describe an electron confined to the crystal. 

3.3 Eigenvector: The Wave function 

 Once the bisection method has been applied to determine the allowed energy levels in 

the heterostructure being investigated, the eigenvector, or wavefunction, Ψk, of the 

electron/hole at the energy, Ek, can be determined in a straightforward manner. The 

wavefunction, Ψk, is actually composed of N numerical values ψ1, ψ2, ψ3,…… ψN. Where ψi is 

the numerical value of Ψk at the position of the ith mesh point. This may become more 

obvious if Equation 3.3 is re-written in expanded form 
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    (3.9) 

A series of N equations is generated, one for each value of ψi, from the above equation as 

follows 

ijija ψψ =       (3.10) 

where aij is an element from the parent matrix A in the ith row and jth column. Summation is 

implied over the repeated j subscript from 1 to N, however, most elements of this summation 

are zero since at most only three of the matrix elements are non zero in any given row of the 

NxN matrix. The first and last of these equations have only two unknown ψ values, and one 
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of these values can be assumed to be one since the values will be normalized after they are 

initially determined. The normalization factor is determined as follows 

∑
=

=
N

i

Norm

1
ii

1

ψψ
      (3.11) 

This concludes the description of the underlying mathematics used to produce the numerical 

solution of the 1-D Schrödinger Equation. Of course, implementation of the solution is 

slightly more complicated. Visual C++ 6.0 was used to code the solution. The actual source 

code is given in Appendix B. The executable program only requires the electric field present 

in each region, the band offset at each interface, and the effective mass in each layer. The 

program output is the bound energy levels and their corresponding wavefunctions.  

3.4 Simulation Sample output 

To test the effectiveness and accuracy of the numerical solution to the Schrödinger 

equation numerical solution, it was applied to a very simple potential profile in which the 

analytical solution is known. A rectangular GaAs quantum well 230 meV deep and 56 Å 

wide was simulated using the computer program developed as discussed above. Table 3.1 

gives a comparison of the exact solution and the numerically obtained solution along with the 

percent error of the numerical solution.  

Table 3.1 Eigenenergies of GaAs/Al0.3Ga0.7As rectangular quantum well 
n Exact Solution 

(meV) 
Numerical Solution 

(meV) 
Percent Error (%)

1 64.24722 64.21054 0.057 
2 220.7776 220.7521 0.012 

 

From Table 3.1 above, it is clear that the numerical model developed here is highly accurate 

with far less than 1% error between the exact and numerical solution. 
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The numerically obtained solutions to the 1-D Schrödinger equation are plotted in Figure 3.4.  
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Figure 3.4. Simulated wavefunctions of the two bound energy states in a 56 Å GaAs quantum 
well. The first bound state is 64 meV and the second 221 meV above the bottom of the 
quantum well. The conduction band is shown in red. 

 

The ground state energy level has the expected profile with a single peak in probability at the 

exact center of the quantum well. The second bound state has two probability peaks at each 

side of the quantum well as expected. The numerical solution will be applied to more 

complex potential profiles to simulate the expected effects of material polarization, electron 

blocking layers, and compositional fluctuations. Results of numerical analysis are presented 

at appropriate points to help demonstrate topics under discussion. 
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4 CHARACTERIZATION 

The characterization techniques discussed below are those used on a regular basis in this 

research. Techniques only used very occasionally are not described although data from these 

sources is sometimes presented in this work. 

4.1 Naked-Eye Characterization  

Although not an easily quantifiable property, typically the first characteristic noted 

when a thin film is unloaded from the growth reactor is its appearance to the unaided human 

eye. This is one a crystal grower’s most valuable tools. In this work, most films are gown on 

double-sided polished sapphire substrates which have a band-gap of 8.7 eV. To the unaided 

eye, these substrates are perfectly smooth, colorless, and transparent. Once a proven recipe 

for GaN growth has been developed, GaN films on sapphire should also appear smooth, 

colorless and transparent.  Deviations from this are indicative of some sort of change or 

instability in the growth equipment itself. Below is a bulleted list of commonly encountered 

unintentional growth variations with the effect on GaN appearance given in parentheses:  

• surface temperature (uniform disruption of GaN surface with hexagonal pits 

or hillocks) 

• susceptor quality and cleanliness (non-uniform disruption of GaN surface) 

• chamber cleanliness (random debris on GaN surface) 

• vacuum integrity (random debris on sample coupled with white powder in 

growth chamber) 

That is not to say that these are the only factors which may cause a good recipe to go 

bad, but the problems listed above may not be obvious from equipment displays and 
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readouts. The problems detectable in this manner are mainly associated with equipment 

maintenance deficiencies. 

.  

4.2 Structural Characterization 

In the context of electronic thin films, structural characterization techniques are used 

to determine epitaxial relationships between the substrate and thin film, quantify extended 

defect density and type (dislocations and stacking faults), verify layer thickness, and 

determine the strain state of a material.  

4.2.1 X-ray diffraction 

Theta-two-theta (θ-2θ) x-ray diffraction scans were performed on a Rigaku Geiger-

flex D-Max diffractometer. Scans were performed to verify that epitaxial films were indeed 

single crystals.  In a symmetric x-ray scan, only crystal planes which are parallel to the 

sample surface (or whatever plane of the substrate to which the diffractometer is aligned) are 

visible under typical operating conditions. Therefore, if the thin film is a single crystal, only 

one set of planes will be parallel to the substrate surface and reflections will be observed for 

only this set of planes. In random polycrystalline material, there are crystallites of all 

orientations parallel to the sample surface, therefore, all allowed reflections are observed and 

in the ratios predicted from structure factor calculations frequently tabulated for powder 

samples. For samples which are not single crystals, but do exhibit a preferred texture, the 

diffraction spectrum shows reflections from multiple planes similar to a randomly distributed 

polycrystalline material, however, the intensity ratio of diffraction from the favored crystal 

orientation will be greatly enhanced relative to the less favored crystal orientations. 
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Theta-two theta scans were also performed on thick ternary III-nitride alloys of 

InxGa1-xN and AlyGa1-yN in order to determine the films’ composition by measuring their c-

spacing. According to Vegard’s law, the lattice spacing, d, of a ternary compound will vary 

linearly between that of its binary endpoints in proportion to its composition. In formulation, 

this becomes: 

BCACCBA dxxdd
xx

)1(
1

−+=
−

                                      (4.1) 

Where, AxB1-xC is a ternary compound composed of the two binary end points  

AC and BC  in the proportions of x and 1-x, respectively. Caution must be exercised when 

using this technique with a symmetric x-ray scan of a single crystal specimen. The strain 

state of the sample must be known to arrive at an exact composition. For a film under a 

biaxial state of stress, the out of plane lattice constant will be increased by compressive stress 

and decreased for tensile stress. To estimate the maximum possible error as a function of 

composition for the ternary III-nitride alloys grown on thick GaN substrates, we must 

determine the in-plane strain and then calculate the distortion of the c-lattice spacing. The 

equilibrium a-spacing, a0, for InxGa1-xN at room temperature is given by Vegard’s law. The 

in-plane strain of InGaN pseudomorphic to GaN is then given by: 

0

0
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aaGaN −
== εε                                              (4.2) 

For biaxial strain, the out of plane strain (strain of the c-axis) is given by: 

xxxxzz C
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33

13 −=−=                                       (4.3) 

 The ratio of C13/C33 can be taken as Poisson’s ratio. From the Table 2.3, average values of 

these elastic constants are taken over several references for AlN, GaN, and InN. From this, 
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Poisson’s ratio is estimated for the binary nitrides to be υInN=0.439, υGaN=0.312, υAlN=0.287. 

We will assume a linear variation of Poisson’s ratio with composition for the ternary 

compounds. From this, the strain along the [0001] direction in a ternary alloy pseudomorphic 

with a thick GaN substrate can be calculated as a function of composition. Once the strain is 

calculated, the true c-plane lattice constant for the fully strained film is easily calculated: 

00 ccc zzstrained ε+=                                            (4.4) 

Where c0 is the equilibrium lattice constant of a fully relaxed ternary alloy and cstrained is the 

c-spacing of the ternary alloy if coherently stained to GaN. The values of c0 and cstrained are 

the upper and lower bounds for the c-spacing that can result from a θ−2θ measurement of a 

film with an unknown state of biaxial stress. These calculated values are plotted in Figure 4.1 

below. 

 
Figure 4.1. Calculated c-spacing for strained InGaN (empty circles) and AlGaN (empty 
triangles) alloys constrained to GaN at the heterointerface. Solid circles and triangles 
represent the relaxed c-spacing of InGaN and AlGaN, respectively. 
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 In the case of InGaN under biaxial compression, the c-spacing is increased above the 

equilibrium value, leading to an overestimation of indium content. In the case of AlGaN 

under biaxial tension, the c-spacing is contracted relative to its equilibrium value, and since 

the addition of aluminum to GaN causes lattice contraction, an overestimation of Al content 

occurs in this case as well. These overestimates are massive for coherently strained films. 

Only by significantly surpassing the critical layer thickness of the film can these 

complications be avoided. Complete relaxation leads to a restoration of the equilibrium 

lattice constant and accurate values of composition can be obtained using a simple θ−2θ 

scan. 

 Alternatively, more complex x-ray diffraction techniques can be used to directly 

measure the strain state of thin films. In these techniques, a reciprocal-space map is typically 

created. The downside of such measurements is that they are actually created from a whole 

series of x-ray diffraction scans. As a result, these measurements take significantly more 

time. The strain state is determined from such techniques by essentially measuring the 

interplanar angle between the c-plane and other inclined planes and determining the lattice 

spacing of these inclined planes along with the c-spacing. As a unit cell is placed under 

biaxial compression, the interplanar angle between the basal plane and inclined planes is 

shifted slightly more towards a right angle (the limit of complete compression of the cell). 

When a unit cell is placed under biaxial tension, the cell is flattened and the interplanar angle 

between the basal plane and the inclined plane changes such that the two planes become 

slightly closer toward parallel (the limit of infinite stretching of the unit cell). Such 

measurements only require a highly parallel beam and the following: 1) a stage able to rotate 

the sample about a given inclination (not necessarily the normal to the sample surface) in 
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order to place the incident beam, diffracted beam, and detector into a single plane when 

measuring planes inclined to the surface, 2) the ability to precisely control and measure the 

inclination of the incident beam with the sample surface, 3) high angular resolution on the 

detector to precisely determine the inclination of the diffracted beam with the sample surface. 

With these controls, it is relatively straightforward to determine the lattice constants and 

interplanar angles of two different planes in a single crystal. This yields a simultaneous 

measurement of strain and composition of a ternary alloy. In fact, for a crystal structure with 

a well-defined c/a ratio it is possible to determine if a quaternary alloy is lattice-matched or 

simply coherently stained without actually knowing the composition of the alloy (which is 

often difficult to determine).  

 General material structural quality is determined with double-crystal x-ray diffraction 

(DCXRD) rocking curve measurements, also known as omega scans. A Bede model 200 

diffractometer was used for these measurements, with Cu Kα1 as the illuminating radiation. 

In these measurements, the sample is just rocked through the Bragg angle of some reflection, 

advancing the angle by amounts as low as 1 arcsecond (1/3600th of a degree) while recording 

the diffracted intensity. A very low divergence beam is required so that its contribution to the 

diffraction peak’s line-width is negligible. In this type of measurement, an open detector (5º 

acceptance) is used so that diffraction from slightly misoriented crystals is still allowed to 

enter the detector (with a high-resolution detector, these diffracted beams are blocked by slits 

or some other device for limiting the acceptance angle of the detector). Since the incident 

beam is highly parallel, each advancement of omega samples only the portion of the crystal 

satisfying Bragg’s law at that angle. Contributions to the overall line-width come from 

crystal mosaicity, distortions of the atomic planes from the stress fields surrounding 
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dislocations, small crystal size and so on. With the exception of broadening due to lack of 

extinction conditions in very thin layers, increases in the FWHM of the Bragg peak originate 

from defects of one kind or another. In this measurement technique, all contributions to line 

width are measured simultaneously. By comparing the line width from planes of different 

inclinations, some information regarding the distribution of defect character may be obtained 

(such as the relative proportions of screw and edge dislocations in a film).Generally 

speaking, the narrower the line-width, the higher the structural perfection (at least in terms of 

extended defects). At room temperature a structurally “perfect” material such as silicon has a 

line width of around 10 to 20 arcseconds. In highly dislocated materials such as GaN, a 

“good” film will exhibit a line width of 250 arcseconds. 

 In semiconductor devices, artificially produced periodic structures are regularly used 

due to the interesting solid-state physics that emerge from quantum confinement. These 

applications typically exhibit periodicities ranging from tens to hundreds of angstroms. 

Examples include strained layer superlattices (SLS), multiple quantum wells (MQW), and 

long range delta doped structures. Any periodicity along the direction of x-ray propagation 

through a material can give rise to interference effects in the x-ray diffraction pattern not 

observed in a scan of bulk material. A quick analysis can show that the period of the resulting 

interference (Pendellosung fringes) on the XRD pattern is related to the periodicity of the 

superlattice or MQW by: 
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where n is the order of the satellite peaks, θn is their diffraction angle, and θSL corresponds to 

the Bragg angle of the zero order peak. The thickness of the barrier, LB, and the thickness of 

the well, LW, sum to the period of the structure, (LB+LW). 

4.2.2 Transmission Electron Microscopy 

A 200 keV Topcon EMB002 Transmission Electron Microscope (TEM) was also 

used to determine the structural quality of thin films. Atomic resolution images can be 

obtained using this microscope while simultaneously collecting crystallographic information 

from selected area diffraction (SAD) patterns. Unfortunately, TEM is a destructive technique, 

since the films must be thinned to electron transparency for a 200 keV electron beam. 

Electrons emitted from the filament are accelerated to 200 keV and projected into the sample 

via the condenser lens.  The scattering processes experienced by the electrons through the 

sample dictate the kind of information obtained about the sample.  Elastic scattering (no 

energy loss) gives rise to diffraction patterns, i.e. SAD patterns.  Inelastic scattering (loses 

energy) results in spatial variations in the intensity of the transmitted beam, which is due to 

interactions with grain boundaries, crystal defects, secondary phases, etc., and provides an 

image. Images may be collected using bright-field or dark-field imaging techniques.  Bright-

field imaging is performed by collecting information only from the central beam by use of 

the objective aperture.  Dark-field imaging involves selecting one of the diffracted beams as 

the transmitted beam by using the objective aperture.  For high resolution TEM (HRTEM), 

the primary beam is recombined with a diffracted beam, allowing for distinction between the 

diffracting planes.           
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4.2.3 Scanning Electron Microscopy/Energy Dispersive X-ray  

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) are 

analytical techniques that can provide quantitative and qualitative information regarding thin 

films.  SEM can provide information such as surface topography and morphology, voids, 

existence of compounds, completeness of etching, coverage, uniformity, etc. In this research, 

SEM imaging was used mainly to determine the geometry of surface features too small to 

resolve in the optical microscope as well as determine the degrees of isotropy achieved by 

inductively coupled plasma etching of isolation mesas for LED structures.  The maximum 

resolution limits for a commercially available SEM are on the order of 2 – 5 nm, while 1 nm 

resolution is capable on advanced machines. In addition to greatly enhanced resolution, the 

observation of 3-dimensional features, such as etched mesas, is facilitated by the large depth 

of field exhibited by SEMs relative to optical microscopes.   

As a result of electron-solid interactions, several different classifications of electrons 

and x-rays are re-emitted from a sample being imaged: secondary electrons, backscattered 

electrons, auger electrons, and X-rays.  Secondary electrons, typically used for imaging the 

surface, are low in energy and are emitted from the surface to a depth of only a few 

angstroms (resulting from inelastic scattering events).  Backscattered electrons are elastically 

scattered and therefore higher in energy, and are often used for Z (atomic number) contrast 

analysis.  EDX analysis measures the energy of characteristic x-rays emitted from atoms of 

the sample, enabling compositional analysis.  
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4.3 Electrical and Optical Characterization 

Hall Effect measurements were used to determine the carrier type, mobility, and 

concentration. In some cases, hot-point probe measurements were used to determine carrier 

type. Current-voltage characteristics were measured for Photoluminescence measurements 

were used to examine the optical properties of the material. 

4.3.1 Hall Effect Measurements 

A 5 x 5 mm piece of the wafer is used as the Hall sample. Small pieces of indium 

metal cut from a high-purity ingot are used as electrical contacts. The indium is either melted 

onto the sample using a soldering iron or by annealing under nitrogen at 400 ºC for 2 

minutes. The Hall sample is loaded into an R-2500 micro-refrigerator from MMR 

Technologies, Inc. (Micro-Miniature Refrigerators). The MMR refrigerator allows the 

sample temperature to be controlled in the range 77 < T < 400 K, enabling the ionization 

energy of dopant atoms to be determined. An electromagnet supplies the magnetic field, and 

field strength is measured using a Walker Magnemetrics Gauss meter with a thin probe 

inserted between the magnetic poles near the sample.  Voltage and current are supplied and 

monitored with a Keithley 705 scanner, a Keithley 220 current source, and a Keithley DMM 

199. A National Instruments GPIB card is used to interface the Keithley electronics to a PC.  

The software is written in HTB Basic for windows.   

Hall measurements were made according to the Van der Pauw method. The deposited 

film’s resistivity as well as majority carrier type, concentration, and mobility are determined 

by this measurement. The Hall Effect is a conduction phenomenon that varies depending on 

the charge of the carriers.  To describe this effect consider an n-type semiconductor, where 

the magnetic field (of magnetic induction Bz) is applied perpendicular to the direction of 



 54

electric current Ix. Each electron is subjected to a Lorentz force FL = qvxBz, where q is 

negative or positive charge of an electron or hole and vx is the velocity of the electrons.  The 

Lorentz force pushes majority carriers in the negative y direction, which for this scenario are 

the electrons.  As a result, an electric field εy is created to balance the effect of vxBz. For this 

scenario εy is in the negative y direction, allowing a steady state flow of electrons down the 

length of the bar.  The creation of the electric field εy is called the Hall Effect, which results 

in a voltage VAB = εy d, called the Hall voltage, where εy is negative in this case resulting in a 

negative value for VAB.  Using the equations for the drift velocity (Ix = -qn v x), εy becomes: 

εy   = zHz BIB
-
I

x
x R

qn
=                                             (4.6) 

where RH is the Hall coefficient, n is the electron carrier concentration.  From these equations 

the carrier concentration for electrons is given by: 
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=                                                  (4.7) 

where d is the thickness of the film (use +q and p for holes).  The signs of the Hall voltage 

and the Hall coefficient are used to determine the carrier type in a semiconductor type and 

are positive for holes and negative for electrons. Hall mobility is given by: 
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=                                                   (4.8) 
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4.3.2 Hot Point Probe 

The hot point probe is a very simple and reliable technique to determine the carrier 

type of a semiconductor wafer. In this technique, two probes form ohmic contacts to the 

surface of the wafer. The probes are separated by a small distance (2-5 mm). One probe is 

heated 25 ºC to 150 ºC above the other probe’s temperature; this is the hot probe. A voltmeter 

placed across the two probes will measure a potential whose polarity indicates whether the 

material is N or P type. Alternatively, an ammeter may connect the two probes to measure 

the sign of the current flow between the two probes. By convention, the “positive” lead is the 

heated probe and the cold probe is the “negative” lead. In practice, the “hot” probe is just the 

tip of a soldering iron which has the positive lead of the multi-meter attached, and the “cold” 

probe is just the negative lead. 

Under the conditions described above, a positive current and voltage is observed 

when probing n-type material, and a negative current and voltage are observed for p-type 

material. The current density measured in this case can be related to the differential 

thermoelectric power, Pth , and the temperature gradient: 

)(
x
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∂
∂

= th-Pσ                   (4.9) 

The thermoelectric power is negative for n-type semiconductors and positive for p-type 

semiconductors which allows one to distinguish between the two carrier types. 

4.3.3 Photoluminescence Measurements 

Photoluminescence (PL) is a non-destructive optical characterization technique that 

can provide a wealth of information about the material system of interest.  If a photon of 

energy hν  ≥  Eg is absorbed, an electron hole pair (EHP) is generated in that material. When 
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the EHP recombines in a direct band gap material, a photon is emitted with an energy 

representative of the transition.  PL can be used to determine the following properties from a 

film possessing a direct band gap:  band gap; the activation energy of a dopant such as in the 

case of Mg; composition of an alloy (provided some optical emission energy is a known 

function of alloy composition); or give an indication of the strain state of the film due to 

piezoelectric effects.  

PL measurements were performed using an Omnichrome 35 mW He-Cd laser (325 

nm), 0.5 m monochromator, photomultiplier tube and a standard lock-in amplifier.  The 

energy of this laser is sufficient to photoexcite GaN and InGaN alloys. 

 

4.3.4 Current-Voltage characterization 

The current-voltage (I-V) characteristics of electronic devices produced in this research 

were measured using a Hewlett Packard 4145B Semiconductor Parameter Analyzer. This 

instrument has the ability to source voltage while measuring the resulting current (or vice 

versa). A compliance limit is typically set on the allowed current to protect the device under 

testing (this limits the maximum allowable current according to the operator’s specification). 

The HP parameter analyzer has been used to determine the contact resistance of 

various metallization schemes using the transfer length method. The I-V characteristics of 

several different types of diodes produced in this research have also been measured. 
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4.4 Secondary ion mass spectroscopy (SIMS) 

Secondary Ion Mass Spectrometry (SIMS) was utilized to measure the dopant 

concentration as a function of depth.  This mass spectrometry technique involves sputtering 

material by bombarding the surface with energetic ions, then measuring the number of atoms 

for a specific element as a function of sputtering depth liberated from the sample surface.  

Standards are required to correctly measure the concentration profile of an element within a 

matrix, since the sputtering yields will be different depending on the crystal structure, 

defects, strain, etc.  Nevertheless, SIMS is applicable to all materials and is capable of 

detecting isotopes and molecules.  Additionally, it has the capability of characterizing 

concentrations as low as 1015 atoms/cm3 or 10-6 %, which makes this analytical technique 

ideal for dopant profiling.    
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5 MOCVD SYSTEM 

5.1 Description of System 

The bulk of effort expended in this research was towards the growth of GaN thin 

films and its related alloys. Metalorganic chemical vapor deposition (MOCVD), a.k.a. 

metalorganic vapor phase epitaxy (MOVPE), a.k.a. organometallic vapor-phase epitaxy 

(OMVPE) was the growth method employed to deposit these films.  For a complete treatise 

on thin film growth via MOCVD, the reader is referred to Organometallic Vapor-Phase 

Epitaxy: Theory and Practice by Gerald B. Stringfellow24.   

A MOCVD system can be broken down into two parts: the gas delivery system, and 

the reaction chamber. The gas delivery system’s function is to meter the flow of chemical 

precursors to the reaction chamber. Once inside the reaction chamber, the chemical 

precursors pass over the heated substrate where they react with one another to form a film on 

the substrate. Reaction byproducts are carried out of the reaction chamber and vented to the 

building exhaust stack. Figure 5.1 shows a photo of the MOCVD reactor used in our 

laboratory.  
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Figure 5.1. Photo of the MOCVD system used in our lab. 

 
This is a “home brew” system originally built circa 1994. A schematic diagram of the 

MOCVD tool used in this research is shown in Figure 5.2. 
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Figure 5.2. Block schematic of MOCVD growth system. 
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 In this highly schematic view of the system, the separate delivery paths of the column III and 

column V precursors are emphasized. The separation of column III and column V precursors 

prevents gas phase reactions from occurring before the gases reach the substrate. Since this 

system’s construction, several CVD equipment companies have begun offering a range of 

commercial designed reactors ranging from single-wafer research systems to high-volume 

multi-wafer production models for GaN growth. However, there are more similarities than 

differences between these systems. 

A brief description of this MOCVD system serves to highlight the features of this 

particular reactor. The system consists of a custom made water-cooled quartz reactor 

encircled by a copper induction coil. A double o-ring seal evacuated by a diaphragm pump 

forms the seal between the quartz reactor and stainless steel flanges on either end. A single 

substrate sits on a SiC-coated graphite susceptor which is attached to a translation/rotation 

bellows type vacuum feedthrough. The susceptor can be lowered from the center of the 

induction coils to a hinged door which can be opened for loading and unloading substrates. A 

7.5 kW RF power supply manufactured by Lepel provides induction heating and is interfaced 

to a Eurotherm programmable controller capable of up to 32 heating stages.   A throttle valve 

and pressure controller manufactured by MKS control the reaction chamber pressure by 

modifying the conductance to a rotary vane vacuum pump. The system can accommodate six 

separate metalorganic bubblers; these bubblers are the column III precursors and 

metalorganic dopant sources. Indium, gallium, aluminum, magnesium, and manganese 

metalorganic sources are currently installed. Hydrogen or nitrogen can be used as the carrier 

gas for the metalorganics in this system. Ammonia is the column V nitrogen source, and 

silane is the Si source for n-type doping.  Purification cells manufactured by Nanochem, 
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SAES, and Pall are used to remove unwanted impurities such as oxygen and water vapor 

from the nitrogen, hydrogen, ammonia, and silane gases.   All gas routing is accomplished 

with pneumatically controlled valves. 

5.2 Metalorganic Sources 

As the name implies, MOCVD is a subset of CVD in which at least one of the 

chemical precursors is a metalorganic molecule. Many metals can be converted to gases or 

vapors by reacting them with terminating radicals. The resulting molecules do not bond with 

one another and thus have high equilibrium vapor pressures25.In the case of metalorganics, 

the terminating radical is a hydrogen-saturated organic radical, R, such as the methyl (CH3) 

or ethyl (CH2CH3) radical. The advantages of gasification of the metal are that it can be 

transported using a mass flow controller and can be distributed evenly over a very large area 

(opposed to physical deposition techniques in which the metal is deposited following the 

well-known cosine distribution).  

The metalorganic is typically housed inside of a small stainless steel cylinder called a 

bubbler. These vessels are called bubblers because a carrier gas is introduced through a dip-

tube which extends below the metalorganic surface; the carrier gas then “bubbles” up 

through the metalorganic chemical (usually a liquid or solid powder), becoming saturated 

with metalorganic vapor. The carrier gas then exits the bubbler carrying a small amount of 

metalorganic vapor that can be routed to the growth chamber. In this manner, a metal 

containing species can be introduced to the growth environment in a straightforward way. 

The molecule is easily pyrolyzed, leaving behind a metal atom that is incorporated into a 

growing film. The use of these metalorganic precursors is the distinguishing feature of the 

MOCVD process. 
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The mass transport rate from a metalorganic source is described by the following 

equation: 

 MFC
MO
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P
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=                                      (5.1) 

where: 

f MO ≡ feed rate of metalorganic in moles/min 

fMFC ≡ feed rate of carrier gas through the bubbler 

PMO ≡ equilibrium vapor pressure of the metalorganic 

P ≡ total pressure in the bubbler 

The feed rate of carrier gas through the bubbler, fMFC,, is determined by converting the 

volumetric flow rate of carrier gas through the MFC to a molar flow rate via the ideal gas 

law: 
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where: 

 fMFC ≡ molar feed rate of carrier gas from MFC in moles/min 

Patm ≡ atmospheric pressure (101325 Pa) 

 V’ ≡  volumetric flow rate through MFC in standard liters a minute 

 R ≡ gas constant (8.314 J/K) 

 T ≡ standard temperature (273 K) 

It may seem odd that atmospheric pressure and room temperature are used in Equation 5.2 

and not the gas line pressure and gas temperature. This is because MFCs actually measure 

mass flow, not volumetric flow rate but the output is reading is typically given as a 
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volumetric flow. The mass delivery through an MFC is unaffected by system pressure and 

temperature since the MFC is measuring the heat capacity of the mass flowing through itself.  

The manufacture assumes a temperature and pressure of the gas in order to calculate a 

volume of gas. As a result, the temperature and pressure assumed by the MFC’s 

manufacturer must be used when back calculating the molar flow rate. That is why the units 

of volumetric flow are sccm or slm (standard cubic centimeter of liter per minute). 

From Equation 5.1, we can conclude that the molar feed rate of metalorganic can be 

controlled by either changing the molar fraction of metalorganic in the gas phase of the 

bubbler, PMO/P, or changing the feed rate of carrier gas into the bubbler, fMFC.  

The molar fraction of metalorganic vapor can be controlled by changing the 

metalorganic’s equilibrium vapor pressure, PM. By submerging the bubbler in a constant 

temperature bath, the temperature of the metalorganic chemical can be controlled. The vapor 

pressures of the various metalorganic sources have been measured and tabulated as a 

function of temperature by the chemical manufacturer. Increasing the bubbler temperature 

increases the metalorganic vapor pressure. For a fixed bubbler pressure, this increases the 

molar fraction of metalorganic molecules and creates a richer mixture for growth.   

The second method of controlling the molar fraction of metalorganic vapor is to alter 

the total bubbler pressure. This is accomplished by changing the size of output orifice on the 

bubbler either manually with a needle valve or automatically with a pressure controller.  The 

metalorganic vapor pressure remains constant at a given temperature, therefore increasing the 

bubbler pressure reduces the molar fraction of metalorganic vapor, and, conversely, 

decreasing the bubbler pressure increases the molar fraction of metalorganic vapor (the 

remaining overpressure is made up of nitrogen molecules from the incoming carrier gas). 
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Therefore, at a lower bubbler pressure, the incoming carrier gas displaces a richer mixture of 

metalorganic to the reaction chamber resulting in a high feed rate, and at a high bubbler 

pressure, a relatively “lean” metalorganic mixture is displaced towards the reaction chamber 

resulting in a lower feed rate. 

The molar flow rate of metalorganic from a bubbler is also proportional to the feed rate 

of carrier gas into the bubbler. While maintaining a constant total bubbler pressure, a higher 

carrier gas flow rate will displace more metalorganic towards the reaction chamber, and a 

lower carrier gas feed rate will displace a smaller amount of metalorganic from the bubbler.  

  

5.3  Film Purity 

When growing semiconductors, one is always concerned about impurity levels. 

Sources of impurities include: outgassing from chamber/plumbing materials and their 

surfaces, impurities in source chemicals, and vacuum leaks, and backstreaming of vacuum 

pump oil. 

 To minimize impurities arising from the chamber and gas plumbing, the correct 

construction materials must be selected. Surfaces exposed to process gasses are said to be 

“wetted” surfaces. The wetted surfaces must be constructed from low vapor pressure 

materials so that outgassing from the bulk is minimal. All metal components in this reactor 

are constructed from 316L stainless steel, a very low vapor pressure material commonly used 

in the construction of high vacuum equipment. This steel forms a non-porous Cr oxide 

surface. The L designates this as low carbon content steel which reduces the potential for 

destruction of the protective oxide layer by Cr-carbide formation during welding. 
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The surface finish of wetted surfaces must be as smooth as possible to minimize the 

surface area available for the absorption of water and other impurities.  Electropolished 

tubing with a surface roughness of about 0.4 microns is used to reduce surface roughness to a 

minimum. However due to the polar nature of water molecules, most surfaces absorb several 

monolayers of water even if the relative humidity is low. This adsorbed water can be 

removed only by keeping the vapor pressure of water low in the system and its plumbing by 

pulling vacuum on the system or by purging with a high purity inert gas. The rate of 

outgassing under these conditions can be increased by baking the system, although care must 

be taken to avoid exceeding the allowed temperature of the more sensitive components in the 

system.  

Although adsorbate molecules can almost be eliminated given enough time, 

impurities can also diffuse from the outside environment into the process environment. 

Outgassing of this nature can never be eliminated, only reduced by avoiding high diffusivity 

materials, such as elastomers.  If an elastomer seal has one side exposed to air, and the other 

to the process chamber or gas tubing, there will be a continual gas load of impurities 

emanating from this seal. The only means of reducing this impurity load is to remove the 

outside air (by enclosing the seal in an inert atmosphere or using an evacuated double o-ring 

seal technique) or reducing the seal temperature in order to reduce the diffusion speed 

through the elastomer.  

Impurities from source gases and chemicals must be largely dealt with by the 

manufacturer. The purity of gases can be specified, but cost increases rapidly with purity 

level. It is often more cost effective to further purify source chemicals at the point of use with 

the use of chemical getters, diffusion through a palladium foil for Hydrogen, etc…  
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In this MOCVD system, the purity of the main process stream is monitored using a 

GE Panametrics Series 3 Moisture Monitor. This monitor employs a solid-state electrolytic 

sensor sensitive to H2O concentrations down to parts-per-billion. This sensor displays the 

dew point of the process gas stream down to -110 ºC.  By determining the vapor pressure of 

water at the listed dew point, the concentration of water vapor can be simply determined by 

taking the ratio of the vapor pressure and the total system pressure. The system is only 

operated once the dew point is at or below -110 ºC. This corresponds to a H2O concentration 

of about 3 parts-per-billion (ppb) in the 40 psi input process gas stream. As a very lose 

guideline, impurity concentrations above 100 ppb may result in deleterious effects on a 

semiconductor device (if this impurity is incorporated in a proportional manner into a 

growing film it would yield a impurity concentration of 5x1015cm-3). 

A final word on impurities must be given in the context of gas switching. When 

growing multilayer heterojunction devices, the gas composition is rapidly switched. In this 

case, the gas stream used to grown the previous layer becomes an impurity to the current 

layer. Although not an impurity in the strictest sense, the “cross-talk” occurring at the time of 

gas switching must be minimized by reducing dead volume in the system plumbing and using 

a high gas velocity downstream of the switching point to quickly clear out any residual gas. 

If these precautions are not taken, it will be difficult to obtain sharp interfaces at a 

heterojunction. The use of a run/vent manifold is instrumental in achieving rapid gas 

switching. The run/vent manifold is actually a series of injection valves in which a gas input 

can be diverted to either the run line (the run line flows into the growth chamber) or the vent 

line (the vent line bypasses the growth chamber and goes directly to the vacuum pump) as 

shown in Figure 5.3.  
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Figure 5.3. Schematic diagram of run/vent manifold used for rapid gas switching 

 

The gas velocity in the run and vent lines is kept high so that when a gas is diverted from the 

run line, the residual gas is quickly swept away and when a new gas is introduced it quickly 

reaches the growth chamber.  

5.4 Growth Chamber 

Since sample heating is accomplished via RF induction heating, the reaction chamber 

material must be a dielectric to allow coupling between the RF-coil and susceptor. The main 

reaction chamber is made of high purity quartz. The camber is formed from two concentric 

quartz cylinders terminated by a large quartz flange at either end. A flow of cooling water 

passes through the space between the outer and inner quartz cylinders to prevent excessive 

heating. The reaction chamber is depicted in Figure 5.4, Figure 5.5, and Figure 5.6. 
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Figure 5.4. Schematic of quartz reactor a) in cross-section, and b) in three-dimensions 
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Figure 5.5. MOCVD chamber reactor schematic. 
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Figure 5.6. MOCVD chamber reactor-top view. 

 
The chamber is divided into an upper and lower section by a water-cooled quartz plate. The 

gas inlet tube is housed in the upper half of the quartz chamber and the susceptor in the lower 

half of the chamber. The division of the reaction chamber reduces “head-room” available for 

free convection over the susceptor.  

An o-ring seal consisting of two concentric o-rings is made between the quartz 

chamber and the stainless steel flanges at either end of the quartz reaction chamber. A 

diaphragm pump is used to evacuate the air between the inner and outer o-rings. By creating 

a vacuum between the concentric o-rings, the diffusion of oxygen and water vapor through 

the inner o-ring into the chamber is greatly reduced due to the reduced pressure of these 

impurities. Additionally, the o-ring temperature is kept low since the sealing flanges are 
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water-cooled. Keeping the o-rings cool reduces the diffusion rate of impurities through the o-

ring.  

The quartz reaction chamber must be periodically etched in an ammonium bifluoride 

solution to remove reaction byproducts deposited on the reactor walls. 

5.5 Inlet Tube 

Gases are introduced into the reaction chamber via the inlet tube.  Hence, its design 

and geometry are crucial to film quality.  Gas phase reactions are a well-known occurrence in 

MOCVD.  Of the metalorganic precursors used in this research, TMAl and Cp2Mg represent 

the greatest threat of homogeneous reaction with ammonia in the gas-phase.  The geometry 

of the inlet tube can curtail these unwanted chemical reactions.  The column III and column 

V precursors are transported to the reactor in separate stainless steel lines.  Even after passing 

through the reactor top plate, the gases are kept separate through the use of a quartz inlet tube 

which has two channels sealed from one another.  This quartz inlet design is called the “bi-

channel”. A schematic view of the bi-channel inlet tube is shown in Figure 5.7.  
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Figure 5.7. Autocad drawing of quartz inlet "bi-channel" tube used to introduce reactants 
onto substrate. 

 

Only when the gases are just above the heated substrate are the column III and column V 

gases allowed to mix with one another.  

Although keeping the column III and column V chemicals separated reduces the 

likelihood of gas-phase reactions, some interdiffusion is required to achieve a uniform gas 

composition over the surface of the wafer. Several iterations of this inlet design were 

investigated until the correct balance was achieved.  Too much pre-mixing leads to solid 
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phase precipitation from the gas phase above the wafer while too little pre-mixing may 

reduce the uniformity of reactants at the growth surface.  Through trial and error it was 

determined that gas mixing over the final 2 inches of vertical travel toward the substrate is 

optimal.  

Although the “bi-channel” gas inlet design has some advantage when considering the 

reduction of gas phase reactions, this design is not scalable for use in larger reactors.  In this 

reactor geometry, the wafer is centered beneath the bi-channel.  During growth, the wafer 

rotates, and different portions of the wafer are effectively exposed to different gas 

environments.  Moving from the center of the wafer along a radius towards the wafer’s edge, 

the gases become less and less intermixed.  This does not represent a significant problem in 

this case since the wafer diameter is only 15 mm.  However, many commercial reactors grow 

on multiple 2” wafers simultaneously and utilize some form of showerhead inlet design in 

which the column III and column V gases enter through adjacent nozzles.  Almost, if not all 

commercial reactors for production utilize a showerhead inlet due to its inherent scalability.  

5.6 Susceptor 

In the MOCVD system described above, heating is accomplished through induction.  

Although most commercial systems use resistive heating elements to transfer heat to the 

sample platen with more uniformity, smaller research reactors often use inductive heating 

since less maintenance is required and large area uniformity is not required with smaller 

samples.  In the case of inductive heating, the sample holder’s susceptibility to the external 

electric field determines, in part, the heating characteristics of the system.  For this reason, 

the name ‘susceptor’ is bestowed upon the sample holder.  
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The susceptors used in this work are made of graphite with a 5 mil SiC coating.  The 

SiC is a protective coating, guarding the graphite from consumption by hydrogen species 

generated during the crystal growth process.  There are actually two parts to the susceptor 

used in this research; a rotating portion holds the sample, and a stationary portion serves as a 

temperature reference block. The rotating portion of the susceptor is shown in Figure 5.8 and 

the stationary reference block schematic is Figure 5.9. 

 
Figure 5.8. Autocad drawing of the rotating portion of the susceptor that holds the sapphire 
substrate during growth. 
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Figure 5.9. Autocad drawing of stationary susceptor block used for temperature reference 
(temperature measured by k-type thermocouple) 

 

The stationary susceptor is necessary in order to achieve an accurate temperature 

measurement since a consistent temperature measurement could not be made from the 

rotating portion of the susceptor with a thermocouple.  
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6 GAN GROWTH 

Gallium nitride growth is discussed in this chapter along with some observations and 

improvements made to the film growth process. This led to the eventual growth of high 

quality material suitable for use in devices. 

6.1 Introduction and history of GaN growth 

It has been said that GaN growth by MOCVD is somewhat of a black art. The lack of 

a readily available lattice matched substrate for GaN epitaxy is a main contributor to this 

view, since heteroepitaxy on a poorly matched substrate requires a sequence of 

interdependent substrate pre-treatment and conditioning steps in order to achieve high quality 

epitaxial films.  A variation in one of these substrate treatment steps necessitates a change in 

the others, leading to a wide variety of growth recipes not all of which are completely 

understood.  

A major obstacle to the growth of large GaN crystals is the extreme nitrogen 

overpressures required to achieve a GaN melt.  This has made GaN homoepitaxy a fairly rare 

occurrence, although when low defect density bulk GaN crystals are used as the substrate, the 

epitaxial results are superlative.  The promise of improved device performance will continue 

to provide ample impetus for the continuing development of bulk GaN growth.  For now, 

GaN heteroepitaxy on silicon carbide or sapphire is the most prevalent experimental reality. 

  Most early experimental efforts to grow GaN utilized sapphire substrates (starting in 

the late 1960s at RCA led by Herb Maruska)26.  The large lattice, thermal expansion, and 

surface energy mismatch of sapphire compared to GaN proved a major obstacle to achieving 

high quality epitaxial layers, although single crystal films and even a blue light emitting 
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diode were produced by Maruska and coworkers.  The growth of GaN on sapphire persisted 

for decades before the idea of a buffer layer to accommodate the difference between substrate 

and film occurred to Isamu Akasaki of Japan in 1989 (after the collapse of RCA in 1974, 

Akasaki was one of the only GaN researches in the world for more than a decade). Before 

this, GaN was grown directly on sapphire without a buffer layer to accommodate the lattice, 

thermal expansion, and surface energy mismatch between these dissimilar materials.  The 

resulting films were typically three-dimensional and exhibited a very large n-type 

background carrier concentration.   

The introduction of the buffer layer, initially an AlN layer deposited at low 

temperature, allowed for the growth of two-dimensional GaN films with a low n-type 

background carrier concentration and improved structural quality.  This improved material 

allowed Akasaki and Amano to tackle and solve an equally important problem facing GaN 

device production; namely achieving p-type conductivity27.  

Once smooth GaN films with controllable n- and p-type doping had been achieved, 

the III-nitride semiconductor system was being used in commercial products within 5 years.  

In this chapter, the MOCVD growth process used to produce GaN thin films on 

sapphire substrates is described sequentially, starting with the substrate and ending with the 

high-temperature deposition of a several microns of GaN. 

6.2 Thermodynamic Considerations 

As a starting point, consider the measurement of InN, GaN, and AlN decomposition 

in vacuum as a function of temperature performed by Ambacher et al28. In these 

measurements, polycrystalline InN samples, and single crystals of GaN and AlN were heated 

in a vacuum, while a quadrupole mass analyzer monitors the partial pressure of relevant 
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gases evolved from the samples. It was found the partial pressure of N2 increased 

exponentially above 630 ºC for InN, above 850 ºC for GaN and above 1040 ºC for AlN. The 

decomposition reached a rate of 1 monolayer per second (1.5 x 1015 cm-2 s-1) at a temperature 

of 795 ºC for InN, 970 ºC for GaN and 1050 ºC for AlN. Taking the slope of the natural 

logarithm of decomposition rate as a function of temperature yields the effective activation 

energy of thermally induced decomposition, EMN, to be EMN = 3.5 eV (336 kJ mol-1), EMN = 

3.9 eV (379 kJ mol-1), and EMN = 4.3 eV (414 kJ mol-1) for InN, GaN, and AlN respectively.  

The onset of efficient thermal activation of NH3, which has a N-H bond strength of 

3.9 eV is 550 ºC29. This has immediate consequence for the deposition of InN films by 

MOCVD which exhibits marked decomposition at low temperatures making the production 

of a sufficient nitrogen overpressure from ammonia difficult since ammonia will not 

decompose adequately at the lower growth temperature.  

6.3 Sapphire Substrate 

The foundation, quite literally, of any epitaxial film is the substrate. In this research, 

sapphire (α-Al2O3) was used as the substrate for GaN epitaxy.  Figure 6.1 shows the 

rhombohedral structure and surface planes of sapphire30.  
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Figure 6.1. Rhombohedral structure and surface planes of sapphire 

 

Although (10 1 0), (0001), (2 1 1 0), (11 2 0) orientations of sapphire have been used as 

substrates, by far the most commonly used orientation is (0001). The lattice relationships 

between GaN and (0001) sapphire are: (0001)|(0001), [2 1 1 0]||[01 1 0], [01 1 0]|| [2 1 1 0] 30. 

In this orientation, there is a -13.9% lattice mismatch between GaN and sapphire, however, -

11.8% of this mismatch is accommodated directly at the interface by domain matching 

epitaxy31, making the effective mismatch for the remaining growth -2.1%. Sapphire is also a 

good choice of substrate due to its wide availability in diameters up to 6” and its resistance to 



 79

attack by ammonia and hydrogen at the high temperatures employed during GaN growth 

(1050 ºC); its optical transparency is also beneficial for optoelectronic applications. 

Epitaxial polished c-plane sapphire substrates are obtained from Saint-Gobain 

Crystals and Detectors. These are 2” in diameter, grown using the Czochralski method. The 

growth surface is polished to a surface roughness of less than 3.5 Å. The wafer thickness is 

0.330 mm, and the primary flat is perpendicular to the a-axis, <11 2 0>. 

Although these wafers are “epi-ready”, the growth system used in this research has 

been configured to accept 15x15 mm square samples, not 2” wafers. This reduces the 

operational cost since one two-inch substrate can be cleaved to produce seven 15x15 mm 

substrates. Cleaving is accomplished by hand using a diamond scribe. Since the wafers are 

handled during the cleaving process, and the cleaving process produces small crystal chips, 

the wafers must be cleaned consequently. The cleaved wafers are cleaned using the H.A.M. 

(hexane, acetone, and methanol) process in which the wafers are ultrasonically agitated for 

10 minutes in each solvent, starting with hexane and ending with methanol. The wafers are 

then boiled in methanol for an additional 10 minutes. After cooling, the wafers are removed 

from the methanol and dried under UHP nitrogen. Extra samples are stored in a nitrogen box 

until needed.  

6.4 Thermal cleaning and nitridation of sapphire 

After cleaving and cleaning, a sapphire substrate is loaded into the growth camber via 

a hinged o-ring sealed door. The system is then cycle purged with purified nitrogen to 

remove residual oxygen and moisture from loading. The sapphire substrate is then heated 

under a steam of hydrogen and held at a temperature of around 1100 ºC for 20 minutes for 
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thermal cleaning. The hydrogen may also act as a reducing agent on the sapphire; removing 

oxygen from the sapphire surface and producing residual H2O molecules.  

Subsequent exposure of the sapphire surface to ammonia leads to a conversion of the 

sapphire surface to AlN. This process is termed nitridation.  The extent to which the 

nitridation reaction is driven is dictated by the temperature, time, and ammonia overpressure 

used. The transformation of the sapphire surface can extend several monolayers into the 

sapphire32. A plethora of nitridation schemes can be found in the literature.  It was found that 

a 1.5 minute nitridation at 1010 ºC under 1.25 slm of ammonia at a pressure of 350 Torr was 

optimal in our reactor.  

The nitridation layer has a role in the GaN buffer layer’s behavior upon annealing and 

most likely affects the buffer layer’s redistribution at higher temperatures (the shape of GaN 

islands formed during buffer layer annealing). In general, extremely long nitridation times 

used in MOCVD growth result in lower quality GaN films. Optimum nitridation times are 

approximately 30 seconds to 2 minutes at a NH3 partial pressure of 200 to 500 Torr and a 

nitridation temperature of 800 to 1100 ºC. In essence, the nitridation step is performed in 

order to alter the buffer layer geometry to enhance dislocation reduction via reaction in the 

early stages of GaN coalescence during. 

 

6.5 GaN buffer layer deposition and Annealing 

After thermal cleaning and nitridation of the sapphire surface, the growth temperature 

is lowered to about 500 ºC for the deposition of a GaN buffer layer. The exact conditions 

used for the deposition of the buffer layer, its thickness, and the extent to which the buffer 

layer is annealed have a large effect on the structural and electronic properties of the “bulk” 
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GaN properties. A typical GaN buffer deposited to facilitate growth on sapphire is 100-500 Å 

thick, and deposited between 400 and 600 ºC. There is a general consensus supported by 

experimental observation that the deposition of a rough, highly faceted buffer layer (as 

opposed to a smooth layer) enhances the quality of GaN deposited at high temperature by 

enhancing the reaction of pure edge dislocations with Shockley partial dislocations which 

bound stacking disorder in the rough buffer layer. This leads to dislocation annihilation.  

The following is a description of buffer layer behavior and subsequent film properties 

observed in this research. Figure 6.2 below is a “phase diagram” of sorts for the GaN 

material quality plotted in a 2-D (buffer thickness) x (buffer growth rate) parameter space.  
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Figure 6.2. Buffer layer "phase diagram". Gallium flux or growth rate is indicating on the 
vertical  axis and total buffer thickness on the horizontal axis 

 

This is a loosely quantitative chart along with a description of the resulting GaN’s surface 

morphology, DCXRD FWHM, and Electrical properties. The buffer-layer growth phase 

diagram was produced relating Me3Ga flux and buffer layer thickness to the quality of the 
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high temperature GaN layer, and all other growth parameters were held constant. There are 

six distinct regions of growth delineated on the attached chart: 

1. Hexagonal 

2. Lumpy  

3. Smooth with Good XRD 

4. Smooth with deteriorating XRD 

5. Smooth films with Yellowish Tint and poor XRD 

6. Films with white specs, erratic XRD and film color ranging from yellow to clear 

to grayish tint. Growth is generally irreproducible in this region. 

 
Optical micrographs taken with a Nomarski scope show the surface morphologies of each of 

the above regions. Figure 6.3 shows the hexagonal surface morphology resulting when GaN 

is grown directly on sapphire by MOCVD.  

 
Figure 6.3. Hexagonal GaN surface resulting from either too low of a TMGa flux for the 
buffer deposition temperature, or too thin of a buffer layer. 

 
Growth does not converge to a 2-D growth front in this case. If a buffer layer is too thin, an 

identical hexagonal morphology also results, presumable because the buffer layer coverage is 

insufficient to provide adequate nucleation sites, or the thin buffer layer is completely 

desorbed during the temperature ramp for the next stage of high temperature growth. 



 83

In Figure 6.4 we see that the hexagons transform into a more “lumpy” surface in 

which the definition of the hexagonal platelets is significantly softened or completely lost as 

the buffer layer thickness of Me3Ga flux is increased.  

 
Figure 6.4. Lumpy GaN surface. This is simply the transition surface morphology from 
hexagonal to smooth resulting from the buffer either being too thin or deposited at too low a 
TMGa flux. 

 
In Figure 6.5, the smooth and featureless surface resulting from further increases of 

the buffer layer thickness or Ga flux during buffer deposition is pictured below. If the buffer 

layer thickness is increased beyond the optimal value, the surface morphology remains 

smooth, however, the DCXRD line width steadily increases while film mobility and carrier 

concentration tend to decrease (the films become increasingly compensated). 

 
Figure 6.5. Nomarski micrograph showing smooth GaN surface 
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In Figure 6.6, the result of excessive Me3Ga flux during buffer layer deposition is 

shown below.  

 
Figure 6.6. GaN surface showing white specks. This morphology is the result of growing the 
GaN buffer at too high a rate for a given temperature. 

 

Although there is a planar surface, it is littered with “white specks”. At very high Me3Ga 

fluxes (or high buffer growth rates), the deposited buffer layer is extremely nitrogen 

deficient. Although a nitrogen overpressure is maintained by a continuous ammonia flow, the 

buffer layers are too nitrogen deficient to survive the temperature ramp to 1020 ºC and the 

excess gallium forms metallic droplets (stable at high temperature due to low vapor pressure 

of gallium). Due to the poor sample quality under these conditions, no effort was spent on 

timely or costly characterization techniques, such as TEM, to verify the existence of these 

metal droplets; however, careful observation provides adequate substantiation of their 

existence.  Most notably is the naked-eye appearance of the samples which often turns a 

shade of metallic grey when the buffer layer is grown with excess Ga flow. It is inferred that 

this grey tint originates from actual Ga metal at the buffer/film interface. Another key 

indicator that Ga droplets form atop the nitrogen deficient buffer layer is the poor adhesion 

exhibited by the GaN film to the substrate and the resulting film delamination when these 
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samples are handled. Gallium metal has a melting temperature of 29.76 ºC (just above room 

temperature) and has a strong tendency to supercool below its freezing point. If a large 

fraction of the GaN-buffer/GaN-bulk interface (or the GaN-buffer/sapphire interface) is 

covered with liquid gallium, there will be very few attachment points between the thin film 

and the sapphire substrate. A large residual stress accumulates as the sample cools from 1000 

ºC due to the ~34% thermal expansion mismatch between sapphire and GaN. As one might 

expect, when such films are touched by tweezers, or experience any additional stress due to 

handling, the films appear to explode from the substrate surface in a dramatic fashion. This is 

reminiscent of laser induced separation of GaN wafers from sapphire in which the GaN at the 

GaN/sapphire interface is thermally decomposed by strong local heating due to the 

absorption of a high power UV laser beam shown through the sapphire, leaving behind liquid 

gallium from which the wafer detaches33. 

The FWHM of the DCXRD is also highly erratic when the buffer is grown under 

excessive Me3Ga flux. The FWHM of the (0002) rocking curve for 12 different GaN layers is 

shown in Figure 6.7. 
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Figure 6.7. DCXRD rocking curve FWHM of (0002) reflection for GaN films with excess 
TMGa flux during the buffer-layer growth in Region A and a normal TMGa flux during the 
buffer in Region B. Note the large variation and higher FWHM in Region A. 

 

The buffers for the films in Region A were grown with excessive Me3Ga flux and the 

resulting films show a large scatter in the FWHM as compared to the films in Region B 

which were grown on buffers with a lower Me3Ga flux. The large range in DCXRD line-

width is coupled to variations in the degree of surface spoiling by Ga droplet formation. 

 After the deposition of an optimal buffer layer at room temperature, the wafer 

temperature must be increased from approximately 500 ºC to 1020 ºC in order to deposit the 

high temperature GaN layer. As a consequence of this temperature ramp, the buffer layer 

experiences some high temperature annealing and often times, this annealing is intentionally 

extended at the high temperature end in order to enhance transformation of the buffer 

nuclei’s geometry and crystal structure. Typically, the as-deposited buffer layer shows a 

pyramidal structure and contains a high density of stacking faults (cubic phase GaN) 
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throughout. Upon annealing in a stream of ammonia, many of these pyramids become 

flattened and the surface of the buffer layer is transformed from a highly faulted region to a 

purely hexagonal crystal through a process of evaporation and redeposition34. These crystals 

serve as the nuclei for growth of the high temperature thick GaN layer deposited in the next 

growth step. Therefore, their distribution, size and morphology of these nuclei have a 

significant impact on the quality of the subsequently deposited high temperature GaN layers. 

6.6 High temperature GaN deposition 

Following deposition and annealing of the GaN buffer layer, the high temperature 

GaN layer is deposited in a temperature range of 950 ºC to 1100 ºC. The purpose of this 

deposition step is to produce a high quality epitaxial layer suitable for use in electronic 

devices. This layer is typically used as the template for the further growth of group III-

nitrides such as AlxGa1-xN and InyGa1-yN, and, as such, its quality will affect the properties of 

these alloys.  

The temperature range for high quality GaN layer deposition was found to be narrow 

~20 ºC. As the deposition temperature is increased beyond the optimal range, hillocks begin 

to form on the surface, and the background electron concentration begins to increase. The 

origin of hillocks is not understood, although they are thought to originate from particulate 

formation in the gas phase due to increased buoyancy at higher temperatures and the transfer 

of thermally desorbed particulates from the susceptor surface to the wafer via recirculation. 

The formation of nitrogen vacancies and unintentional incorporation of shallow donors such 

as Si and O from the quartz reactor may also contribute to the increasing n-type background 

concentration at higher growth temperatures. 
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At growth temperatures below the optimum, hexagonal pits begin to appear in the 

surface, and the background electron concentration and mobility decrease, indicating an 

increasing compensation ratio. A SEM image of low-temperature induced hexagonal pits is 

shown in Figure 6.8. 

 
Figure 6.8. Hexagonal pits in GaN grown at lowered temperature 

 

 It has been shown through TEM analysis that these inverted hexagonal pits often have a 

threading dislocation at their vertex, although at low enough growth temperature, their 

formation can be unassociated with dislocations. This is a kinetically induced surface 

roughening due to decreasing surface diffusion of gallium. 

6.6.1 Impact of susceptor 

As one would predict, the physical condition of the susceptor plays a large role in the 

resulting thin film qualities.  This is because the substrate for crystal growth sits directly atop 

the susceptor; any debris or gases emanating from the susceptor becomes a part of the growth 
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process.  These effects are particularly exaggerated in this system since the exposed 

susceptor surface area directly adjacent to the substrate is five times the substrate surface 

area.  This realization was pivotal in improving the performance of the MOCVD system used 

in this research.  During the growth process, GaN was deposited on the susceptor top as well 

as the sapphire substrate during growth, forming a GaN crust atop the susceptor.  During the 

next run, this GaN crust, becomes thermally desorbed and loses adhesion to the susceptor.  

As a result, portions of partially desorbed GaN would deposit onto the sapphire substrate.  

This disturbs the growth template since the single crystal sapphire surface is partially 

obstructed.  The result of the desorbed GaN crust on the overall film quality is devastating.  

The negative effects of the susceptor deposition on film quality were partially 

responsible for perpetuating non-optimal growth conditions.  Prior to 1998, flowing 

hydrogen during the growth process was strictly avoided due to unexplained negative effects 

on growth results.  At the heart of the issue is GaN dissociation behavior under different gas 

chemistries.  Under pure nitrogen GaN decomposition is retarded but enhanced under 

hydrogen ambient.  Although, hydrogen has many positive effects during growth, its use 

always resulted in poor films since it caused a large amount of susceptor crust dissociation 

that had built up from successive growth runs under nitrogen ambient.  This author found that 

these negative effects could be traced back to the susceptor “crust” dissociation and could be 

overcome by implementing a thermal clean cycle between runs to remove the GaN crust 

deposited during the most recent run.  By heating the susceptor to 1020 ˚C in a hydrogen rich 

ambient for 10 minutes, the deposited GaN crust is nearly completely removed from the 

susceptor surface.  This thermal dissociation cycle will be referred to as a “bake-out” from 

this point onward.  
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 Removing the susceptor crust between growth runs by performing bake-outs allowed 

hydrogen to be added to the growth process.  The full width at half maximum (FWHM) of 

the double-crystal x-ray diffraction (DCXRD) was reduced from approximately 850 arc-

seconds to 300 arc-seconds for the (0002) reflection of a 2 micrometer thick film; the film 

surface morphology is improved as shown in Figure 6.9; the electrical properties of the GaN 

are enhanced.  

 
Figure 6.9. Nomarski photos of GaN surface showing difference between using a clean and 
dirty susceptor. 

 
 Under nitrogen ambient, the as grown films were highly resistive due to the incorporation of 

compensating defects.  The films became n-type under hydrogen chemistry with mobility’s 

as high as 434 cm2/Vs with a carrier concentration of 9x1016 as shown in Figure 6.10. Figure 

6.10 shows the mobility as a function of three GaN films grown under identical conditions. 

The only variable is the condition of the susceptor. The GaN film grown on the “dirty” 

susceptor shows the lowest mobility.  
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Figure 6.10. Electron mobility of three identical GaN films grown on susceptors of various 
conditions (new susceptor, thermally cleaned susceptor, “dirty” susceptor). 

 

A bake out increases the electrical quality of the film significantly, however the best film is 

obtained on a “virgin” susceptor.  

Although the bake-out cycle provides improved films, performing this bake-out 

reduced the total of number of films that could be produced. This is because the film last 

grown is unloaded, the system cycle-purged and then heated to perform the bake-out without 

a new substrate loaded. As a result, the system would have to be cooled to almost room 

temperature, loaded with a new substrate after the bake-out and cycle purged again to start 

the next run. This added about 1.5 hours to the growth cycle that were not productive. To 

decrease cycle time, combining the next run with the bake-out became necessary.  

Initial attempts to combine the bake-out and next run into one operation yielded 

disappointing results. When the bake-out was performed with the next substrate already 

loaded, the resulting film was of fair quality in the center of the wafer but exhibited a high 

density of hillocks towards the wafer’s edge. These hillocks eroded the crystal quality of the 
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GaN, sometimes to the point of polycrystallinity at the wafer’s edge. It was postulated that 

the reactor geometry was most likely at fault. To analyze the problem we look to the field of 

fluid dynamics. It has long been know in the field of fluid dynamics that a laminar gas flow 

creates circulation cells when allowed to suddenly expand into a larger diameter tube. These 

undesirable circulation cells form in the dead volume of the larger diameter tube that is 

created by the joining of dissimilar tube diameters. It just so happens that the reactor 

geometry used here perfectly emulated this undesirable scenario. In addition, the hot 

susceptor located in the center of the large diameter tube causes free convection cells to form 

which further exacerbate the problem of unwanted gas circulation.  As portions of GaN 

“crust” lose adhesion to the susceptor they are entrained by these circulation cells and 

redeposited onto the edge of the sapphire wafer, however, the highly laminar gas flow at the 

center of the wafer keeps the interior of the wafer free of debris. As the redeposited crust 

dissociates under the hydrogen flow at elevated temperatures, microscopic droplets of Ga 

metal are left behind on the sapphire wafer due to gallium’s very low vapor pressure. When 

these droplets are exposed to ammonia during the nitridation step of growth, the metallic 

gallium and ammonia react to form small randomly oriented GaN crystals. These randomly 

oriented crystals are the nuclei of the hillocks observed at the wafer’s edge. 

The most effective means of eliminating hillocks created by the mechanism described 

above is to eliminate the circulation cells ultimately responsible for their formation. The 

route chosen was to eliminate a large portion of the dead volume in the reactor in which the 

circulation cells formed. This was accomplished by occupying this volume with the 

susceptor. By raising the susceptor towards the gas inlet, the reaction gases are forced 

radially outward. The excessive “headroom” in which the gases previously circulated is now 
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occupied by the susceptor and forced convection is maintained over the entirety of the 

wafer’s surface. The implementation of this solution immediately corrected the problem and 

the bake-out and growth operations were combined without ill effect.  

6.6.2 Reaction Parameters 

In the growth of III-nitrides on sapphire, there is quite a bit of variability in the 

reaction parameters used during growth. This variability is caused in large part by the 

variation of equipment used to grow these films and the type of devices being produced. Gas 

chemistry, reactor pressure, substrate temperature and growth rate are the parameters 

generally modified when determining the proper growth conditions. This is a seemingly short 

list of parameters to explore, but they are not independent. For example, an increase in 

temperature may necessitate a change in growth rate and ammonia flow to maintain the 

quality of film. This makes the process of “dialing-in” the reaction parameters arduous.  

The parameter of growth pressure is generally confined to an optimum range by 

reactor geometry and the need to control gas phase reactions. Within the confines of reactor 

geometry, the reactor pressure can be raised or lowered depending on the composition and 

type of the film being grown. Films containing high concentrations of AlN are often grown at 

lower pressures and higher temperatures while InGaN films are often grown at lower 

temperatures and higher pressures (GaN usually falls somewhere in between). A simple 

picture of the underlying surface science controlling the diffusion length of column III 

adatoms and its relationship to film quality and composition is very helpful in guiding the 

optimization process. By keeping a mental picture of the column III adatoms and the various 

reaction pathways by which they can be incorporated into the solid (or desorption from the 

surface), the reaction parameters commonly used begin to follow a logical pattern. Of utmost 
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importance is the strength of the In-N, Ga-N, and Al-N bonds. The In-N bond is the weakest 

and the Al-N bond is the strongest, while the Ga-N bond falls somewhere in the middle, in 

other words, ∆EAl-N>∆EGa-N>∆EIn-N.  As a result, Al adatoms in a growing ambient are most 

likely to immediately bond into the solid and remain in the solid. All things being equal, Ga 

is less likely to bond into the solid and In the least likely. Or put another way, the In diffusion 

length on the growing surface will be the longest, Ga a little shorter, and Al the shortest if all 

else is held constant. 

6.7 The effect of hydrogen 

Initial investigations of GaN growth were performed without the addition of H2 into 

the growth environment for reasons specific to this laboratory’s history (a fire consumed the 

previous incarnation of this laboratory). As a result, all GaN films initially deposited in this 

laboratory were grown under nitrogen. The films were always insulating and compensated as 

evidenced by the high resistivity of the films ( ρ>80000 ohm-cm). This is in stark contrast to 

the unintentional n-type conductivity typically observed in most other laboratory’s GaN 

films. The main difference being that all other laboratories grow GaN in a hydrogen 

environment. Although the exact reaction pathway leading to the deposition of GaN by 

MOCVD is complex and not exactly defined, it was deduced that the lack of H2 in the growth 

environment might cause enhanced carbon incorporation through consideration of the 

following reaction: 

)(3)()()()3( 433 gasCHsolidGaNgasNHgasGaCH +→+              (6.1) 

The methyl radicals bond with free hydrogen liberated during the pyrolysis of ammonia (or 

hydrogen from another source) to produce methane, which is then carried away in the gas 

stream. If insufficient hydrogen is available for the conversion of the methyl radicals to 
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methane, these more reactive methyl radicals may incorporate into the growing film leading 

to an elevated carbon concentration. The addition of hydrogen to the growth ambient 

enhances the efficiency with which the methyl groups react to from methane, a chemical 

species less likely to incorporate into the growing film. SIMS analysis was performed on two 

samples. One film was grown under a zero H2 partial pressure, and the other film was grown 

under a hydrogen partial pressure of 350 Torr. It was found that the addition of hydrogen to 

the growth ambient reduces carbon incorporation by one order of magnitude from the mid 

1018 cm-3 to the low 1017 cm-3 range in these films.  

The carbon acceptor state is attributed with the reduction in GaN residual 

conductivity by directly compensating donor electrons35. As the carbon incorporation is 

reduced, the range over which uncompensated n-type conductivity can be controlled by the 

intentional introduction of donors is increased. For GaN films grown under a nitrogen-only 

ambient, electron concentrations from silane doping were only controllable from 2 x 1019 cm-

3 to 2 x 1018 cm-3. Flowing silane into the reactor at a lower flow rate yielded only highly 

resistive films since the background concentration of compensating acceptors was higher 

than the donor atom concentration ([C] = 1 x 1018 cm-3). In contrast, intentional n-type 

doping of GaN grown in hydrogen ambient allowed for electron concentration control from 

8.5 x 1016 cm-3 to 2 x 1019 cm-3 (an additional decade of range). This is attributed to the lower 

carbon acceptor concentration. It was empirically determined that a H2 partial pressure of 

approximately 200-350 Torr was optimum for producing GaN with low levels of carbon 

compensation in this reactor. Higher partial pressures lead to hydrogen etching of the GaN 

films as evidenced by a severely reduced growth rate and increasing background electron 

concentration (possibly due to the formation of gallium hydride).   At growth pressures 
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below 200 Torr, uncompensated GaN could not be grown since the partial pressure of 

hydrogen was insufficient to scrub carbon from the films. 

Along a similar vane of thought, the V/III ratio has a similar effect on impurity 

incorporation although the behavior is more complex since ammonia is also the source of the 

nitrogen in GaN. If the V/III ratio is decreased by increasing the Me3Ga flux beyond optimal 

conditions, the as grown films become highly resistive. This can be offset to a certain degree 

by increasing the hydrogen partial pressure, the total reactor growth pressure, or the growth 

temperature.  

The incorporation of hydrogen into the growth sequence also significantly altered the 

stress distribution in the as-grown films. GaN films grown to a thickness of more than 2 µm 

under a nitrogen ambient exhibit a high density of tension cracking as seen in Figure 6.11. 

 
Figure 6.11. High density of tension cracking observed in GaN thicker than 2 microns when 
grown on sapphire in a nitrogen ambient 

 

 When a significant hydrogen ambient is present, tension cracking was not observed at any 

thickness film deposited in this work (up to 11 µm). This behavior has been attributed to the 
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effect of the growth environment on the structural evolution of GaN.  Specifically, the size of 

GaN nuclei at the time of coalescence contributes to the tensile stress state of the film. 

According to Denbaars et al36 when nuclei come in close proximity, they tend to “wick” 

together, placing the nuclei under tension. For a high density of small nuclei, the tension 

resulting from wicking represents a greater strain on a small crystal island compared to the 

strain of a few large nuclei wicking together (assuming the distance of the “wicking” 

behavior is constant). Under a nitrogen growth ambient, the diffusion distance of gallium 

atoms on the growing surface is much lower which increases the nuclei density and results in 

a smaller average nuclei size at coalescence. Therefore, GaN grown under nitrogen is under a 

greater tensile stress than GaN grown under hydrogen on sapphire. 

6.8 n-type doping 

In the early days of GaN growth, all films tended to exhibit n-type conductivity 

without intentionally doping the films. For years, this n-type conductivity was attributed to 

nitrogen vacancies, although this was later shown to be highly unlikely by calculation of the 

nitrogen vacancy formation energy. Unintentional incorporation of oxygen or silicon is now 

the preferred culprit to explain this behavior. With continuing improvements in growth 

technology and understanding of the growth process, GaN films conductivity type is now 

easily controlled with the intentional introduction of impurities. The column IV atoms Ge 

and Si have been found to be the most efficient n-type dopant species but Si is the more 

commonly used of the two due to its slightly lower activation energy.  

In the growth system used in this research, n-type doping is accomplished using 

monosilane as the silicon source. Initially, a 1% silane in a nitrogen balance was metered into 

the reactor during growth, but even at the lowest permissible setting on the silane MFC (1 
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sccm), the silicon concentration was far above the solubility limit (~2x1019/cm3). The silane 

cylinder was replaced with a 10 ppm concentration source. However, even with the reduction 

in silane source concentration, the lowest n-type concentration achievable at the minimum 

flow was ~1.5x1019/cm3. To control the doping concentration over several orders of 

magnitude, it was necessary to construct a double dilution line, shown in Figure 6.12. 
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Figure 6.12. Schematic of the silane dilution line used for n-type GaN. 

 

 In this design, output from the silane cylinder and the nitrogen cylinder are both metered 

through MFC’s into a common reservoir, thereby diluting the silane concentration. A 20 

sccm MFC is used to feed silane into the mixing reservoir and a 5000 sccm MFC is used to 

meter the nitrogen flow for dilution. The achievable dilution ranges from 1 to 1/5000th of the 

initial silane concentration.  A portion of the diluted mixture must be vented in order to 

prevent pressure build up in the reservoir; the remainder is metered into the chamber through 

a 20 sccm MFC. The silane concentration fed into the reaction chamber can be reduced by 

more than three orders of magnitude, making silane doping possible in the range of 1016 to 

1019/cm3. In Figure 6.13, the carrier concentration as a function of silane flow at 1/25th 

dilution is plotted. 
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Figure 6.13. electron concentration as a function of diluted silane flow (1/25 dilution of 10 
ppm silane tank). 

 

The mobility versus electron concentration is shown in Figure 6.14. 

 
Figure 6.14. electron mobility as a function of carrier concentration for films grown in this 
lab. 
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Below a carrier concentration of about 8x1016 cm-3 the films become resistive due to 

compensating acceptor type defects. 

6.9 p-type doping 

P-type doping of GaN was the final obstacle to the widespread commercial 

application of GaN-based light emitting devices and its solution ushered in enormous 

amounts of research on the III-nitrides. After all others had given up, a lone researcher in 

Japan named Akasaki accidentally solved the problem of p-type doping GaN after years of 

labor. Doping GaN with Mg should introduce an acceptor state; instead the result had always 

been highly resistive GaN, not p-type conductivity. Whilst observing cathodoluminescent 

emission from Mg-doped GaN, Amano and Akasaki noted a large increase in the brightness 

of the cathodoluminescent emission. After removing the sample from the SEM, the sample 

had gone from highly resistive to exhibiting p-type conductivity. It was determined that the 

acceptor state of Mg was being compensated by the hydrogen’s electron, forming a neutral 

complex: 

( )OHMgHMg −→+ +−                               (6.2) 

As a result, an electron from the valence band cannot be promoted into the acceptor state and 

no holes are formed. The electron beam in the SEM breaks the Mg-H bond and the hydrogen 

diffuses from the GaN. This process was deemed low-energy electron beam irradiation 

(LEEBI) activation of the Mg37. A potential drawback of LEEBI is that the interaction of the 

electron beam with the semiconductor is effective at activating only the upper surface of the 

p-type GaN. S. Nakamura, a researcher in a small Japanese company, made the realization 

that a thermal anneal in an environment devoid of hydrogen should also break the Mg-H 
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bond38. This method has the advantage of activating the entire p-type layer, even if it is not 

near the semiconductor surface. Since this time, it has been discovered that Mg acceptor 

states can also be activated by irradiation by UV light with energies greater than the band gap 

and forward biasing of p-n junctions38. These are similar to LEEBI because minority carriers 

(electrons) are generated on injected in the p-type layer.  

Molecular hydrogen (H2) is electrically and optically inactive in most semiconductors 

and has a low diffusivity in its diatomic state. However, atomic hydrogen rapidly diffuses 

through these materials even at low temperatures, including room temperature. Hydrogen can 

exist in several states inside a semiconductor; the most favorable charge state is dictated by 

the Fermi energy. Once in the material, it can form neutral complexes with dopants and can 

be introduced at many stages of device growth or fabrication, even while boiling in water, or 

etching in an acidic solution. Therefore, care must be taken after the acceptor states have 

been activated that they are not again compensated by hydrogen. 

 A post growth anneal of 700 °C to 800 °C under nitrogen has become a popular 

means of activating p-type GaN layers. In this work, bis(cyclopentadienyl)magnesium 

(Cp2Mg) is the metalorganic precursor used as the magnesium source. Temperature 

dependent electrical measurements have established the activation energy of the Mg acceptor 

level to be about 160 meV in this material. Since this activation energy is much greater than 

the thermal energy available at room temperature, only a small fraction of the acceptor states 

are ionized and Boltzmann statistics apply: 
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In other words, only about 0.2% of the Mg atoms in the proper site in the GaN crystal 

are ionized at room temperature. At the solubility limit of Mg in GaN (~5x1020/cm3), the 

highest possible hole concentration in GaN is approximately 1x1018/cm3. In practice, 

however, the maximum hole concentration is often limited to 1-5x1017/cm3. This leads to 

difficulty in making high quality ohmic contacts to GaN since the degenerately doped p-type 

layer usually used to facilitate tunneling between the metal and semiconductor is not possible 

in this case due to the low carrier concentration.  

Due to the low activation efficiency, magnesium incorporation to just below the 

solubility limit is required to achieve a high hole concentration.  However, this is a bit like 

walking a tight-rope. A little too much magnesium and p-type conductivity is destroyed by 

exceeding the solubility limit; too little magnesium and p-type conductivity is compensated 

by the background electron concentration. Fortunately, there are cues taken from surface 

morphology and photoluminescence that are used to quickly optimize the Mg flux used 

during growth to achieve p-type GaN. As the Mg flux is increased, the photoluminescence 

emission shifts from sharp band edge emission centered at 342 nm towards a broad emission 

centered about 435 nm, 2.85 eV. This emission has long been attributed to a host of deep 

level defects formed in heavily Mg-doped GaN films39 and is not directly associated with the 

Mg acceptor state. However, at low Mg concentrations, luminescence from the Mg acceptor 

state is visible at 385 nm although these films typically have too little Mg to achieve p-type 

conductivity. The optimum photoluminescence from a typical p-type GaN sample is shown 

in Figure 6.15. 
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Figure 6.15. Typical photoluminescence spectrum of a p-type doped GaN layer. Magnesium 
is the p-type dopant. Note that band edge emission at 342 nm is not observed. 

  

If the maximum allowable Mg concentration is exceeded, there is a dramatic decrease in the 

intensity of this Mg associated emission that can also be accompanied by increasing 

roughness of the GaN surface and an increase in the FWHM of the x-ray rocking curve.   

A 700 ºC, 20 minute p-type activation anneal performed under a nitrogen atmosphere 

was found to be optimum in this research. A comparison of the 435 nm photoluminescence 

emission from GaN:Mg before and after annealing is highly useful in predicting the success 

of the doping process. The blue emission increases several fold upon annealing in a good p-

type film. The intensity of the blue emission seems coupled to the free carrier density in the 

material. Before annealing, the background carrier concentration is very low as is the PL 

emission intensity. Following annealing, the hole concentration is dramatically increased as 

is the PL emission intensity. If, however, the Mg concentration is insufficient to compensate 
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background n-type carriers, the post annealing PL intensity will actually be reduced or nearly 

the same since the background n-type carrier concentration has simply been reduced by 

further compensation with activated acceptor states. Similarly, if the Mg concentration is too 

high in a film (exceeding solubility), the blue emission intensity with remain nearly constant 

before and after the activation annealing step. In our best efforts, hole concentrations of 

1x1018 cm-3 and a resistivities of  about 0.8 ohm-cm were achieved; in these cases, the blue 

PL intensity increased by nearly an order of magnitude after the p-type activation annealing 

procedure.  

In some cases it may be difficult to definitively determine carrier type of Mg-doped 

GaN films due to the low hole mobility in GaN and correspondingly low hall voltages. In 

these cases, the experimentalist has two options to determine if the film is indeed p-type. The 

first is the hot-point probe. As discussed in Section 4.3.2, a negative hot-point current and 

voltage are observed in a p-type film. Actually, the thickness of the film along with the hot-

point current and voltage (IHP and VHP) can be used to estimate the resistivity of the film in 

addition to the carrier type: 

film
HP

HP d
I
V

=ρ       (6.4) 

where VHP and IHP are the hot-point voltage and current respectively. This typically yields a 

slight underestimate of the p-type film resistivity since the hot probe generally ionizes more 

acceptors.  

In fact, the relatively deep ionization energy, 160 meV, provides an additional means 

to determine carrier type if a clear Hall result cannot be obtained. For p-type films, the film 

resistivity decreases rapidly with increasing temperature as additional holes are activated. By 
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measuring the film conductivity as a function of temperature over about a 50 º C range and 

plotting the results as the natural logarithm of conductivity as a function of reciprocal 

temperature, one can estimate the ionization energy of the state contributing to conduction 

from the slope of the plot. Over this range of temperatures, the hole mobility can assumed to 

be relatively constant and the film conductivity a direct measure of carrier concentration.  

kT
E

ep AkTEA
−

∝∴∝∝ − )ln()/( σσ     (6.5) 

For a p-type film, the slope of the ln(σ) vs 1/T plot is equal to –EA/k and multiplying the 

slope of this plot by –k will give a reasonable accurate measure of carrier activation energy. 

If the film is p-type, a value of 160 meV to 200 meV should be obtained.  

 

6.9.1 Strained layer superlattice doping 

Alternative methods of achieving high hole concentrations in GaN structures have 

been explored which utilize polarization effects within heterostructures to enhance hole 

concentrations. This has seen particular utility in the growth of thick p-type AlxGa1-xN/GaN 

strained layer superlattices (SLS) for their enhanced hole activation and optical guiding 

properties in laser diodes40. As discussed in Section 2.2.2, the ionization energy of the Mg 

acceptor state increases rapidly as the band gap energy increases. For an Al0.1Ga0.9N layer, 

the activation energy has risen to about 260 meV (compared to 160 meV in GaN). By 

growing a strained layer superlattice of alternating AxGa1-xN/GaN layers, the spontaneous 

and piezoelectric polarizations generate large internal electric fields of alternating direction 

in the AlGaN and GaN layers. For Ga-face, (0001) surface polarity, the resulting electric 

fields point towards the substrate in the AlGaN and towards the growth surface in the GaN. 
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The calculated valence band structure for a Al0.2Ga0.8N/GaN Mg-doped strain layer 

superlattice is shown in Figure 6.16 from Kozodoy et. al 40below.  

 
Figure 6.16. Calculated valence band diagram for Mg-doped Al0.2Ga0.8N/GaN strained layer 
superlattice. 

 

Note how the Fermi position is actually below the valence band edge, EV, in the GaN at one 

side of the GaN layer, indicating the formation of a two-dimensional hole gas at the 

GaN/AlGaN interface. The high density of holes at this interface results in a much larger 

average carrier concentration than would result from bulk material. Physically, the band 

bending induced by the polarization effect allows electrons in the GaN valence band to 

transfer to the Mg acceptor states in the adjacent AlGaN layer. However, vertical carrier 

transport is limited since the holes must tunnel through the AlGaN barrier layers. Therefore, 

there is a tradeoff between overall hole density and the ability to transport carriers along the 

[0001] direction. 
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7 TERNARY AND QUATERNARY ALLOY GROWTH 

7.1 InGaN 

The bandgap of ternary InxGa1-xN varies from 3.4 eV to 0.7 eV as the InN content is 

increased from 0% to 100%. This energy range more than spans the entire visible spectrum, 

therefore, InGaN alloys form the core of visible light emitting devices in this materials 

system. For this reason, information concerning the InGaN alloy has great technologic 

importance especially considering that nearly all high-brightness blue and green light 

emitting diodes and blue solid-state lasers currently utilize InGaN in their optically active 

layers.  

InGaN films are typically grown atop GaN templates. The In-N bond is significantly 

weaker than the Ga-N or Al-N bonds; therefore, lower growth temperatures must be used to 

incorporate appreciable amounts of indium into InGaN films. InGaN films are grown under a 

nitrogen ambient (no H2 present) to enhance indium incorporation41. Growth temperatures 

between 700 ºC to 850 ºC are used in the growth of InGaN layers via MOCVD (200 ºC to 

350 ºC lower than those used for GaN). At these lowered growth temperatures, the growth 

rate must be significantly reduced to maintain crystal quality. Deposition rates between 0.5 

nm/min and 4 nm/min are used for InGaN growth in comparison to rates of 30 nm/min for 

GaN growth at 1020 ºC. If the growth rate is too high, the band edge emission becomes very 

weak, and deep level emission dominates38. In the upper temperature range, Tg>800 ºC, the 

fraction of indium in the column III gas stream approaches 95% but the solid phase 

composition may be less than 10% InN. At lower InGaN growth temperatures, the indium 

flux must be decreased to prevent the accumulation of indium metal on the surface, but much 
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higher levels of indium incorporation are possible for the same indium flux used at higher 

temperature. In other words, it is not possible to determine the indium content based on the 

gas phase composition due to the large temperature dependence of composition. The indium 

content must be measured for a given set of growth conditions. 

To determine the indium content for a given set of growth conditions, a thick InGaN 

layer is grown atop a GaN template to ensure the InGaN layer is relaxed and a θ-2θ x-ray 

diffraction scan is performed (full relaxation has been confirmed in selected cases using 

reciprocal space mapping of off-axis XRD peaks). Under these conditions, Vegard’s law is 

obeyed and the film composition can be determining from the c-spacing of the InGaN layer 

as discussed in Section 4.2.1, Equation 4.1. Thinner layers deposited using the same growth 

conditions are assumed to have the same indium content. This assumption could be 

challenged sighting that indium incorporation into a biaxial compressed film may be slightly 

lowered due to strain effects, or slight transients in the feed rate of metalorganics during the 

short time of quantum well growth (~1 min) may also cause a discrepancy in comparison to a 

film deposited over the course of an hour. Such possibilities have been neglected in this 

work. 

Optical properties of the InGaN layers are determined by photoluminescence 

spectroscopy. However, the variation of bandgap with composition is not linear, which 

necessitates the introduction of a bowing parameter, b, to fit the deviation from linearity. The 

simple quadratic formula describes compositional dependence of the energy gap for the 

ternary alloy:   

)1)(()1( xxbxExEE GaNInNInGaN −−−+=           (7.1) 

where: 
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 EInGaN  = energy gap of InGaN for a given composition x 

 EInN = energy gap of binary InN 

 EGaN = energy gap of binary GaN 

 b = bowing parameter (has units of energy) 

 x = fraction of InN in the ternary InxGa1-xN layer 

The sign of the bowing parameter tells us if the energy gap’s deviation from linearity is 

positive or negative, and the bowing parameter magnitude gives the extent of variation. All 

nitrogen containing III-V semiconductors exhibit positive bowing parameters, indicating a 

negative deviation from linear interpolation11 (using the formulation of Equation 7.1). From 

Equation 7.1, we see that the deviation from linearity is greatest for InGaN alloys containing 

50% InN since the product x(1-x) is largest at this point. Unfortunately, the recent downward 

revision of InN’s energy gap greatly reduces the accuracy of the bowing parameters listed in 

literature. A reasonable value of bowing parameter based on the 0.7-0.8 eV energy gap of 

InN and more recent data available for In-rich alloys is b = 1.4eV42.  

Due to the piezoelectric and spontaneous polarization of the III-nitrides, the energy 

gap determined from Equation 7.1 cannot be used alone to predict the photon energy emitted 

from InGaN quantum wells. As previously discussed, large internal electric fields arise from 

the spontaneous and piezoelectric induced polarization of the heterostructures used in 

optoelectronic devices.  In typical structures, the spontaneous and piezoelectric polarizations 

complement one another inside the InGaN quantum well. The size of the internal electric 

field is determined by the differences in spontaneous and piezoelectric polarization across the 

interfaces of the InGaN quantum well and the adjacent material. These internal fields 



 110

typically red shift the emission energy to a degree dependent upon the thickness of the 

quantum well.  

7.1.1 InGaN Quantum well Growth 

Although the study of thicker InGaN layers is instructive, technologically important 

applications of this material are in the form of much thinner layers deemed quantum wells. 

The active region of light emitting diodes and laser diodes utilize InGaN quantum wells 

which are in the range of 10 to 50 Å. Therefore, InGaN layers used in quantum wells are 

assumed fully pseudomorphic with the thick underlying GaN layer. Barrier layers are 

typically grown from lower composition InGaN layers, GaN layers, or AlGaN layers, all of 

which exhibit higher band gaps and lower index of refraction than the quantum well, thereby 

enabling electronic and optical confinement.  

The emission wavelength can be shifted to longer wavelengths through the 

incorporation of higher indium contents. This is accomplished by lowering the growth 

temperature of the quantum well. The effect of different growth temperatures on the optical 

emission energy of MQW (InGaN wells nominally 35 Å, GaN barriers 90 Å) is shown in 

Figure 7.1.  
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Figure 7.1. Photoluminescence spectra of three InGaN multiple quantum well samples 
deposited at three different temperatures ( TgN107-03>TgN108-03>TgN111-03). 

 

The InGaN growth temperature is 760 °C for the sample emitting at 400 nm, 740 °C for the 

sample emitting at 425 nm and 720 °C for the sample emitting at 485 nm. As the indium 

content is increased, the energy gap is reduced and emission wavelength increases. Small 

changes in growth rate with growth temperature may also be partly responsible for the 

shifting emission energy since these films are under biaxial compression and have large 

internal electric fields (small thickness variations result in large shifts in emission energy in 

the presence of internal electric fields on the order of 1 MV/cm).  

Determining the thickness of the multiple quantum wells is accomplished by 

examining the x-ray diffraction profile from the structure as shown in Figure 7.2.  
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Figure 7.2. θ-2θ x-ray diffraction scan of an InGaN multiple quantum well structure in which 
interference fringes (called Pendallosung fringes) are clearly visible. MQW period thickness 
can be calculated from the spacing of the Pendallosung fringes. 

 

The periodicity of the interference in the diffraction scan is used in conjunction with 

Equation 4.5 to determine the thickness of one period of the structure (thickness of well and 

barrier). A period of 110 Å is obtained for the data shown. 

The seemingly insignificant minutia of the quantum well growth sequence is actually 

a determining factor of the quantum well’s performance in the finished device. The transition 

from the GaN growth condition, the initiation and termination of the InGaN layer, and the 

ramp to and conditions used for capping of the quantum well all contribute to the quantum 

well’s microstructure, indium distribution, brightness and efficiency. Although not all 

variations of the growth sequence could be explored, several important points were 

discovered. In particular, dissociation of the InGaN quantum well and the aggregation of 



 113

indium into metallic inclusions within quantum wells during the ramp to and growth of the 

high temperature p-type GaN layer are significant barriers the implementation of an InGaN 

active region in a device structure.  

We have observed that InGaN quantum wells grown at lower temperature are more 

difficult to cap than lower percentage InGaN layers deposited at higher temperatures. This is 

attributed to the lower average bond energy of an InGaN layer containing more indium. 

However, the higher percentage InGaN layers can be capped at high temperature provided 

there is a intermediate GaN cap deposited at 760°C. Growth is stopped after the quantum 

well has been deposited, and the temperature raised to 760°C for the growth of 300 Å of GaN 

under a low flow of hydrogen. The temperature is then raised to ~1000 ºC for growth of the 

p-type GaN. The intermediate temperature GaN cap serves to prevent the dissociation of the 

InGaN quantum well during the ramp to the p-type growth temperature, and the growth 

interruption after the quantum well deposition helps in the removal of excess indium on the 

surface layer of the quantum well. 

Initial efforts to cap InGaN grown at or around 750 °C with GaN grown at 1000 °C 

were unsuccessful. The initial sequence was to grow the quantum well; stop growth; heat to 

1000 °C and initiate growth of GaN. InGaN films capped in this manner appeared normal to 

the naked eye and under the microscope, however, the photoluminescence emission from the 

InGaN quantum well observed in the uncapped structure was completely absent in the 

capped structure. It was determined that the InGaN layer had been thermally dissociated 

during the ramp to 1000 °C. In order to combat the problem a dissociation barrier composed 

of GaN or AlGaN is grown at an intermediate temperature. These films have a normal 

appearance and strong photoluminescence emission when capped for a short time (t<5 min). 
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However, at longer capping times, the films begin to take on a grayish tint which first 

appears at the periphery of the wafer and quickly progresses towards the center of the wafer. 

This is because dissociation is not the sole problem facing the InGaN quantum well. As 

previously mentioned, excess indium present within the quantum wells acts as a nucleation 

site for the formation of indium inclusions within the well. The formation of these inclusions 

causes the appearance of the wafer to turn purplish black. These findings have been recently 

confirmed by B. Van Daele et al43. It is deduced that a floating layer of indium droplets form 

during quantum well growth. At higher a growth temperature, In evaporation is enhanced and 

fewer indium droplets form. At lower InGaN growth temperatures, a higher density of In 

droplets form and these serve as nucleation sites for the In inclusions during the high 

temperature capping. By introducing a growth interrupt step after the quantum well growth 

but before ramping to the capping temperature, the indium droplets (along with a portion of 

the quantum well) evaporates. With the removal of these nucleation sites, the high percentage 

InGaN layers can be capped without loss of the active region structure.   

To summarize, InGaN quantum wells and multiple quantum wells are easily 

deposited which exhibit strong luminescence. However, these wells must be capped with p-

type GaN or AlGaN at an elevated temperature. Great care must be taken to protect the 

quantum wells during the ramp to the capping temperature using growth interrupts to remove 

metallic surface indium and perhaps a dissociation barrier of GaN or AlGaN deposited at an 

intermediate growth temperatures. An investigation into the deposition of p-type GaN or a p-

type GaN/AlGaN superlattice at a reduced temperature is strongly suggested to further 

suppress InGaN dissociation and the formation of metallic In inclusions.   
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The InGaN quantum wells described here are used in the devices described in 

Chapter 9 with minor variations to enhance the efficiency of electroluminescence.  

7.2 AlGaN Growth 

GaN can be alloyed with Al to form the ternary compound AlxGa1-xN. AlxGa1-xN has 

a bandgap which varies from 3.4 to 6.2 eV as the percent AlN is varied from zero to one-

hundred percent. Due to its larger bandgap and lower index of refraction, AlGaN is often 

used to achieve electrical and optical confinement within light emitting diodes and is used in 

heterojunction field effect transistors in order to form a 2-dimensional electron gas at the 

AlGaN/GaN interface.  

Growth of AlGaN typically occurs at higher temperatures (1070 ºC) and lower V/III 

ratios than InGaN and GaN alloys. The aluminum precursor, TMAl, is much more likely to 

experience a gas phase reaction with ammonia. For this reason, the growth pressure is often 

reduced. The reduction in pressure increases gas velocity and increases the distance between 

molecules; both factors help to reduce the gas phase reaction. The reactor pressure is 

typically reduced to 100 torr in this research for the growth of AlGaN alloys. 

A notable difficulty with AlGaN alloys is the increasing activation energy of n- and 

p-type dopants as the aluminum content is increased. It is difficult to achieve p-type AlGaN 

above 30% AlN and effective n-type doping becomes difficult above 60% AlN. Pure 

aluminum nitride is an insulating layer due to large band gap semiconductors tendency to 

self-compensate.   

In the context of this research, AlGaN is used in two applications. In the visible LEDs 

discussed in chapters to follow, thin AlGaN layers are employed to enhance electrical 

confinement of electrons injected into the InGaN quantum wells. In this application, the 
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AlGaN is deemed the electron blocking layer. Due to its smaller lattice constant and lower 

thermal expansion coefficient, the AlGaN layer is under significant tension and its thickness 

must be limited in this application to prevent layer cracking. In the second application, 

AlGaN is used in UV LEDs that are discussed in Chapter 9, Section 4. In the UV LED, the 

emission wavelength is 340 nm; this is a higher energy than the bandgap of GaN. Due to the 

high emission energy, the UV LED must be free of GaN to avoid absorption of the emission 

from the active region. AlGaN is used with an energy gap greater than that of the active 

region of the UV LED to provide a window to allow the emission to escape, and to provide 

electrical confinement. 

The composition of the AlGaN is selected to provide adequate electrical confinement. 

The compositional dependence of AlGaN’s energy gap is given by the simple quadratic: 

)1)(()1( xxbxExEE GaNAlNAlGaN −−−+=                 (7.2) 

The bowing parameter is 0.7 eV for AlGaN alloys. The composition of the deposited film 

follows the gas phase composition much more closely than InGaN alloys. However, at high 

deposition pressures or high V/III ratios, the solid phase composition falls slightly below the 

gas phase composition due to depletion of Al from the gas stream by gas phase reactions. 

Conversely, the Al content may be slightly higher than the gas phase composition at very 

high growth temperatures due to the greater strength of the Al-N bond and preferential 

desorbtion of gallium (similar to the desorbtion of In from InGaN although to a much lesser 

degree). The actual Al composition for a particular growth condition is determined by 

growing a very thick AlGaN layer on a GaN template and performing a θ-2θ XRD scan and 

assuming complete relaxation of the film. In this case, Vegard’s law may be applied and the 
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c-spacing of the film may be used to determine the Al content from linear interpolation 

between the GaN and AlN binary endpoints. 

 Photoluminescence measurements can be used to determine the band gap of high 

quality AlGaN films with %AlN<36% using an Ar-ion laser emitting at ~272 nm; the energy 

gap of AlGaN films of higher Al content can be determined using transmission 

measurements. The transmission spectrum of an Al0.5Ga0.5N layer grown in this research is 

shown in Figure 7.3 and has a strong absorption edge at 260 nm which corresponds to the 

band gap of this material. 
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Figure 7.3. Transmission spectrum of Al0.5Ga0.5N layer showing strong absorption edge at 
260 nm. 
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7.3 AlInGaN Quaternary Alloys 

Quaternary alloys have a significant advantage over ternary alloys. Namely, their bandgap 

and lattice parameters can be independently engineered. This fact also makes their 

characterization more difficult since an infinite combination of compositions can yield the 

same lattice constant (a vertical line on the lattice parameter versus energy gap plot). 

Assuming Vegard’s law is valid, the lattice parameter of an InxAlyGa1-x-yN quaternary alloy is 

given by: 

)1( yxdydxdd GaNAlNInNAlInGaN −−++=                             (7.3) 

Where x is the InN fraction, y is the AlN fraction and (1-x-y) is the GaN fraction. Rutherford 

Backscattering Spectroscopy (RBS) can be used to unambiguously determine the 

composition of quaternary alloys (most other techniques require standards of known 

composition which presents a chicken and the egg sort of problem).  

Since the III-nitrides are hexagonal materials and the c/a ratio of the binary endpoints 

differ from one another, a quaternary cannot be simultaneously be latticed matched to GaN in 

the c-direction and a-direction simultaneously. However, matching the in-plane lattice 

constants is the requirement for achieving a strain free structure. Differentiating Equation 7.3 

and setting to zero allows us to determine the ratio of aluminum to indium change required to 

maintain a constant quaternary in-plane lattice constant: 

62.4
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dy                                      (7.4) 

This tells us that for every 1% InN incorporated into the quaternary alloy, 4.62% of AlN 

must also be added to maintain an invariant in-plane lattice constant. If GaN is the starting 

point, the addition of aluminum and indium in a ratio of 4.62 to one will produce a strain free 
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structure (maintaining a constant c-spacing requires the addition of aluminum to indium in a 

ratio of 2.55 to 1).  

 The main difficulty encountered in the growth of high quality quaternaries is the 

disparity between the high growth temperatures required to maintain sufficient surface 

diffusion of Ga and Al species and the low temperatures necessary to prevent In evaporation. 

This restriction requires the growth of quaternaries at an intermediate growth temperature, 

but closer to temperature typically used in InGaN growth if more than a couple of percent 

indium is to be incorporated into a high quality layer.  

 In this research, quaternary alloys are investigated as potential ultraviolet light 

emitters. It is proposed that an AlGaN layer should become a more efficient light emitter 

with the incorporation of a small amount of indium. Carrier localization at indium rich 

quantum dots should increase the non-radiative lifetime, giving more time for the carriers to 

recombine radiatively44.  This is consistent with the observation of increased optical 

efficiency of GaN with an addition of a small amount of indium. 
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8 DEVICE PROCESSING 

 In the course of this research, a modular clean room was constructed to allow for 

convenient and more cost-effective processing of optoelectronic devices. Simple lithography, 

etching, and metallization can be performed. In the sections below, the various processing 

stations are described along with abbreviated processing recipes.  

8.1 Modular Clean room  

This is an 8’x8’ class 100 clean room constructed of an aluminum frame with glass 

panel walls. The ceiling consists of a grid of 2’x4’ sections which can be filled with a blank 

ceiling panel, a HEPA fan-filter unit, or a fluorescent lighting fixture. In the configuration 

used here, there is 50% coverage with HEPA filters and one lighting fixture; the remaining 

ceiling grid is occupied by blank ceiling tiles. The structure is erected within an existing 

room and does not require a floor or HVAC since the host room’s facilities are used to 

provide these needs. As a result, a small modular clean room is a very economical ($10,000) 

yet surprisingly functional solution to anyone in need of his or her own processing space.  

To achieve the required processing capability, a photoresist spin-on station, a mask 

aligner, and an e-beam evaporator are located within the clean room. A plasma etching 

station was purchased and set up outside of the clean room due to space constraints and 

safety concerns. These facilities are described in the sections below. 

8.2 Spin station 

A bench top spinning station with two rotation cycles was used for spin-on of 

photoresist and hexamethydisiloxane (HMDS) to the GaN wafers. HMDS is an adhesion 

promoter required for good coverage of some photoresists. There are two spin cycles used 
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when applying the photoresist. The first cycle is typically carried out at 300-500 rpm for 

about ten seconds. This step is to spread the photoresist over the surface of the wafer. The 

second step is carried out at 3000-5000 rpm and is intended to remove the excess photoresist 

from the wafer. This leaves behind an evenly coated wafer that has from one to five microns 

of resist. The final thickness of the resist depends on many factors, but for a given process 

and photoresist, it is controlled by varying the speed of the second spin cycle.  

After coating the wafer, the photoresist must be soft-baked in order to drive out the 

excess solvents. This is accomplished on a hot plate usually around 110-115 ºC for a period 

of 3 minutes.  If this baking step is carried out at too high of a temperature or for too great a 

duration, the photoresist begins to lose sensitivity to exposure. If, on the other hand, the soft-

bake is carried out at too low a temperature or too short a duration, the photoresist will 

maintain a very “gummy” consistency; this results in difficulty handling the coated wafer and 

adhesion to the photomask during the contact lithography stage of processing.  

8.3 Karl Suss MJB3 Mask aligner 

A Karl Suss MJB3 mask aligner was purchased for exposing the photoresist coated 

wafers. A 200 Watt mercury bulb is the light source. The MJB3 is capable of line widths 

down to 2 µm, making this setup suitable for typically used LED patterns. As this is a contact 

aligner, the photoresist coated wafer comes into contact with the photomask. As discussed 

previously, it is very important to adequately softbake the photoresist in order to prevent the 

wafer from sticking to the photomask during exposure.  

Both positive and negative photoresists are used in processing the LED structures. 

The opposite response of these chemicals to ultraviolet light exposure is schematically 

depicted in Figure 8.1. 
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Figure 8.1. (a) positive photoresist being exposed, (b) developed positive photoresist, (c) 
negative photoresist being exposed, (d) developed negative photoresist 

 

Exposure time is determined by the photoresist being used and its thickness. 

Typically a prescribe dose is provided in the literature for the photoresist, e.g. 150 mJ/cm2. If 

the intensity of the exposing light is known, the exposure time can be simply calculated. Of 

course, some experimentation is required to “dial-in” the exact exposure conditions since 

small variations in processing conditions, environment, and differences in substrate 

reflectivity are all contributing experimental factors. 

In the LED processing done here, the photoresist pattern serves one of two purposes: 

a photoresist mask for plasma etching or to define windows for metallization and liftoff. 

When defining a photoresist mask for etching, the resist profile is not particularly important; 

however, when the lithography is to be used in a metal liftoff procedure, care must be taken 
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to achieve an undercut resist profile. The undercut resist profile makes it possible to achieve 

a discontinuity at the resist/exposed wafer boundary. If undercut is not achieved, a 

contiguous metal film will connect the metal over the photoresist to the metal in intimate 

contact with the semiconductor surface. The contiguous metal film prevents an efficient 

metal liftoff as shown in Figure 8.2.  
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Figure 8.2. Schematic metallization liftoff for (a) proper undercut profile in photoresist and 
(b) improper overcut profile 

 

Undercut profiles are most easily achieved using a so-called “negative” photoresist. 

Negative photoresists naturally form an undercut profile when developed. This is because the 

upper surface is exposed to a higher luminous intensity over the duration of exposure than 

the photoresist near the semiconductor surface due to absorption of the exposing radiation at 

the surface of the resist.  In fact, special dyes are added to the photoresist to greatly enhance 

this effect. As a result, the upper surface of a negative resist is much more resistant to 

dissolution in the development solution than the lower resist.  

It is still possible to achieve an undercut resist profile when using a positive resist, 

however, this process does not occur naturally but can be forced with chemical intervention. 
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In a positive resist, the natural development is the opposite of a negative resist and an 

“overcut” profile is formed. This is because the exposing radiation breaks the resist’s bonds 

more strongly at the surface making it more soluble in the developing solution than the 

“deeper” layers of resist. A chemical hardening agent is used to retard the dissolution of the 

surface of the photoresist upon development. In this manner, the overcut profile is converted 

to an undercut profile and metal liftoff becomes possible. The positive resist used in these 

experiments is Shipley 1813 resist. Hexane and toluene are effective surface hardening 

agents for this resist, but toluene was chosen due to avoid hexane’s carcinogenic nature. A 

one-minute soak in toluene at room temperature is sufficient to produce an undercut profile. 

Chemical hardening of the surface is a tenuous process and should be avoided whenever 

possible; negative resists are the preferred choice for a metal liftoff process. 

When patterning for plasma etching using a photoresist mask, a negative photoresist 

specifically designed for enhanced etch resistance is used. This resist is produced without the 

addition of dyes which makes the developed resist profile more vertical. A vertical resist 

profile is preferred for the etching process if a vertical sidewall is to be etched into the 

semiconductor.  

8.4 Electron Beam Evaporator 

A Thermionics eight pocket rotary gun e-beam evaporator was purchased to perform 

the metallization steps for processing. This is a turbo pumped unit with a 3 kW power supply. 

A thickness monitor is employed to determine metal thickness for each layer deposited. The 

evaporator has a base pressure of 6x10-8 Torr. Au, Ni, Cr, Ti, Al, Pt, AuGe, and Pd metals are 

available for evaporation.  
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This system has an o-ring sealed stainless steel bell jar which limits the ultimate 

vacuum of the system. Although the 500 L/sec vacuum pump is capable of pulling an 

adequate vacuum for the evaporation of these metals, the pump-down time can be greatly 

reduced by closing the shutter and evaporating a sacrificial “pumping” layer of Ti onto the 

chamber walls to chemisorb molecules on the bell jar walls. This system is used to deposit 

ohmic contacts for the LEDs investigated. 

    

8.5 Plasma Etching Station 

Due to the chemically inert nature of the III-nitrides, wet chemical etching is very 

difficult. As a result, plasma based etching processes are commonly used to etch these 

materials. To this end, an Inductively Coupled Plasma/Reactive Ion Etching (ICP/RIE) 

plasma etching station was purchased from Trion Technology called the Minilock II. Figure 

8.3 is a photograph of this system.  
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Figure 8.3. Photograph of inductively coupled plasma etching system from Trion 
Technology. The loadlock (front) and etch chamber (back) lids are open here. 

 

This system has a load lock and mechanical transfer arm to move samples into the reaction 

chamber after the load lock has been pumped down. A gate valve otherwise separates the 

load-lock and etch chambers. This provides a level of protection both for the user and the 

vacuum equipment since exposure to corrosive gases is a bit hard on humans and the 

exposure of the reaction chamber to atmospheric moisture is a bit hard on the reaction 

chamber. A schematic of the reaction chamber is shown in Figure 8.4.  
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Figure 8.4. Cross-sectional schematic of ICP/RIE reaction chamber. 

 

This technique has the advantage of independent control of ion density and energy. The ICP 

power controls ion density while the RIE power controls the energy with which the ions 

strike the semiconductor surface. This allows high etch rates to be obtained with minimal 

damage to the semiconductor. The addition of an ICP chamber allows a high plasma density 

to be maintained at lower pressures, yielding improved etch rates and profile control, 

improved uniformity, greatly increased selectivity and a dramatic reduction in radiation 

damage and contamination from RIE sputtering.   

Etching is performed at a pressure of 8 mTorr in chlorine and boron trichloride 

etching chemistry with 100 watts RIE power and 250 watts ICP power. A Cl2 flow of 25 

sccm and a BCl3 flow of 5 sccm are used. Etching rates of approximately 2000 Å/min are 

typically obtained under these conditions. Etch depth is verified using a Dektak profilometer. 

Since electrically insulating sapphire substrates are used, lateral device geometries 

must be used to produce LEDs (both n- and p-type contacts are on the surface of the wafer). 

This requires etching through the surface p-type layer and active region of the device to 

expose the underlying n-type material for metallization as shown in Figure 8.5. 
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Figure 8.5. Schematic flow of wafer etching process to expose underlying n-type GaN for 
metallization 

 

 This etch step also provides electrical isolation of adjacent devices on the wafer.  

Photoresist and Ni have been used successfully as masking materials deposited using 

standard lithography/liftoff techniques. Initially, Shipley 1813 positive photoresist was used 

as the etch mask, and severe over-cut was observed in the etch profile.  Figure 8.6 shows an 

SEM image of the resulting etch profile.  
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Figure 8.6. ICP-RIE etched GaN using PR mask showing severe over-cut. 

 

This over-cut profile was believed to be due to mask contraction or premature mask erosion 

at the feature edges.  To test this speculation, another etch experiment was performed under 

identical processing conditions using a Ni mask, which should be immune to premature mask 

erosion.  The resulting sidewalls are shown in Figure 8.7.  

 
Figure 8.7. ICP-RIE etched GaN using Ni etch mask showing vertical etch profile. 
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No slope is observed in the sidewalls produced using the Ni etch mask; however, 

irregularities in the etch mask are transferred to the sidewalls profile in the form of vertical 

striations as can be seen in the higher magnification image in Figure 8.8.  

 
Figure 8.8. ICP-RIE etched GaN using Ni etch mask-expanded view. 

 

Improved lithographic processing should reduce the vertical striations observed in these 

sidewalls while reducing the RIE power should decrease surface pitting on the planar etched 

surface.  The use of negative photoresists specifically designed for use as etch masks have 

also been used and resulted in vertical sidewalls similar to those obtained with the nickel 

mask.  

Although LED processing typically requires etch depths of only 0.2-0.3 µm, some 

applications require etching through the entire film thickness of several microns. To achieve 

deeper etches, sample heating must be controlled by dividing the etch into several steps 
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separated by cool-down periods. Heat sinking the backside of the wafer to the sample stage 

with vacuum oil or silver containing paste further aids in heat dissipation; although care must 

be taken not to contaminate the front side of the wafer and to completely remove the heat-

sinking material.  

An ancillary benefit to the plasma etching process is the decoration of crystal 

imperfection. Hexagonal pits related to material defects are delineated by the etching process, 

allowing dislocation densities to be determined. These hexagonal pits are clearly visible in 

the etched semiconductor surface shown in Figure 8.8 (lower surface). These features are 

more numerous on lower quality material than higher quality material; this allows semi-

qualitative comparison of material quality to be made. 
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9 LIGHT EMITTING DIODES 

9.1 Introduction and background 

In this research two novel approaches of producing III-nitride light emitting diodes 

for application in solid state lighting were investigated. In the first approach, a III-nitride 

LED was grown using ruby (Al2O3:Cr) as a substrate. The chromium atoms within the 

substrate are excited by blue or green photons, or both, and will re-emit red photons. In this 

manner, a monolithic phosphor-free emitter of red, green and blue light can be produced. The 

structure can be tailored so the three wavelengths are emitted in the proper proportion to 

produce white light. As a proof-of-concept, a blue III-nitride LED is grown on a ruby 

substrate to demonstrate efficient photoexcitation of chromium atoms in the substrate by the 

overlying diode emission. In the second approach, an ultraviolet LED with a quaternary 

active region was grown and fabricated. Ultraviolet LEDs emit photons with sufficient 

energy to exciting any mixture of phosphors that emit in the visible spectrum. A phosphor 

mixture can then be tailored to produce a white light exhibiting the desired color temperature 

and color-rendering index. The quality of the white light produced in this manner can be 

adjusted by altering the phosphor mixture. 

Metrics of performance: 

The measure of efficiency of visible light sources is typically given in units of lumens 

per watt of electrical energy input. Light emitting diodes have recently reached a critical 

point in their performance. The typical incandescent light bulb produces light with an 

efficiency of 17 lumens/watt, and fluorescent lighting has an efficiency of 65 lumens/watt. 

White LEDs in commercial production have already surpassed the efficiency of incandescent 

bulbs, and they have equaled the performance of fluorescent lighting in a research 
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environment. Quantifying the efficiency of visible light sources is not straightforward due to 

the variation of the human eye response across the visible spectrum (~400 nm to 700 nm). A 

short discussion of color perception by the human eye is in order since a primary application 

of the LEDs discussed here is for general illumination. Quantification of an LED’s color also 

allows a quantitative comparison of the perception of light output of various LEDs.  

Color Perception: 

The perception of color by the human eye can be described by the color’s hue, 

saturation, and brightness. The hue is essentially the color of the light one sees, such as 

“red”, “blue”, “green”, or “magenta” for example. The saturation of color is a measure of the 

spectra purity of the color. A red laser beam from a He-Ne laser is nearly fully saturated 

because is composed of a essentially only one wavelength; whereas the red light arising from 

a incandescent bulb with a red filter is less saturated because to color is actually composed of 

a broad spectrum of color which is only peaked at a “red” wavelength.  

The Commission Internationale de l'Êclairage (CIE) color system allows colors to be 

described quantitatively in terms related to hue, saturation, and brightness. In the CIE color 

system, a color is described by a luminance parameter (related to brightness) and two color 

coordinates, x and y, which determine the location of a color on the chromaticity diagram. 

The chromaticity coordinates, x and y, serve as description of both the color’s hue and 

saturation. The chromaticity diagram is shown in Figure 9.1.  



 134

 
Figure 9.1. 1931 CIE chromaticity diagram 

 

The spectral colors are distributed along the curved edge of the CIE diagram and represent all 

of the perceived hues. A color with chromaticity coordinates falling on this curved line is 

said to be fully saturated (monochromatic). Less saturated colors move towards the interior 

of the bounded space of the chromaticity diagram. White can be considered the complete 

lack of saturation (no color), and its chromaticity coordinates are located at x = y = 0.333, 

this is the achromatic point. The chromaticity diagram with an overlay of approximate color 

regions is shown in Figure 9.2. 
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Figure 9.2. CIE chromaticity diagram with an overlay of approximate color regions. 

 

To determine the coordinates of a light source on the chromaticity diagram, the 

spectral power density of the light source (power output as a function of wavelength in the 

visible spectrum) and the response of the human eye must be known. The spectral power 

density of a light source can be measured using an appropriately calibrated spectrometer; 

however, the response of the human eye is more difficult to quantify due to the variation of 

each observer’s perception, etc... A cross-section of the human eye45 is shown in Figure 9.3. 
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Figure 9.3. Cross-section of the human eye. 

 

 The retina, the light sensitive portion of the human eye, is covered with two basic types of 

light receptors, rods and cones. Color information is perceived by the cones. Experiments 

suggest that cones may be further divided into three types sensitive to red, green, and blue, 

respectively. Over the years, the response of the so-called, Standard Observer, have been 

determined through painstaking experiments with many observers; the results of this effort 

are summarized by the CIE color matching functions, λλλ zyx ,, shown in Figure 9.4 46.  
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Figure 9.4. CIE color matching functions. 

 

The color matching functions are, in some respect, related to the red, green, and blue 

response of the eye’s cones.  

The color matching functions are used to calculate the CIE X, Y, and Z tristimulus 

values. These values are then used to calculate the chromaticity coordinates, x, y, and z. The 

X, Y, Z tristimulus values for a light source with spectral power density P(λ) are calculated 

by the summation over the visible range of the product of the color matching functions’ 

weight at each wavelength and the intensity emitted over a narrow wavelength interval, ∆λ, 

centered at that wavelength over the visible range: 
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A wavelength interval, ∆λ, of 5 nm is typically adequate for this calculation. The 

chromaticity coordinates, x, y, and z can be obtained from the tristimulus values as follows: 
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Due to the above definition, it is apparent that x+y+z = 1, therefore, only two of the 

chromaticity coordinates are reported, x and y. The third chromaticity coordinate can be 

simply calculated, z = 1-x-y. A tabulation of the color matching functions is used in 

conjunction with Equations 9.1 and 9.2 to determine the chromaticity coordinates of visible 

LEDs produced in this work. 

 

LED light output and efficiency: 

In addition to quantifying the color of a light source, its efficiency is an important 

metric of performance.The overall power conversion efficiency, ηo, of an LED is defined as 

the ratio of optical output power, Po, to electrical input power, Pelec: 

%100×=
elec

o
o P

P
η                                      (9.3) 

The optical power output is the result of three processes: 1) excess carriers are injected by 

forward biasing the junction; 2) the electrons and holes recombine, giving off their excess 
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energy as photons; 3) some of the generated photons exit the semiconductor. The overall 

efficiency of the LED can also be expressed in terms of the efficiency of these three 

processes: 

erio ηηηη =                                             (9.4) 

where: 

 ηi = injection efficiency 

 ηr = recombination efficiency 

 ηe = extraction efficiency  

Expressions for injection, recombination, and extraction efficiencies can be found in most 

any semiconductor optoelectronic text. 

For visible wavelength LEDs, it is important to consider the eye response. The ratio 

of perceived optical output power to actual output power is termed the luminous efficiency, 

ηL
47: 
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Where V(λ) is the relative photopic eye response (the response of the eye adjusted to light). 

This function can be approximated as: 

2)555(4.285)( −−≅ λλ eV                                           (9.6) 
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As the level of ambient light falls, chemical changes in the eye cause a shift of the response 

curve toward shorter wavelengths, but the photopic response is most applicable here and is 

most commonly used in colorimetry calculations. Figure 9.5 is a plot of the photopic eye 

response.  
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Figure 9.5. Relative photopic response of human eye as a function of wavelength 

 

Taking the response of the eye into consideration, the external efficiency of a visible LED 

can be given as: 

Lerio ηηηηη =                                       (9.7) 

A measure of the total luminous flux from an LED is also an important performance 

metric. If a device is 100% efficient but only produces 1 lumen of luminous flux, it is not 

useful for lighting applications. By including a pre-exponential factor of 683 lumens per watt 

in Equation 9.6, the absolute, rather than relative luminous efficiency of the human eye is 
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obtained (this function now gives the luminous flux perceived by the eye for each watt of 

light power at a given wavelength). 683 lm/watt is the maximum sensitivity of the human eye 

at 555 nm. At either end of the typically accepted visual range, the luminous efficiency of the 

eye is near zero. By multiplying the spectral power of a light source at a given wavelength by 

the luminous efficiency of the human eye at that wavelength, we obtain the luminous flux of 

the light source at that wavelength. Since the spectral power density of a light source is not 

measured as a continuous function, it is more convenient to determine the total lumen output 

through summation: 

∑×=
i

iiVPlumens 683                                       (9.8) 

Where Pi is the spectral power over the ith wavelength interval of the visible spectrum, and Vi 

is the relative luminous efficiency over the ith wavelength interval. To obtain the luminous 

efficiency, simply divide the total lumen output by the electrical energy input: 

luminous efficiency=
elec

i
ii

P

VP∑×683
                               (9.9) 

 This represents the luminous efficiency of the light in terms of visual perception and should 

not be confused with quantum efficiency. A luminous efficiency of zero is always obtained 

for an LED emitting outside of the visible spectrum; in such cases, efficiency according to 

Equation 9.4 is most germane. 
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9.2 LED grown on Ruby 

Although theoretically possible to produce III-nitride LEDs with emission 

wavelengths spanning the entire visible spectrum, this potential has yet to be realized in 

practice.  Commercial diodes emitting from near-UV to green are available, but efforts to 

coax longer wavelength emission from the InxGa1-xN active layers utilized in these devices 

remain stifled by several factors.  Amongst these factors are lattice-misfit between InxGa1-xN 

and GaN, a tendency for InxGa1-xN to phase separate, and the disparity between the growth 

temperatures of InxGa1-xN and GaN. The magnitude of these difficulties is proportional to x.  

This limits commercial production to InxGa1-xN active layers having x<0.35; at higher indium 

content the internal quantum efficiency of these devices rapidly tails off.  This section 

explores an alternative route to achieving longer wavelength emission, in particular red light, 

from III-nitride based devices.  By introducing a chromium dopant into the ubiquitous c-

plane sapphire substrates, a red light emission center is introduced that can be readily 

pumped by photons originating from the active region of a conventional III-nitride LED 

structure. 

Chromium doped sapphire, α-Al2O3:Cr, a.k.a. ruby, can be photoexcited to produce 

red light emission. Figure 9.6 shows the absorption features of ruby along with a schematic 

of the energy transitions involved in red light emission from ruby.   
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Figure 9.6. Schematic representation of the electronic transitions occurring in photoexcited 
chromium ions which results in red light emission (figure was created to demonstrate laser 
transition, but it also applies to spontaneous emission). 

 

Photon energies corresponding to the broad absorption bands of ruby at 415 nm and 560nm 

represent the two most efficient pump wavelengths for generating the characteristic 694 nm 

photoluminescence emission of ruby. 

 A conventional two-step MOCVD growth process is used to deposit III-nitride layers 

onto a basal plane sapphire substrate that has been doped with 0.05% chromium by weight.  

In this process, a GaN nucleation layer deposited at low temperature (510 ˚C) facilitates the 

formation of the high quality GaN layer deposited at high temperature (1020 ˚C).  A 2 µm 

GaN layer, silicon doped to an electron concentration of 1x1018/cm3, forms the n-type layer 

of the diode.  200 nanometers of Mg-doped GaN having a hole concentration of 2x1017/cm3 

forms the p-type layer.  The active region, sandwiched between the n- and p-type layers, 

consists of a five period GaN/In0.15Ga0.85N (90Å/30Å ) multiple quantum well.  A 20 nm 

Al0.05Ga0.95N layer is placed between the active region and the p-type layer to serve as an 
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electron-blocking layer.  The Al0.05Ga0.95N layer enhances electron confinement in the 

quantum wells (although this layer was rather unsuccessful due to an insufficient Al content).  

Reactive ion etching in a Cl2/BCl3 (20 sccm/5 sccm) gas chemistry at 10 mtorr was used to 

form 300 x 300 µm mesas.  Ohmic contacts to the n-type layer were formed with a 20 nm 

Ti/100 nm Al metallization,  while  20nm Ni/150nm Au was used for the p-type contact 

metallization. Figure 9.7 gives a side by side comparison of processed sapphire and ruby epi-

wafers. 

 
Figure 9.7. Photograph showing 14mm x 14mm sapphire and ruby substrates with 
approximately 100 LEDs at the wafer level. 

 

The current-voltage (I-V) characteristics of a ruby-based diode are shown in Figure 

9.8 along with an inset of the device structure.   
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Figure 9.8. Current-Voltage characteristics of III-N diode grown on a ruby susbstrate. Inset 
shows schematic of device. 

 

A Hewlett-Packard 4145B parameter analyzer was used to acquire the I-V curves for these 

devices.  The LED exhibits a turn-on voltage of 3V, a series resistance of 30 Ω, and a leakage 

current of less than 1 µA at -5V.  These characteristics are nearly identical to diodes grown 

on undoped sapphire substrates in this laboratory.  Given these facts, concerns regarding 

ruby’s suitability as a substrate material for gallium nitride epitaxy are largely assuaged.   

Figure 9.9 shows the room temperature photoluminescence (PL) spectrum collected 

for the ruby-based LED structure plotted over a wavelength range to emphasis the III-nitride 

emission (ruby emission not shown).  
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Figure 9.9. Photoluminescence spectrum of ruby integrated diode structure (wavelength 
scale does not include ruby emission). 

 

 A HeCd 325nm laser line serves as the photoexcitation source, and the resulting 

photoluminescence is measured using a monochrometer coupled to a photomultiplier tube.  

The PL spectrum is dominated by a very strong emission peak centered at 423 nm with a 

full-width-at-half-maximum (FWHM) of 100 meV.  This emission is attributed to band edge 

recombination in the In0.15Ga0.85N quantum wells.  The brightness of the quantum wells 

emission coupled with its spectral width is a further indication that ruby equals the 

performance of undoped sapphire as a substrate. 

Electroluminescence (EL) of a ruby-integrated diode under 30mA of injection current 

is shown in Figure 9.10.   
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Figure 9.10. Electroluminescence spectrum of ruby integrated diode (ruby emission 

excluded). 

 

The wavelength range does not include the chromium-related emission.  Three spectral 

features are evident in the EL spectrum in Figure 9.10: a) a weak but narrow peak centered at 

375nm associated with recombination in GaN, b) a more prominent and narrow peak 

centered at 423 nm associated with recombination in the In0.15Ga0.85N/GaN multiple quantum 

well, and c) a broad emission band (FWHM=350 meV) centered at 470 nm associated with 

recombination in the p-type GaN layer.  This third peak represents a significant disparity 

between the EL and PL spectra collected for this diode.  The broad emission peak centered at 

470 nm is present in the EL spectrum but entirely absent in the PL spectrum.  The additional 

EL peak arises because the 20nm Al0.05Ga0.95N electron-blocking layer between the active 

layer and p-type layer does not provide a sufficient barrier to electron injection into the p-

type GaN layer under a forward bias.  As a result, a large amount of unintended 

recombination occurs in the p-type GaN layer under electrical injection; during 

photoluminescence there is no applied field driving electrons towards the p-type layer and 
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recombination is largely confined to the quantum wells region.  By increasing the aluminum 

content of the electron-blocking layer to 25% AlN, this discrepancy has since been 

eliminated but not yet applied to diode growth on a ruby substrate due to the difficulty of 

obtaining highly polished epi-ready ruby substrates.  

In Figure 9.11 the EL spectrum from a ruby-integrated diode is plotted to include the 

ruby-emission line at 694.3 nm.   
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Figure 9.11. Electroluminescence spectrum of III-N diode grown in ruby showing clear 

photoexcitation  ruby emission line at 694 nm. 

 

Electrons of the chromium ions are excited by absorption of photons originating in the III-

nitride active region.  Upon relaxing to the ground state, the chromium ions emit red photons.  

An intense and spectrally sharp ruby emission line is observed.  This peak is not observed in 

PL or EL spectra from III-nitride diodes on undoped sapphire substrates and, as such, is 

attributed to the photoexcitation of chromium ions in the ruby.  This serves as a proof of 

concept that the integration of III-nitride LEDs with ruby substrates can produce red light. 
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The dependence of red light production efficiency on photoluminescence pump 

wavelength was investigated using commercially obtained III-nitride LEDs emitting at three 

different wavelengths. The dome of the epoxy enclosure surrounding the packaged LEDs 

was flattened using mechanical polishing techniques so that ruby substrates could be bonded 

just above the III-nitride die using optically transparent wax.  The peak wavelengths of the 

diodes were 410 nm, 460 nm, and 512 nm (violet, blue, and green).   

The spectral power distribution of each of the commercial diodes was obtained at a 

constant operating current before and after bonding to ruby substrates of various thicknesses.  

Ruby substrates of various thicknesses were bonded to the commercial diodes to elucidate 

the absorption characteristics and photon conversion efficiency of these structures.  These 

measurements were performed by inserting the diodes into an integrating sphere coupled to 

an Ocean Optics spectrograph with a diode array detection element.  Figure 9.12 shows the 

output of the three commercial diodes normalized to the photoexcited ruby-line emission.   
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Figure 9.12. Electroluminescence spectra of commercial obtained 410 nm, 470 nm, and 515 
nm III-Nitride diodes bonded to ruby substrates along with photoexcited ruby emission line 
at 694 nm. 
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The 410nm diode is most efficient at exciting the chromium ions since it emits close to an 

absorption band in the ruby system.  The 460 nm diode is scarcely absorbed by the chromium 

ions since this wavelength falls in a trough of ruby’s absorption characteristics.  The 515 nm 

diode does not fall on the green absorption band maximum in ruby but there is some 

increased absorption at this wavelength; III-nitride diodes emitting at a wavelength suitable 

for pumping the green absorption band maximum are not yet commercially available due to 

afore mentioned naturally occurring limitations at higher indium contents.  

A schematic of a commercially obtained diode bonded to a ruby substrate is shown in 

Figure 9.13.  
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Figure 9.13. Schematic of commercial LED bonded to ruby substrate showing various 
components of light used in analysis. 

 

Analytical equations describing the relations between the pump LED’s emission intensity 

and the ruby-line emission are obtained by modifying Beer’s law. The intensity of an LED 

bonded to ruby is given by Equation 9.10:  
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esc
x

escoLED IeIII +−= −α)(                                   (9.10) 

Where: 

ILED = pump LED’s measured intensity bonded to ruby of thickness, x 

x = the ruby thickness 

α = ruby’s absorption coefficient for the LED spectrum 

Io = the total intensity emitted by the pump LED  

Iesc = the portion of Io that does not pass through the ruby substrate 

Equation 9.10 is a modified form of Beer’s law. Due to the geometry of the experimental set-

up, a portion of the pump LED’s intensity, Iesc is able to escape or bypass the ruby and enter 

directly into the detector. Therefore, the total measured power of an LED bonded to ruby has 

two components: 1) LED light that has been transmitted through the ruby, and 2) LED light 

which bypassed the ruby substrate without being transmitted. These two components are 

represented by the two terms in Eqn. 9.10. The escaped intensity must be subtracted from the 

initial intensity to yield the correct pre-exponential term, Io-Iesc, of the first term in Eqn. 9.10. 

This represents the actual initial intensity of LED light that passes through the ruby substrate. 

The value of the total LED output power, Io, is determined by measuring the spectral power 

distribution of the LED before it is bonded to the ruby substrate under identical injection 

conditions.  

In Equation 9.11 below, Iabsorbed is the amount of LED pump intensity absorbed by 

passing through the ruby substrate of thickness, x. The absorbed LED intensity is the 

difference between the LED’s intensity measured before bonding to ruby, Io, and the LED 

intensity measured after bonding to the ruby, ILED: 
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( ) ]1[ x
escOLEDOabsorbed eIIIII α−−−=−=                       (9.11) 

Equation 9.12 below gives the amount of absorbed LED pump light converted to red light: 

).)(.(Re absorbedd IECI =                                           (9.12) 

Where IRED is the intensity of red light due to “recycling” of LED pump photons, and C.E. is 

the conversion efficiency, or fraction of absorbed pump LED photons converted to red light. 

Figure 9.14(a) shows the blue LED emission intensity as a function of ruby substrate 

thickness along with a series of theoretical fits of the form of Equation 9.10 assuming various 

absorption coefficients at the LED pump wavelength.  By determining the best theoretical fit 

to the experimental data, the effective absorption coefficient of ruby for the pump LED is 

determined.  Figure 9.14(b) shows the ruby-line emission intensity as a function of ruby 

thickness for constant excitation intensity along with a series of curves following the form of 

Equation 9.12.   
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Figure 9.14.a)Plot of 470 nm LED pump intensity as a function of ruby substrate thickness. 
Squares show experimental data; dashed lines are plots of Equation 9.10 with progressively 
higher absorption coefficients to determine best data fit. (b) 694 nm ruby light intensity as a 
function of ruby substrate thickness. Triangles show experimental data, while the dashed 
lines are plots of Equation 9.12 for various conversion efficiencies. 

 

A series of curves is plotted assuming various conversion efficiencies; by determining the 

best fit to the experimental data, the actual conversion efficiency is estimated.  The same 

procedure is followed to determine the absorption coefficients and conversion efficiencies of 

the 410 nm and 512 nm diodes; these results are summarized in Table 9.1.   

 

Table 9.1: Ruby’s Absorption and Conversion Efficiency for Different Pump Diodes 
Peak Pump Wavelength 

(nm) 
α  

(mm-1) 
C.E. 
(%) 

410 2.9 48 
460 1 19 
515 2 31 

 

From the above table, we see that ultraviolet diode with emission centered at 410 nm 

is most strongly absorbed by the ruby, while the blue LED emitting at 470 nm is most weakly 
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absorbed; the green 515 nm diode exhibits an intermediate amount of absorption in the ruby.  

The highest conversion efficiency of 48% was obtained for the UV LED emitting at 410 nm.  

The ruby-line emission intensity is plotted as a function of pump-LED drive current 

for pump diodes emitting at 410 nm, 465 nm, and 515 nm in Figure 9.15.  
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Figure 9.15. Photoexcited ruby-line intensity as a function of pump LED drive current for 
violet (410 nm), blue (465 nm), and green (515 nm) LEDs bonded to ruby. 

 

The roll-over at higher currents is not an indication that the conversion is saturating but is 

caused by the decrease in pump LED efficiency due to self-heating. Figure 9.16 shows the 

intensity ratio of ruby-line emission to total optical intensity as a function of the pump LED’s 

drive current.  
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Figure 9.16. Power ratio of ruby emission to total optical power as a function of pump LED's 
drive current for three different pump LEDs (ruby thickness held constant). 

 

The ratio of red-light to total light output stays relatively constant for all three 

photoexcitation sources, indicating that perceived color of the diode is stable at various drive 

currents.  

Colorimetry calculations were performed to determine the perceived color of the 

ruby-integrated diodes. The chromaticity coordinates of the three pump diodes and the ruby 

line are calculated using the emission spectrum from the diodes in conjunction with 

Equations 9.1 and 9.2. The chromaticity coordinates of the combined pump diode and 

corresponding ruby luminescence are also calculated to give the perceived color of the ruby-

integrated diode at three values of ruby thickness. These results are plotted on a chromaticity 

diagram in Figure 9.17. 
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Figure 9.17. Chromaticity diagram showing the variation of color for three different pump 
diodes (410 nm, 465 nm, and 515 nm) towards the ruby color coordinates as ruby thickness 
increases. 

 

 Any color falling on the imaginary line connecting the coordinates of the pump diode and 

the ruby emission can be produced by mixing the diode and ruby light in differing 

proportions.  A black arrow shows the direction and magnitude of the perceived color shift as 

ruby thickness is increased. Note the magnitude of the color shift is largest for the UV diode 

since it exhibits the largest absorption coefficient and highest conversion efficiency. The 

green pump diode shows the next largest color shift, and the blue pump diode exhibits the 
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smallest color shift due to ruby’s low absorption coefficient and low conversion efficiency in 

the 465 nm region.  

In conclusion, III-nitride light emitting diodes were grown on ruby substrates.  Light 

originating in the active region of the III-nitride device photoexcites chromium ions in the 

ruby substrate which consequently emits red light at a wavelength of 694 nm.  Efficiency of 

red light production and its dependence on diode emission wavelength was examined by 

bonding commercially obtained diodes to ruby substrates.  The pump LED intensity and the 

red light intensity are measured as a function of ruby substrate thickness in order to 

determine the absorption and re-emission characteristics of the ruby substrate. Integration of 

a III-nitride LED with quantum wells engineered to emit blue-violet and green light from a 

single active region with a ruby substrate have the potential to produce monolithic white light 

emitting diodes which are phosphor free. Integrating a III-nitride LED emitting aqua colored 

light (490 nm) with a ruby substrate also has potential to produce a white light emitter free of 

phosphors. 

 

9.3 Blue LEDs on Sapphire 

Although already heavily studied and widely commercialized, the growth of visible 

wavelength LEDs on sapphire has been investigated in this research. This investigation was 

conducted to address the performance deficiencies of the blue LED integrated with a ruby 

substrate discussed in the previous section. Poor performance of this LED was not expected 

based on bright photoluminescence emission from the quantum well. Despite expectations, 

electroluminescence emission from these devices showed broad emission peaks that did not 
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correspond with the emission linewidth or energy from the quantum well active region 

observed by photoluminescence.  

It is theorized that this anomalous broad emission peak is due to recombination 

outside of the quantum well region. It was further assumed that this recombination was 

primarily occurring in the p-type GaN since the depletion region penetrates further into the p-

type layer due asymmetric doping (lower hole concentration) and much higher electron 

mobility (the higher mobility electron can penetrate further into the p-type material due to its 

greater drift speed). Two diodes structures were grown on sapphire to test these assumptions. 

The first diode, Diode-A, was nearly identical to the diode structure grown on the ruby 

substrate as a control. Diode-A does not incorporate an electron blocking layer to prevent 

electron injection into the p-type layer. The second structure, Diode-B, incorporates a 200 Å 

Al0.20Ga0.80N electron blocking layer between the quantum well region and the p-type layer 

to enhance confinement of electrons injected into the quantum well region. A schematic 

comparison of the two band structures is shown in Figure 9.18.  

ElectronsElectronsElectronsElectrons

 
Figure 9.18. multiple quantum well structure with no electron blocking layer shown to the 
left, MQW structure with AlGaN electron blocking layer shown to the right. 

 

The two samples were grown by MOCVD in the same manner as the diodes grown 

on ruby. For Diode-A and Diode-B, a GaN nucleation layer is deposited at low temperature 
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(510 ˚C) facilitates the formation of the high quality GaN layer deposited at high temperature 

(1020 ˚C).  A 2 µm GaN layer, silicon doped to an electron concentration of 1x1018/cm3, 

forms the n-type layer of the diode.  The active region consists of a five period 

GaN/In0.15Ga0.85N (90Å/30Å) multiple quantum well deposited at 780 ºC.  Both diode 

structures have p-type layers that are 200 nm of GaN:Mg with a hole concentration of 1x1017 

cm-3 but Diode-B also has a 20 nm Al0.20Ga0.80N electron blocking layer deposited between 

the quantum wells and p-type layer. Figure 9.19 gives a layer schematic for Diode-A and 

Diode-B. 
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Figure 9.19. Schematic of layers in Diode-A without an electron blocking layer, and Diode-B 
with a 200 nm Al0.20Ga0.80N electron blocking layer. 

 

Reactive ion etching in a Cl2/BCl3 gas chemistry was used to form 300 x 300 µm 

mesas.  Ohmic contacts to the n-type layer were formed with a 20 nm Ti/100 nm Al 

metallization,  while  20nm Ni/150nm Au was used for the p-type contact metallization. The 

current-voltage characteristics of both diodes were measured using an HP 4145B 

semiconductor parameter analyzer. The electroluminescence spectra were collected for both 

devices using a Jarrell-Ash monochromator coupled to a photomultiplier tube.   
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The collected electroluminescence and I-V characteristics of Diode-A (no electron 

blocking layer) are given in Figure 9.20.  
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Figure 9.20. Electroluminesence from Diode-A showing heavy recombination in the p-type 
layer due to excessive penetration of the electron current into the p-type layer. 

 

Diode-A has a relatively weak and broad electroluminescence spectrum centered at 440 nm 

with a FWHM of 350 meV. The poor quality of the emission is due to excessive 

recombination in the p-type GaN layer rather than in the multiple quantum well active 

region.  

The electroluminescence and I-V characteristics of Diode-B are shown in Figure 

9.21. 
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Figure 9.21. electroluminescence from InGaN MQW Diode-B at several levels of current 
injection (AlGaN electron blocking layer inserted between quantum wells and p-type layer), 
inset show current-voltage characteristics of the diode (N149). 

 

 The effect of the electron blocking layer are dramatic. The recombination is now confined to 

the multiple quantum well region and emission from recombination in the p-type layer is 

nearly eliminated. As a result, the emission is much brighter due to the superior quantum 

efficiency of the InGaN layers, and the FWHM is reduced to 110 meV.  This verifies the 

assumption that electrons penetrating into the p-type layer are responsible for the poor 

electroluminescence characteristics of Diode-A as well as the diode integrated with a ruby 

substrate.  

9.4 ULTRAVIOLET Quaternary LED  

In addition to III-nitride light emitting diodes emitting in the visible spectrum, 

ultraviolet emitters are also an area of active research. Whereas visible III-nitride light 
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emitters exhibit high internal quantum efficiencies despite a high density of extended and 

point defects, ultraviolet emitters that utilize GaN or AlGaN active regions show 

dramatically lower internal quantum efficiency. Naturally occurring quantum dots within 

InGaN alloys provide sites for carrier localization. This localization prevents the injected 

carriers from diffusing to and recombining at non-radiative recombination sites, thereby 

enhancing quantum efficiency. Within AlGaN and GaN alloys there are no naturally 

occurring quantum dots; therefore, carriers injected into the quantum wells of these devices 

do not experience the beneficial localization effects. As a result, the deleterious effects of 

extended and point defects on the quantum efficiency of ultraviolet LEDs using this type of 

active region are devastating. Since the addition of a small amount of indium to GaN 

dramatically enhances the quantum efficiency of these layers, it is theorized that the addition 

of a small amount of indium to an AlGaN layer will have the same benefit. The addition of 1-

2% of indium to form a quaternary AlInGaN alloy does present some challenges due to the 

large disparity in the In-N and Al-N bond energies. High growth temperatures and low V/III 

ratios are used in AlGaN growth, while lower growth temperatures and high V/III ratios are 

used in InGaN growth. This makes striking the right balance of growth conditions for 

quaternary alloys exceedingly difficult.  As growth temperature is increased, indium 

incorporation is reduced. For the growth of the quaternary alloy, the growth temperature is 

pushed to the highest possible level while still maintaining the ability to incorporate a few 

percent InN in the layer.  The small amount of indium does not significantly red-shift the 

band gap of the quaternary alloy but should result in the formation of carrier localization at 

naturally occurring quantum dots. This should enhance the efficiency of ultraviolet devices 

utilizing a quaternary quantum well.  
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 A simple device structure was designed to examine the possibility of using a 

quaternary active region in an ultraviolet light emitting diode. A GaN buffer layer was grown 

on a c-plane sapphire substrate at 500 ºC.  An 1.0 µm n-type AlGaN layer consisting of 18% 

AlN was deposited directly on the GaN buffer layer at 1050 ºC at a growth rate of 

approximately 1.0 µm/hr. 200Å layer of n-type Al0.20Ga0.80N was deposited before growing 

the quaternary layer to ensure confinement in the active region. The growth temperature was 

then lowered to 900 ºC for the growth of the quaternary quantum well. During quaternary 

growth, the growth rate is reduced to approximately 0.1 µm/hour and 100 sccm of TMIn is 

introduced to the growth ambient at a bubbler temperature of 20 ºC to deposit a 200 Å 

quaternary AlInGaN layer. Approximately 4% InN is incorporated to form a 

In0.04Al0.20Ga0.76N quaternary active region. The growth temperature is increased to 1050 ºC 

for the growth of a 20 period Mg-doped Al0.15Ga0.85N/Al0.25Ga0.75N 25Å/25Å strained layer 

superlattice (SLS structure is used to enhance p-type conductivity in the AlGaN layer). A 200 

Å p-type GaN layer finishes the device. This p-type GaN layer is to help reduce the contact 

resistance of the p-type metallization. A schematic of this device structure is shown in Figure 

9.22. The amount of GaN in this structure is intentionally minimized to reduce the absorption 

of the UV light, λ<364 nm. 
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Figure 9.22. Schematic of ultraviolet LED with quaternary active region 

 

The electroluminescence of the LED and an inset of its I-V characteristics are shown in 

Figure 9.23.  
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Figure 9.23. Electroluminescence spectrum of quaternary UV LED at a drive current of 40 
mA with I-V characteristics inset. 
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The electroluminescence peaks at 345 nm (3.6 eV). A yellow deep-level emission is visible 

indicating the need to improve material quality. Also, note the asymmetry of the main 

emission peak; the peak drops off much more rapidly on the high-energy side. This sharp 

drop-off is due to absorption in the Al0.18Ga0.82N n-type layer. The device exhibits a turn on 

voltage of 4 to 5 V and a series resistance of 150 Ohms. The increased series resistance is 

due to difficulty in achieving high hole concentrations in AlGaN alloys. Despite these 

limitations, radiation output centered at 345 nm represents a very high-energy emission from 

a light emitting diode. Commercially produced LEDs emitting in this wavelength range are 

just now becoming available and are opening up a whole range of new applications for LEDs 

(purification of bacterially contaminated water and protein fluorescence, etc…). These diodes 

can also be used to excite a mixture of phosphors to produce white light and may be 

applicable to general lighting technology48. 

In conclusion, these results indicate the feasibility of producing UV LEDs using 

quaternary layer active regions; however, several technologic barriers must still be overcome. 

These barriers include decreased material quality and increased device series resistance with 

increasing aluminum content. Complete elimination of GaN from the device structure is also 

required to reduce absorption of the UV light. The development of high quality AlN 

substrates may soon alleviate some of these problems. New packaging technologies must 

also be developed since the epoxies typically used to encapsulate visible wavelength LEDs 

absorb UV light.  Although this work focuses on the use of UV LEDs in conjunction with a 

mixture of phosphors to produce high quality white light, it is likely that UV diodes will be 

used in a diverse range of applications. If all the applications requiring UV light are 

considered (biological fluorescent spectroscopy, curing epoxies, tanning beds, 
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photoluminescence experiments, sterilization of water, etc, etc, etc…) it is likely that this 

technology will find the bulk of its application outside the area of general illumination.
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10 DILUTE MAGNETIC GAN 

10.1 Introduction 

An emerging area of research in the III-nitrides is the formation of dilute magnetic 

semiconductors (DMS). Dilute magnetic semiconductors are formed by doping the 

semiconductor matrix with a dilute amount of 3d transition metal atoms (magnetic ions). This 

special class of semiconductors is hoped to form the basis of relatively new class of 

electronics called spin transfer electronics, or spintronics. In spintronics, the ability to 

efficiently inject spin-polarized carriers and detect electron spin-orientation forms the basis 

this newly emerging class of electronics.  In this investigation, manganese is the magnetic 3-

d transition element used as the magnetic dopant in a hexagonal GaN matrix.  

The inclusion of Mn into the GaN host, introduces a 3d energy level in the energy gap 

This energy level is considered an acceptor level since it is closer to the valence band energy. 

These localized 3d energy states of the magnetic ion are coupled to one another through 

carrier mediation. Complex interaction of these 3d states with the valence band and 

conduction band are possible and are modeled theoretically.  The effect of intentional 

incorporation of n-type and p-type impurities on the ferromagnetic ordering of the GaMnN is 

studied. 

 

10.2 Effect of doping on the magnetic properties of (GaMn)N 

GaMnN dilute magnetic semiconductor samples, prepared by metalorganic chemical 

vapor deposition, are shown to exhibit ferromagnetism or even paramagnetism depending 

upon the type and concentration of extrinsic impurity present in the film.  In addition, 
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GaMnN deposited using growth parameters normally yielding a nonferromagnetic film 

becomes strongly ferromagnetic with the addition of magnesium, an acceptor dopant.  Based 

upon these observations, it seems that ferromagnetism in this material system depends on the 

relative position of the Mn energy band and the Fermi-level within the GaMnN band gap.  

Only when the Fermi-level closely coincides with the Mn-energy level is ferromagnetism 

achieved.  Engineering the Fermi energy to be within or near the Mn energy band yields 

room temperature ferromagnetism in this material.  

Room temperature ferromagnetic (FM) properties of GaMnN have been reported by 

several groups49-52.  A great deal of emphasis has been placed on understanding the origin of 

the ferromagnetic behavior of GaMnN.  Several theoretical models have predicted that the 

addition of Mn to GaN produces a spin-polarized impurity band within GaN’s band-gap, and 

that carrier-mediated ferromagnetism in GaMnN occurs when the Fermi level (EF) is located 

within this Mn impurity band53-55.  Therefore, the location of EF will determine the 

occupancy of this impurity band and thus the availability of carriers to mediate 

ferromagnetism.  In this work, we demonstrate the dependence of the ferromagnetic 

properties on the Fermi level by doping GaMnN with n-type or p-type dopants.   

GaMnN samples were prepared for this study by MOCVD on (0001) sapphire 

substrates using TMGa, (EtCp)2Mn, and Cp2Mg as organometallic precursors.  Ammonia and 

silane serve as active nitrogen and silicon sources, respectively.  All GaMnN films were 

grown on 1.5 µm of high resistivity GaN.  Three distinct types of GaMnN films were grown; 

undoped, Si-doped, and Mg-doped.  These Mn-doped layers were grown to a thickness of 

0.2-0.5 µm.   
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 Characterization of the samples’ composition was accomplished using secondary ion 

mass spectroscopy (SIMS).  X-ray diffraction and high resolution TEM were used for 

structural characterization. A superconducting quantum interference device (SQUID) was 

used to measure the films’ magnetic response at room temperature.  Hall measurements were 

used to determine electrical characteristics.  All SQUID measurements were corrected for the 

diamagnetic contribution of the sapphire substrates.  From SIMS the Mn concentration, 

[Mn], is measured to be ~1020atoms/cm3 for all the undoped, Si- or Mg-doped GaMnN 

samples.  For Si-doped GaMnN (GaMnN:Si), the silicon concentration32, is found to range 

from 1x1018 to 2x1020atoms/cm3.  For GaMnN:Mg, the Mg concentration, [Mg], is in the 

range of 5x1019 to 2x1020atoms/cm3.  No variation in Mn concentration was observed in 

GaMnN films due to Si or Mg doping. 

Figure 10.1 shows the room temperature magnetization curves for several Si-doped 

GaMnN samples.  
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Figure 10.1. The effect of Si concentration on the magnetic properties of GaMnN:Si, 
measured at room temperature, keeping the Mn concentration in the films at 1020atoms/cm3.  
Samples: (a) GaMnN-undoped, (b) GaMnN:Si (Si = 2 nmol/min), (c) GaMnN:Si (Si 
=6.7nm/min), (d) GaMnN :Si (Si=84nm/min). Note the decreasing magnetization with 
increasing silane flux. 

 

The silane flows are 0, 1.3, 6.7 and 84 nmol/min for samples (a), (b), (c) and (d), 

respectively.  In these GaMnN:Si samples, the Hall data was only measurable  for the high Si 

doping level (84 nmol/min)  giving n+=1019/cm3.  GaMnN:Si films with lower [Si] were 

found to be highly resistive.  To further understand this material electronically, GaN:Si 

samples with the same silicon concentration  used in this study were grown without Mn.  

GaN:Si with a silane flow of 84 nmol/min resulted in n+=2x1019/cm3 which is similar to 

GaMnN:Si film grown under the same silane conditions; GaN:Si with a silane flow of 6.7 

nmol/min resulted in n=7x1018/cm3; a flow of 1.3 nmol/min gave n=5x1018/cm3.  For the 
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heavily Si-doped GaMnN sample, the concentration of donor silicon atoms outweighs the 

concentration of Mn acceptor states, thereby leaving uncompensated donor electrons in the 

conduction band.  For the low and moderately Si-doped samples, [Si]<<[Mn], all electrons 

donated by the silicon are compensated by the deep Mn acceptor level yielding highly 

resistive GaMnN.  The dependence of the saturation magnetization on silane flow rate is 

shown in Figure 10.2.   

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100

Silane Flow (nmol/min)

Sa
tu

ra
tio

n 
M

ag
ne

tiz
at

io
n 

(e
m

u/
cm

3 )

-1

-0.5

0

0.5

1

-2000 -1000 0 1000 2000
Applied Field (Oe)

M
ag

ne
tiz

at
io

n 
(e

m
u/

cc
)

Si = 2 nmol/min

 
Figure 10.2. The effect of Silane flow on the saturation magnetization of GaMnN:Si films.  
Note how the magnetic strength is reduced as more Si is added to the GaMnN films.  Inset 
shows the magnetization curve for sample (b) at low magnetic fields, which is typical of the 
samples used in this study.  This sample has a residual magnetization of 0.154 emu/cm3, a 
coercivity of 100 Oe and saturation magnetization of 0.72 emu/cm3 at 2.2 kOe, at room 
temperature 
 
The data indicates that high silicon concentrations in the GaMnN:Si films almost eliminates 

the FM response of the films, whereas a much stronger FM response was observed for low 

and moderate Si concentrations.   
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The effect of Si doping on the number of Bohr magnetons, µB, contributed by each Mn 

ion was deduced from the magnetization curves in Figure 10.1.  A maximum of 4.7 Bohr 

magnetons can be contributed by each manganese atom.  As silicon-doping increases, the 

number of Bohr magnetons contributed by each Mn ion decreases monotonically. The 

calculated values are 1.26, 1.11, 0.39 and 0.13 µB/Mn for samples (a), (b), (c) and (d), 

respectively.  By comparing these observed numbers to the accepted upper limit, the 

percentage of Mn ions contributing to the total magnetization is 26.8%, 23.56%, 8.28% and 

2.83% for samples (a), (b), (c) and (d), respectively.  

The experimental data in Figure 10.1 and Figure 10.2 for GaMnN:Si can be explained 

based upon the location of EF within this material system.  The location of EF will determine 

the occupancy of the Mn impurity band and the availability of carriers to mediate the Mn-Mn 

magnetic exchange interaction.  When GaMnN is grown under the proper growth conditions, 

EF coincides with the Mn impurity band.  When the Fermi position is such that there is a 

partial occupancy of electrons and holes in this Mn impurity band, ferromagnetic behavior 

occurs as in sample (a).  In the case of n+ GaMnN:Si (n=2x1019/cm3), it is expected that EF is 

close to the conduction band.  Therefore, the deep Mn band is expected to be completely 

filled with electrons, leaving no available holes to mediate the magnetic exchange 

interaction.  This results in nonmagnetic behavior as shown in sample (d).  Reducing the 

silane flow by an order of magnitude results in two effects: 1) the electron concentration in 

conduction band is reduced and the film resistivity increases; 2) EF moves closer to the Mn 

energy band, which becomes partially filled since [Si] « [Mn], and ferromagnetic behavior 

results as shown in samples (b) and (c).  This is the case for GaMnN films moderately doped 

with silicon. 
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A similar analysis is applied to GaMnN:Mg. Electrons in the Mn impurity band are 

absorbed by the normally empty Mg acceptor states, and since the Mg acceptor level is ~1.2 

eV below the Mn band, these electrons have nearly zero probability of returning to the Mn 

energy band where they would facilitate the Mn-Mn exchange interaction.  Therefore, the 

addition of Mg to an otherwise FM GaMnN film is expected to reduce the FM response of 

the film, and the introduction of Mg acceptor states at a concentration approaching the Mn 

concentration (~2x1020/cm3) should nearly eliminate the film’s FM response.  Figure 10.3 

shows the magnetic response of two Mg-doped GaMnN films and the response of an 

undoped GaMnN film.  As expected, ferromagnetic behavior was not observed for high Mg 

concentrations of 2x1020atoms/cm3 as shown for sample (f).  Reducing the Mg concentration 

to 5x1019 resulted in a faintly FM or paramagnetic GaMnN:Mg film as seen sample (e). 
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Figure 10.3. The effect of Mg concentration on the magnetic properties of GaMnN:Mg; 
keeping the Mn concentration at 1020 atoms/cm3.  SQUID measurements for (a) GaMnN-
undoped, (e) GaMnN:Mg ([Mg]= 5x1019  atoms/cm3), (f) GaMnN:Mg ([Mg]=1x1020 

atoms/cm3). 
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We have also found that the FM properties of non-optimized GaMnN films can be 

enhanced in some samples by the addition of Mg.  When GaMnN films are grown under 

MOCVD conditions resulting in a weakened FM response, the addition of Mg acceptor levels 

compensates a portion of the electrons filling the Mn impurity band, leaving a partially filled 

band, thereby restoring ferromagnetism. In Figure 10.4, sample (h) shows the FM response 

of a GaMnN sample grown under the non-optimal conditions discussed above in which only 

2.45% of Mn ions are contributing to ferromagnetism.  When doped with Mg ([Mg] ≅ 

5x1019atoms/cm3), films grown under these same non-optimal conditions show a greatly 

enhanced FM response as shown in Figure 10.4, sample (g).  The addition of Mg under these 

growth parameters increases the contributing Mn concentration to 10.42%, a more than four-

fold increase.   
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Figure 10.4. The effect of Mg doping on the magnetic properties of GaMnN.  The starting 
undoped GaMnN film is intentionally grown under conditions to give a  weak ferromagnetic 
response as shown in sample (h), where[Mn] = 1020atoms/cm3.  Sample (g) shows the 
enhanced ferromagnetic properties of GaMnN:Mg; where [Mn] = 1020atoms/cm3, and  [Mg] 
= 5x1019atoms/cm3. 

 

In conclusion, the above discussions are based on the effect of doping on the position of 

EF relative to the Mn energy band.  The concept of Fermi-level engineering is used to explain 

these results and reveal a means of controlling the magnetic properties of GaMnN films (at 

least for the Mn concentration of the films considered here).  Ferromagnetism can only be 

observed if the Fermi energy is located within or near the Mn impurity band, so that carriers 

are available in this band to mediate the FM properties.  Even though this is a very simple 

argument, it explains most of the current data successfully.  Further band structure 

calculations are desirable to lend more insight into the effect of doping on the occupancy of 

the available levels in the Mn bands.  
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11 CONCLUSION 

Novel light emitting diodes have been demonstrated in the III-nitride materials 

system. Among these devices are blue light emitting diodes grown on ruby substrates. The 

blue photons are absorbed by electronic transitions in the chromium ions. Upon relaxation, 

the chromium ions emit red photons. In this manner, a compact emitter of both blue and red 

is demonstrated. This demonstrates an alternate means of achieving red emission from 

InGaN based devices, which has been very difficult to achieve due to difficulties in growing 

high quality InGaN layers above 30% InN. 

Ultraviolet light emitting diodes emitting at 340 nm have also been demonstrated 

which utilize a quaternary active region. The demonstration of a quaternary active region 

demonstrates a possible means of improving power output from ultraviolet light emitting 

diodes.  

The ferromagnetic properties of the dilute magnetic semiconductor (GaMn)N are also 

investigated. The ability to control the ferromagnetism of this material through Fermi-level 

engineering is demonstrated. N-type and p-type dopants are introduced to the (GaMn)N 

dilute magnetic semiconductor and the effect on the magnetic properties is monitored. It was 

determined that bringing the Fermi-energy in close proximity to the Mn 3d energy level is a 

pre-requisite to achieving ferromagnetic coupling between the Mn ions. 
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APPENDIX B 

This appendix contains the source code for the numeric solution to the 1-D 

Schrödinger equation. This code was written in Visual C++ 6.0 in a Windows XP 

environment. This source code is not intended for use by others since several values within 

the code must be altered model different situations and for the program to be executed 

successfully. What is included represents one variation of the program. It is currently under 

further development to make the program more user friendly. Running this program on your 

computer is not advised since it will attempt to access your hard-drive to store results, and 

this may have damaging effects. Code is listed below: 

#include <iostream> 
#include <iomanip> 
#include <stdio.h> 
#include <stdlib.h> 
#include <math.h> 
#include <io.h> 
#include <stdio.h> 
#include <stdlib.h> 
#include <fcntl.h> 
#include <sys/types.h> 
#include <sys/stat.h> 
#include <string.h> 
 
using namespace std; 
 
const double h_bar=1.05457E-34; //[=] Js 
const double mo=9.10939E-31; //[=]kg 
 
 
const int rank = 184;//dimension of largest matrix 
const int L=183; //dimension of principle matrix indicies (they start at 0 and go to rank-1) 
const int layer=183; //number of layers(is number of elements when potential varies continuously 
//const int junction=2; //interior interfaces = layers-1 
const int bound=1; 
double error=1e-13; 
 
struct matrix 
{ 
 double point[rank]; 
 double b1[rank]; 
 double b2[rank]; 
 double a[rank]; 
 double g[rank+1]; 
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 double ei[2][rank]; 
 double mesh_size; 
 double delta_Ec[layer-1]; 
 double Ve[rank]; 
 double sub_mesh[layer]; 
 double me[layer]; 
 double convergence[rank]; 
 double psi[bound][rank]; 
 double normalization[bound]; 
 
}; 
void determ(matrix &M,int L, double x, double &y); 
void bisec(matrix &M,int i,double &xl,double &xh, double &xm); 
void eigenval(matrix &M,double& scale_factor); 
void initialize(matrix &M,double &scale_factor); 
void eigenvector(matrix &M); 
void save_result(matrix &M,double &scale_factor); 
 
void main() 
{ 
  
  
 matrix M; 
 
 for(int beta=0;beta<layer;beta++) 
 { 
  if(beta<(layer-1))M.delta_Ec[beta]=1; 
  M.sub_mesh[beta]=1; 
  M.me[beta]=1; 
 } 
 for(int a=0;a<rank;a++) 
 { 
  M.convergence[a]=1; 
  M.point[a]=a; 
  M.b1[a]=1; 
  M.b2[a]=1; 
  M.a[a]=1; 
  if(a==L) 
  { 

M.g[a+1]=1;//initializes last value since this has one more element than 
rank 

  } 
  M.g[a]=1; 
  M.ei[0][a]=1; 
  M.ei[1][a]=1; 
  M.mesh_size=1; 
  M.Ve[a]=1; 
  M.convergence[a]=1; 
  for(int b=0;b<bound;b++){M.psi[b][a]=1;}//initializes psi for all bound states 
 } 
  
 //below is a routine to find all roots of polynomial 
 double scale_factor=1; 
 initialize(M,scale_factor); 
 eigenval(M,scale_factor); 
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 cout<<"\n\nFollowing roots have been found:\n"; 
 for (int i=0; i<rank; i++) 
 { 
  cout<<setw(15)<<M.ei[0][i]/scale_factor<<endl; 
 } 
 char pause; 
 cin>>pause; 
 eigenvector(M); 
 cout<<"\nThe following psi has been calculated:\n"; 
 for(i=0;i<rank;i++) 
 { 
  cout<<endl<<M.psi[0][i]; 
 } 
 cout<<"\nhit key and enter to save file"; 
 cin>>pause; 
 save_result(M,scale_factor);  
} 
 

void determ(matrix &M,int subsize, double x, double &y)//function evaluates the characteristic 
equation of tridiagonal matrix 

{ 
 M.g[0]=1; //the first characteristic poly is always one for any size matrix 
 
 if(subsize==0)//for 1x1 evaluate 1x1 poly at x 
 { 
  M.g[1]=M.a[0]-x;  
  y=M.g[1]; 
 } 
  else //if NxN is bigger than 1x1 must build up to characteristic poly 
  {  
   M.g[1]=M.a[0]-x; //start with 1x1 poly, g[1] 
   y=M.g[1]; 
   for(int i=2;i<=(subsize+1);i++)//build anything from 2x2 poly on up 
   { 
               M.g[i]=(M.a[i-1]-x)*M.g[i-1]-M.b1[i-1]*M.b1[i-1]*M.g[i-2]; 
      y=M.g[i]; 
   } 
  } 
  //cout<<endl<<"un-normalized determinant "<<y<<endl; 

y=y/fabs(y); //normalize determinant to keep form expanding, just need to maintain 
polarity 

 return; 
} 
 
//where L+1 is the order of the matrix 
//xl is the lower search bound and xh upper search bound 

void bisec(matrix &M,int i,double &xl,double &xh, double &xm)//returns roots of characteristic 
polynomial 

{ 
 double dx,xb,yh,yl,ym; 
 int ka; 
 ka=0; 
 determ(M,i,xl,yl); 
 //cout<<"\nthe value of the determ poly at initial xl="<<xl<<" is "<<yl<<endl; 
 determ(M,i,xh,yh); 
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 //cout<<"the value of the determ poly at initial xh="<<xh<<" is "<<yh<<endl; 
 while(1) 
 { 
  //cout<<"you are on your "<<ka<<" attempt" 
  // <<" and the dx is "<<xh<<"-"<<xl<<"="<<xh-xl<<endl; 
  ka=ka+1; 
  if(ka>10000) 
  {  
   cout<<"you have tried "<<ka<<" times without success bitch! \n";  
   cout<<"your search range did not converge quickly enough.\n"; 
   cout<<"hit key and enter to continue anyway"; 
   char shit; 
   cin>>shit; 
   return; 
  } 
  dx=xh-xl; 
  if(fabs(dx)<error) return; 
  if(fabs(dx)>(error*5)) 
  { 
   //go here is dx>1 
   xm=(xl+xh)/2; //bisection scheme 
   determ(M,i,xm,ym); 
  } 
   else 
   { 
    //if .0000001<dx<1 use linear interpolation 
    //cout<<"current search interval for linear interp: "<<dx<<endl; 
    xb=xm; //linear interpolation 
    xm=(xl*yh-xh*yl)/(yh-yl); 
                determ(M,i,xm,ym); 
    if(fabs(xb-xm)<error) return; 
   } 
  if((yl)*(ym)<0) //solution is low side of range 
  { 
   xh=xm; yh=ym; 
  } 
  else 
  { 
   if(((yl*ym==0) || (yh*ym==0)))//you happen to land on solution 
   { 
    if(yl==0){xm=xl; return;} 
    if(yh==0){xm=xh; return;} 
    if(ym==0){xm=xm; return;} 
   } 
    else //solution is on high side of range 
    { 
     xl=xm; yl=ym; 
    } 
  } 
 
 } 
 return; 
} 
 
void eigenval(matrix &M,double &scale_factor) 
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{ 
 double xl=0; 
 double xh=0; 
 double xm=0; 
 double yl=0; 
 double yh=0; 

M.convergence[0]=0; //is 1 if first root has one solution, 0 if first root has 2 solutions and 
i==1) 

 for(int i=0;i<=L;i++)//starts with 1st 1x1 submatrix and iterates to full matrix 
 {    
  cout<<"tracking roots for "<<i<<" principle matrix. It has "<<i+1<<" roots"<<endl; 
  cout<<"press key and enter to continue"<<endl; 
  //char pause1; 
  //cin>>pause1; 
   
  for(int j=0;j<=i;j++)//starts with 1st root of submatrix 
  { 
      if((M.convergence[j]>=4*error) || (i==0)) 
   {  
   if(i==0)//if is 1x1  
   { 
    xm=M.a[0];//only root of 1x1; 
    M.ei[1][0]=xm; 
   } 
   else 
   { 
    if(j==0)//trying to find first root of ith submatrix 
    { 
     cout<<"finding FIRST root of submatrix\n"; 
     xh=M.ei[0][j]; 
     xl=M.ei[0][j]-(error); 
     determ(M,i,xh,yh); 
     determ(M,i,xl,yl); 
     double diverge=0; 
     double count=1; 
     while(yh*yl>0) 
     { 
      determ(M,i,xh,yh); 
      determ(M,i,xl,yl); 
      if(yh*yl>0) 
      { 
       xh=xl; 
      } 
      xl=xl-error*5*count;    
    
      diverge=fabs(yh-yl); 
      if(diverge>1E50) 
      { 

cout<<"no lower solution!!!!\n";char shit; 
cin>>shit;xh=xh+error;  
}//if no lower solution exists increment xhd to 
break loop  

      count=count+1; 
     } 
     xm=(xl+xh)/2; 
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     bisec(M,i,xl,xh,xm); 
     M.ei[1][j]=xm; 
    } 
    else 
    { 
     if(j==i)//trying to find last root of ith submatrix 
     { 

cout<<"Trying to find LAST root of 
submatrix.\n"; 

      xl=M.ei[0][j-1]; 
      xh=M.ei[0][j-1]+(error); 
      determ(M,i,xh,yh); 
      determ(M,i,xl,yl); 
      double diverge=0; 
      double count=1; 
      while(yh*yl>=0)//while(ylu*yh>0)  
      {      
   
       determ(M,i,xh,yh); 
       determ(M,i,xl,yl); 
       //cout<<endl<<setw(5)<<yl*yh<<endl; 

      if(yl*yh>0){xl=xh;}//move keep  
       xh=xh+100*error*count; 
       diverge=fabs(yh-yl); 

       if(diverge>1E50) 
{ 

cout<<"no upper solution exists before 
diverge"; char shit; 
cin>>shit;/*upper_solution=0; xlu=xlu-
error;*/} 

       count=count+1; 
      } 
      xm=(xl+xh)/2; 
      bisec(M,i,xl,xh,xm); 
      M.ei[1][j]=xm;//record upper solution 
     }  
     else//finding interior roots bound by previous roots 
     { 

//cout<<"Trying to find INTERIOR root of 
submatrix.\n"; 
if((j==i) || (j==0))cout<<"\n\n*******Should not 
be in this loop***********\n\n"; 

      xh=M.ei[0][j]; 
      xl=M.ei[0][j-1]; 
      determ(M,i,xh,yh); 
      determ(M,i,xl,yl); 
       

if(fabs(xh-xl)<(5*error)) //no range upper and 
lower same and also current solution 

      { 
cout<<"\n\nInterior roots bound by 
upper and lower that are equal!\n"; 

       char shit; cin>>shit; 
      } 
      else 
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      { 
       xm=(xl+xh)/2; 
       bisec(M,i,xl,xh,xm); 
       M.ei[1][j]=xm; 
      } 
     } 
    } 
   } 
   }//if convergence 
   else 
   { 
    cout<<"this has converged on the mesh "<<j<<endl; 
    //char luck; 
    //cin>>luck; 
    if(j==i)M.ei[1][j]=M.ei[0][j-1]; 
       else M.ei[1][j]=M.ei[0][j]; 
   } 
  }//for j loop 
   
  for(int k=0;k<=i;k++)//record current results to former for next loop 
  {    
   double f=fabs(M.ei[1][k]-M.ei[0][k]); 
   double s=fabs(M.ei[1][k]-M.ei[0][k-1]); 
   if(f<=s) 
   { 
    M.convergence[k]=f; 
   } 
   else  
   { 
    M.convergence[k]=s; 
   } 
   if(k==0) 
   { 
    M.convergence[k]=fabs(M.ei[1][k]-M.ei[0][k]); 
   } 
   if(k==i && k!=0) 
   { 
    M.convergence[k]=fabs(M.ei[1][k]-M.ei[0][k-1]); 
   } 
   cout<<endl<<"k="<<k<<" i="<<i<<" convergence="<<M.convergence[k]; 
  } 
  cout<<"\n\n\nroots of "<<i<<" principle matrix:\n"; 
  for(k=0;k<=i;k++) 
  { 
   if(M.convergence[k]<=4*error) 
   { 
    if(k==i) 
    { 
     M.ei[0][k]=M.ei[0][k-1]; 
     //M.convergence[k]=0.0; //added to stabilize 
    } 
    else 
    { 
     M.ei[0][k]=M.ei[0][k]; 
    } 
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   }//if solution is converged just use old value since new may be unstable 
   else 
   { 
    M.ei[0][k]=M.ei[1][k]; 
   } 
   cout<<setw(10)<<M.ei[0][k]/scale_factor<<endl; 
  } 
  cout<<endl<<endl<<"program paused hit key and enter to continue"; 
  //char pause; 
  //cin>>pause; 
 } 
} 
//******************************************************************************** 
void initialize(matrix &M,double &scale_factor) 
{  
 const int field_region=3; //regions of distinct electric field 
 cout<<"\n*****************Hamiltonian Initialization**********************\n\n"; 
 cout<<"You MUST calculate total matrix size and"<<endl 
 <<" number of layers before running program!!\n"; 
 cout<<"\nThe current rank is "<<rank<<" and the number of layers is "<<layer<<endl; 
 cout<<"The number of field regions is "<<field_region<<endl; 
 cout<<"\n\nWhat is mesh size in angstroms?\n\n"; 
 cin>>M.mesh_size; 
  
 M.mesh_size=M.mesh_size*1E-10; //convert to meters 
  
 if(field_region>1) 
 { 
  double E[field_region];//electric field in field_region 
  double region_point[field_region];//number of mesh points in each field region 
  double region_deltaE[field_region-1]; //delta E at heterojunction 
  double region_m[field_region]; 
  double region_thickness[field_region]; 
  double dV[field_region];//voltage drop at each point in field_region 
  for(int k=0;k<field_region;k++) 
  { 
   cout<<"\nWhat is electric field (V/cm) in "<<k<<endl; 
   cin>>E[k]; 
   E[k]=E[k]*100; //convert to V/m; 
   cout<<"\nWhat is effective mass in "<<k<<endl; 
   cin>>region_m[k]; 
   cout<<"\nHow many mesh points in region "<<k<<endl; 
   cin>>region_point[k]; 
   if(k<(field_region-1)) 
   { 
    cout<<"\nWhat is delta E at end of region "<<k<<endl; 
    cin>>region_deltaE[k]; 
   } 
  } 
  int check=0; 
  for(k=0;k<field_region;k++) 
  { 
   check=check+region_point[k]; 
   region_thickness[k]=region_point[k]*M.mesh_size; 
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dV[k]=region_thickness[k]*E[k]/region_point[k];//voltage change at each 
step in field region 

  } 
  if(check!=rank) 
  { 
   cout<<"\nYour number of points does not match matrix rank!!!\n"; 
   char pause; 
   cin>>pause; 
  } 
  int count=0; 
  M.Ve[0]=0; 
  for(k=0;k<field_region;k++) 
  { 
   for(int i=0;i<region_point[k];i++) 
   { 
    if((count+1)<rank) 
    { 
     if(i==(region_point[k]-1)) 
     { 
      M.Ve[count+1]=M.Ve[count]+region_deltaE[k]; 
     } 
     else 
      M.Ve[count+1]=M.Ve[count]+dV[k]; 
    } 
    count=count+1; 
   } 
  } 
  double low_V=0; 
  for(int i=0;i<rank;i++) 
  { 
   if(M.Ve[i]<low_V) 
    low_V=M.Ve[i]; 
  } 
  for(i=0;i<rank;i++) 
  { 
   M.Ve[i]=M.Ve[i]+fabs(low_V); 
   cout<<"voltage at point "<<i<<" is "<<M.Ve[i]<<endl; 
  } 
  char pause; 
  cin>>pause; 

double b1_free=(-
1*h_bar*h_bar/2)*(2/mo)*(1/(2*M.mesh_size*M.mesh_size))*1.60218E19;  //[=] 
eV 
double b2_free=(-
1*h_bar*h_bar/2)*(2/mo)*(1/(2*M.mesh_size*M.mesh_size))*1.60218E19;  //[=]eV 

  cout<<"\nh bar is "<<h_bar<<" b1 free is "<<b1_free<<" b2 free is "<<b2_free; 
  cin>>check; 
  M.b1[0]=0; 
  M.b2[L]=0; 
  count=0; 
  for(i=0;i<field_region;i++) 
  { 
   for(int j=0;j<region_point[i];j++) 
   { 
    if(count<rank) 
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    { 
     if(count!=0) 
     { 
      M.b1[count]=b1_free*1/region_m[i]; 
      if(((j==0) && (i!=0))) M.b1[count]=M.b2[count-1]; 
     } 
     if(count!=L) 
     { 
      M.b2[count]=b2_free*1/region_m[i]; 
      if(j==(region_point[i]-1)) 
      { 
       M.b2[count]=b2_free*1/region_m[i+1]; 
      } 
     } 
     M.a[count]=-M.b1[count]-M.b2[count]+M.Ve[count]; 

//if(count==0)M.a[count]=-
2*M.b2[count]+M.Ve[count];//TRYING ONCE 
//if(count==L)M.a[count]=-2*M.b1[count]+M.Ve[count]; 
//TRYING ONCE 

    } 
    count++; 
   } 
  } 
  cout<<endl; 

double high_value=0;//find highest value of a[] to scale down so poly does not run 
away 

  for(i=0;i<rank;i++) 
  { 
   if(M.a[i]>high_value)high_value=M.a[i]; 
  cout<<endl<<setw(15)<<M.b1[i]<<setw(15)<<M.a[i]<<setw(15)<<M.b2[i]; 
  } 
  scale_factor=(1/high_value); 
  cout<<endl<<"High value is "<<high_value<<endl 
   <<"Therefore, scaling factor is 1/high_vale "<<scale_factor<<endl; 
  cout<<"\n\n\nthe scaled matrix entries are: \n"; 
  for(i=0;i<rank;i++) 
  { 

M.b1[i]=M.b1[i]*scale_factor;M.b2[i]=M.b2[i]*scale_factor;M.a[i]=M.a[i]*scale_fa
ctor; 

  cout<<endl<<setw(15)<<M.b1[i]<<setw(15)<<M.a[i]<<setw(15)<<M.b2[i]; 
  } 
  cin>>pause; 
 } 
 else//flat band 
 { 
  for(int i=0;i<layer;i++) 
  { 
   cout<<"\nHow many dx make up layer "<<i<<" ?\n"; 
   cin>>M.sub_mesh[i]; 
   cout<<"\nWhat is electron relative mass in layer "<<i<<" ?\n"; 
   cin>>M.me[i]; 
   if(i<(layer-1)) 
   { 
    cout<<"What is delta_Ec at interface "<<i<<" ?\n"; 
    cin>>M.delta_Ec[i]; 
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   } 
  } 
  double V1=0; 
  double low_V=0; 
  for(i=0;i<(layer-1);i++)//find zero correction point for voltage 
  { 
   V1=V1+M.delta_Ec[i]; 
   if(V1<low_V)low_V=V1; 
  } 
  int count=0; //tracks which mesh wer're on 
  double volt_offset=fabs(low_V);//holds start voltage for each new layer 
  cout<<"\nVoltage offset="<<volt_offset<<endl; 
  double deltaEc=0; 
  for(i=0;i<(layer);i++) 
  { 
   for(int j=0;j<M.sub_mesh[i];j++) 
   { 
    M.Ve[count]=deltaEc; 
    count++; 
   } 
   deltaEc=deltaEc+M.delta_Ec[i]; 
  } 
  char wait; 
  cin>>wait; 
  for(i=0;i<=L;i++) 
  {  
   M.Ve[i]=M.Ve[i]+volt_offset; 
   cout<<M.Ve[i]<<endl; 
  } 
 
  //calculate free electron value for b1 and b2 then correct for material effective mass 

double b1_free=(-
1*h_bar*h_bar/2)*(2/mo)*(1/(2*M.mesh_size*M.mesh_size))*1.60218E19;  //[=] 
eV 
double b2_free=(-
1*h_bar*h_bar/2)*(2/mo)*(1/(2*M.mesh_size*M.mesh_size))*1.60218E19;  //[=]eV 

  cout<<"\nh bar is "<<h_bar<<" b1 free is "<<b1_free<<" b2 free is "<<b2_free; 
  char check; 
  cin>>check; 
  M.b1[0]=0; 
  M.b2[L]=0; 
  count=0; 
  for(i=0;i<layer;i++) 
  { 
   for(int j=0;j<M.sub_mesh[i];j++) 
   { 
    if(count<rank) 
    { 
     if(count!=0) 
     { 
      M.b1[count]=b1_free*1/M.me[i]; 

if(((j==0) && (i!=0))) M.b1[count]=M.b2[count-
1]; 

     } 
      if(count!=L) 
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      { 
      M.b2[count]=b2_free*1/M.me[i]; 
      if(j==(M.sub_mesh[i]-1)) 
      { 
       M.b2[count]=b2_free*1/M.me[i+1]; 
      } 
     } 
     M.a[count]=-M.b1[count]-M.b2[count]+M.Ve[count]; 
     //if(count==0)M.a[count]=-2*M.b2[count]+M.Ve[count]; 
     //if(count==L)M.a[count]=-2*M.b1[count]+M.Ve[count]; 
    } 
    count++; 
   } 
  } 
  cout<<endl; 
  double high_value=0;//find highest value of a[] to scale down 
  for(i=0;i<rank;i++) 
  { 
   if(M.a[i]>high_value)high_value=M.a[i]; 
   cout<<endl<<setw(15)<<M.b1[i]<<setw(15)<<M.a[i]<<setw(15)<<M.b2[i]; 
  } 
  scale_factor=(1/high_value); 
  cout<<endl<<"High value is "<<high_value<<endl 
   <<"Therefore, scaling factor is 1/high_vale "<<scale_factor<<endl; 
  cout<<"\n\n\nthe scaled matrix entries are: \n"; 
  for(i=0;i<rank;i++) 
  { 
  
 M.b1[i]=M.b1[i]*scale_factor;M.b2[i]=M.b2[i]*scale_factor;M.a[i]=M.a[i]*scale_factor; 
   cout<<endl<<setw(15)<<M.b1[i]<<setw(15)<<M.a[i]<<setw(15)<<M.b2[i]; 
  } 
  char pause; 
  cin>>pause; 
 } 
 char pause; 
 cin>>pause; 
} 
//****************************************************************************** 
void eigenvector(matrix &M) 
{ 
 for(int k=0; k<bound;k++) 
 { 
  M.psi[k][0]=1; //assume psi[0] is one 
  M.psi[k][1]=(M.ei[0][k]-M.a[0])/M.b2[0]; 
  for(int i=2;i<rank;i++) 
  { 
   if(i<rank)//get all but last 
   { 

M.psi[k][i]=(M.ei[0][k]*M.psi[k][i-1]-M.a[i-1]*M.psi[k][i-1]-
M.b1[i-1]*M.psi[k][i-2])/M.b2[i-1]; 

   } 
  } 
 } 
  //now normalize the wavefunction 
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  double square_sum[bound];//holds sum of psi^2 for each bound energy state 
  for(k=0;k<bound;k++) 
  { 
   square_sum[k]=0;//initialize to zero 
   M.normalization[k]=0; 
  } 
  for(k=0;k<bound;k++) 
  { 
   for(int i=0;i<rank;i++) 
   { 
    square_sum[k]=square_sum[k]+M.psi[k][i]*M.psi[k][i]; 
   } 
   M.normalization[k]=1/sqrt(square_sum[k]); 
  } 
  return; 
} 
//********************************************************************************* 
void save_result(matrix &M, double &scale_factor) 
{ 
 int parameters=4; //number of different parameters being written to file 
 char value[30]; 
 char comma[1]; 
 char eol[1]; 
 eol[0]='\n'; 
 comma[0]=','; 
 char heading1[]="depth (Angs)"; 
 char heading2[]="V (eV)"; 
 char heading3[]="Psi1"; 
 char heading4[]="Psi2"; 
 char filename[]="C:\\eigentest1"; 
 //cout<<"\n filename please(C:\\filename: "; 
 //cin>>filename; 
 int fh; 
 fh=_open("C:\\eigentest1.txt",_O_RDWR | _O_CREAT | _S_IREAD | _S_IWRITE); 
 //fh=_open("C:\\eigentest1.txt",_O_RDWR | _O_CREAT | _S_IREAD | _S_IWRITE); 
 //unsigned byteswritten; 
 int size=0; 
 for(int i=0;i<rank;i++) 
 { 
   
  if(i==0) 
  { 
    
   _write(fh,heading1,sizeof(heading1)); 
   _write(fh,comma,sizeof(comma)); 
    
   _write(fh,heading2,sizeof(heading2)); 
   _write(fh,comma,sizeof(comma)); 
    
   _write(fh,heading3,sizeof(heading3)); 
   _write(fh,comma,sizeof(comma)); 
    
   _write(fh,heading4,sizeof(heading4)); 
   _write(fh,eol,sizeof(eol)); 
  } 
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  _gcvt(M.point[i],30,value); 
  _write(fh,value,sizeof(value)); 
  _write(fh,comma,sizeof(comma)); 
  _gcvt(M.Ve[i],30,value); 
  _write(fh,value,sizeof(value)); 
  _write(fh,comma,sizeof(comma)); 
  _gcvt(M.psi[0][i],30,value); 
  _write(fh,value,sizeof(value)); 
  _write(fh,comma,sizeof(comma)); 
  _gcvt(M.psi[1][i],30,value); 
  if(bound>1)//write psi2 
  { 
   _write(fh,comma,sizeof(comma)); 
   _gcvt(M.psi[1][i],30,value); 
   _write(fh,value,sizeof(value)); 
   _write(fh,eol,sizeof(eol)); 
  } 
  else 
   _write(fh,eol,sizeof(eol)); 
 } 
 char heading5[]="bound energy(eV)"; 
 char heading6[]="Norm"; 
 for(int k=0;k<bound;k++) 
 { 
  if(k==0) 
  { 
   _write(fh,heading5,sizeof(heading5)); 
   _write(fh,comma,sizeof(comma)); 
    
   _write(fh,heading6,sizeof(heading6)); 
   _write(fh,eol,sizeof(eol)); 
  } 
  _gcvt(M.ei[0][k]/scale_factor,30,value); 
  _write(fh,value,sizeof(value)); 
  _write(fh,comma,sizeof(comma)); 
  _gcvt(M.normalization[k],30,value); 
  _write(fh,value,sizeof(value)); 
  _write(fh,eol,sizeof(eol)); 
 } 
 _close(fh);//closes file 
 cout<<"\n\nFILE SUCCESSFULLY OPEN WRITTEN AND CLOSED, GOOD BYE.\n\n"; 
} 

 

 


