
 

ABSTRACT 
 
 

LUEN, MELVYN OLIVER.  Spintronics:  Towards Room Temperature Ferromagnetic 
Devices via Mn and Rare Earth Doped GaN.  (Under the direction of Dr. S. M. Bedair 
and Dr. N. A. El-Masry.) 

 
 

Spintronics is a multidisciplinary field aimed at the active manipulation of spin 

degrees of freedom in solid-state systems.  The goal being the understanding of the 
interaction between the particle spin and its solid-state environment, and the making of 

useful devices based on the acquired knowledge. 
If Moore's law is to continue, then we need to find alternatives to conventional 

microelectronics.  Where conventional electronic devices rely on manipulating charge to 

produce desired functions, spintronic devices would manipulate both the charge flow 
and electron spin within that flow.  This would add an extra degree of freedom to 

microelectronics and usher in the era of truly nanoelectronic devices.  
Research aimed at a whole new generation of electronic devices is underway by 

introducing electron spin as a new or additional physical variable, and semiconductor 

devices that exploit this new freedom will operate faster and more efficiently than 
conventional microelectronic devices and offer new functionality that promises to 

revolutionize the electronics industry.  Long recognized as the material of choice for 
next-generation solid-state lighting, gallium nitride (GaN) also has proven uses in the 

field of high power, high frequency field-effect transistors (FETs).   But its promise as a 
material system for spintronic applications may be its ultimate legacy.  

In this dissertation, the growth of gallium-manganese-nitride (GaMnN) compound 

semiconductor alloy was investigated through the use of an in-house built metal-organic 
chemical vapor deposition (MOCVD) reactor.  Building on previous investigations of 

ferromagnetic mechanisms in GaMnN, where ferromagnetism was shown to be carrier 
mediated, a above room temperature ferromagnetic GaMnN i-p-n diode structure was  



 

conceived.  This device proved to be the first of its kind in the world, where 

ferromagnetic properties are controlled via proximity of the mediating holes, upon 
voltage bias of adjacent structure layers. 

Simultaneously, post-growth diffusion of ferromagnetic, rare earth species into GaN 
template thin films also was investigated.  Structural, electrical, optical and magnetic 

characterization of diffused films grown on sapphire was performed.  Optimization of 

the conditions leading to the first successful diffusion of neodymium into GaN thin 
films, and the magnetic and optical studies that followed are detailed.  A mechanism 

governing and conditions promoting ferromagnetism in rare earth (RE) doped GaN is 
proposed.  The magnetic relationship between two similar and dissimilar rare earth 

elements, in a single GaN crystal are investigated.   Finally, spin valve and magnetic 
tunnel junction devices based on the magnetic properties of RE-GaN thin films are 

investigated.   
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CHAPTER 1:  INTRODUCTION 
 
 

1.1  Motivation and Chapter Organization  

Spintronics is a multidisciplinary field whose aim is the active manipulation of spin 

degrees of freedom in solid-state systems.  The goal of spintronics is to understand the 
interaction(s) between a particle’s spin and its solid-state environment, and to use the 

acquired knowledge in the development of useful devices [1].  If Moore's law is to 
continue, then we need to find alternatives to conventional microelectronics.  Where 

these conventional electronic devices rely on manipulating electronic charge to produce 
the desired functions, spintronic devices would manipulate both the flow of electronic 

charge and the electron spin within that flow.  This would add an extra degree of 

freedom to microelectronic technology and usher in the era of truly nanoelectronic 
devices.  

The technological gains from spintronics, over current microelectronics, include:    
(1) Non-volatile memory (e.g. MRAM), (2) Increased data processing speed,                   

(3) Decreased electric power consumption and (4) Increased integration densities [2].  

The primary application for spintronics research is in the area of non-volatile memory 
and the remaining advantages directly relate to this industry.  Currently, there exist 

many categories of non-volatile memory but all share the purpose of retaining stored 
information when not powered.  For now, we will discuss the benefits of spin-based, non-

volatile memory over conventional information storage and delve into the various types 

of spintronic random access memory (RAM) later.  
Most of us are familiar with DRAM, SRAM and Flash when we talk about computer 

memory, but are unfamiliar with magnetic/magnetoresistive RAM (MRAM) and why it 
is better than these established options.  DRAM performance is limited by the rate at 

which the charge stored in the cells can be drained (for reading) or stored (for writing).  

MRAM operation is based on measuring voltages rather than charges or currents, so 
there is less "settling time" needed i.e. it is faster.  The only current memory technology  
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that easily competes with MRAM in terms of performance is SRAM.  SRAM consists of a 

series of transistors arranged in a flip-flop, which will hold one of two states (1 or 0) as 
long as power is applied.  Since the transistors have a very low power requirement, their 

switching time is very low.  However, since a SRAM cell consists of several transistors 
which occupy valuable space on a chip, it is used only for small amounts of high 

performance memory, notably the CPU cache in almost all modern CPU designs.  

MRAM has similar performance to SRAM, with a similar density to DRAM but much 
lower power consumption, and is much faster and suffers no degradation over time in 

comparison to Flash memory [3].  
Most spintronic memory devices take advantage of the magnetoresistance (MR) 

effect, which is defined as a change in resistance as a function of magnetic configuration 
in the system or as a function of an external (applied) magnetic field.  MR led to the 

discovery of the giant magnetoresistance (GMR) effect used in hard drive technology.  

Usually the resistance for an antiparallel alignment of magnetic layers is larger than 
the resistance for a parallel alignment.  The resulting voltage changes mean faster 

“drain” and ”store” times for MRAM.  The caveat is that magnetic fields need to be 
generated to induce parallel/antiparallel switching.  Although stray magnetic fields are 

less of a concern than stray electric fields and therefore do not dictate the need for 

magnetic shielding, the need for a magnetic field source adds extra complexity to these 
types of MRAM circuitry.   

A newer technique, spin-torque-transfer (STT) or Spin Transfer Switching, uses 
spin-aligned ("polarized") electrons to torque directly the magnetic domains in the 

layers and thus avoids the need for magnetic field sources.  Specifically, if the electrons 

flowing into a layer have to change their spin, this will develop a torque that will be 
transferred to the nearby layer.  This lowers the amount of current needed to write to 

the cells, making it about the same amount as the read process.  There are concerns 
that the "classic" type of MRAM cell will have difficulty at high densities due to the 

amount of current needed during writes, a problem STT avoids.  For this reason, STT 

proponents expect the technique to be used for future generations of smaller, non-
volatile memory devices.  The downside is maintaining the spin coherence (i.e. stored 
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information lifetime).  Overall, STT requires much less write current than conventional 

MRAM, however higher speed operation still requires higher current [3]. 
Other types of non-volatile RAM being researched all suffer from drawbacks which 

prevent them from being a more complete solution to the problem of non-volatile RAM.  
These drawbacks include: improving on existing technology like Flash (CBRAM, 

SONOS, RRAM); high operational voltage (MTJ, Spin Valve); requiring heating to 

switch state (PCRAM); complex fabrication (Racetrack RAM); and device wear-out 
(FRAM).  Appendix F contains a glossary of the presented acronyms for computer 

memory.  Clearly, if we are to find a solution to this challenge then we must investigate 
other options and think along different pathways. 

The newer techniques for achieving MRAM promise to have all the advantages of 
other MRAM with none or few of the drawbacks.  Recent efforts address achieving 

functional MRAM through utilizing diluted magnetic semiconductors (DMS) which offer 

electric current control of a magnetic layer.  Until very recently, the only successful 
devices for DMS were in the GaMnAs and InMnAs material systems.  Here devices 

demonstrated control of the strength of the magnetic response in the magnetic layer via 
applied voltage bias.  This technique is preferable to STT since it eliminates the need for 

polarized current injection, but only has been successful at high device voltage and 

temperatures up to K173 ( C°−100 ).  Clearly, both of these device characteristics are 

not desirable for practical device operation.   

This dissertation presents the co-development of a similar magnetic diode for non-

volatile memory applications using the GaMnN material system which does not suffer 
from the low temperature and high voltage restrictions of other DMS material systems 

or devices.  This i-p-n GaMnN magnetic diode demonstrates a “world first” -  electric 
current control, at room temperature and above, of the magnetic response and does so at 

operating voltages commensurate with existing microelectronic technology (5 V and 

below).  
A recent addition to research on ferromagnetic DMS involving GaMnN aims to 

achieve the same success via diffusion doping of GaN thin films with rare earth (RE) 
species.  These ferromagnetic, thermally diffused, RE-doped GaN thin films were 



 4 

achieved at a fraction of the cost of in-situ doping via MOCVD and MBE growth 

techniques.  This research is the first case of successful thermal diffusion of neodymium 
(Nd) into GaN.  RE metals possess both ferromagnetic and optical properties which 

make them potentially useful in magnetic information storage and optical fiber 
telecommunication.  The ferromagnetic properties would be harnessed via a device 

structure similar to what was done in our GaMnN work, and would be modified to make 

optical emission possible.  The characteristic, atomic-like, optical emission from 
neodymium (Nd) and erbium (Er) has direct application for the low-dispersion (high 

speed) and low-loss (high bandwidth) regime, respectively, in silicon-based optical 
fibers.  A successful RE-GaN device holds the promise of electrical control of the 

magnetic properties, which in turn may influence the optical emission of the device.  
The result would be tunable laser diodes for high-speed/high-bandwidth optical fiber 

telecommunication. 

The remaining portion of Chapter 1 is dedicated to presenting some background on 
the field of spintronics, and includes advantages, applications, the status and challenges 

in the research, and an outlook on the future of spintronics. 
Chapter 2 of this dissertation serves as background on the fundamentals of 

magnetism including magnetism involving individual particles.  Principal Quantum 

Numbers/Quantum Selection Rules, the Pauli Exclusion Principle and Hund’s Rules are 
addressed. 

Chapter 3 presents magnetic interactions on a macroscopic scale.  The five types of 
magnetism are introduced: Diamagnetism, Paramagnetism, Ferromagnetism, 

Antiferromagnetism, and Ferrimagnetism. 

Chapter 4 discusses magnetism in wide band gap semiconductors.  GaN is 
introduced as our material system for the two types of dilute magnetic semiconductors 

(DMS) presented in this research: GaMnN and RE-doped GaN.  The properties of the 
GaN material system are presented along with a discussion of its applications in 

conventional devices.  DMS are introduced along with their role in achieving spintronic 

devices.  The remaining section of this chapter details magnetic interactions and the 
leading mechanisms/models thought to result in ferromagnetism in DMS.   
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Chapter 5 details the design of the growth equipment employed in this research. 

Both the GaMnN and RE-GaN samples stem from MOCVD growth.  Here we discuss 
briefly the physics of growth on surfaces, the PLD chamber, the targets housed within, 

and the physics of diffusion.  There follows a description of the MOCVD chamber design, 
and the precursor species used to achieve GaN thin films.   

Chapter 6 outlines the experimental procedures involved in the growth of GaN thin 

films via MOCVD and the post-growth ex-situ doping of GaN thin films via PLD.  The 
growth of the three component layers for GaN device structures is illustrated: i-type 

GaN, n-type GaN and p-type GaN thin films.  The procedure for successful post-growth 
diffusion of rare earth species into these types of GaN thin films is outlined. 

Chapter 7 presents experimental results on the diffusion of RE elements into GaN 
films and a discussion of those results.  It begins by introducing the motivation for this 

research.  A brief literature survey is included outlining alternative growth techniques 

and the findings from such alternatives.  The magnetic and optical properties of RE 
atoms are presented along with our experimental procedure used to produce the thin 

films studied. The chapter follows with the selection of Nd and Er for further study, and 
the magnetic and optical results of the world’s first successful thermal diffusion of Nd 

into GaN.  The effects of MOCVD growth conditions on the ferromagnetism of RE-doped 

GaN films is investigated, as well as co-doping by secondary RE species.  We conclude 
the RE-GaN research with characterization results of spin valve and magnetic tunnel 

junction devices.   
Chapter 8 begins by chronicling the work of previous research group members in 

the field of GaMnN for room temperature ferromagnetism, and includes the co-doping of 

GaMnN films as well as the growth of magnetic p-i-n diodes.  Mg-doped superlattice 
structures (SLS) are presented as a means to enhance GaMnN ferromagnetism.  Results 

of the world’s first room temperature, ferromagnetic, voltage-bias controlled GaMnN     
i-p-n diode are reported. 

Chapter 9 serves to document the conclusions drawn from this research and 

proposes possible future work aimed at furthering the GaMnN and RE-GaN studies. 
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The Appendices conclude this work.  Appendix A describes the various structural 

and non-structural characterization techniques employed during this research. 
Appendix B outlines the equipment used in device fabrication and the fabrication 

procedures and recipes. 
Appendix C is a detailed description for conducting magnetic measurements using 

an alternating gradient magnetometer (AGM).  The experimental setup for electrically 

biasing ferromagnetic device structures while simultaneously conducting a magnetic 
measurement with the AGM is of my own design and will be detailed here also. 

Appendix D is an overview on principal quantum numbers. 
Appendix E is a brief presentation of the method utilized for estimating the 

diffusion coefficient for Nd in wurtzite GaN. 
Appendix F is a glossary of computer memory acronyms. 

 

1.2  Introduction to the Field of Spintronics  

1.2.1  Advantages  

The advantages of these new spintronic devices over conventional logic or data 
storage (memory) technology can be summarized as follows [2]: 

 
1) Non-volatile memory – memory state remains intact after power is 

turned off, for example, magnetic/magnetoresistive random access 

memory (MRAM); 
2)  Increased data processing speed; 

3)  Decreased electric power consumption; 
4)  Increased integration densities; 

5)  Combining logic, storage, and communication on a single chip. 

 
Non-volatile memory will allow for “instant on” computing where the system state 

can be stored in the MRAM upon power down or “shut down” and be ready instantly 
when the computer system is powered up or “booted”.  This will eliminate the need for 
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hard disk drive (HDD) “look ups” required to load boot-time programs.  The central 

processing unit (CPU) cache or motherboard RAM modules would act as a MRAM HDD. 
The next three advantages were presented previously.  Increased data processing 

speed stems from less signal “settling time” in MRAM devices.  This is due to the 
technology being based on voltage changes and not current flow and/or charge 

accumulation.  It is more energy efficient to change the spin direction of an electron 

than it is to influence their direction of travel and cause them to acculmulate at a 
destination.  This physical property makes MRAM technology inherently more cost 

effective from an energy stand point.  Since every MRAM device possesses 
ferromagnetic properties, data storage will be internal to each singular device.  This 

eliminates the need for a flip-flop design seen in SRAM or adjacent oxide capacitor for 
charge storage (DRAM) - MRAM now competes with DRAM in terms of device density. 

Finally, combining logic design from the silicon industry, storage design from the 

HDD industry and optical diode design from the opto-electronics industry, we can 
conceive a hybrid device that performs logic and non-volatile data storage in a single 

entity.  This hydrid device would be hosted on a material system like GaN that would 
allow optical coupling to existing optical fiber telecommunication networks, giving us an 

“all-in-one” chip.        

1.2.2  Spintronic Devices  

One of the basic effects of spintronics is the magnetoresistance (MR) effect, which is 

defined as a change in resistance as a function of magnetic configuration in the system 
or as a function of an external (applied) magnetic field.  Usually the resistance for an 

antiparallel alignment of magnetic layers is larger than the resistance for a parallel 

alignment.  MR lead to the discovery of the giant magnetoresistance (GMR) effect, 
which showed us that ferromagnetic layers separated by a nonmagnetic layer display a 

dramatic change in resistance as a function of magnetic-layer orientation [3].  
GMR, developed in 1988, is one of the few discoveries in materials science that has 

netted industrial applications within one decade.  GMR spin valve read heads are 

dominating applications in hard drives, though next-generation solid-state hard drives  



 8 

are becoming cheaper and readily more available.  The GMR effect is considered the 

beginning of spintronics.  Here we give some examples of spintronic devices.  The most 
exciting devices may be those we have not imagined yet.  

1.2.2 (a)  Spin Transistor  

Figure 1-1 shows the prototypical Datta-Das spin field-effect transistor (spin-FET).  

In a conventional FET, a narrow semiconductor channel runs between two electrodes 

named the source and the drain.  When voltage is applied to the gate electrode, which is 
above the channel, the resulting electric field drives electrons out of the channel (for 

instance), turning the channel into an insulator.  The Datta-Das spin-FET has a 
ferromagnetic source and drain so that the current flowing into the channel is spin-

polarized.  When a voltage is applied to the gate, the spins rotate as they pass through 
the channel and the drain rejects these anti-aligned electrons. 

 
 

 

Figure 1-1:  Datta-Das modulator [4]. 
 
 

Another version of this device acts as a spin valve in the setting of a conventional 
FET.  If the saturation magnetizations of the ferromagnetic source and drain are 

parallel aligned, the transport channel is open and the device is ON.  However, if the 

source and drain are anti-parallel aligned, then the transport channel is closed and the 
FET is OFF [5,6].   
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Though much effort has been expended in researching such a device, a working version 

of the Datta-Das spin transistor yet is to be realized.   

1.2.2 (b)  Spin-LED  

In conventional light emitting diode (LED) devices, unpolarized electrons recombine 
with unpolarized holes resulting in the emission of unpolarized light.  In spin-LEDs the 

emitted light would be polarized.  This is achieved when a polarized carrier is injected 

through a ferromagnetic layer into a semiconductor and preferentially recombines with 
a carrier of opposite type and same spin orientation.  Spin up electrons would recombine 

with spin up holes etc. and emit circularly polarized light (right or left).   
Recently, Ham et al. reported on electrical spin injection from room-temperature 

ferromagnetic (Ga,Mn)N in nitride-based spin LEDs through electroluminescence (EL) 
spectra, persisting up to room temperature [7].  In the heterostructure of Figure 1-2, the 

(Ga,Mn)N layer is the spin injection layer and sandwiched between two n-type GaN 

layers because the Mn concentration in the layer is not high enough to compensate the 
native defects, and electrons rather than holes have long spin lifetimes and high 

mobilities, which are favoured in high-frequency and low-power device operation.  As 
the magnetic field is applied along the surface normal, electrons in the (Ga,Mn)N layer 

become spin polarized and are injected into the (In,Ga)N quantum wells (QWs).  The 

radiative recombination of spin-polarized carriers, which obeys well-known quantum 
mechanical selection rules, produces the emission of right or left circularly polarized 

light [7]. 
Circular polarization of electromagnetic radiation is a polarization such that the tip 

of the electric field vector, at a fixed point in space, describes a circle as time progresses.  

The electric vector, at one point in time, describes a helix along the direction of wave 
propagation.  The magnitude of the electric field vector is constant as it rotates.  

Circular polarization is possible because the propagating electric and magnetic fields 
can have two orthogonal components with independent amplitudes and phases and the 

same frequency.  A circularly polarized wave may be resolved into two linearly polarized 

waves, of equal amplitude, in phase quadrature (90 degrees apart) and with their planes 
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of polarization at right angles to each other.  The circularly polarized light emission 

from the LED would be useful for digital optical signaling and encryption [8]. 
 

 

Figure 1-2:  Schematic cross section of the spin-LED heterostructure with the (Ga,Mn)N 
layer as a spin injection source [7]. 

 

 
Control of the electron energy in ferromagnetic layers via applied magnetic fields 

also could enable tunable devices capable of slight variations in emission wavelength.  
This would be made possible through the Zeeman effect which is the splitting of a 

spectral line into several components in the presence of a magnetic field.  It is analogous 
to the Stark effect, the splitting of a spectral line into several components in the 

presence of an electric field.  The splitting is associated with what is called the orbital 

angular momentum quantum number l of the atomic level.  This quantum number can 

take non-negative integer values.  The number of split levels in the magnetic field is      

12 +l . 

In most atoms, there exist several electronic configurations that have the same 
energy, so that transitions between different pairs of configurations correspond to a 

single line.  The presence of a magnetic field breaks the degeneracy, since it interacts in 
a different way with electrons with different spatial quantum numbers, slightly 

modifying their energies.  The result is that, where there were several configurations 
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with the same energy, now there are different energies, which give rise to several very 

close spectral lines [9].   

1.2.2 (c)  Spin Laser Diode (LD)  

The functionality of spin-LDs will be similar to spin-LEDs.  The magnetic changes 
in the diode cause energy changes in electrons which cause slight wavelength changes 

in the laser diode (LD).  This results in lasers whose wavelengths are tunable over a 

narrow emission range depending on the energy variation possible for the electrons [8].  

1.2.2 (d)  Spin Detector  

This device functions as a reverse spin-LED or a spintronic solar cell (Figure 1-3).  
Sunlight passes through a filter to produce circularly polarized light, which is absorbed 

in the region between p-type and n-type semiconductors.  This creates spin polarized 
electron-hole pairs in this so-called “depletion” layer, but if a semiconductor of the III-V 

variety is used (GaAs, for example), the polarization only is retained by the electrons.  

The inherent electric field at the layer boundaries sweeps the holes to the p-side and the 
electrons to the n-side.  Just as with a conventional solar cell, a wire connected from the 

p-electrode to the n-electrode now will have a current flowing in it, but in this case the 
current is spin polarized [10]. 

 

 
Figure 1-3:  Spintronic solar cell or spin detector [10]. 
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1.2.2 (e)  Spin Valve/Magnetic Tunnel Junction  

A spin valve is a GMR-based device which has two ferromagnetic layers 
sandwiching a thin nonmagnetic conducting layer.  One of the two magnetic layers is 

“pinned” (insensitive to a moderate magnetic field) and the other is “free” 
(magnetization can be changed easily by a magnetic field).  The resistance of the spin 

valve rises typically from 5 % to 10 % when the magnetization in the two magnetic 

layers changes from parallel to antiparallel.  
 

  

Figure 1-4:  Spin-dependent transport structures – a magnetic tunnel junction [11]. 
 
 

When the conductor layer is replaced with a very thin insulating layer, a spin valve 
will become a magnetic tunnel junction (MTJ) as seen in Figure 1-4.  Just as in the spin 

valve, the tunneling resistance is modulated by an applied magnetic field.  However, 

MTJ devices tend to have higher resistance, because the tunneling current density 
through the barrier layer is usually small.  Since electrons preserve their spin 

orientation during tunneling, they only can tunnel into a subband of the same spin 
orientation.   
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1.3  Applications  

The applications for GMR-based spin-valves and MTJ structures are expanding, 
including magnetic field sensors, read heads for HDDs, and MRAM.  MRAM is expected 

to be 1000 times faster than Flash memory devices (i.e. have the speed of SRAM), not 
suffer from wearout with writing, use lower energy for writing, have the density of 

DRAM, and be nonvolatile like an HDD [12].  Spintronic read head sensors already are 

impacting a multibillion dollar industry and MRAM soon will impact another 
multibillion dollar industry.  The rapidly emerging field of spintronics promises to have 

a substantial impact on future technology.  
 

1.4  Status and Outlook  

1.4.1  Current Status  

Efforts are underway to achieve the goals mentioned above through hybrid 

approaches that integrate the metallic magnetic elements on top of conventional 
semiconductors, or by injecting spin-polarized electrons from metals into 

semiconductors.  Another approach, also the most direct one, would be to induce 
ferromagnetism in a semiconductor at practical operating temperatures by introducing 

appropriate magnetic dopants such as Mn at levels of a few percent, producing a dilute 

magnetic semiconductor.  Most methods currently under investigation use metal 
ferromagnets to inject a spin current into a nonmagnetic material.  However, this 

process is inefficient, mainly because of the conductivity mismatch (Figure 1-5) between 
ferromagnets and nonmagnetic materials [1].  Here, the F region is polarized “spin up” 

and an efficient “spin up” transport layer, while the N region is unpolarized.  Spin up 
carriers accumulate at the interface due to lower spin up conductivity in the N region.  

Conductivity mismatch is a minor concern in dilute magnetic semiconductors since 

adjacent layers are either slightly different semiconductor materials with similar 
interface properties, or doped layers of the same semiconductor host material.   
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Spin relaxation (Figure 1-6) is a materials system challenge for spintronics whereby 

the parallel spin alignment of electrons is randomized through interactions between the 
electrons and the material system (e.g. thermal agitation etc.).  Logic devices dictate 

 

 

Figure 1-5:  A non-semiconductor case.  F and N are dissimilar materials so carriers 
crossing the F/N interface are influenced by: disorder, surface roughness and various 

other scattering mechanisms. 
 

 
short relaxation times, while memory applications require long spin relaxation times.  It 

is not easy to find new materials combining properties of the ferromagnet and the 

semiconductor, because of differences in crystal structure and chemical bonding [13,14].  
 

tt

 
Figure 1-6:  Spin relaxation is the process of bringing the accumulated spin population 

back to equilibrium over time ( t ). 
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Dilute magnetic semiconductors (DMS) have been the primary focus of late, due to 

their potential as spin-polarized carrier sources and easy integration into semiconductor 
devices.  More specifically, extrapolating from GaMnAs ferromagnetic ordering with 

high Curie temperature ( CT ) lead to predictions for p-type GaMnN [9], which 

subsequently was found [15-17].  However, a direct extrapolation of the trends known 

for GaAs-based materials, with relatively narrow band gap to the wide band gap GaN 
DMS, is not well founded.  The differences in formation of the ferromagnetic ordering 

arise from the differences in the structure of chemical bonds between the Mn impurity 
and valence electrons in various III-V host semiconductors [18].  One example of this is 

the fact the Mn is shallow acceptor in the GaAs material system, but is a deep acceptor 

in GaN where the Mn band in GaN is isoelectronic and does not contribute holes to the 
valence band. 

Although the focus of this study involves dilute magnetic semiconductors, the field 
of spintronics research is far-reaching in the world of electronics and Figure 1-7 

demonstrates proposed integrations of spintronic technology and devices with current 
Si-based technology.  In Figure 1-7(a) magnetic elements are integrated on top of an 

existing Si circuit; Figure 1-7(b) shows both metals and magnetic semiconductors as a 

part of the active region of the device; and in Figure 1-7(c) all the functionality is 
derived from the dilute magnetic semiconductor. 

 

 
                     (a)                               (b)                                            (c) 

Figure 1-7:  The current approaches to combining semiconducting and magnetic 
functions [19]. 
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1.4.2  Outlook   

The basic concept of spintronics is the manipulation of electron spin, besides charge, 
to store information in memory.  Compared to conventional charge-based semiconductor 

devices, this new technology will add substantially more capability and performance to 
electronic products.  Extensive studies of ferromagnetic semiconductor heterostructures 

have led to the observation of a number of spin phenomena.  Obviously, however, while 

the potential of ferromagnetic semiconductors already can be exploited for the 
development of quantum information hardware, their practical applications in classical 

information systems have to be preceded by progress in the synthesis of a functional 

material with CT above room temperature.  

Following some theoretical suggestions [20-23], a few nitride-based DMS containing 
magnetic ions have been obtained, which indeed show indications of ferromagnetism at 

room temperature [19].  Gallium nitride based DMS offer the most hope of achieving 
room temperature spintronic devices, however the ferromagnetic behavior observed still 

is controversial.  None of the theoretical models completely match the experimental 
evidence, and some of the fundamental behaviors observed in the more well-established 

ferromagnetic DMS have yet to be observed in ferromagnetic GaN.   

To realize fully the excellent potential of spintronics, many technical issues need to 

be solved [2], but with ferromagnetic semiconductors exhibiting a CT above room 

temperature, the connection between magnetic devices and integrated circuit technology 

will be more intimate.  The applications of spintronics will extend dramatically the 

existing device applications and add new functionality.  
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CHAPTER 2:  FUNDAMENTALS OF MAGNETISM 
 
 

2.1  Magnetic Field  

Consider a coil having n  turns and of length l (m).  When a current I (Amps) is 

passed through the coil a magnetic field H  is produced.  The coil’s magnetic field H is 
produced with field strength given by: 
 

]104/[ 3 oerstedmAl
nIH −×== π  

 

  
 

Figure 2-1:  Magnetic field produced from current I passing through a coil of length l  
having n  turns. 

 
 
 
This magnetic field induces lines of magnetic flux.  The number of lines of flux is called 

the flux density or inductance B . 

 

HB 0µ=  )]sec/(10)/([ 242 cmvoltGaussmwbTesla ⋅=  
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where B  is the inductance and 0µ  is the magnetic permeability of a vacuum and is 

equal to oerstedgauss /1  or mHenry7
0 104 −×= πµ .  When a material is placed within 

the magnetic field the inductance is given by: 

 

HB µ=  

 

where µ  is the permeability of the material in the field.  If the magnetic moments 

enhance the applied field, then 0µµ >  and more lines of flux capable of doing work are 

created.  Subsequently, the field is magnified.  However, when the magnetic moment 

opposes the field, 0µµ <  and no magnification occurs.  Magnetization ( )M  is a measure 

of the magnetic moment per unit volume of material, and can be considered a smooth 
vector, continuous everywhere except at the edges of the solid material. 

The magnetization M  (Oe or A/m) represents the increase in the inductance due to 
the core material, hence: 
 

( )MHB += 0µ  

 

for important magnetic materials the term M0µ is greater than H0µ MB 0µ≅∴ .  The 

magnetic susceptibility χ  ( HM=χ ), is the ratio between the magnetization and the 

applied magnetic field, which gives the amplification of the field produced by the 

material.  Maxwell’s equations for the vector are written: 

 

( )MHB βγµ += 0  

 

where B  is the magnetic induction in Teslas.  Instead of M , Brown introduced the 

notation βγ  [1] in order to include different systems of units: 1=βγ  for the SI units,  
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πγ β 4=  for the Gaussian (cgs) units.  So, 

 

HB µ=  

 
where 

 

( ) rµµχγµµ β 00 1 =+=  

 

is known as the magnetic permeability; rµ  is known as the relative permeability and 0µ  

is the permeability of free space.   
In the study of magnetism there are two systems of units currently in use: the mks 

(metres-kilograms-seconds) system, which has been adopted as the SI units and the cgs 

(centimetres-grams-seconds) system, which also is known as the Gaussian system.  The 
cgs system is used by many magnets experts due to the numerical equivalence of the 

magnetic induction ( B ) and the applied field ( H ).  The relationship between these two 
systems is summarized in Table 2-1 below [2]. 

 
 

Table 2-1:  The relationship between magnetic parameters in cgs and SI units 

Quantity Gaussian 
(cgs units) S.I. Units Conversion factor 

(cgs to S.I.) 
Magnetic Induction (B) G T 10-4 
Applied Field (H) Oe Am-1 103/ 4 π 
Magnetisation (M) emu cm-3 Am-1 103 
Magnetisation (4π M) G - - 
Magnetic Polarisation (J) - T - 
Specific Magnetisation (s) emu g-1 JT-1kg-1 1 
Permeability (µ) Dimensionless H m-1 4 π x 10-7 
Relative Permeability (µr) - Dimensionless - 
Susceptibility (χ ) emu cm-3 Oe-1 Dimensionless 4 π 
Maximum Energy Product (BHmax) M G Oe k J m-3 102 / 4 π 
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2.2  Magnetic Permeability  

In a magnetic circuit (Figure 2-2) the magnetic field ( )H  across the gap and the flux 

( )B  in the gap is proportional to the permeability ( )µ  of the material in the gap: 

 

gradientorstrengthfield
densityfield

H
B

==µ  

 

The permeability ( )µ  is the ratio of the flux density ( )B  developed when a magnetic 

field of strength ( )H  is applied.  In a magnetic field, µ changes with H .  The relative 

permeability ( )rµ  relates the material’s absolute permeability to the permeability of a 

vacuum, 

 

0µ
µµ =r  

 

0µ = vacuum permeability [ ]mHenry7104 −×π   

 
Materials can be classified according to their permeability, where three general 

classifications for ambient temperature are: 
 
1. If 0µµ <    (or rµ  ~ 0.9995), the material is diamagnetic. 
2. If 0µµ >    (or if rµ is between 1.0 - 1.01), the material is paramagnetic. 
3. If 0µµ >>  (or if rµ  >> 1 [up to 610 ]), the material is ferromagnetic. 
 

 
Figure 2-2:  Schematic showing how the permeability is defined. 
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2.3  Magnetic Moment  

Magnetic moments primarily result from three sources: the spin of electrons; the 
orbital angular momentum of electrons about the nucleus; and the change in the orbital 

moment induced by an applied magnetic field.  Therefore, magnetism is a quantum 
mechanical phenomenon depending on the spin and charge of the involved electron in 

accordance with the Pauli Exclusion Principle. 

The fundamental quantity in magnetism is the magnetic moment.  If there is a 

current I  around a small oriented loop of area dS , then the magnetic moment µd  is 

given by:  

 

dSId •=µ  

 

Before proceeding further, it is worthwhile to calculate the size of an atomic magnetic 
moment for an electron performing a circular orbit around the nucleus of a hydrogen 

atom.  The current due to motion of the electron is simply τeI −= , where e  is the 

charge of an electron ( Ce 19106.1 −×−= ) and the travel time around the nucleus is 

vr×= πτ 2 , where r  is the radius and v  is the velocity.  Thus the magnetic moment of 

the electron is: 

B
em

eIr µπµ =
−

=×=
2

2   

 

In the above equation Bµ  is the Bohr magneton, defined by eB meh πµ 2=   
( TeslaJB /1027.9 24−×=µ , e  is the electronic charge ( C19106.1 −×− ), em is the electron 

rest mass ( kg31101.9 −× ), and   is the reduced Planck’s constant ( Js3410055.1 −× ).  The 

Bohr magneton is the smallest magnetic moment due to the spin of an electron around 
its own axis, which generates a magnetic dipole moment.  This is a convenient unit for 

describing the size of atomic magnetic moments and has the value 2241027.9 mA ⋅× − . 
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In other words, the observed magnetic moment arises from the electron’s orbital 

momentum.  The motion of the electrons in their orbit = current in a loop, and as the 

field is increased from 0 to some field H , (Figure 2-3) the change in flux through the 

loop induces an electromagnetic field ( emf ) ε  in the loop according to Faraday’s Law: 

 

( ) volts
dt
HAd

dt
d 88 1010 −− −=−=

ϕε  

 

where A  is the area of the loop, HA=Φ = magnetic flux.  As the negative sign indicates, 

the emf opposes the change in flux (Lenz’s Law).  This is achieved by a decrease in the 

loop current or in the electron velocity, which decreases the magnetic moment of the 

loop.  It is assumed that the electron orbit acts as a current loop (Faraday’s Law) and 

that this current loop functions like a wire without resistance.  
 

 

Figure 2-3:  Magnetic moment created by an electron orbiting the nucleus [3]. 
 
 

2.4  Principal Quantum Numbers  

Electrons within an atom occupy discrete energy levels, where two electrons having 

the same energy but opposite spin are allowed based on the Pauli Exclusion Principle.   
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The occupation of the energy levels by electrons has significant impact on bonding, 

electrical properties and magnetic characteristics in materials.  Understanding the 
electronic structure in terms of quantum mechanics has been instrumental in describing 

ferromagnetism of transition elements (and rare earth elements) and their alloys.  Table 
2-2 summarizes the allowable combinations of the quantum numbers. 

 

Table 2-2:  Allowable combinations of quantum numbers. 

Shell  
n 

Subshell 
l 

Subshell 
Notation 

Orientation 
m 

Number of  
Orbitals 

1 0 1s 0 1 

2 0 2s 0 1 

1 2p -1   0   +1 3 

3 0 3s 0 1 

1 3p -1   0   +1 3 

2 3d -2   -1   0   +1   +2 5 

4 0 4s 0 1 

1 4p -1   0   +1 3 

2 4d -2   -1   0   +1   +2 5 

3 4f -3   -2   -1   0   +1   +2   +3 7 
 
 

The magnetic moment resulting from the spin angular momentum ( )sm  of the 

electron (spin) is quantized with a magnitude,  

 

( )


 4
31 =+ss mm  
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where 2
1=sm  is the spin quantum number.  The resulting magnetic moment due to the 

spin of an electron is given by: 

s
L

spin m
g

m


βµ
−=   (a) 

 

where Lg is the Landé g -factor or the spectroscopic splitting factor and given by: 

 

( ) ( ) ( )
( )12

1111
+⋅

+−+++
+=

JJ
LLSSJJg L  

 

The magnetic moment resulting from the orbital angular momentum lm  of the 

electron motion about the nucleus also is quantized with a magnitude of  
 

( )1+ll mm  

 

where lm  is the magnetic quantum number.  The resulting magnetic moment due to 

motion relative to nucleus is given by: 
 

lorb mm


βµ
−=    (b) 

 

Equations (a) & (b) could be utilized to calculate the magnetic moment by using 2=Lg  

for the spin momentum component and 1=Lg  for the orbital momentum component.  

The oriented orbits of different electrons within an atom combine creating a resultant 

orbital momentum L .  The spin of the electron also combines creating a resultant spin 

momentum S .  These combine to form a resultant total angular momentum ( )SLJ += .  

This gives the following equation for the net magnetic moment effµ  of the atom in terms  
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of Lg  and J : 

( )1+= JJg Leff βµµ   (c) 
 

Table 2-3 lists the spin orientation of the electrons in the 3d shells, demonstrating the 

order in which they are filled; number of electrons per shell; and the magnetic moment 

effµ  for ions of the 3d  transition elements.  The electronic configuration and energy 

levels of atoms in their ground state play a crucial role in determining the magnetic 

characteristics. 
 

Table 2-3:  Spin orientation of the electrons in the 3d shells, demonstrating the order in 
which they are filled; number of electrons per shell; and the magnetic moment effµ  in 

terms of the number of Bohr magnetons; for ions of the 3d transition elements. 
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Typically, electrons in filled shells do not contribute to J  since  S  and  L  are equal 

to zero, because the spin momentums of the individual electrons cancel each other.  
When a shell partially is filled, as in the case of 3d  transition and 4f  rare earth 

elements respectively, there is a total angular moment J associated with the lowest 

energy levels of the partially filled shells. J  normally is given in the vector sum 

( )SLJ += ; where ∑=
i

si
mS and ∑=

i
li

mL .   

This type of coupling between L  and S  giving J  is known as the Russell-Saunders 

or LS coupling ( )( )SLorbitspinU so •=− λ .  L and S  are coupled through the spin-orbit 

coupling, which results from the spin of the electron orbiting about the nucleus while 

sensing a magnetic field due to the positive charge of the nucleus.  soλ  is the spin orbit  

parameter; 0>soλ  for a shell that is less than half filled, and 0<soλ  for a shell that is 

more than half-filled. 

The Pauli Exclusion Principle is a quantum mechanical principle that states that no 
two identical fermions may occupy the same quantum state simultaneously.  A more 

rigorous statement of this principle is that, for two identical fermions, the total wave 
function is anti-symmetric.  For electrons in a single atom, it states that no two 

electrons can have the same four quantum numbers, that is, if n , l , and lm  are the 

same, sm  must be different such that the electrons have opposite spins. 

 

2.5  Hund’s Rules  

Hund’s rules can be used to characterize the ground state of an atom and are as 
follows: 

 

a.  ∑=
i

si
mS so that the Pauli Exclusion Principle is satisfied.  Thus the term with the 

maximum multiplicity lies lowest in energy, where S refers to the multiplicity.  This 

phenomenon typically is referred to as spin-spin coupling originating from the energy  
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difference in the coulomb repulsion of the electrons.  The origin of the energy difference 

lies with differences in the coulomb repulsive energies between the electrons.  The spin-
spin coupling describes the coupling between two neighboring spins in a lattice.  When 

two electrons are present, then the state in which their spins are parallel will be lower 
in energy than the state in which their spins are antiparallel.  This results from the fact 

that two electrons with spins aligned parallel will be separated from each other at a 

much larger distance than two spins aligned antiparallel.  Since the electrons on 
average are farther apart, then for one of the electrons there is less shielding from the 

nucleus by the other electron, therefore it will be more exposed to the nucleus, i.e. more 
tightly bound and of lower energy.  When the two spins are aligned antiparallel the 

opposite is true resulting in a higher energy configuration.  This phenomenon explains 
Hund’s first rule. 

The Dietl near-field model considers ferromagnetism to be mediated by delocalized 

or weakly localized holes in p-type materials.  The magnetic Mn ion provides a localized 
spin and acts as an acceptor in most III-V semiconductors (e.g. GaAs), so that it also can 

provide holes.  The spin-spin coupling is assumed to be a long-range interaction, 

allowing use of a mean-field approximation.  The CT  for a given material, Mn 

concentration, and hole density is then determined by a competition between the 
ferromagnetic and antiferromagnetic interactions [4]. 
 

b.  ∑=
i

li
mL for a given multiplicity, the term with the largest value of L  lies lowest in 

energy.  This occurs since electrons orbiting in the same direction (large J ) meet less 

often than when orbiting in opposite directions.  Hence their repulsion is less on average 

when L  is large.  Typically referred to as the orbit-orbit coupling.  The orbit-orbit 
coupling is explained as follows.  When two electrons in an atom spend a lot of time 

close to each other while orbiting the atom, then there will be a repulsive energy 

between them.  When these electrons orbit in the same direction (large J ) they interact 

with each other less often than when orbiting in opposite directions. Hence their 

repulsive energy is less on average when L  is large.  The fact that such electron 
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configurations have lower energy means they will be filled first, which explains Hund’s 

second rule. 
In the Russell Saunders scheme it is assumed that spin-spin coupling > orbit-orbit 

coupling > spin-orbit coupling.  This relationship of the relative strengths of the three 
types of coupling gives a good approximation for elements with atomic number less than 

thirty (e.g. Mn) where spin-spin coupling is dominant.  For elements with atomic 

number greater than thirty (e.g. rare earth elements), spin-orbit coupling becomes more 
significant [5]. 
 

c.  ( )SLJ +=  for shells that are more than half filled; and ( )SLJ −=  for shells that 

are less than half filled.  For atoms with less than half-filled shells, the level with the 

lowest value of J  lies lowest in energy.  This typically is referred to as spin-orbit 

coupling.  The ground state nomenclature is as follows: 
 

FDPS
LwhereLJ

S

,,,
...,3,2,1,012 =+

 

 
 
Here: S = sharp, P = principal, D = diffuse and F = fundamental, beyond which the 
notation follows the alphabet.  Therefore, using equation (c) of section 2.4 the magnetic 

moment can be calculated using Hund’s rules. 

When ,,0 SJL == there is no net orbital contribution to the moment thus 2=Lg  

whatever the value of J .  If ,,0 LJS ==  the spins cancel out and 1=Lg .  Hund’s rules 

are applicable when considering isolated atoms.  However, by making certain 

simplifying assumptions one can apply this methodology to calculate effµ .  The first 

assumption is SJ = , i.e. the orbital moment is quenched.  This condition results from 

the crystalline field produced by the atoms in the lattice that acts on the magnetic ion.  
The crystalline field has the symmetry of the host crystal structure and is a result of the 

atom being in the lattice.  The electron orbits of a free atom might be circular, but may 
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become elongated along different axes in the crystal due to the electric fields created by 

neighboring atoms residing on these axes [6-8].   
For materials like GaAs which have no inversion symmetry in the lattice, the 

electron spin states can differ even in a zero applied magnetic field and create an 
effective internal field.  Collisions with impurities or phonons can be coupled with spin 

flips by spin-orbit coupling and induce spin relaxation.  Hyperfine coupling between 

electrons and nuclei can induce spin relaxation particularly for localized electrons. [9] 
Krishnamurhty et al. predict that electron spin lifetime in pure GaN is about three 

orders of magnitude longer than in GaAs at all temperatures, primarily as a result of 
the lower spin-orbit interaction and higher conduction band density of states [10].  The 

lower spin-orbit coupling observed in GaN is a result of low symmetry, ionic bonding 
and large polarization fields in the wurtzite crystal. 

This clearly indicates that the electron orbits are coupled strongly to the crystal 

lattice.  This orbit-lattice coupling usually is so strong as to prevent the electron orbits 
from aligning in the direction of the field when a magnetic field is applied.  Usually the 

electron orbit has no significant contribution (i.e. quenched) to the total magnetic 
moment thus validating the assumption.  Therefore, the major contribution to the 

magnetic moment comes from the electron spin, resulting from the relatively weak 

nature of the spin-orbit coupling, and in most cases the assumption is 2≅Lg , in 

actuality it is slightly larger or smaller than 2.  The Lg  factor can be determined 

experimentally by using techniques such as: electron spin resonance (ESR) or electron 
paramagnetic resonance (EPR) [6-8,11,12], nuclear magnetic resonance (NMR) [6-8,12], 

and the gyromagnetic effect [6-8].  
The behavior of magnetic ions/atoms in solids significantly depends upon their 

interactions with the lattice.  In some scenarios, no net magnetic moment exists because 

both the orbital and spin components have been quenched.  In other cases, only the 
contribution from the orbital moment is quenched, resulting in a net magnetic moment 

due to the electron spin.  Therefore, if interactions sufficiently are weak the number of 
Bohr magnetons per magnetic ion can be estimated using the above equation (c) from  
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section 2.4 (i.e. a free atom).  From this analysis, the magnetic behavior can be 

understood by the electronic configuration of the magnetic ion/atom, in particular how 
the electrons fill the energy levels within the atom. 

Atoms whose s and p shells are filled partially typically have magnetic moments 
that completely are quenched (i.e. no magnetic moment) due to their strong interaction 

with neighboring atoms.  Examples include Si ( 22 33 ps ) and Cu ( 110 43 sd ) which exhibit 

diamagnetic behavior [12].  However, exceptions do occur as a result of strong bonding 

between the atom and the crystal, resulting in various types of magnetic behavior.  
Atoms whose shells are filled completely with electrons exhibit no net magnetic moment 

resulting in diamagnetic behavior.  Of particular interest are atoms with partially filled 

3d  shells, i.e. elements classified as transition elements.  When the free atom or ion 
magnetic moments are maintained in the crystal, Hund’s rules can be applied to 

calculate effµ .  Experimentally it was determined that 0=L (i.e. quenched orbital 

moment) for most of the 3d  transition elements because of the crystalline field. 

However, for free ions with the 53d configuration, such as +2Mn , 0=L even when 

the effects of the crystalline field are absent.  Therefore, for +2Mn ; 0=L , 25=S , and 

2=Lg  with ground state 25
6S .  The effects of crystalline fields result from the 

directionality and shape of the 3d  orbital, as well as the Coulomb interactions between 
atoms.  Fundamentally, it takes into account how the 3d  orbitals interact with the 

orbitals on neighboring atoms within the host crystal [13].  These effects dictate 

magnetocrystalline anisotropy in several magnetic materials and are responsible also 
for lifting the degeneracy of 3d  levels. 

 

2.6  Magnetization  

In some materials, HM χ=  does not hold true and the magnetization M , is not 

proportional to the applied field, H .  Here, magnetization M , is not a single-valued 

function of applied field H , and its value depends on the history of the applied field.   
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A typical case is shown in Figure 2-4 where magnetization M , is plotted against applied 

field H , in the same direction.  Ferromagnetism is an example of such cases.  The 
maximum magnetization achievable in response to an applied field is called the 

saturation magnetization and is denoted by sM .  When the applied field is zero, the 

remaining magnetization is called the remnant magnetization, or remanence ( rM ), 

whereas the field required to cancel the remnant magnetization is termed the coercive 

field or coercivity ( cH ) [14]. 

 

 
 

Figure 2-4:  Magnetization  M vs. applied field H  of a material that exhibits a 
hysteretic behavior. 

 

 
In an atom with electrons revolving around the nucleus, each electron contributes 

to the magnetic moment of the atom because of its orbital motion and its spin.  In order 

to have a net magnetic moment the atom must have an unfilled electron shell.  The 

series of elements with atomic numbers ranging from 21=Z  (scandium) to 30=Z  

(zinc), including Cr ( 24=Z ) and Mn ( 25=Z ), can be used to explain the predicting of 

magnetic moments (see Table 2-3).  This set of elements is the most important from the 

magnetism point of view.  These elements have their first 20 electrons located in closed  
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shells with the electronic configuration: 262622 433221 spspss .  The remaining electrons 

fill the 3d-shell, which can accommodate 10 electrons, in accordance with the Pauli 

Exclusion Principle.  In zinc ( 30=Z ), all ten 3d  electrons are present, thus the 3d  

shell is full and the resulting total magnetic moment is zero.  However, for the other 

nine elements the 3d-shell is incomplete and therefore it is expected that these elements 

would have a net magnetic moment. 
It has been shown already that the electron spin gives rise to a magnetic moment of 

1 Bµ .  Now the matter is the relative orientation of the magnetic moment vectors of 

different electrons, so that the total moment can be calculated.  At this point we need 

empirical rules.  The first rule states that the magnetic moment vectors only can point 

in certain specified directions.  The orbital magnetic moments must orient themselves 

so that their component in a fixed direction by an applied field is a multiple of 1 Bµ .  

Therefore, there are five allowed values; -2 Bµ , -1 Bµ  , 0 Bµ , 1 Bµ  and 2 Bµ  for the 3d 

shell.  The spin magnetic moment only can have two possible orientations, -1 Bµ  or 1 Bµ .  

Therefore, ten possible combinations of components are possible in the fixed directions.  
Quantum mechanics tells us that only one 3d  electron in each atom can have each 

possible combination of components which is a consequence of the Pauli Exclusion 

Principle.  

In doubly charged (divalent) ions, it is the two s4  electrons that are given up, so the 

magnetic moment is the same as that of the uncharged atom.  In triply charged 

trivalent) ions, one of the d3  electrons also is given up, resulting in a magnetic moment 

the same as that of an uncharged atom of the previous element in the same row of the 

periodic table.  For example, the magnetic moment of +3Fe  ( 26=FeZ ) is the same as 

that of Mn with 25=MnZ  and of +2Mn . 

Another important group of magnetic elements are the rare earths (or lantanides).  

In these elements, the magnetic moment is due to the 4f  electrons.  The 4f  shell can 

accommodate up to 14 electrons, so we can calculate the magnetic moments from 
Hund’s rules.  Up to seven electrons can have parallel spins and the orbital 
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configuration of the electrons can take values from +3 Bµ  to -3 Bµ .  In rare earth atoms 

and ions, the orbital moment is not quenched even in crystalline solids.  It is thought 
that this is because the 4f  electrons are shielded more effectively by the outer electrons 

than the 3d  electrons are in transition metals [15]. 
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CHAPTER 3:  THE FIVE TYPES OF MAGNETISM 
 
 

3.1  Diamagnetism  

Diamagnetism is present in all materials regardless of shape, size, or crystal 

structure, and is a direct result of the response of orbiting electrons in an atom opposing 

an applied magnetic field.  The magnetic field induces a change in the magnitude of 
inner-atomic currents such that their magnetic moment opposes the direction of the 

external magnetic field.  The induced magnetic moment is very small.  Materials solely 
showing this response are repelled from a magnetic field and are termed diamagnetic 

materials e.g. Au, Hg, Bi.  Figure 3-1 illustrates magnetization vs. applied field and 
magnetic susceptibily vs. temperature for a typical diamagnet. 

 

 
 

Figure 3-1:  Magnetization ( M ) vs. applied field ( H ) (left), and susceptibility ( χ ) vs. 
temperature (T ) (right) for diamagnetic material. 
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3.2  Paramagnetism  

Paramagnetism in solids results when electrons spin around their own axes.  When 
an external magnetic field is applied, the magnetic spins try to align themselves with 

the applied field.  Paramagnetism is slightly temperature dependent and the response is 
usually very weak.  It is observed in some metals and in salts of transition metal 

elements e.g. Al, Ba, Pt, 4CuSO .  The susceptibility of paramagnetic materials exhibits a 

dependence on temperature through the Curie-Weiss law which is given as follows:  
 

Θ−
=Χ

T
C  

 

where Θ  is a constant that has the same units as temperature, and temperature T  is 

in absolute units [1].  Figure 3-2 illustrates magnetization vs. applied field and 
magnetic susceptibily vs. temperature for a typical paramagnet. 

 

 

Figure 3-2:  Magnetization ( M ) vs. applied field ( H ) (left), and susceptibility ( χ ) vs. 
temperature (T ) (right) for paramagnetic material. 
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3.3  Ferromagnetism  

Ferromagnetism is characterized by the deviation of magnetization M , from being 

a single-valued function of the applied field H , where the magnitude of magnetization 
depends on the history of the applied field (see Figure 2-4).  Magnetization may exist 
even at zero applied magnetic field.  As the field increases, magnetization saturates, 

and will not increase beyond that point even with increased field (Figure 3-3).  This 

value is the saturation magnetization, sM , and is temperature dependent – it decreases 

as temperature increases.  Above the Curie temperature ( CT ), ferromagnetic materials 

become paramagnetic.   

 In ferromagnetic (transition metal) materials the spins of unpaired electrons in 

their d-shells spontaneously align parallel to each other, below CT .  They align within 

small domains without the presence of an external magnetic field.  The spin direction of 

each domain is random and they cancel each other resulting in a zero overall magnetic 

moment when no field is applied.  When a magnetic field is applied to the material the 
larger magnetic domains grow at the expense of the smaller ones and eventually the 

material becomes a single domain, and is said to reach sM .   

      
 

 

Figure 3-3:  Saturated magnetization at high applied field ( H ). 
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sM  is a temperature dependent quantity; it reaches its maximum at K0 .  Above the 

CT the thermal agitation randomizes the spin alignment of the domains and the material 

becomes paramagnetic.  Figure 3-4 shows the ferromagnetic dependence of sM  on absolute 

temperature and the transition to a paramagnetic state beyond CT , for magnetization and 

applied field in the same direction.  The region between individual domains in which spins 

rotate from one direction to another is termed a domain wall or Bloch wall [1].  

 

Table 3-1:  Selected ferromagnetic materials with Curie temperature [2]. 

 Material  Curie Temperature (K) 
Fe  1388 

MnBi  630 
Ni  627 

MnAs  318 
Gd  292 

 
 

 

Figure 3-4:  The dependence of saturation magnetization on the absolute temperature. 
sM  gradually decreases to zero at the Curie temperature.  Beyond CT  ferromagnetic 

material becomes paramagnetic (evidenced by the linear relationship of 1/χ vs. T). 
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3.4  Antiferromagnetism  

Antiferromagnetic materials exhibit spontaneous alignment of magnetic moments 
below a critical temperature however, the responsible neighboring atoms in 

antiferromagnets are aligned in an antiparallel fashion.  These materials have an 
interpenetrating lattice of two types of ions, one of which contribute to the magnetism 

and are paramagnetic above a critical temperature called the Néel temperature.   

Figure 3-5 shows susceptibility vs. temperature for paramagnetic, ferromagnetic and 
antiferromagnetic species.  The Curie point (ferromagnetism) and Néel point 

(antiferromagnetism) also are shown.  Table 3-2 shows the Néel temperature of some 
antiferromagnetic materials. 

 

 

Figure 3-5:  Susecptibility ( χ ) vs temperature ( K ) for paramagnetism, ferromagnetsim 
and antiferromagnetsim. 

 
 

Table 3-2:  Néel temperature for some antiferromagnetic materials [3]. 
Substance TN(K) 

MnO  116 
2MnF  67 

Mn−α  100 
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3.5  Ferrimagnetism  

Ferrimagnetic materials are suitable for high frequency applications and usually 

are poor electrical conductors e.g. 43OFe .  Ferrimagnetism is similar to ferromagnetism 

(Figure 3-6) and exhibits all the hallmarks of ferromagnetic behavior - spontaneous 

magnetization, Curie temperatures, hysteresis, and remanence.  However, ferrimagnets 

have very different magnetic ordering.  The magnetic moment in ferrimagnets is due to 
small domains in which the electron spins are aligned antiparallel to each other.  These 

materials usually have two different sublattices that have a different number of ions.  
Thereby the spins of electrons between the two sublattices is not cancelled, as a 

consequence there is a net magnetic moment [1].  Table 3-3 summarizes the key 

characteristics of the five different types of magnetsim presented.  
 

 

Figure 3-6:  Curie temperatures for (a) ferromagnetism and (b) ferrimagnetism.  Plot 
shows saturation magnetization SM  as a function of temperature T . 
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Table 3-3:  5 types of magnetism and their key characteristics. 
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CHAPTER 4:  MAGNETISM IN WIDE BAND GAP   

                        SEMICONDUCTORS 
 

 

4.1  Properties of Wide Band Gap GaN  

The search for new materials for spintronics applications has been a long-standing 
goal.  Ferromagnetic Eu chalcogenides semiconductors (for example, EuS) are the most 

studied early magnetic semiconductors.  Unfortunately, their ferromagnetic transition 

temperatures are much lower than room temperature.  As a result of this, research now 
is focused on dilute magnetic semiconductors (DMSs) as potential spintronic material 

systems, with particular attention being paid to III-V materials such as GaMnAs and 
GaMnN.  Recall from Chapter 1 the extensive mention of the GaAs material system 

when discussing spintronics and DMSs.  I will now discuss GaAs and GaN materials, 

some of their properties that make them well suited for spintronic applications, and why 
GaN is suited better for spintronics applications.  Table 4-1 lists basic properties of the 

GaAs and GaN material systems.  
                          

Table 4-1:  Basic properties of GaAs and GaN at K300 .  Adapted from 
www.ioffe.rssi.ru/SVA/NSM/Semicond [1,2]. 

 GaAs GaN 
Crystal structure Zinc-blende Wurtzite 
Electron affinity 4.07 eV 4.1 eV 

Lattice constant 5.65 Å (a) ~3.18 Å 
Lattice constant  (c) ~5.18 Å 

Energy gap 1.424 eV ~3.41 eV 

Electron mobility ≤ 8500 cm2 V-1 s-1 ≤ 1000 cm2 V-1 s-1 
Hole mobility ≤ 400 cm2 V-1 s-1 ≤ 200 cm2 V-1 s-1 
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GaAs has applications in devices such as microwave frequency integrated circuits, 

infrared light-emitting diodes, laser diodes and solar cells.  Another advantage of GaAs 
is that it has a direct band gap, which means that it can be used to emit light.  It has 

some electronic properties which are superior to silicon, namely it has a higher 
saturated electron velocity and higher electron mobility, allowing it to function at 

frequencies in excess of GHz250 [3,4].  GaN is a direct bandgap semiconductor material 

with a wide band gap and wurtzite crystal structure (Figure 4-1), used in optoelectronic, 
high-power and high-frequency devices [5].  GaN transistors can operate at much higher 

temperatures and work at much higher voltages than GaAs transistors, and they make 

ideal power amplifiers at microwave frequencies.  However, GaN suffers from high 

defect density ( 2108 /1010 cm− ) and low carrier concentration, both of which lower its 

efficiency.   

 

 

Figure 4-1:  Wurtzite crystal structure of GaN (Ga = small, white). 
 

 

To date, the most developed dilute magnetic semiconductor is AsMnGa xx−1 .  The 

substitution of 5 at. % (atomic percent) of Mn in GaAs produces a magnetic transition 

temperature of up to K150  [6].  GaMnAs is the first material system for which  
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magnetic hysteresis, polarized light emission and the Anomalous Hall Effect have been 

reported.  The latter two results particularly are important, as they provide evidence 
that the carrier population (holes in the case of GaMnAs) is polarized.  This is an 

important indicator of carrier-induced ferromagnetism, which enables the electrical 
control of the magnetism required for spintronics applications.  Zener proposed a 

carrier-mediated concept where ferromagnetism in transition metals is explained by a 

domination of the indirect (ferromagnetic) spin coupling between conduction electrons 
and unfilled d-shells over the direct (antiferromagnetic) coupling between adjacent d-

shells.  By engineering the long-range coupling between magnetic ions in DMSs through 
inter-atomic distances of the indirect exchange, from conduction electrons, one can form 

a ferromagnetic dilute magnetic semiconductor [7].   

DMSs for practical applications require two essential features [8].  One is to have a 

Curie temperature ( CT ) higher than room temperature, and second is to be based on a 

typical semiconductor in which the carrier control technique is well-established.  From 

this viewpoint, III–V-based DMSs can be considered as promising materials for 
spintronics.  GaMnAs served as the test-bed for spintronic devices based on the III-V 

DMS material system.  It was this material that allowed researchers to gain knowledge 

and develop theories concerning the mechanisms behind ferromagnetic behavior in 
candidate III-V material systems. 

As is common in prototyping research, there should be as few unknown variables as 
possible.  In the case of GaMnAs, it provided researchers with a predictable material 

system which when coupled with established carrier-control techniques allowed for the 

study of the magnetic behavior of III-V materials.  GaMnAs allowed for proof-of-concept 
research within the confines of a research facility and conditions, and showed engineers 

and scientists what is possible as far as spintronic devices are concerned.  However, the 

Curie temperature for AsMnGa xx−1 is still too low for practical applications.  

GaN doped with dilute magnetic impurities is an attractive candidate for future 
spintronics devices based on carrier-induced ferromagnetism [9].  It was reported that 

Mn-doped GaN will exhibit a Curie temperature above room temperature.  Another  
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theoretical study by first principle calculation was performed and the possibility of 

DMSs, which show ferromagnetism above room temperature, was reported [10].  The 
calculations showed that V-, Mn-, and Cr-doped GaN are promising candidates as room 

temperature ferromagnetic DMSs and that the Cr-doped GaN has the most stable 
ferromagnetic states.  Cr was shown more miscible in GaN than Mn [11].  

 

4.2  Dilute Magnetic Semiconductors  

Traditionally, the term “integrated circuits” refers to metal-oxide semiconductor 

field-effect transistors (MOSFETs) - electronic devices which are operated by controlling 
the flow of carriers (electrons or holes) through the semiconductor material, i.e. these 

conventional devices are based on controlling only the charge of the electrons.  More 

functionality can be realized by manipulating the spin associated with each carrier via 
magnetic-based devices.   

Magnetic semiconductors actually are present, ferromagnetism and semiconducting 
properties coexist in magnetic semiconductors, such as Eu- and Mn- chalcogenides and 

Cr spinels, but the crystal structure of such materials is very different from traditional 

semiconductors like Si and GaAs used in the semiconductor industry today.  In addition, 
the critical temperature is quite low and the crystal growth of these materials is 

difficult.  The difference between a magnetic semiconductor and a dilute magnetic 
semiconductor is that in a magnetic semiconductor one of the two sublattices is 

constituted by magnetic ions (i.e. EuO). 
However, diluted magnetic semiconductors (DMSs) are materials in which a 

fraction of one of the constituents of the semiconductor is replaced by transition metal 

ions (such as Mn-, Cr- or Fe-doped GaN) [12].  The difference between a conventional 
semiconductor, magnetic semiconductor and dilute magnetic semiconductor is 

illustrated in Figure 4-2.   
DMSs are a class of materials where magnetic ions are incorporated into a 

nonmagnetic semiconductor host lattice through a process similar to doping.  Typically, 

the magnetic element, Mn for example, substitutes randomly on some subset of lattice 
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sites in the GaAs or GaN lattice.  Some fraction of the Ga-atoms in a non-magnetic 

semiconductor, GaAs or GaN, are replaced by Mn ions.  The magnetic Mn ion provides a 
localized spin and acts as an acceptor so that it also provides holes.  III-V compounds 

are among the most widely studied DMS; particularly GaMnAs where the carrier 
mediated ferromagnetic exchange is well established.   

 

 

Figure 4-2:  Figure showing the three types of semiconductors: (a) conventional 
semiconductor; (b) magnetic semiconductor; and (c) dilute magnetic semiconductor. 

 
 

DMS materials traditionally are alloyed with transition metals.  The main 
difference between transition metals and regular metals lies in the fact that transition 

metals have incomplete inner electron orbitals.  Once they loose their outermost 

electrons, the remaining electrons in the d-shells have spins pointing in the same 
direction in order to minimize their energy, and this causes these metals to act as 

magnetic ions.  
Zener describes ferromagnetism based on the interaction between the d-shells in 

transition metals.  The first principle states that for fourth column elements and beyond 
(V, Nb, Ta) the spin correlation between the electrons in the incomplete d-shell of a 

single atom is essentially the same when the atom forms part of a solid as when it is 

isolated in the gaseous state.  According to Hund’s rule the lowest energy for the d-shell 
occurs when all the energy levels are occupied singly with the spins of electrons pointing 

in the same direction.  Since each electron that has an uncompensated spin carries a 
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magnetic moment of one Bohr magneton, the overall atom will have a finite magnetic 

moment associated with it.   
There are some fundamental criteria that a material system should satisfy in order 

to become a potential semiconductor spintronic device.  First of all, the ferromagnetism 
should be observed above room temperature.  Second, it would be greatly desired 

already to have an existing successful growth technology for the base material.  In 

addition to these, for achieving practical spintronic devices an efficient electrical 
injection or depletion of spin polarized carriers is required. 

It is believed that ferromagnetic exchange interactions in GaMnN are short-ranged 
with the origin of ferromagnetism resulting from a double-exchange mechanism 

involving the hopping of Mn d electrons [13,14].  In GaMnAs, ferromagnetic interactions 
between the Mn spins are believed to be long-ranged and mediated via delocalized 

valence band holes [14].  The heavy rare earth elements like Er (erbium) crystallize into 

hexagonally close packed structures and share a common outer electronic configuration, 
differing only in their number of 4f electrons.  These chemically inert 4f electrons set up 

localized magnetic moments, which are coupled via an indirect exchange interaction 
involving the conduction band electrons.  Such an indirect exchange interaction between 

moments, mediated by conduction electrons, is referred to as a RKKY (Ruderman–

Kittel-Kasuya–Yosida) interaction and experimentally is what drives the magnetism in 
the heavy rare earth elements.  It is the itinerant spd electrons, common to all the 

heavy rare earth elements, which mediate the interaction between magnetic moments 
while the f electrons, on the other hand, are responsible for setting up the magnetic 

moments [15].    

 

4.3  Magnetic Interactions 

4.3.1  Exchange Interactions   

There are two relevent electron states: (1) ordinary conduction and valence bands 

built from the outer s and p orbitals of the constituent atoms, and (2) highly localized 
states derived from the open d-shells of transition metals and f -shells of rare earth 
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metals [16].  The following interactions will be explained from the point of view of 

transition metals.  Transition metal impurities introduce electrons if the donor-state is 
below the bottom of the conduction band or holes if the acceptor-state is above the top of 

the valence band.  Dilute magnetic semiconductors (which are doped with transition 
metal atoms) exhibit a strong spin-dependent interaction between the electrons in the s-
p bands and those in the d-shells of the transition metal.  This interaction is governed 

by a Heisenberg exchange coupling, 
 

IsSH −=  

 

where I describes the interaction strength between carrier spin ( s ) and transition 

metal ion spin ( S ).  These sp-d exchange couplings give rise to spin-splitting of energy 

bands proportional to the magnetization M  of the localized magnetic moments [17]. 

4.3.2  Direct Exchange  

If the electrons on neighboring magnetic atoms interact via an exchange 

interaction, this is known as direct exchange.  Though this kind of interaction seems the 
most obvious route for exchange interactions to take place, the reality in physical 

situations is rarely that simple.  Usually direct exchange is not an important 
mechanism in controlling the magnetic properties because there is insufficient direct 

overlap between neighboring magnetic orbitals.  Magnetic exchange interactions usually 
are represented in the form of a spin Hamiltonian as: 

 

  jiij SSJH •−=     

 

In the above equation, ji SS , are the spins at site i and j  respectively and ijJ  

represents the coupling. 

Direct exchange involves an overlap of electronic wave functions from the two sites 
and the Coulomb electrostatic repulsion.  The electrons having parallel spins are kept  
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away from each other as a result of the Pauli Exclusion Principle, which leads to a 

decrease in the Coulombic repulsion.  The energy difference between parallel and 
antiparallel couplings is the exchange energy.  Generally, an antiparallel configuration 

is favorable as in the case of the hydrogen molecule and is often found in practice 
(Figure 4-3).  The wave functions of the magnetic d  electrons decrease exponentially as 

their distance from the nucleus increases, thus the ijJ  (coupling) obtained from the 

overlap integral is more often than not too small to provide the necessary coupling. 
 

 

Figure 4-3:  Antiferromagnetic coupling as a result of direct exchange. 
 

 

4.3.3  Indirect-Exchange Interactions (RKKY)  

In metals and magnetic alloys there is a stronger and longer range indirect-

exchange interaction due to the conduction electrons.  One such exchange interaction is 
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. 

RKKY refers to a coupling mechanism of nuclear magnetic moments or localized 

inner d/f -shell electron spins in a metal by means of an interaction through the 
conduction electrons.  The RKKY interaction describes an indirect exchange coupling 

whereby the nuclear spin of one atom interacts with a conduction electron via the 
hyperfine interaction (the interaction between a nucleus and its surrounding 

environment is known as a hyperfine interaction), and this conduction electron then 

interacts with another nuclear spin thus creating a correlation energy between the two 
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nuclear spins (Figure 4-4).  The theory is based on Bloch wavefunctions, and is therefore 

only applicable to crystalline systems.  In crystalline materials, the wave vectors of 
conduction electrons are very close to the Fermi surface. 

Perhaps the most significant application of the RKKY theory has been to the theory 
of giant magnetoresistance (GMR).   

 

 

Figure 4-4:  Variation of exchange coupling constant (j) vs. distance of separation (r). 
 
 

GMR was discovered when the coupling between thin layers of magnetic materials 
separated by a non-magnetic spacer material was found to oscillate between 

ferromagnetic and antiferromagnetic as a function of the distance between the layers.  

This ferromagnetic/antiferromagnetic oscillation is one prediction of RKKY [15]. 
A detailed discussion of the Ruderman-Kittel-Kasuya-Yosida interaction follows.  

The RKKY Hamiltonian can be formulated by: 
 

( ) ji SSrJH •=           

 

The introduction of a magnetic impurity, or in other words a local moment iS in a 

medium of conduction electrons having itinerant spins ( )rs  causes a damped oscillation 
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in the susceptibility of these conduction electrons and hence a coupling between spins 

according to: 
 

( ) ( ) ( )
( )

( )
( ) 
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where Z designates the number of conduction electrons per atom, J  the s-d exchange 

constant, ( )FEN  the density of states at the Fermi level, Fk  the Fermi momentum and 

r  the distance between two impurities.  

If the distance is large the above equation reduces to:  
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=    

 

A phase factor ϕ  is generally included in the above equation to account for the charge 

dissimilarity between impurity and host and also for the impurity’s angular momentum.  

Notice that the coupling decays rapidly with a ( )31
r relation, however sometimes this 

“fall-off” is sufficiently long-ranged so that it effectively can reach a number of nearest 

neighbor sites.  If a second magnetic impurity with spin jS  at one of the neighboring 

sites is taken into account, this spin will produce its own RKKY polarization and the 
two conduction-electron-mediated polarizations will overlap in such a way as to 

establish a parallel or an antiparallel alignment of the two spins. 

In such a configuration the sign of the impurity coupling varies with distance.  Thus 
a distribution of coupling strengths and directions is generated.  The magnetic 

interaction mechanism for insulating (mostly ionic compounds) and semiconducting 
materials is slightly different.  Obviously for insulators and semiconductors there are 

not a significant amount of conduction electrons, so the direct exchange becomes too 

weak to couple the spins.   
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4.3.4  Zener/RKKY Model  

This model assumes spin-polarized carrier clouds around each localized spin in 
extrinsic DMSs.  If a band is unfilled, the spins of all carriers can assume the same 

direction and a ferromagnetic ordering can emerge in the context of magnetic metals 
[19-21].  This ordering is driven by the lowering of the energy associated with carriers 

that are redistributed between spin subbands split apart by an exchange interaction.  

The sign of the interaction between localized spin oscillates with distance according to 

the RKKY model (Figure 4-4).  The Zener and RKKY model lead to the same value of CT  

as long as the carrier concentration is smaller than that of the localized spins [17]. 
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Figure 4-5:  Hole-mediated ferromagnetic interaction overcoming antiferromagnetic 
coupling. 

 

 

At low Mn concentrations in p-type GaMnN, the closely lying pairs of ionized 

acceptors ( +2Mn ) attract the holes.  Such holes mediate strong ferromagnetic 

interactions (between neighboring +2Mn  ions or neighboring +3Mn  ions) that overcome 

the antiferromagnetic coupling (Figure 4-5).  At the same time, the delocalized or 

weakly localized holes transmit efficiently magnetic information between the distant 
Mn spins.  This is due to a large density of states in the valence band and a strong spin-

dependent hybridization between the states and derived from the p-orbitals and the 
open d-shell [22]. 
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4.3.5  Double Exchange  

If the width V of the carrier band is smaller than the exchange energy I, a double 
exchange mechanism is expected if the bands form from d-states.  Zener showed that 

spin-ordering facilitates carrier hopping over the d-states, so that the ferromagnetic 
transition is driven by the lowering of carrier energy, due to an increase in V  [19-21].  

Such systems display a strong increase in conductivity due to their spin ordering, and 

the effects lead to so-called colossal magnetoresistance (CMR) [17].  Dietl found that 
double exchange is inefficient for ferromagnetic interactions at low Mn concentrations 

in GaMnN [23].   
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Figure 4-6:  Double exchange mechanism from d-states of neighboring Mn ions. 
 
 

Mn is a deep acceptor in GaN with each Mn impurity creating an empty t2  level 

deep in the energy gap.  Therefore, the Fermi energy is pinned to these levels unless 
other shallow acceptors create enough free holes near the top of the valence band.  If 

GaMnN is co-doped with shallow acceptors, the Mn band partially can be filled with 
electrons leading to partially filled d4/d5 crystal field resonance (CFR) energy levels in 

the impurity band.  This results in a mixed valence Mn3+/Mn2+ situation.  Exchange 
interactions within the Mn impurity band are possible due to an overlap of the tails of 

the impurity wave functions.  This scenario is similar to the original Zener double 

exchange model [24]. 
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4.4  Mechanism/Model of Ferromagnetism in DMS Materials  

The exact mechanism of magnetism in DMS materials still is not clearly 
understood.  The main obstacle with experimental verification of the mechanism(s) 

accountable for the observed magnetic properties is the growth conditions of the DMS 
material.  Depending on these conditions, it is possible to produce samples falling within 

a wide spectrum of properties ranging from single phase random alloys to nanoclusters, 

precipitates and secondary phase formation.  In addition, the low level of dilution of the 
magnetic atoms introduces added difficulty in determining the origin of the witnessed 

magnetic properties.  That is why it is essential to decide on a case-by-case basis which 
mechanism is active rather than trying to fit results to a model that is applicable to a 

whole range of different DMS materials.  There have been various models and 

approaches proposed for the origin of ferromagnetism in GaMnN.  However, all these 
approaches can be categorized into two main models.  One group of approaches 

considers the mean-field theory based on Zener’s initial model [19] to be responsible for 
the magnetic properties of this system, while the second faction explains the observed 

ferromagnetism by the formation of nano-clusters formed from magnetic atoms [25]. 

The mean-field approach assumes that the interactions between the local moments 
of the Mn atoms, which are mediated by free holes in the material, is the origin of 

ferromagnetism in these materials.  The spin-spin coupling also is assumed to be a long-
range interaction, which makes the use of a mean-field approximation applicable.  This 

model calculates the effective spin density due to the Mn ion distribution using a virtual 
crystal approximation.  The direct Mn-Mn interactions are antiferromagnetic, so a 

competition between ferromagnetic and antiferromagnetic interactions exists in the 

material.  This competition of interactions determines the Curie temperature, CT , of the 

material for a given Mn concentration and hole density.  According to the mean-field 
model this magnetic ordering temperature can be obtained through the following 

expression: 
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In the above equation effXN 0 is the effective spin concentration, S is the localized spin 

state, β  is the p-d exchange integral, FA is the Fermi liquid parameter, SP  is the total 

density of states, Bk  is the Boltzman’s constant and AFT  is a term accounting for the 

contribution of antiferromagnetic interactions.  This approach and its variants have 

been consistent and acceptably accurate in estimating the CT  of materials like GaMnAs 

and InMnAs, and predict that GaMnN will have a value above K300 . 

A study by Jungwirth et al. [26] reports on the predicted CT  of GaMnAs and 

GaMnN calculated by four different variations of the mean-field approach.  Starting 

from the simplest form of the mean-field theory, they estimate the CT  enhancement due 

to exchange and correlation in the itinerant hole system and the CT  suppression due to 

collective fluctuations of the ordered moments.  Their results showed that the mean-

field theories produce reliable predictions for GaMnAs, however this was not the case 
for GaMnN.  The main shortcoming of the mean-field theory in describing the behavior 

of the GaMnN system probably is due to the fact that the assumed hole densities may 

not be accurate.  It should be noted that for GaAs, C-doping can produce high hole 

densities around 32110 cmholes and the Mn acceptors contribute additional holes.  

However in GaN, the p-type dopant Mg creates a relatively deep acceptor level 

( eV17.0~  above the valence band), and the Mn energy level is very deep in the 

bandgap at eV4.1~ above the valence band.  As a deep level acceptor, Mn does not 

contribute free holes to the valence band and Mn-doped GaN films are electrically 
insulating, hence the need for Mg-doping to increase hole concentration.  With the 

addition of Mg, electrons in the Mn impurity band are absorbed by the Mg band with 
little probability of returning.  This way, the Mn band can be depleted of the free holes 

required to mediate a ferromagnetic response.  Since the hole concentration (p) is 
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determined by the acceptors that are ionized through a Boltzman factor 




−

kT
Ep aα  

where aE is the activation energy and k  is the Boltzmann constant, the hole 

concentration in GaMnN would be expected to be much lower than GaMnAs.  The lower 
concentration of holes available to the Mn ions means decreased interaction with nearby 

Mn ions to bring about hole-mediated ferromagnetism.  

Another issue that the mean field theory needs to answer is the role of electrons in 
ferromagnetism observed in GaMnN since most of the reported ferromagnetic GaMnN 

samples are actually n-type. 
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CHAPTER 5:  PLD AND MOCVD GROWTH TECHNIQUES 
  
 

The following chapter presents fundamental aspects concerning growth techniques 
utilized in this dissertation.  These aspects include: solubility limits and secondary 

phases; pulsed laser deposition (PLD); and metal-organic chemical vapor deposition 
(MOCVD). 

 

5.1  Thermodynamics and Kinetics  

It is preferred that DMS materials be single crystalline in nature, since the 

presence of secondary phases serve to reduce spin polarized transport by scattering the 
carriers.  It is also a requirement that the spin polarized carriers originate from the 

DMS material itself in order to utilize both the spin and charge of electrons.  Therefore, 

secondary phases (or precipitates) are undesirable for practical DMS applications. 
The chemical reactions which dictate how dopants are incorporated depend upon 

the free energy of the system.  The chemical reaction at constant temperature is 
associated with a change in energy of the system given by: 

 

STHG ∆−∆=∆    

 

where G∆ is the Gibbs free energy; H∆ is the enthalpy (formation energy) and depends 

on the internal system energy; S∆ is the change in entropy (disorder, randomization); 

and T  is the temperature.  The internal energy arises from the combined total kinetic 
and potential energy of a system.  The kinetic energy corresponds to the vibrational, 

translational and rotational energies of atoms in a given state, whereas the potential 
energy stems from bonding and the interactions between atoms. 

Doping a semiconductor can result in single crystalline material or the formation of 

secondary phases (i.e. precipitates).  Equilibrium processes such as diffusion typically  
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result in single crystal material, but secondary phases can result from: dislocations 

present in the material which are relatively high in number for GaN; nitrogen 
dissociation from the GaN lattice; and any unresolved strain within the GaN material.  

Non-equilibrium growth techniques also are capable of producing single crystal 
material, but precipitation (secondary phase formation) becomes more plausible as the 

solid solubility limit is exceeded.  Therefore, dopant incorporation and crystalline 

quality in epitaxial crystal growth is dictated by the growth technique used.  The 
tendency for the formation of secondary phases decreases as the growth temperature is 

increased due to rising system entropy.   
Some secondary phases result from an order-disorder phase transformation where 

at high temperatures a random arrangement of atoms is stable, however when cooled, 
ordered secondary phases have greater stability.  Other secondary phases form during 

growth due to compositional fluctuations within the material, thus creating large 

changes in the free energy.  The structure of a secondary phase depends on three 
components: relative atomic size; valency; and electronegativity [1].  The relative atomic 

size of a dopant atom can result in compressive or tensile strain within the lattice.  If 
the strain energy strongly increases with doping concentration then dopants may not be 

incorporated at all beyond some critical concentration [2].  In 1981 Lannoo and 

Bourgoin [2] demonstrated that the elastic strain could limit the dopant incorporation 

for concentrations 321 /10 cm≥ .  The formation of secondary phases depends on the 

thermal energy supplied to the system (i.e. a combination of the free energy and kinetic 

energy). 
When doping levels exceed the solid solubility limits of the host material (i.e. 

supersaturated solid solution), precipitation of the dopant impurity is likely.  This 
typically involves a non-equilibrium process such as ion implantation.  This type of 

transformation takes place by thermally activated atomic movements within the lattice.  

The type of material created is a competition between Gibbs free energy and the kinetic 
energy of the system. 
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In MOCVD, deposition occurs via chemical reactions at the sample surface and 

incorporation is dominated by the chemistry and thermodynamics of the growth process.  
Chemical doping compounds referred to as metal-organics are used as the dopant 

precursors.  The effectiveness of these dopant precursors is dictated by how they 
chemically react with other constituents (column III and V) during growth.  The vapor 

pressure of the metal-organic also has significant impact on the incorporation as 

precursors with high vapor pressure have a tendency to re-evaporate before being 
incorporated into the film.  Thus the formation of secondary phases via MOCVD growth 

strongly depends upon the V/III ratio and growth temperature, suggesting that 
establishing solid solubility limits only is useful for specific growth parameters.  The 

reactions present can be very complex and the deposition rate depends on the 
concentrations of the chemically active species such that the local growth kinetics can 

become quite complicated.  Furthermore, since reactions usually occur in both directions 

desorption is much more important in chemical vapor deposition (CVD) processes than 
in processes like molecular beam epitaxy (MBE). 

Nevertheless all methods used for epitaxy follow a simple scheme that consists of 
transporting material to the sample surface, depositing it on the surface and allowing 

for diffusion [3].  Once an atom is deposited on the surface it can travel from A to B 

along various paths (refer to Figure 5-1). 

 

 

Figure 5-1:  Possible ways of diffusion: a) desorption-condensation process; b) surface 
diffusion ; c) volume diffusion. 
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There are three main modes in heterogrowth and the witnessed mode of growth 

depends on several parameters including temperature and pressure.  Generally, bulk 
(volume) diffusion is negligible and most of the time desorption processes have to 

overcome a larger energy barrier than those responsible for surface diffusion. 
Nevertheless, desorption-condensation processes are relevant especially in CVD 

processes where adatoms are desorped from the surface by a chemical back reaction. 

These growth modes are shown in Figure 5-2. 
 

 
Figure 5-2:  Important growth modes in epitaxy: (a) Volmer-Weber growth mode; (b) 

Frank-Van der Merwe growth mode; (c) Starnski-Krastanov growth mode. 
 

 

5.2  Pulsed Laser Deposition (PLD)   

Pulsed laser deposition (PLD) is a growth technique involving solid target material, 

a substrate heater/holder located in an ultra high vacuum (UHV) chamber, and a laser 
to ablate the target for deposition.  Typically, an ultra violet (UV) laser is used for PLD.  

When the laser beam is absorbed by the target material it is converted into thermal and 
electromagnetic energy such that vaporization can occur.  The ablation process results 

in a plume, which is characterized both by a vapor form and molten-solid form of the 

target material (see Figure 5-3).  This technique provides congruent and energetic 
evaporation of the target material, but suffers in terms of film thickness and uniformity.   
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The PLD growth technique has the following advantages:  firstly, it is a 

straightforward growth method with only a few parameters like laser energy density, 
frequency of the laser pulse, target-to-substrate distance and substrate temperature; 

secondly, it is quite easy to produce multi-layered films of different materials by the 
sequential ablation of various targets.   

 
Figure 5-3:  Figure depicting a typical pulsed laser ablation/deposition process. 

 
 

Also, by attuning the number of laser pulses, a fine control of film thickness down to 

atomic monolayers can be achieved.  Generally, due to the high heating rate of the 
target materials, laser deposition of a film demands a much lower substrate 

temperature than other film growth techniques.  For this reason the semiconductor and 
any underlying integrated circuit is protected from thermal degradation.  In addition, 

PLD is applicable to almost any material, in particular to compounds that are difficult 
or impossible to produce in thin-film form by other techniques. 
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Congruent evaporation by a UV laser results from the intense energy of the laser 

pulse acting on and within a shallow depth of the target material causing a consequent 
explosive evaporation of a thin layer before it has time to disproportionate [4].  The 

depth involved for metals and conductive materials is the thermal diffusion length Λ  
defined as follows: 

 

tα2=Λ  

 

where α  is the thermal diffusivity, and t  is length or time of the pulse.  Λ  is a measure 

of the penetrating depth of the energy associated with the laser beam over time t .  For 

evaporation to occur, the target material must be heated to a temperature of high vapor 

pressure, where this heat is associated with the heat of fusion, consumed in melting the 

target material.  There must be enough energy supplied, i.e. heat of evaporation, for this 
process to be successful.  Evaporation typically is achieved at lower power only because 

of the high instantaneous power density of the laser, due to its small spot size, which is 
equal to the fluence divided by the pulse width.  The pulsed laser deposition system 

consists of three main components: a UV laser; an optical delivery system; and the 

deposition chamber.  The details of the KrF excimer laser are presented in Chapter 6 
entitled: “Experimental Growth Procedures”, while schematics of the optical delivery 

system and deposition chamber can be seen in the Figures 5-4, 5-5 and 5-6 below [5]. 
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Figure 5-4:  Optical setup for delivering the laser beam to the PLD growth chamber. 
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Figure 5-5:  Side view of pulsed laser deposition growth chamber. 
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Figure 5-6:  Overhead view of pulsed laser deposition chamber. 

 

 

Diffusion is a process by which molecules intermingle as a result of their kinetic 
energy of random motion.  Basically, in the presence of a concentration gradient, atoms 

located in an area of higher composition will have a tendency to move to a region of 
lower composition.  The types of diffusion that can occur in a material are: volume, 

grain boundary, and surface diffusion.  Volume diffusion typically is fairly slow due to 
large activation energies which atoms must overcome in order to move through the 

crystal from one lattice or interstitial site to another.  Grain boundary diffusion 

describes diffusion of atoms moving along a grain boundary or dislocations within the 
material.  The diffusion rate for this process is relatively fast since atoms can diffuse 

more easily through this disordered region of the crystal, i.e. low activation energy.  
Surface diffusion occurs at the surface of the sample and has a low activation energy. 
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There are several types of diffusion mechanisms which describe the motion of atoms 

through the lattice.  These diffusion mechanisms are: interstitial, vacancy and 
interstitialcy.  The interstitial mechanism is described as an atom diffusing from one 

interstitial site to another without displacing any of the host atoms.  Interstitial atoms 
which are smaller significantly than the host atoms can diffuse quite easily through the 

lattice due to their size.  However, relatively larger atoms must overcome a barrier 

before diffusing, which is a result of the amount of dilatation or distortion the lattice 
must undergo for an interstitial atom to pass between two substitutional host atoms.  

The vacancy mechanism results when a diffusing atom moves into a vacant 
substitutional site.  The barrier to diffusion for this mechanism results from the pre-

existing distortion surrounding the vacant substitutional site, i.e. strain due to the 
missing atom.  The interstitialcy mechanism occurs when a relatively large atom such 

as a solvent atom gets into an interstitial site and continues to diffuse through these 

interstitial sites.  This creates a large distortion or strain in the host material and 
therefore, is not very common. 

Fick’s First Law of diffusion gives the rate at which atoms diffuse into the material 
for a stated amount of time, and is given by: 

 

x
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where J  is the flux ( 3/ cmatoms ), D  is the diffusion coefficient ( scm /2 ) and xc ∆∆  is 

the concentration gradient ( cmcmatoms ⋅3/ ).  Fick’s Second Law allows us to model the 

concentration gradient in these films as a function of time and distance and is given by 

the following equation based on certain boundary conditions for this diffusion process: 
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This allows us to define a unique solution for the diffusion profile within the host lattice, 

as given by: 
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where sC  is the concentration of metal on the surface, which is %100 ; 0C  is the initial 

concentration of diffusing atoms within the substrate material ( %0 ); xC  is the 

concentration of dopant atoms at some depth x  below the surface after some time t ; 

and D  is the diffusion coefficient of the dopant atom in the substrate material, and the 

function erf  is the error function which can be obtained from various references [6-8].  

The diffusion coefficient is related to the temperature by an Arrhenius equation: 

 







 −
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RT

QDD exp0  

 

where Q  is the activation energy ( molcal / ), R  is the gas constant ( Kmolcal ⋅/987.1 ), 

T  is the absolute temperature in Kelvin, and 0D  is a diffusion constant specific to the 

materials system in question. 
 

5.3  Mechanisms of PLD  

Although the operation of a PLD system is simple to comprehend and relatively 

easy to control, the physical phenomena governing the process can be complex.  A 

typical PLD growth experiment consists of the following: 
 

  i)   Interaction of the beam with the solid. 

 ii)   Ablation dynamics of the target material. 
iii)   Deposition of the ablated material onto the substrate. 
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iv)   Surface reactions on the substrate (adsorption-desorption, nucleation- 

        growth). 
 v)   Diffusion of surface species into the substrate film. 

 
In addition, the laser spot size and the plasma temperature affect the film 

uniformity significantly.  The target-to-substrate distance is another parameter that 

governs the angular spread of the ablated materials and must be considered so as to 
ensure complete coverage of the substrate by the ablated material. 

 

5.4  Metal-Organic Chemical Vapor Deposition (MOCVD)  

MOCVD is a specialized variation of chemical vapor deposition wherein the gaseous 

reactants are not trivial.  The reactants, in this case, are carrier gases saturated with 
the vapor of either a liquid or solid which is contained in a vessel (known as a bubbler) 

situated downstream from the reactor.  The use of metal-organic precursors offers the 
advantage of low temperature volatility.  However, carbon contamination usually is 

found in these films.  In GaN, the presence of these impurities can reduce the film’s 

conductivity and mobility, thus making the film compensated. 
Some of the advantages of this growth method include its capability of growing 

semiconductors at very slow rates and with abrupt composition changes yielding 
excellent control and film uniformity.  MOCVD also is capable of growing the widest 

variety of III-V materials with monolayer film thickness and transition control.  
Perhaps the most important capability is the ability to grow most of the III-V alloys in a 

single growth apparatus, in any sequence, during a single deposition experiment and 

thus create heterostructures with novel physical properties.  Such heterostructures 
would comprise distinct (and sharp) doping profiles, something which otherwise is not 

seen easily with other bulk growth methods.  However, MOCVD suffers from a lack of 
in-situ monitoring methods that readily are available in competing growth techniques.   

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

used as precursor species in MOCVD.  Dilute vapors of these chemicals are transported 
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at or near room temperature to a hot zone (reaction chamber) where a pyrolysis reaction 

occurs that can be generalized by: 
 

RHMEEHMR 333 +→+  

 

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

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

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

and 3NH precursors is described by the equation: 

 

( ) 4333 3CHGaNNHGaCH +→+  

 

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

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

deposition of NGaAl xx −1 , the alloy composition x  is determined by the relative rates of 

the two reactions which in turn depend upon a number of factors including gaseous 

diffusion, any intermediate steps, thermodynamics and reactor gas dynamics. 

MOCVD growth reactors can be divided into three main sections: a gas delivery 
system, a reaction chamber and the exhaust handling system.  Each of these will be 

explained with regard to our current deposition system. 

5.4.1  MOCVD Gas Delivery System   

The gas delivery system of any MOCVD system mainly is composed of two separate 

gas streams that are referred to as column-III and column-V by virtue of the reactants 
they supply to the growth surface.  Column-III is comprised of a bank of manifolds that 

accommodate a number of source bubblers immersed in constant temperature baths.  
Nitrogen and/or hydrogen gas is passed through these bubblers as a push or carrier gas 

and is saturated with the vapor of the organometallic compound housed within the 
desired bubbler.  Column-V reactants similarly are flowed through a separate run/vent  
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manifold.  The use of a run/vent manifold is instrumental in achieving the rapid gas 

switching needed for the growth of multi-layered heterostructures (i.e. superlattice 
structures) and devices.  The run/vent manifold is actually a series of injection valves in 

which a gas input can be diverted to either the run line (which flows into the growth 
chamber) or the vent line (which bypasses the growth chamber and goes directly to the 

vacuum pump) as shown in Figure 5-7.   

 

 
Figure 5-7:  Schematic diagram of run/vent manifold used for rapid gas switching [9]. 

 

 
It is very important to separate column-III and column-V gas streams for as long as 

possible (i.e. up until they impinge on the substrate) so as to avoid any premature 
reactions along the gas delivery system.  The reactants eventually are fed into the 

reaction chamber at room temperature, and mixed just above the substrate surface, for 

deposition of the desired film.  A common practice is to keep the run and vent gas 
delivery lines at the same pressure at all times.  This ensures that when the gas stream 

is switched from vent to run, the bubblers do not experience a pressure difference – 
something that would occur if the two lines experience different pressures.  Equal 

pressures between the two lines ensures the pressure in the bubbler remains constant.  

If the pressure in the bubbler changes upon switching this will affect the amount of 
reactants extracted from the bubbler per unit time.  The feed rate of the bubbler 

depends on the following:  
 

 



 76 

  (i) Flow rate of the carrier gas 

 (ii) Pressure of the bubbler 
(iii) Vapor pressure of the substance in the bubbler.   

 
The feed rate of the organometallic precursors follows the analytical form: 

 

carrier
MO

MO f
P

P
f 



=     

 
where   

MOf  = the feed rate of the organometallic compound 

MOP  = the vapor pressure of the organometallic compound at the given 

temperature 

              P  = the total pressure of the bubbler 

                    carrierf  = the flow rate of the carrier gas into the bubbler 

 

All gas delivery lines in our system are constructed from electro-polished 316L 
stainless steel (low carbon content) and the connections are VCR© type made with silver 

plated gaskets.  Welding of the joints was performed in-house, via an orbital arc welder, 

using high purity Ar gas.  Connections and welds were tested for leaks with a He leak 
detector apparatus prior to commissioning the system and regularly are tested in such a 

manner.  All components of the gas delivery system meet or exceed high purity 
standards required for the growth of semiconductors.  The input/carrier gases 

purchased are 99.9999 % pure and are purified even further at the point of use by resin 

purifiers.  This is common practice in the semiconductor industry since the handling of 
gas cylinders and inevitable exposure of cylinder fittings to air, introduce contaminants 

to the gas delivery system. 
Great attention must be paid during the replacement of organometallic bubblers in 

order to avoid exposure of the internal MOCVD system plumbing to air.  Therefore, 
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prior to replacing a bubbler on the system, the feed and output lines of the bubbler in 

question are evacuated by a mechanical pump – situated in-line with a cold trap to 
avoid the back streaming of oil - and also baked at 50-70 °C to accelerate the pumping 

process.  During this procedure, the organometallic compounds that coat the inner walls 
of the gas lines are boiled off and pumped out.  Once this is complete, the bubbler’s VCR 

connections can be broken and the bubbler may be replaced.  Any air that is trapped in 

the lines once again is evacuated and the system is baked again to ensure the majority 
of the trapped water vapor and air is removed.  The growth process now can be 

resumed. 

5.4.2  MOCVD Reaction Chamber  

The reactor chamber for our MOCVD system is a double-walled, high-purity quartz 
chamber with two flanges formed on the top and bottom to provide mating surfaces for 

vacuum seals.  Gowth chambers normally are made out of high purity amorphous 

quartz, which is unaffected by the RF induction used to drive the reaction.  The 
susceptor assembly is comprised of two parts: a triangular reference piece and a 

mushroom susceptor.  A metal plate with three holes (in a triangular pattern) is 
mounted on a transfer arm, and the reference piece is held onto this metal plate via 

three, high purity alumina legs which slide into holes drilled into the underside of the 

reference piece.  One of the alumina legs is double bored and accommodates a K-type 
(Chromel-Alumel) thermocouple to measure the temperature of the susceptor.  At the 

end of the transfer rod there is a tripod assembly which is screwed onto the shaft of the 
transfer arm, and it houses the susceptor on another set of three legs.  The susceptor is 

rotated by a stepper motor located at the base of the transfer rod assembly, while the 

reference piece is stationary. 
Susceptors are machined out of high purity graphite, and are coated with tantalum 

carbide (TaC).  The density of the graphite used in these susceptors is chosen such that 
the thermal expansion coefficient of the coating and graphite match so as to avoid any 

thermal stress during temperature ramp up and cool down during the growth 

experiments.  Figure 5-8 shows a schematic of the system’s reaction chamber. 
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Figure 5-8:  Schematic of the growth reactor. 

 
 

Heating of the susceptor is achieved through radio frequency induction via a 7.5 kW 
Lepel power supply.  The power supply is connected to a bus bar which ultimately is 

connected to the copper coils which wind around the quartz chamber.  The bus bar is 

made of two copper plates separated by a Teflon® insulator, and serves to match the 
capacitance to the circuit.  The internal electronics and copper coils of the Lepel power 

supply are cooled in series with the quartz chamber by the system’s cooling water.   
When an alternating current is passed through the copper coils a corresponding 

alternating magnetic field is generated inside the coils.  According to Faraday’s law, an 

alternating magnetic field with respect to time gives rise to Eddy currents on the 
surface of the susceptor.  Since the susceptor is constructed from graphite which is 

highly resistive, it heats up in response to the alternating current passing through the 
coils.  The temperature is monitored by a Eurotherm temperature controller connected 

through a feedback loop to the Lepel power supply in order to hold the temperature 

within C°± 1  at the thermocouple. 
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The transport of the reactants, from the injector flange situated at the top of the 

quartz chamber to the susceptor is achieved through the bi-channel inlet tube.  In this 
bi-channel inlet tube, shown in Figure 5-9(a), column-III and column-V reactants are 

flowed through a circular cross section inlet tube that is divided, along its length, into 

two channels by a thin mm1 quartz wall.  If the reactants are not held separate until 

they impinge on the hot susceptor, ammonia (being a reactive gas even at moderate 

temperatures) homogenously reacts with the column-III reactants and forms unwanted 
solid particles (i.e. precipitates), which ultimately “rain” on the surface of the susceptor 

and cause three dimensional growth of the films.  

One drawback to separating the reactants is that the intermixing of these reactants 
are poor when so close to the susceptor surface, however given the size of our samples 

( mmmm 1414 × ) this does not pose a great threat to the uniformity of the films grown.  

The inlet tube connects to the top flange where two additional tubes feed each gas-
delivery channel.  The susceptor is located directly below a shower head (mounted flush 

at the base of the bi-channel inlet tube) and 1 inch below the inlet tube/shower head 
assembly.  The temperature reading from the thermocouple is calibrated by an optical 

pyrometer against the surface temperature of the susceptor.  The thermocouple 

intentionally is placed slightly outside of the RF coils, in order to avoid exposure to high 
temperatures which would decrease its lifetime.  Additionally, small changes in the 

growth temperature occur as the thermocouple ages and its response to the same 
temperature changes.  The blueprints for the bi-channel inlet tube, mushroom 

susceptor, and triangular reference piece are given in Figure 5-9 (a), (b) and (c) 

respectively.  
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(a) 
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(b) 
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(c) 

Figure 5-9:  Drawings of (a) bi-channel inlet tube; (b) the mushroom susceptor; and (c) 
triangular reference piece used in our MOCVD reactor. 

 
 

The delivered gases flow through a region called the forced convection region [10] 
(shown in Figure 5-10) above the wafer.  A boundary layer separates the forced 

convection region from the wafer surface, where some gases flow through this layer and 

are deposited on the surface.  Upon reaching the hot substrate surface, several reaction 

processes occur at the surface.  For instance, TMGa decomposes into Ga  and 3CH  

groups, while 3NH  dissociates into 2N  and 2H  allowing for the formation of GaN at the  
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surface. 

 

 
Figure 5-10:  Shows the gas dynamics for a vertical reactor, where a boundary layer is 

created between the region of forced convection flow and the wafer surface. 
 
 

Aside from this boundary layer, gaseous species also must contend with the 
turbulence created as a result of the hot susceptor, which for GaN should have 

significant impact, since growth temperatures of over C°1000  are required to achieve 

high quality films (this is demonstrated in Figure 5-10 by the red arrows).  However, 
once on the surface, the thermal energy gained by these atoms allows them to diffuse 

along the surface.  The Ga atom eventually reaches a low energy edge or kink site where 

it becomes immobilized.  The N atoms also are added in the same fashion, but are more 
difficult to control because: N is more volatile at these temperatures leading to nitrogen 

dissociation; and N preferably likes to bond with itself to form 2N .  These two factors 

are what dictate the V/III ratio of reactants used during growth, as nitrogen deficient 

GaN films are unfavorable.  As more Ga and N atoms are added to the surface, they 

become incorporated into the film.  Adsorbed by-product atoms typically desorb from the 
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surface and diffuse back to the forced convection zone and are removed through the 

exhaust. 
 

5.4.3  Exhaust Handling System  

The exhausting of gases from our MOCVD system comprises of a two stage rotary 

vane vacuum pump by Leybold, a throttle valve by MKS Instruments to control the 

pressure, and a pressure transducer by MKS Instruments to measure the chamber 
pressure.  All of which feeds into the building’s exhaust handling system for safe 

dilution and transport of unwanted gases away from our lab equipment.  
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CHAPTER 6:  EXPERIMENTAL GROWTH PROCEDURES 
 
 

Mn-doped III-Nitride (GaN) films, for ferromagnetic GaMnN structures, were 
produced via MOCVD growth technique.  For the PLD experiments, GaN substrates 

were grown by MOCVD and later loaded into the PLD chamber for RE metal film 
deposition.  These samples then were annealed in-situ to facilitate solid-state diffusion 

of the RE species into the nitride substrate.  Growth conditions and methodologies are 

discussed here and in successive chapters. 
 

6.1  MOCVD Growth of III-Nitrides  

The growth of GaN thin films is performed on double-side polished, mµ330  thick, 

"2  diameter (0001) 32OAl  (sapphire) substrates.  Prior to loading into the growth 

chamber, the "2  wafer is scribed into 7 identical mmmm 1414 ×  square pieces, using a 

diamond scriber, to reduce the consumption of substrates.  Since the wafers and grown 

templates are handled during the scribing step, a cleaning stage is required before 

loading the square wafers into the MOCVD system.  The wafers/templates are cleaned 
in hexane, acetone and methanol for 10 minutes each, respectively, in a heated 

ultrasonic bath, and then dried using a 2N  gun.   

The sapphire substrates immediately are loaded into a 2N  purged chamber for 

storage until needed for growth experiments, where undoped GaN templates are grown 
on the pre-cut sapphire wafers for use as the substrates of future undoped/doped GaN 

thin films.  Before GaN epitaxial film growth was initiated, the metal-organic bubblers 

are set to the desired temperatures ( CtoC °°− 2010 ).  The substrates are loaded into 

the chamber via the “cube door” (Figure 5-8), and placed onto the (Tantalum Carbide) 

TaC-coated susceptor.  The system growth chamber is cycle-purged between Torr0 and 

Torr100  in an 2N  environment to remove any air from the chamber.  This is achieved 
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by opening and closing the throttle valve over 10 cycles.  Once this step is complete the 

MOCVD GaN growth procedure begins and is summarized through the following steps: 
 i.  Substrate Clean and Surface Restructuring:  This step involves baking the 

     32OAl  substrate at ~ C°1000 , Torr350100 − , for 20 minutes under 

     2H  overpressure ( sccm200 ) to desorp water and  hydrocarbons from the 

      substrate surface, and more importantly to deplete 2O  from the 32OAl  surface  

      via reactive atomic hydrogen to obtain an Al-rich surface [1].  This restructuring 

      of the 32OAl  surface is critical for the nitridation and subsequent buffer layer 

      growth steps. 

 

 ii.  Nitridation of Al2O3:  The restructured Al-rich 32OAl  surface is exposed to 

      3NH  at ~ C°950  for 5 minutes, to create an AlN surface layer on which the 

       buffer layer is grown. 

 

iii.  Buffer Layer Growth:  TMGa  is introduced into the chamber at ~ C°500  to 

deposit a thin, GaN buffer layer.  The 2H  overpressure is reduced to  

sccm100 .  At this low temperature the nucleation rate is high (diffusion rate is 

low) and small islands of cubic GaN are formed.   

 

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

      growth temperature (~ C°1000 ) and undergoes a short anneal (5 minutes) prior  

      to GaN growth (at an 2H  overpressure of sccm200 ) which allows GaN islands to 

      coarsen and coalesce, and initiates transformation of the cubic crystal structure 
      to the hexagonal crystal structure. 
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  v.  GaN Bulk/ Epilayer Growth:  TMGa  is flowed into the chamber at ~ C°1000  for 

        the duration of the run.  Dopants (n-type and p-type) can be added by  
        introduction of the necessary push gases to the desired source bubblers and the 

        opening of the necessary valves.          

 
Note that the nitridation and buffer layer growth steps are performed at a higher 

pressure than the other steps so as to achieve 3NH  overpressure in order to compensate 

for the low cracking efficiency of 3NH  at these low temperatures.  

 

6.2  Growth of Undoped, Si-doped and Mg-doped GaN  

6.2.1 Undoped GaN (i-type  Films)  

The aforementioned GaN growth procedure yields good quality (undoped) i-GaN 
epilayers.  The as-grown samples look transparent to the eye, featureless and smooth 

under the Nomarski optical microscope.  The room temperature Hall measurements 
indicate that films are semi-insulating with low background carrier concentrations on 

the order of 315 /10 cm .  It is well known and commonly reported that the unintentionally 

doped GaN films exhibit n-type conduction due to native defects and impurities [2].  
Keeping the background donor concentration as low as possible is desirable, especially 

for p-type doping of the undoped material where competition between n-type and p-type 

dopant species can occur.  The typical room temperature PL emission spectrum shows a 

strong emission peak at nm365  corresponding to the band-edge emission of GaN as 

seen Figure 6-1.  The FWHM of this emission peak is narrow, ~ meV47 .  The lack of 

any significant deep-level emission indicates that the presence of optically-active defect 

states within the band gap is minimal.  The shallow, broad emission centered around 

nm430  is attributed to recombination involving a shallow donor and three different 

acceptors.  These acceptors in turn, are attributed to multiple charged defects involving 

a gallium vacancy [3].     
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Figure 6-1:  Typical PL emission spectrum for undoped GaN films. 

 
 

6.2.2  Si-doping of GaN (n-type films)  

n-Type doping of nitrides has never been of major concern, and the nitrides display 

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

The as-grown material can exhibit background electron concentrations exceeding 
319 /10 cm , the cause of which has been debated widely.  For a long time, the n-type 

nature of this material system was attributed to the formation of nitrogen vacancies 

during growth.  Nitrogen vacancies do act as donor levels provided they are created in 
the material, as in the case of post-ion implantation.  However, the relatively high 

formation energy of nitrogen vacancies renders their formation during growth highly 
unlikely [4].  First-principle calculations of the formation energy of native defects and 

impurities related to n-type doping are shown in Figure 6-2.  Now it is accepted widely, 

though not proven, that unintentional incorporation of dopant impurities (oxygen and 
silicon) results in the observed n-type conduction.  It has been demonstrated that the 

unintentionally doped GaN exhibits the presence of O or Si concentrations sufficient to 
explain the background n-type conductivity [5,6].  Direct experimental data about the 

role of native defects on doping still are scarce. 
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Figure 6-2:  Formation energy of native defects (nitrogen and gallium vacancies) and 

donor levels (oxygen and silicon) vs. Fermi level relative to the valence band in GaN [4]. 
 
 

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

nitrides.  Si proved to be an efficient dopant owing to its low activation energy, 

meV3012 −  below the conduction band [5,7,8], and ease of incorporation.  Si 

substitutionally replaces Ga in the GaN lattice, i.e. GaSi , while the nitrogen 

substitutional site and the interstitial configurations are energetically unfavorable [9].  

This is a consequence of the similarity between the atomic radii of Ga and Si.  
Therefore, while Si sits readily at a Ga site, it leads to strain if it replaces the smaller N 

atom or assumes an interstitial position in the lattice.  Despite the minimal strain 

caused by Si, the maximum amount of Si doping appears to be limited by the formation 
of cracks observed in films with high Si concentration [10-12].   

In this study, monosilane ( 4SiH ) is used as the n-type dopant source.  The growth 

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

described previously, other than the additional introduction of 4SiH  into the gas 

mixture through the gas delivery manifold, as the final stage.  The electrical properties 

are determined by Hall Effect (Van der Pauw) measurements, the details of which are 

described in Appendix A.  The n-type GaN films exhibit room temperature electron  
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mobilities, eµ , of sVcm ⋅/150 2  for  ~ 318 /10 cmcarriers , which is acceptable for an in-

house built system when compared with typically reported values for MOCVD grown 
Si:GaN with similar carrier concentrations [13]. 

The structural and optical properties of n-GaN are akin to unintentionally doped i-
GaN films.  The as-grown Si:GaN films look smooth and featureless under the 
Nomarski optical microscope.  Figure 6-3 demonstrates the typical Si:GaN PL emission 

spectrum displaying a strong and sharp peak at nm365 (FWHM ≈ meV32 ) unlike 

typical i-GaN films seen in literature [14], there is no broad and weak emission peak at 

around nm590500 − , which commonly has been reported for n-type GaN.  The origin of 

this yellow emission still is under debate, and numerous proposed explanations of this 

occurrence include complexes of extended defects and point defects or impurities [15-19], 
edge dislocations [20], and N divacancies [21]. 
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Figure 6-3:  PL emission spectrum of n-type GaN film with electron concentration, 
318 /107.3 cmn ×= . 
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6.2.3  Mg-doping of GaN (p-type films)  

As previously mentioned, the p-type doping of GaN always has been a major 
problem, in fact it was not until 1989 that the very first p-type conduction was reported 

for this material system by the accidental discovery of the activation of Mg acceptor 
states via low energy electron beam irradiation [22].  Later, Nakamura showed that Mg 

acceptor states also can be activated thermally by annealing the films at around C°700  

under a nitrogen atmosphere which breaks the Mg-H complexes [23].  Since then, hole 

concentrations exceeding 318 /10 cm  have been demonstrated [24].  Still, p-type doping 

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

Electrical properties of the Mg doped p-type GaN layers are determined by Hall 
Effect (Van der Pauw) and Hot Point Probe techniques.  The adverse effects of reducing 

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

hole concentration and the accompanying increase in resistivity.  This is believed to be a 
result of the n-type native defects, which compensate the holes, formed due to non-

optimal growth conditions (lowered growth temperature and growth rate) [1].  
For low Mg doping levels, the PL emission from the Mg acceptor state is observed at 

nm385~  in addition to the strong band edge emission at nm364~ ; however these 

films do not possess sufficient hole concentration to provide p-type conductivity.  As the 
Mg incorporation into the GaN lattice is increased, the main PL emission peak shifts 

from the band edge emission at nm364~  towards a broad emission centered at 

nm440~ , i.e. eV82.2  as seen in Figure 6-4.  The appearance of this peak is an 

indication of sufficient Mg doping to achieve p-type conductivity.  The origin of this 
emission is not associated with the Mg acceptor level, but has been attributed to deep 

levels formed in heavily doped Mg:GaN films [25,26].  One possible explanation for its 

presence is recombination between the nitrogen vacancy level which is ~ meV300  below 

the conduction band and the Mg acceptor level as depicted in Figure 6-5.  It has been 

observed that the annealing of the samples increases the PL emission intensity but does 

not change the emission wavelength.   
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Figure 6-4:  PL emission spectrum of p-type GaN. 
 

 

 
 

Figure 6-5:  Simplified band diagram for Mg-doped GaN showing possible energy 
transitions associated with the observed PL emission spectra. 
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6.3  RE-Doped III-Nitrides by PLD 

6.3.1  Sample Cleaning  

MOCVD grown GaN films were cleaned in hexane, acetone, and methanol 

for 10 minutes each in an ultra-sonic, heated bath.  Samples were dried in 2N  and 

immediately loaded onto the PLD’s sample-holding platen.  The platen then was 

transferred to the nitrogen gas-filled load lock chamber (Figure 5-6) which was pumped 

down to the ~ Torr510−  range via a mobile vacuum pumping station consisting of a turbo 

pump backed by a mechanical pump.  Pumping down the load lock chamber from 

atmospheric pressure requires approximately 30 minutes.  Upon reaching the ultimate 
pressure of the vacuum station, the samples were transferred to the manipulator for 

growth (Figure 5-5).   

6.3.2  Pulsed Laser Deposition (PLD)  

The PLD system consists of three main components: an excimer laser; an optical 

delivery system; and the deposition chamber.  A Lambda Physik KrF Excimer Laser 

with an emission wavelength of nm248  and a ns18  pulse width, capable of reaching 

energies up to mJ200 with a maximum pulse rate of Hz20  was used as the laser 

source.  Figure 5-4 shows the schematics for the optical delivery system, while a 

schematic of the PLD system is shown in Figure 5-5, with an over head view of the UHV 
chamber shown in Figure 5-6. 

The laser beam is directed from the laser tube to the deposition chamber through a 
series of three mirrors, a focusing lens and a fused silica view port (as shown in Figure 

5-5).  The focusing lens focuses the beam to a spot size of  ~ 2005.0 cm on the target 

surface increasing its energy density, providing a maximum fluence of  ~ 2/40 cmJ .  We 

can assume the maximum fluence as the pulse energy and divide by the pulse width of 

ns18 .  Therefore, the maximum instantaneous power density of the laser is 

( )sJW /102.2 9× .  An overall decrease of incident laser energy of approximately %45  

occurs due to reflection and transmission losses at all surfaces interacting with the  
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laser.  

Alignment of the optics is accomplished with the use of a W5.0 HeNe laser, which 

has emission in the visible spectrum ( )nm625 .  The entire optics system is mounted on 

an aluminum optical breadboard with vibration damping components for isolation from 

the rest of the system.  Films were grown by PLD.  The UHV system consists of a 
stainless steel deposition chamber and a load lock for transferring specimens in and out 

of the UHV chamber.  The load lock can be evacuated up Torr510−  range using a 

sl /100  turbo-molecular pump backed by a mechanical pump.  Once the samples are 

mounted to the transfer rod arm and the load lock has been pumped down, the gate 

valve to the UHV chamber is opened and the specimen is transferred to the 

manipulator.  The deposition chamber consists of an electro polished stainless steel 18” 
diameter sphere with various 8”, 6”, and 2.75” diameter ultra high vacuum Cu gasket 

sealing conflate flanges.  The vacuum for the chamber is maintained by a Varian 

sl /220 ion pump monitored by a Bayard-Alpert ion gauge and controller, with a base 

pressure of Torr9102 −×  prior to deposition and Torr8101 −×> during deposition. 

Specimens are transferred within the chamber by a Thermionics NW manipulator, 

capable of a "1  lateral deflection from center and "2  vertical travel in the Z-direction.  

The manipulator allows for target-to-substrate distances of cm72 − .  The system 

contains a "2  diameter water-cooled, resistive heater for controlling the substrate 
temperature during growth, which was heated up to a maximum temperature of 

~ C°900  during the diffusion experiments.  Higher heater temperatures were avoided to 

prevent potential damage to the heater filament.  A type-K (Nickel-Chromium vs. 

Nickel-Alumel) thermocouple is used to monitor the manipulator temperature during 
growth.  Hayes alloy platens are used to mount and transfer the specimens.  The targets 

are located on a translation feed-through arm, having "6 of horizontal travel, allowing 

for up to eight "5.0  diameter targets to be loaded.  Presently, targets loaded in the 

intermediate chamber are (in order from chamber edge to center): Sm, Gd, Nd, and Er.  

The deposition rate was determined to ~ snm /25.0 based on film thickness 
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measurements performed by a Dektak profilometer  for a deposition time of 1 hour and 

a resulting film thickness of ~ nm800 .  

6.3.3  Post Growth Deposition and Annealing in III-Nitrides  

RE-doping of MOCVD grown GaN films was performed through post-growth 

deposition via PLD and subsequent in-situ annealing.  A RE metal layer was deposited 
on the surface of the GaN film, where substrate temperatures for growth and diffusion 

ranged from C°− 850700 .  Baseline experiments consisted of room temperature 

deposition and diffusion and are detailed on the following chapter.  The pulse rate was 

spulses /5  for 1 hour, and a nm800  thick RE film was deposited on the nitride surface.  

Solid state diffusion of RE atoms into the III-Nitride films was performed by annealing 

the samples for various lengths of time, anywhere from 0 – 15 hours.  Once specimens 
were unloaded they were wet etched in nitric acid to remove the remaining RE metal 

(and its oxide) from the surface.  
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CHAPTER 7:  TOWARDS ROOM TEMPERATURE SPINTRONIC  

                         DEVICES IN NEODYMIUM AND ERBIUM DOPED  

                         GaN   
 
 

7.1  Introduction and Background         

The rare earth (RE) doping of GaN recently has garnered the attention of numerous 

research efforts aimed at producing optical devices.  This is due to the ability of RE-

doped semiconductors to demonstrate thermally stable and sharp intra-f shell optical 
transitions resulting in emission extending from the blue to infrared (IR) portions of the 

electromagnetic spectrum.  However, this is only one of the technological applications of 
these elements.  A major industry centered on rare earth metals is that of permanent 

magnets, where the magnetic properties of RE elements like neodymium (Nd) prove 
invaluable.  Rare earth metals exhibit high magnetic moments and form a wide range of 

magnetic structures.  It is the occupancy of the highly localized 4f  states that 

determines the magnetic properties while the other electronic properties principally are 
determined by the itinerant (free) s-d electrons [1].  

It is both the optical and magnetic characteristics of the rare earth elements which 
make them desired candidates for spintronic device applications – particularly as a 

diluted magnetic semiconductor (DMS) where already the optical properties can be 

controlled via current injection for integration with conventional semiconductor 
technology.  Here, the RE emission has application in telecommunications while the 

magnetic properties have potential application in data storage.  Much knowledge has 
been gained through the study of RE optical properties and this acquired knowledge will 

benefit the study of RE elements towards the goal of producing electron spin-based 

devices which harness their magnetic behavior.  Research and devices based on optical 
emission is well-documented in the RE-doped GaN material system [2-9], though  
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realized applications for RE-based ferromagnetic DMS are lagging.  If a greater 

understanding of the mechanisms promoting RE ferromagnetic behavior is to be 
achieved, then all avenues capable of producing RE-GaN diluted magnetic 

semiconductors must be pursued. 
The focus of the research presented in this chapter is the room temperature (RT) 

ferromagnetic properties of MOCVD-grown GaN thin films which are ex-situ doped by 

thermal diffusion (via PLD) of RE atoms.  In an attempt to investigate the interaction 
between RE ions in the GaN material system, our work was directed towards studying 

the relationship between GaN film growth conditions (via MOCVD) and the 
ferromagnetic properties of the RE-GaN achieved through thermal diffusion; the effect 

of Si- and Mg-doping on the magnetic properties of RE-doped GaN, as well as the effect 
of a secondary RE element in the RE-GaN on its overall saturation magnetization.  

We chose the option of pulsed laser deposition (PLD) to produce our RE-GaN thin 

films owing to its cost-effectiveness as a growth technique and relatively simple 
operation.  We based our growth conditions on what was reported in the few successful 

studies in the literature [10,11] concerning similar RE elements.  For a fraction of the 
cost-of-operation of a MBE or MOCVD growth system, we are able to produce RE-GaN 

thin films with repeatable and predictable properties which allowed for film 

characterization and even RE-GaN device fabrication.  The success of this study negated 
the need for purchasing a RE-source bubbler for our MOCVD growth system.  

 This is by no means the only or preferred method for the growth of RE-GaN thin 
films, with many researchers opting for other growth techniques.  More commonly, you 

will find the following techniques being practiced: molecular beam epitaxy (MBE), ion 

implantation and metal-organic chemical vapor deposition (MOCVD).  Recent efforts 
involving RE-doping of GaN via MBE technique concern the use of Gd [12-15] and Eu 

[16,17] as the rare earth elements supplying the magnetic ions where Gd-doped GaN 

demonstrated ferromagnetic ordering above RT.  It should be noted that the high CT  

and SM   values reported for such RE dopings are controversial and the subject of 

further investigation.  The ion implantation technique is not without its controversy  
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where Dhar et al. [18] implanted +3Gd  into MBE-grown GaN and reported a colossal  

magnetic moment for Gd observed above RT via SQUID measurements.  Han et al. [19] 
implanted Gd into GaN and AlN and reported on the above RT hysteresic behavior of 

the films though subsequent XRD revealed Gd-related secondary phases.  This finding 

made the magnetic origins difficult to conclude.  Recently, Gupta et al. demonstrated 

the first example of GaGdN via MOCVD [20].  Their high sM  for Gd in undoped Gd was 

made even higher through co-doping with Si and Mg, and demonstrated that the 

colossal magnetic moments seen in MBE GaGdN might be possible in MOCVD GaGdN.           

It is assumed that the chemically inert 4f  electrons of the rare earth (RE) elements 
produce localized magnetic moments coupled via an indirect exchange interaction 

mediated by conduction band electrons.  This is known as the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction [21,22].  Also, the chemically inert 4f  electrons of RE atoms 

do not enhance electrical conductivity due to shielding of the 4f  orbital by the filled 5s 
and 5p outer orbitals (Figure 7-1) [23].   

 

 
Figure 7-1:  The diagram indicates the electron energy levels (EL) for elements 

arranged by atomic number [24]. 
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Since RE dopants are isoelectronic it is necessary for the GaN films to be co-doped 

with conventional dopants to improve the films’ conductivity.  In most cases, we diffuse 

RE atoms into n-type ( 318 /101~ cm× ) GaN films because the ferromagnetic mechanism 

is believed to be dictated by electrons, but p-type and undoped GaN also was used as a 

diffusion substrate.  Five RE species were chosen as dopant atoms towards the goal of 
achieving room temperature (RT), ferromagnetic GaN thin films via thermal diffusion: 

Gadolinium (Gd), Dysprosium (Dy), Samarium (Sm), Neodymium (Nd) and Erbium (Er).  
This list was narrowed to Nd and Er and their atomic properties are presented in Table 

7-1.  Figure 7-2 illustrates the experimental procedure responsible for the production of 

RE-doped GaN via thermal diffusion. 
 

Table 7-1:  Properties of Nd and Er utilized in thermal diffusion. 

RE 
Element 

Atomic 
Number 

Electron 
Config. 

(after Xe) 

Effective 
Magnetic 

Moment (μβ) 

Trivalent 
Ionic 

Radius (Å) 

Nd 60 4f4, 6s2 3 1.14 
Er 68 4f12, 6s2 3 1.00 
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Figure 7-2:  Outline of the PLD growth procedure with the deposition/ 

diffusion temperature. 
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The growth of RT ferromagnetic RE-GaN films allowed for the characterization of 

their properties via alternating gradient magnetometer (AGM).  It was found that all 
RE-doped GaN grown via thermal diffusion exhibited a canted easy axis for  

ferromagnetic ordering at RT.  This is seen in Figure 7-3 for a calibration sample where 
Sm is diffused into undoped GaN. 

 

S097-07: IP vs. OOP GaN:Sm (Undoped, H2, 800C)
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Figure 7-3:  Diffusion of Sm into undoped GaN (at C°800 ) showing a preference 

for in-plane (IP) sM .  The presence of a weak out-of-plane (OOP) sM  is evidence of a 
canted easy axis. 

 
 

Erbium-doped optical silica-glass fibers are the active element in erbium-doped 
fiber amplifiers (EDFAs), which are used widely in optical telecommunications.  The 

same fibers can be used to create fiber lasers, and erbium also can be used in erbium-

doped waveguide amplifiers [25].  Certain transparent materials with a small 
concentration of neodymium ions can be used in lasers as gain media for infrared 

wavelengths ( nmnm 10641054 − ), e.g. YAGNd :  (yttrium aluminium garnet), 

YLFNd : (yttrium lithium fluoride), 4: YVONd (yttrium orthovanadate), and 

glassNd : [26].  Neodymium has emission at ~ mµ36.1 - the low-dispersion regime for  

http://en.wikipedia.org/wiki/Optical_fibers�
http://en.wikipedia.org/wiki/Erbium-doped_fiber_amplifier�
http://en.wikipedia.org/wiki/Erbium-doped_fiber_amplifier�
http://en.wikipedia.org/wiki/Lasers�
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optical fiber communications.  Lower dispersion equates to faster signal transmission 

due to fewer internal reflections within the fiber optic i.e. longer flight path between 

reflections.  Erbium has emission at ~ mµ56.1 - the low-loss regime where absorption of 

the signal by the fiber is lowest i.e. fewer signal amplifiers needed.  Figure 7-4 

illustrates the optical communications applications for both Nd and Er.   
 

Low-dispersion
wavelength

Low-loss
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Nd
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Figure 7-4:  The role of Er and potential of Nd in improved optical fiber. 

 
 

7.2  Atomic Diffusion in Semiconductors         

It is an accepted practice to discuss diffusion in semiconductors in terms of 
mathematical solutions of Fick’s differential equations which are based on the 

continuum theory of diffusion.  The complementary theory, of the two main diffusion 
theories, is called the atomic theory [27].    

In the experimental procedure for our diffusion of rare earth atoms into GaN thin 

films, it is useful to note that there is no out-diffusion of RE atoms from the GaN.  The 
thick RE metal film deposited during pulsed laser ablation of the RE target ensures a  
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constant source of RE atoms for the duration of the diffusion process.  This metal film 

still is present on completion of the longest diffusion procedures and often is visible to 
the naked eye upon sample removal from the vacuum chamber.  A color change is 

noticed between the GaN surface masked by the sample retaining clip and the surface 
exposed to deposition.  Wet etching using nitric acid removed all surface metal and 

oxide.  Also, the trivalent ionic radii of the atomic species (host and diffused dopant) are 

as follows: +3Ga  = 0.62 Å; −3N = 0.16 Å; +3Nd = 1.14 Å; and +3Er = 1.00 Å. 

7.2.1 Diffusion Mechanisms      

Diffusion in crystals can occur via several different and distinct atomic processes 

since real crystals are non-ideal and contain imperfections such as point defects 
(vacancies or impurity atoms), line or plane defects (dislocations or stacking faults), 

complex defects (defects resulting from the interaction or coalescence of elementary 
defects).  The likely diffusion mechanisms for rare earth atoms in GaN are [27]: 

1)  Vacancy mechanism: all crystals, in thermal equilibrium at temperatures above 

absolute zero, have some unoccupied lattice sites.  These unoccupied sites are called 
vacancies and they provide an easy means for diffusion.  An atom can jump from its 

lattice position into a neighboring vacancy (i.e. atom and vacancy exchange positions) as 
shown in Figure 7-5.  In this case, each diffusing atom moves through the crystal by 

making a series of exchanges with vacancies which appear to it from time to time.  To 
avoid oscillations of this exchange procedure, the vacancy must move at least to a third-

neighbor site away from the dopant.  The vacancy mechanism is the dominant 

mechanism for self-diffusion, especially in elemental crystals [27]. 
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Dopant Target VacancyDopant Target Vacancy  
Figure 7-5:  (a) Dopant diffusion by vacancy mechanism. (b) Vacancy must move to the 

third-neighbor within the lattice for persistent dopant migration. 
  

 
2)  Interstitialcy mechanism: when diffusing interstitial atoms have a size 

comparable to that of the lattice atoms (or of the lattice atoms on a given sublattice), a 
process other than the direct interstitial mechanism takes place.  In this case, the 

interstitial atom moves into a normal lattice site by pushing a neighboring normal 
lattice atom into the adjacent interstitial site.  Therefore, dopant diffusion takes place 

when a dopant at a substitutional site is approached by a self-interstitial (Figure          

7-6(a)).  The dopant is kicked out by the self-interstitial to reside at an interstitial 
position (Figure 7-6(b)), while the original self-interstitial has disappeared by occupying 

the regular lattice site.  Now this interstitial dopant is able to move towards an adjacent 
lattice site to re-form a self-interstitial by the same ``kick-out'' process, like the 

interstitial dopant itself was generated (Figure 7-6(c)) [27]. 
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Figure 7-6:  Dopant diffusion via a substitutional-interstitialcy interchange.  Dopant at 

a substitutional site is pushed to an interstitial site by the ``kick-out'' reaction. 
 

 

3)  In addition to the above mechanisms for volume diffusion, diffusion along high-
diffusivity paths (i.e. dislocations) often is encountered.  As the number of dislocations is 

more or less independent of temperature, diffusion by this mechanism will be less 
temperature dependent than by other mechanisms.  In crystals having high dislocation 

densities these paths often give rise to effective or apparent diffusion coefficients, but 

when working with dislocation density crystals they cease to be important at diffusion 
temperatures since diffusing impurities into crystals transport primarily via other 

diffusion processes [27]. 

7.2.2  Analytical Solutions to the Diffusion Equation         

Here we assume the diffusion coefficient is a constant and only consider one-

dimensional problems.  Our experimental conditions lead us to the solution involving a  
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constant surface concentration of dopant atoms, where the surface concentration is kept 

constant by deposition of a thick layer of RE metal.  This condition is analyzed via a 

complementary error function ( erfc ).  

The erfc  curve has a value of unity at the sample surface, 0=x , for all time.  At 

the diffusion temperature ( C°800 ), the RE solute has a solubility in the semiconductor 

of 0C , and we can assume that the surface achieves this concentration immediately due 

to the thickly deposited RE metal film.  The boundary conditions are: 

 

0,00
,00

>==
==

xtatC
tallforxatCC

 

 

and the diffusion profile is of the form: 

 

Dt
xerfcCC

⋅
⋅=

20  

 

and the GaN occupies the region ∞<< x0 .  Figure 7-7 shows a representative diffusion 

profile for the case of in-diffusion from a constant source into a semi-infinite 

semiconductor, where ),( txN  is the concentration of the diffusing atoms; 0N  is the 

surface concentration; and t  is the time of diffusion.  The GaN film can be considered 

“semi-infinite” due to the shallow diffusion of the RE atoms as confirmed via SIMS 
measurements [28]. 
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Figure 7-7:  Diffusion profile for a constant source into a semi-infinite semiconductor.   

       

 
This analytical solution is confirmed via a SIMS profile on a diffused sample (at 

C°700 ) containing Nd and Sm (Figure 7-8).  Species counts per second that are within 

1 order of magnitude correspond closely to equal species concentrations.  Here we 
assume the two RE atoms have similar diffusion behavior in GaN based on their similar 

atomic size.  Two different RE species are used for easy identification of the diffusion 

profiles.  It can be seen that (assuming equal species concentrations) the diffused 
profiles closely match the predicted profiles of the diffusion model.  Nd was diffused first 

for 2 hours followed by Sm for 2 hours.  The 2 hour diffusion of Sm contributed an 

additional 2 hours to the diffusion of Nd.  Neodymium’s diffusion time is 2t , while 

samarium’s diffusion time is 1t . 
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Figure 7-8:  Diffusion profile for Nd and Sm confirming analytical model. 

 

 

7.3  Ferromagnetism and Near-infrared Luminescence in Neodymium and   

      Ebium Doped Gallium Nitride via Diffusion   

Rare earth (RE) doped GaN is attracting wide-spread attention both as a diluted 

magnetic semiconductor (DMS) material and for optical devices useful in 

telecommunications and multi-color semiconductor display technology.  Transition-
metal-doped GaN has been reported as a DMS with observable ferromagnetism (FM) in 

Mn-doped GaN with the Curie temperature above room temperature (RT) [29,30].  We 
report the above RT ferromagnetic properties of Nd-doped and Er-doped GaN via 

thermal diffusion of the RE atoms into MOCVD-grown GaN.  Wide band gap 

semiconductors are suitable hosts for the near-infrared (NIR) ( nm1364 ) emission from 
+3Nd  ions corresponding to the low-dispersion wavelength, and infrared (IR) ( nm1546 ) 

emission from +3Er  ions corresponding to the low-loss wavelength for silica-based 
optical fiber communications, respectively.  We report also on the NIR emission seen in 

our Nd-diffused GaN samples, as well as the IR emission from our Er-diffused GaN  
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samples.  

Undoped and Si-doped GaN templates were prepared by MOCVD on (0001) 
sapphire substrates.  Ammonia and silane served as active nitrogen and silicon sources, 

respectively.  Undoped GaN templates served as baseline experiments for RE diffusion 
into GaN.  The chemically inert 4f  electrons of the RE atoms do not enhance 

conductivity, so thermal diffusion of RE atoms into n-type templates was performed to 

improve epilayer conductivity for device applications.  All GaN:Si films were grown on 
top of bulk GaN under nitrogen-rich conditions.  Si-doping was varied across the 

templates from low to high with silane flows of 0, 1.5, 3 and 6 sccm in order to 

investigate the effects of template quality on the resultant magnetic and optical 
characteristics of the RE-diffused GaN:Si.  The templates were loaded into a vacuum 

chamber ( Torr9102~ −× ) containing elemental solid Nd and Er targets.  A thick 

8000~ Å RE metal film was deposited on the GaN templates by pulsed laser ablation 

(PLA) using a KrF excimer laser with emission at nm248 .  The GaN:RE was annealed 

in-situ for 2-15 hours at C°800 .  After wet etching with nitric acid to remove the 

deposited RE metal film and its oxide, RT magnetic measurements were performed 
using an alternating gradient magnetometer (AGM).   Magnetic measurements were 

carried out at field strengths of   -5 kOe to 5 kOe for both the in-plane (parallel to 
sample surface) and out-of-plane (perpendicular to sample surface) orientations.  All 

samples demonstrated FM over the range of Si-doping.  The results presented here only 

include a representative subset of all the samples we produced.  PL measurements at 
NIR and IR wavelengths were achieved via a Nd:YAG laser and Ti-Sapphire laser for 

GaNdN:Si and GaErN:Si films, respectively. 
The profile for Nd concentration in GaN:Si after thermal diffusion was analyzed by 

secondary ion mass spectroscopy (SIMS).  Figure 7-9 shows the Nd concentration profile 

in the diffused samples after 15 hour annealing at C°800 .  The Si-doping for these 

samples was at silane flows of 1.5 sccm  and 3 sccm .  The diffusion depth was estimated 

to be ~16 nm for the template grown with 3 sccm  silane, and ~32 nm for the template  



 112 

grown with 1.5 sccm  silane.  The collected counts/second (cts/sec) for diffused Nd was 

dependent on Si-doping with a peak of ~225 cts/sec of Nd for 3 sccm  silane, and a peak 

of ~2220 cts/sec of Nd for 1.5 sccm  silane.  The Nd concentration was estimated from an 

implanted Nd in Si reference profile to be 317 /102~ cm×  and 318 /101~ cm× for the         

3 sccm  and 1.5 sccm  silane templates, respectively.  

These low concentrations have been found to be sufficient for ferromagnetic 

properties from RE ions [31].  No SIMS measurements were carried out for the Er-
diffused samples since RE atoms are assumed to have similar diffusion behavior in GaN 

based on their similar atomic size.  Ting et al. and Chen et al. performed SIMS 

measurements on GaErN via thermal diffusion in a furnace at C°800  under a flowing 

nitrogen atmosphere for 7.5-119 hours, and calculated the diffusion coefficient (at 

C°800 ) of Er in GaN through an Arrhenius expression to be scmD /101.12 217−×±=  

[10,11].  We assumed a smaller diffusion coefficient for Nd in GaN due to Nd’s larger 

atomic radius.  Pearton et al. suggested that impurities like oxygen migrate along 
threading dislocations in GaN via an interstitial-assisted diffusion mechanism [32].  

This is a possible explanation for the migration of RE atoms in GaN films.  Ting et al. 
and Chen et al. also claim that the diffusion mechanism for RE metals in GaN is an 

interstitial-assisted process [10,11]. 
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Figure 7-9:  Concentration profile for Nd-diffused samples after 15 hour annealing for 
1.5 and 3 sccm  silane flow.  Nd and Si have similar concentrations for 1.5 sccm  silane 
flow.  Doubling silane flow (3 sccm ) reduces Nd concentration by 1 order of magnitude.  

Diffusion depth taken as point where SIMS profile levels off or cts/sec falls below 
detection limit. 

 
 

Chen et al. (2003)Ting et al. (2003) Chen et al. (2003)Ting et al. (2003)  
Figure 7-10:  Diffusion of Er into GaN at C°800  [10,11]. 

 

 

Based on the Er concentration profiles by [10,11] seen in Figure 7-10, we estimated 

that in our samples Nd-diffusion depth would be no more than 50 nm for our maximum  
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annealing time of 15 hours.  SIMS results for our Nd-diffused GaN:Si (Figure 7-9) 

showed a dependency of Nd diffusion depth on Si-doping with higher Si-doping leading 

to lower Nd diffusion and incorporation.  Reducing silane flow from 3 sccm  to 1.5 sccm  

increased Nd concentration by one order of magnitude.  The estimated +3Nd  ion 

concentration of 318 /101~ cm×  (for 1.5 sccm  silane) gives a Nd incorporation of <0.01 % 

in the GaN:Si lattice. 

It is assumed that the chemically inert 4f  electrons of the RE elements produce 
localized magnetic moments coupled via an indirect exchange interaction mediated by 

conduction band electrons.  This is known as the Ruderman-Kittel-Kasuya-Yosida 
(RKKY) interaction [21,22].  The unpaired electrons of the highly localized 4f-states give 

the REs their magnetic properties, resulting in a magnetic contribution of Bµ3  per 
+3Nd  ion.  All REs, except Ce in CeN, are trivalent in the nitride system [1].  The RE 

concentration needed to induce a ferromagnetic response in doped GaN is lower 

significantly than that required for transition metal doped GaN.  Doping of GaN with  

Mn and Cr requires concentrations on the order of 320319 /101/105 cmcm ×−× to yield 

FM while concentrations of 318316 /10/10~ cmcm −  are sufficient for a RE species like 

Gd.  Lower RE doping concentrations lead to less compromise in material quality and 

allow the host material lattice to be co-doped with conventional shallow n-type and p-
type dopants to control conductivity [31].     

All samples showed ferromagnetic behavior in both the in-plane and out-of-plane 

directions, with the in-plane saturation magnetization ( SM ) significantly stronger than 

the out-of-plane measurements.  This suggests a ferromagnetic canted easy axis in most 

cases.  Figure 7-11 shows hysteresis curves ( SM  (emu) vs. applied field (Oe)) for Nd 

diffused in undoped and high Si-doped GaN:Si and the inset shows the effect of silane 

co-doping on the SM  ( SM  (emu) vs. silane flow ( sccm )) of Nd-diffused samples.  Each 

Nd-doped GaN:Si epilayer displayed RT hysteretic behavior consistent with 

ferromagnetic ordering.  The coercivity of the samples was ~200 Oe – 300 Oe.  
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Saturation Magnetization vs. Si-doping in GaN:Nd
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Figure 7-11:  RT hysteresis curves for Nd-diffused GaN:Si with silane flows of 0 sccm  

and 6 sccm .  Inset: ( SM  (emu) vs. silane flow ( sccm )) Increased Si-doping decreases the 
substitutional Nd level yielding lower SM . 

 
 

Figure 7-11’s inset shows a decrease in SM  for increased silane flow during GaN:Si 

template growth.  Increased Si-doping decreased the SM  due to competition between 

the Si and RE atoms for Ga sites.  This effect was seen in the SIMS data where high Si 

concentration corresponds to low RE concentration for the same annealing times.  The 

competition arises because VGa formation energy decreases with increased Si-doping 
which moves the Fermi level towards the CB (Figure 7-12) [33].  Initially, the slow 

diffusing Si atoms occupy available VGa sites yielding n-type GaN, but also create 
conditions in the host lattice which favor VGa formation.  The added VGa sites offer the 

subsequently diffused RE atoms a substitutional lattice site bringing about 

ferromagnetic properties.  At much higher Si-doping, there is too much substitutional Si 
present and the lowered formation energy for VGa is less significant, resulting in fewer 

substitutional sites for the diffused RE atoms.  Since Si is introduced to the lattice first 
via MOCVD) excess Si can occupy free Ga sites first, during the annealing stage, and 

rob RE atoms of potential VGa sites, lowering SM .  
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Figure 7-12:  Defect formation energy as a function of the Fermi energy for vacancies 

(solid lines), antisites (long-dashed lines), and interstitials (dashed lines).  Ga-rich 
conditions (left) and N-rich conditions (right) are assumed.  0=FE  corresponds to the 

top of the valence band [33]. 
 

 
Like Nd, the occupancy of the highly localized 4f-states gives Er a magnetic 

contribution of Bµ3  per +3Er  ion when substituting for Ga in the GaN lattice.  

Chemical similarities between the two RE species infer similar behavior under 

comparable experimental conditions.  The Er-diffused GaN samples investigated the 

effect of annealing time (3, 4, 9, 12 and 15 hours) on SM  for constant Si-doping (3 sccm  

silane) at C°800 . 

In Figure 7-13, we found that SM  increased with annealing time up to 9 hours and 

then appeared to saturate between 9 and 15 hour annealing times.  One possible 

explanation of this result would be a localized high Er concentration (due to shallow 

diffusion) causing anti-ferromagnetic/ ferromagnetic competition between additional, 
nearby RE ions.  This competition is proposed to occur between substitutional and 

interstitial RE ions [34].   
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Er-GaN:Si (med. Si-doping) - varying anneal times 
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Figure 7-13:  SM  vs. annealing time for Er diffused into GaN:Si templates with similar 

Si-doping.  Inset: RT hysteresis curves for Er-diffused GaN:Si (3, 9 hours). 
 
 

GaN is a suitable host for the RE atoms with significant ionic bonding which aids 

the 4f-4f  transition probabilities [35,36].  Figure 7-14 shows the NIR emission spectra 
measured via an InGaAs detector of the Nd diffused into GaN:Si samples containing 

varying Si-doping.  Excitation of Nd was at 578 nm via a Nd:YAG (MOPO) laser.  PL 

was taken using a 0.3 m spectrometer with 1 mµ  grating.  The InGaAs detector used a 

RG1000 filter through a 3 mm slit.  The scan range was from 950 nm  – 1550 nm  at 100 

min/nm .  All presented PL scans were performed by Ei-Ei Brown and U. Hommerich 

from the Department of Physics, Hampton University, Hampton, VA.  The inset image 

of Figure 7-14 shows the emission intensity’s dependence on Si-doping (emission 

intensity (a. u.) vs. silane flow ( sccm )).  Emission intensity of the Nd-diffused samples is 

low since we are unable to control precisely the RE concentration using diffusion doping.  

With RE doping of GaN via MOCVD more efficient luminescence emission is achieved 
due to better control of the RE concentration throughout the film, which determines 

emission intensity [37-39].   
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Figure 7-14:  Emission intensity of Nd-diffused  GaN:Si.  The ~1064 nm  and ~1350 nm  
peak intensity varies slightly with Si-doping.  Inset (emission intensity (a. u.) vs. silane 

flow ( sccm )) shows emission intensity at ~1064 nm  vs. Si- doping (0 – 6 sccm ). 
 
 

The PL intensity of the diffused samples shows two peaks in the NIR region.  The 

largest peak corresponds to the 211
4

23
4 IF −  transition of +3Nd at ~1064 nm , and the 

other peak corresponds to the 213
4

23
4 IF −   transition at ~1350 nm .  The weak NIR 

emission intensity of the 1350 nm  peak might be due to the relatively low concentration 

of Nd in the diffused GaNdN:Si layer.  It has been reported that the optimum 
concentration for NIR emission from RE-doped GaN is about 0.1-1 % [40].  SIMS 

measurements show our +3Nd  concentration to be 318 /101~ cm×  to a depth <50 nm this 

puts our Nd incorporation at ~0.01 %, which is below the lower bound of what is 
considered optimal for good RE emission.  At higher RE concentrations, a decrease in 

emission intensity might be due to decreased transmittance and possibly quenching 
associated with greater proximity of the RE atoms [41]. 

Our results show repeatable emission at 1064 nm  and 1350 nm  from Nd in 

GaNdN:Si.  The peak intensity is dependent on the Si-doping conditions and its 

sharpness confirms that the emission is intra-atomic and does not depend on the  
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position of the Nd atom within the host lattice.  Recall that increased Si-doping 

decreased SM  due to competition between the Si and Nd for Ga sites, and SIMS showed 

decreased Nd for increased Si concentration in GaN.  This is consistent with our 
decreased Nd emission intensity as Si-doping is increased.   

Figure 7-15 shows the IR emission spectra for Er-diffused GaN:Si and the inset 

shows emission intensity (a. u.) vs. annealing time (hours).  The excitation source is a 

810 nm  Ti-Sapphire laser.  PL was taken using a 0.3 m spectrometer with 2 mµ grating. 

The InGaAs detector used a RG1000 filter through a 3 mm slit.  The scan range was 

from 1450 nm  – 1590 nm  at 20 min/nm .  The main peak corresponds to the 215
4

231
4 II −  

transition of +3Er at ~1550 nm .  Based on the Nd-diffused samples, we assume low Er 

incorporation in the GaN:Si lattice.  The silane conditions were kept constant at 3 sccm  

and the annealing time included 3, 4, 9, 12 and 15 hours.  The energy transitions for Er 

and Nd leading to the characteristic, atomic-like optical emission originating from these 
rare earth elements can be seen in Figure 7-16. 
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Figure 7-15:  Emission intensity of Er-diffused GaN:Si.  The ~1546 nm main peak 

intensity depends on annealing time.  Satellite peaks occur from other intra-ff 
transitions.  Inset: (emission intensity (a. u.) vs. annealing time (hours)) emission 

intensity decreases with longer annealing times. 



 120 

Nd3+Er3+ Nd3+Er3+

  
Figure 7-16:  Er and Nd energy transitions for atomic-like emission. 

 

 

In Figure 7-14 we saw that Si-doping does affect emission intensity slightly and 
here we see that longer annealing times decrease the emission intensity of the samples.  

Emission intensity increases with annealing time up to 9 hours.  This confirms the 

emission intensity’s dependence on RE concentration in the host lattice [39].  Beyond 9 
hours, we see a decrease in intensity.  It is unclear what mechanism causes the loss in 

emission intensity seen with longer annealing times.  We can speculate that longer 
annealing times result in higher localized RE concentrations and that the decrease in 

emission intensity might be due to quenching associated with closer proximity of the RE 
atoms [41]. 

In summary, we have shown that n-type GaN:Si grown by MOCVD and ex-situ 

doped with Nd and Er via diffusion exhibits RT ferromagnetism and NIR and IR 

luminescence as well.  All Nd-doped samples showed emission in the NIR (~1060 nm  

and ~1350 nm ) while the Er-doped samples’ emission was weak at ~1546 nm .  

Substrate conditions play a significant role in magnetic behavior as both Si and RE 

atoms compete for gallium sites, and increased Si-doping leads to decreased SM .  SM  

increases and saturates with longer annealing times.  Luminescent intensity varies  
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slightly over the Si doping range, and emission intensity also varies with annealing 

time.  To the best of our knowledge, this is the first demonstration of above RT 
ferromagnetism and emission in GaNdN via diffusion. 

 

7.4  Room Temperature Ferromagnetism of Neodymium Doped GaN via  

       Diffusion            

Rare-earth doped GaN is attracting wide-spread attention as a diluted magnetic 

semiconductor (DMS) with applications towards non-volatile memory devices.  We have 

reported what appears to be the first successful thermal diffusion of neodymium (Nd) 
into GaN, and characterization of near-infrared luminescence and above room 

temperature (RT) ferromagnetism (FM) of the Nd-doped GaN (undoped and n-type) thin 
films [42].  This study reports the diffusion of Nd into undoped, Mg-doped and Si-doped  

GaN templates that were prepared by MOCVD on (0001) sapphire substrates.  We 

present the RT ferromagnetic properties of the diffused thin films as verified by 
alternating gradient magnetometer (AGM) and magnetoresistance (MR) measurements.  

At room temperature an anomalous Hall effect (AHE) was measured for a Nd-diffused 
n-GaN film, and an ordinary Hall effect for an undiffused n-GaN film.  The diffusion 

coefficient (D) of Nd in GaN has been estimated from secondary ion mass spectroscopy 

(SIMS) profile via a normalized 1-D complementary error function fit.  The diffusion 
coefficient estimation of Nd in GaN is presented in Appendix E.  This appears to be the 

first report of the diffusion coefficient of Nd in wurtzite GaN and confirmation of above 
room temperature FM by MR measurements. Details of our additional Nd-diffused GaN 

studies are presented. 
Undoped, Mg-doped and Si-doped GaN templates were prepared by MOCVD on 

(0001) sapphire substrates.  Ammonia and silane served as active nitrogen and silicon 

sources, respectively.  All GaN films were grown on top of thick film GaN under 
hydrogen-rich or nitrogen-rich conditions.  The presence of hydrogen is shown to 

compensate or passivate gallium vacancies for shorter annealing times (~2 hours).  The  
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effect of template doping on saturation magnetization was presented in a previous 

paper [42] as were these experimental conditions.  The chemically inert 4f  electrons of 
the RE atoms do not enhance conductivity, so thermal diffusion of Nd atoms into doped 

GaN was performed to improve epilayer conductivity for device applications.  The Nd-

diffused GaN was annealed in-situ for 15 hours at C°800 , and all samples 

demonstrated ferromagnetic properties at RT.  

Energy-dispersive X-ray (EDX) measurements performed on the Nd-diffused 
surfaces (Figure7-17, 7-18 and 7-19) and PLD target (Figure 7-20) verified the absence 

of: 1) unwanted, un-etched Nd (and/or Nd oxide) on the GaNdN:Si surface, and 2) 

unwanted ferromagnetic species in the Nd PLD target, both of which would contribute 
falsely to sample FM in subsequent magnetic measurements.  The absence of these two 

factors confirms the FM properties of our samples originate from GaNdN. 
 

 
Figure 7-17:  EDX spectra of GaNdN:Si sample surface. 
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Figure 7-18:  EDX spectra of GaNdN:Mg sample surface. 

 

 

 
Figure 7-19:  EDX spectra of GaNdN sample surface. 

 
 

Figures 7-17 to 7-19 are EDX spectra of the surfaces of samples where Nd was diffused 
into Si-doped (n-type), Mg-doped (p-type), and undoped GaN, respectively.  Each sample 

spectra contains the K, L, and M lines of selected elements and an inset SEM image of 
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the sample surface.  A clean GaN surface confirming the absence of residual, un-etched 

Nd (and Nd oxide) is seen.  Only Ga and N were detected on the sample surface. 
This demonstrates the effectiveness of the nitric acid wet etch in removing the 

unwanted, post-diffusion RE metal film and its oxide from the GaN surface.  Inset 
images show a clean surface while the EDX surface spectrum details the lack of 

ferromagnetic surface contaminants.  The Ga-peak is the most prominent with a lesser 

peak visible for N.  Figure 7-20 is an EDX spectrum of the solid, elemental Nd PLD 
target used for these diffusion experiments.  The detected elements in our solid-source, 

elemental Nd target are: Nd, O, and C – in order of decreasing counts. 
 

 
Figure 7-20:  EDX spectra of solid Nd elemental target. 

 
 

The profile for Nd concentration in GaN after thermal diffusion was analyzed by 
secondary ion mass spectroscopy (SIMS).   Figure 7-21 shows the Nd concentration 

profile in the diffused samples after 15 hour annealing at C°800 .  The diffusion depth 

was estimated to be ~22 nm for samples grown on undoped GaN templates, and ~13 nm  

for the sample grown on doped GaN.  All the collected counts/second (cts/sec) for 
diffused Nd have a peak of ~100 cts/sec of Nd.  The Nd concentration was estimated  
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from an implanted Nd in Si reference profile to be 317 /101~ cm× .  The estimated +3Nd  

ion concentration of 317 /101~ cm× gives a Nd incorporation of <0.01 % in the GaN 

lattice. 
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Figure 7-21:  Concentration profile for Nd-diffused samples after 15 hour annealing.   

It is believed RE species diffuse along threading dislocations. 
 

 
These low concentrations have been found to be sufficient for ferromagnetic 

properties from RE ions [43].  Ting et al. and Chen et al. performed SIMS 

measurements on GaErN via thermal diffusion in a furnace at C°800  under a flowing 

nitrogen atmosphere for 7.5-119 hours, and estimated the diffusion coefficient (at 

C°800 ) of Er in GaN through an Arrhenius expression to be scmD /101.12 217−×±=  

[10,11].  From our SIMS measurements, we estimate the diffusion coefficient for Nd in 

GaN to be scmD /1065.4 218−×≈  from 15 hours diffusion at C°800 , via a normalized 

one-dimensional (1-D) complementary error function fit.  The diffusion coefficient 

estimation of Nd in GaN is presented in Appendix E.  We find this estimation 
acceptable based on our previous assumption that the diffusion coefficient for Nd (in 

GaN) would be slightly smaller than the diffusion coefficient for Er (in GaN) since Nd  
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has a larger atomic radius [42]. 

Pearton et al. suggested that impurities like oxygen migrate along threading 
dislocations in GaN via an interstitial-assisted diffusion mechanism [32].  This is a 

possible explanation for the migration of RE atoms in GaN films, and [10,11] also claim 
that the diffusion mechanism for RE metals in GaN is an interstitial-assisted process. 

SIMS results for our Nd-diffused GaN (Figure 7-21) showed a dependency of Nd 

diffusion depth on doping, with Si- or Mg-doping in GaN templates leading to shallower 
Nd diffusion.  Any interstitial dopants unable to substitute on a Ga site could impede 

the further diffusion of a Nd atom.  It was shown also that increased doping created 
competition between diffusing atoms and dopants introduced through MOCVD [42].  We 

reported that increased Si-doping decreased the SM  due to competition between the Si 

and rare earth (RE) atom for Ga sites [42].  This effect was seen in the SIMS data where 

high Si concentration corresponded to low RE concentration for the same annealing 
times.  The competition arises because VGa formation energy decreases with increased 

Si-doping which moves the Fermi level towards the CB [33].  Initially, the slow diffusing 
Si atoms occupy available VGa sites yielding n-type GaN, but also create conditions in 

the host lattice which favor VGa formation.  The added VGa sites offer the subsequently 

diffused RE atoms a substitutional lattice site bringing about FM.  At much higher Si-
doping, there is too much substitutional Si present and the lowered formation energy for 

VGa is less significant, resulting in fewer substitutional sites for the diffused RE atoms.  
Since Si is introduced to the lattice first (via MOCVD) excess Si can occupy free Ga sites 

first, during the annealing stage, and rob RE atoms of potential VGa sites, thereby 

lowering SM . 

It is assumed that the chemically inert 4f electrons of the RE elements produce 
localized magnetic moments coupled via an indirect exchange interaction mediated by 

conduction band electrons.  This is known as the Ruderman-Kittel-Kasuya-Yosida 

(RKKY) interaction [21,22].  The unpaired electrons of the highly localized 4f-states give 

the REs their magnetic properties, resulting in a magnetic contribution of Bµ3 per 
+3Nd  ion.  All REs, except Ce in CeN, are trivalent in the nitride system [1].  The RE  
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concentration needed to induce FM in doped GaN is lower significantly than that 

required for transition metal doped GaN.  Doping of GaN with Mn and Cr requires 

concentrations on the order of 320319 /101/105 cmcm ×−× to yield FM while 

concentrations of 318316 /10/10~ cmcm − are sufficient for a RE species like Gd.  Lower 

doping concentrations lead to less compromise in material quality and allow the host 
material lattice to be co-doped with conventional shallow n-type and p-type dopants to 

control conductivity [43].     

All samples showed ferromagnetic behavior in both the in-plane and out-of-plane 

directions, with the in-plane saturation magnetization ( SM ) significantly stronger than 

the out-of-plane measurements.  This suggests a ferromagnetic canted easy axis in most 

cases.  Figure 7-22 shows hysteresis curves ( SM  (emu) vs. applied field (Oe)) for Nd 

diffused in undoped, Mg-doped and Si-doped GaN and the inset shows the effect of 

hydrogen on the SM  ( SM  (μemu) vs. silane flow ( sccm )) of Nd-diffused samples.  Each 

Nd-doped GaN epilayer displayed RT hysteretic behavior consistent with ferromagnetic 

ordering.  The coercivity of the samples was ~100 Oe.  The higher quality (undoped 
GaN) film (B) provided fewer dislocations for the diffusion of Nd atoms.  Our p-GaN 

films typically are more defective than other types of GaN films produced.  The SM  

trend observed in Figure 7-22 (A>C>B) was demonstrated by [20] for GaGdN grown by 

MOCVD.   

Figure 7-22’s inset shows a decrease in SM  when including hydrogen during GaN 

template growth, for 2 hour annealing at C°800 .  Originally, all GaN templates were 

grown in nitrogen-rich conditions (hydrogen deficient) via MOCVD.  It was believed that 

the presence of hydrogen in the films passivated/ compensated the VGa making these 
sites energetically unfavorable for RE atoms to occupy them substitutionally [44].  This 

was proven to be the case for shorter annealing times and is demonstrated in Figure    

7-22’s inset, where SM  is reduced by half with the inclusion of H (diamond-shaped data 

points).  However, for our longest annealing time of 15 hours we see no adverse effects 
of including hydrogen in the MOCVD growth of the GaN templates.  One possible 
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explanation is that the extended time allows the hydrogen to diffuse out of the GaN film 

so it can no longer passivate/ compensate the VGa.  Recall that Nakamura found 20 

minute annealing at C°700 to be sufficient to break the Mg-H complex in p-type GaN 

and cause out-diffusion of the hydrogen and free Mg for improved hole concentration 

[45].  
The inclusion of hydrogen in the MOCVD growth of GaN is an important parameter 

in producing device-quality films.  Hydrogen was omitted from previous film growth due 
to its tendency to reduce the number of viable VGa sites [33] for occupation by RE atoms 

during subsequent thermal diffusion and annealing.  This decision led to poor quality 
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Figure 7-22:  RT hysteresis curves for Nd diffusion into GaN, GaN:Si and GaN:Mg via 

AGM.  GaN:Mg contains more dislocations for improved RE diffusion.  Inset: ( SM  
(μemu) vs. silane flow ( sccm )) Excluding hydrogen in films increases SM  in GaNdN:Si 

for 2 hour annealing. 
 

 
GaN films.  Lower quality GaN did mean more defects for RE incorporation, but poor 

films for devices.  Including hydrogen initially meant relatively fewer VGa sites for RE  



 129 

substitution but the longer annealing times allowed the hydrogen to diffuse out of the 

GaN film and solved the concern of VGa site passivation/ compensation.  The present 
choice (hydrogen inclusion with ~15 hour annealing) results in higher quality GaN for 

device applications and sufficient VGa sites for RE incorporation and improved SM  – as 

evidenced by Figure 7-22.  

Figure 7-23 shows the differential magnetoresistance (ΔRHall) data for a Nd-diffused 
n-type GaN film and non-diffused n-type GaN film.  The lines are guides for the eyes. 

ΔRHall is the difference between the Hall resistances at applied magnetic field B and at 
zero field [ΔRHall = RHall(B) −RHall(0)].  Thus, the RHall of Nd-GaSiN sample (labeled AHE) 

at applied magnetic field has a steep initial slope due to anomalous Hall effect (AHE) 

followed by a modest slope due to ordinary Hall effect (OHE).  The AHE dominates at 
low fields and RHall saturates once magnetization reaches higher levels [46].  The curve 

labeled OHE is the MR for an undiffused n-type GaN film where ΔRHall is linear.  This 
linear behavior is due to the ordinary Hall effect (OHE), RHall(B) = (R0 /d)·B, where R0 is 

the ordinary (normal) Hall coefficient, B is the applied field, and d is the film thickness.  
These MR results confirm above RT ferromagnetism in Nd-diffused n-GaN.   
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Magnetoresistance: GaN:Si and Nd-diffused in GaN:Si
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Figure 7-23:  Solid lines are guides for the eyes.  The RHall for Nd-diffused n-GaN:Si 

(AHE curve) at applied magnetic field has a steep initial slope due to AHE followed by a 
modest slope due to OHE.  Magnetoresistance ΔRHall of undiffused n-GaN:Si (OHE 

curve): ΔRHall is linear due to the OHE.  The undiffused sample is non-magnetic by AGM 
measurements. 

 

 
In summary, we have shown that GaN grown by MOCVD and ex-situ doped with 

Nd via thermal diffusion exhibits RT ferromagnetism as verified by AGM and MR 

measurements.  The diffusion coefficient (at C°800 ) of Nd in GaN was estimated after 

successful diffusion was established by SIMS, to be scmD /1065.4 218−×≈ using a 

normalized 1-D complementary error function fit.  Substrate conditions play a 

significant role in magnetic behavior as both n-type and p-type dopants and Nd atoms 
compete for Ga sites.  The omission of hydrogen in the MOCVD growth of GaN template 

films is not necessary if annealing times are sufficiently long to allow for hydrogen out-
diffusion.  This condition leads to better film quality and brings us closer to functional 

RE-GaN devices via diffusion.  To the best of our knowledge, this is the first estimation 

of the diffusion coefficient of Nd in GaN and the first report of FM in Nd-diffused GaN 
via MR measurements.  
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7.5  Anti-ferromagnetic Coupling in Rare-Earth (Neodymium, Samarium and  

       Gadolinium) Doped Gallium Nitride via Thermal Diffusion  

We report on the co-diffusion of rare-earth (RE) elements: neodymium (Nd), 

samarium (Sm) and gadolinium (Gd) in n-type GaN.  This diffusion process forms a RE 
co-doped, n-type GaN film GaSiN:R1R2 (where R1 and R2 are different RE elements). 

Two of the three RE elements were used in a two-stage diffusion experiment, resulting 
in GaSiN:(Gd/Sm), GaSiN:(Gd/Nd) and GaSiN:(Nd/Sm) thin films.  Diffusion of any 

single RE element of the above list in n-type GaN yielded RT ferromagnetic films, but 

the diffusion of two different RE elements (R1 and R2) into the n-type GaN films 
resulted in non-magnetic films.  It is known that ferromagnetic coupling exists if the 

neighboring RE species are the same.  Here we observe anti-ferromagnetic coupling 
manifested for nearby, dissimilar RE ions.  The ferromagnetic properties were measured 

at room temperature using an alternating gradient magnetometer (AGM).  To the best 

of our knowledge this is the first report of magnetic properties by diffusion of two rare 
earth elements in GaN. 

Rare-earth (RE) doped GaN is attracting wide-spread attention as a diluted 
magnetic semiconductor (DMS) material capable of exhibiting room temperature (RT) 

ferromagnetism through a variety of growth procedures including diffusion [42].  Until 

recently, the focus of RE research has been on investigating mechanisms governing the 
interaction between neighboring, similar RE atoms with little attention paid to the 

relationship between neighboring, dissimilar RE atoms.  Tajiri et al. reported on the 
anti-ferromagnetic coupling between praseodymium (Pr) and gadolinium (Gd) in 

pseudo-binary, single crystals grown by the Bridgeman method [47].  Here, we report 
the above RT ferromagnetic properties of Nd-, Sm-, and Gd-doped GaN via thermal 

diffusion in n-type GaN, which becomes anti-ferromagnetic upon diffusion of a second 

RE element into the same n-type GaN film.  This appears to be the first report of 
magnetic properties by diffusion of two rare earth elements in GaN. 

Si-doped GaN templates were prepared by MOCVD on (0001) sapphire substrates.  
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Ammonia and silane served as active nitrogen and silicon sources, respectively.  The 

chemically inert 4f  electrons of the RE atoms do not enhance conductivity, so thermal 
diffusion of RE atoms into n-type GaN templates was performed to improve epilayer 

conductivity for device applications [48].  All GaN:Si films were grown on top of bulk 
GaN under nitrogen-rich conditions.  The templates were loaded into a vacuum chamber 

( Torr9102~ −× ) containing solid elemental Nd, Sm and Gd as targets.  A thick ~8000 Å 

RE metal film was deposited on the GaN templates (~ mmmm 65 × ) by pulsed laser 

deposition (PLD) using a KrF excimer laser with emission at 248 nm .  The GaN:RE 

films were annealed in-situ for 2 hours at C°700 .  Wet etching with nitric acid was 

used to remove the unwanted deposited RE-film and its oxide, from the GaN surface.  X-
ray diffraction confirmed the absence of any secondary phases which would yield false-

positive ferromagnetic properties.  A representative θθ 2−  x-ray scan ( °<<° 80220 θ ) 

is presented in Figure 7-24 for GaSiN:Sm.  Note the absence of any secondary phases in 

the GaN thin film.   
Room temperature (RT) magnetic measurements were performed using an 

alternating gradient magnetometer (AGM).  Magnetic measurements were carried out  
at field strengths of -5 kOe to 5 kOe for both the in-plane (parallel to sample surface) 

and out-of-plane (perpendicular to sample surface) orientations.  All samples containing 
only one RE element demonstrated RT ferromagnetic properties.  The samples were 

reloaded into the vacuum chamber and the PLD procedure repeated for diffusion of the 

second RE species.  All samples containing any two RE elements demonstrated non-
magnetic RT properties.  Figure 7-25 shows the SIMS measurement for Nd and Sm 

diffused into n-type GaN (note: Nd is diffused deeper during the subsequent Sm 
diffusion).  The SIMS sample was coated with Au to prevent surface charging and this 

Au layer accounts for the measured atomic species counts not beginning at a time of 

0 seconds on the x-axis.     
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Figure 7-24:  Representative θθ 2−  x-ray scan of single RE element diffusion into 

GaSiN. 
 

 
Ideally, this type of investigation would be performed via MOCVD (or MBE) co-

doping where we can provide equal distribution of both RE atoms throughout the doped 
film.  The key concern against using a diffusion-based doping method is that we are 

unable to ablate more than one RE elemental target at a time.  This means that the two 

diffusion procedures must occur sequentially, i.e. one after the other.  The first  
procedure creates a concentration profile for species R1, and then the second procedure 

does the same for species R2.  There is no way to produce a well-mixed concentration 
profile consisting of equal amounts of species R1 and R2 since the possibility exists that 

the second diffusion procedure will drive species R1 deeper into the film and broaden its 
concentration peak, while keeping species R2 near the film’s surface.  Our short 

diffusion times did manage to produce a shallow GaSiN:R1R2 film with acceptable 

mixing of the two RE elements.   
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Figure 7-25: Sputtering time of ~50 sec (~2 Å/sec) gives RE depth of ~10 nm .  Short 
diffusion times (~2 hours) yielded similar depth and comparable Nd and Sm counts, 

creating a GaSiN:(Nd/Sm) film. 
 
 

It is assumed that the chemically inert 4f  electrons of the RE elements produce 
localized magnetic moments coupled via an indirect exchange interaction mediated by 

conduction band electrons resulting in ferromagnetism (FM).  This is known as the 

Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [21,22].  The unpaired electrons of 
the highly localized 4f-states give the RE elements their magnetic properties, resulting 

in a magnetic contribution of Bµ3 per +3Nd  ion, Bµ5  per +3Sm ion and Bµ7  per +3Gd  

ion.  All RE elements, except Ce in CeN, are trivalent in the nitride system [37].  

Comparable diffusion depths (<10 nm ) and RE concentrations are assumed for all three 

RE elements in GaN, based on their similar atomic size and SIMS measurements 
(Figure 7-25) [10,11,42].  All singly-diffused samples showed ferromagnetic behavior in 

both the in-plane and out-of-plane directions, with the in-plane saturation 

magnetization ( SM ) significantly stronger than the out-of-plane measurements.  This 

suggests a ferromagnetic canted easy axis in most cases.  The coercivity of these 
samples was ranged from 50 Oe to 150 Oe.  
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Pearton et al. suggested that impurities like oxygen migrate along threading 

dislocations in GaN via an interstitial-assisted diffusion mechanism [32].  Ting et al. 
and Chen at al., also claim that the diffusion mechanism for RE metals in GaN is an 

interstitial-assisted process [10,11].  We estimate the diffusion coefficient (at C°800 ) 

for Nd in GaN to be  scmD /1065.4 218−×≈  using a normalized one-dimensional 

complementary error function fit to a SIMS profile for 15 hours diffusion (Appendix E 

shows the estimation method).  Based on this slow diffusion rate and lower 

temperature, we expect a lower RE concentration [42] in the n-type GaN films, and that 
both RE species remain close to the GaN surface resulting in comparable mixing for this 

shorter annealing time of 2 hours compared to 7.5 hours in (Figure 7-25) [47].  The RE 
concentration needed to induce a ferromagnetic response in doped GaN is lower 

significantly than that required for transition metal doped GaN.  Doping of GaN with 

Mn and Cr requires concentrations on the order of 320319 /101/105 cmcm ×−× to yield 

FM films, while concentrations of 318316 /10/10~ cmcm − are sufficient for a RE species 

like Gd.  A lower doping concentration leads to less compromise in material quality and 

allows the host material lattice to be co-doped with conventional shallow n-type and p-

type dopants to control conductivity [43].  The RT results of the first diffusion stage are 
shown in Figure 7-26 where all single RE element GaN films exhibit ferromagnetic 

properties.  
Figures 7-27 to 7-29 display how the RT ferromagnetism of single-RE GaN alloys 

shown in Figure 7-26 is quenched in dual-RE GaN alloys.  The opening of the RT 
hysteresis curves at 5 kOe, the end of the AGM measurement sweep, is an artifact of the 

system calibration often present in the measuring of samples exhibiting weak  

saturation magnetization. 
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 Single RE Species Diffusion
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Figure 7-26:  Room temperature ferromagnetic properties in n-type GaN diffused with 

one rare earth element, annealed for 2 hours at C°700 . 
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Figure 7-27:  Antiferromagnetic properties of co-diffusing Gd and Nd in a single crystal 

GaN film. 
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Figure 7-28:  Antiferromagnetic properties of co-diffusing Gd and Sm in a single crystal 

GaN film. 
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Figure 7-29:  Antiferromagnetic properties of co-diffusing Nd and Sm in a single crystal 

GaN film. 
 

 
It has been reported that the magnetic moments of Nd and Gd ions align anti-

parallel to each other for an anti-ferromagnetic coupling [49].  Anti-ferromagnetic 
interactions exist between light rare-earth and heavy rare-earth ions: Nd/Gd and  
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Sm/Gd.  Rare earth elements are classified as either light or heavy elements.  The 

elements from La to Sm are considered “light,” while the elements from Eu to Lu are 
“heavy.”  Whereas the interaction between rare earth ions of the same species is 

ferromagnetic (parallel coupling of magnetic moments giving J>0, where J is the 
exchange coupling constant), the reversal in the sign of the coupling between light and 

heavy rare earth ions (J<0 i.e. antiferromagnetic exchange) has been explained by the 

antiferromagnetic coupling of spins of the rare earth and the Hund's rule (for the heavy 
and light elements J = L+S and J = L-S, respectively) [50-53]. 

A given state is denoted by J
S L12 +  where S  is the combined spin angular 

momentum, L  is the total orbital angular momentum and J  is the total angular 

momentum.  Since each unpaired electron contributes spin one-half, one can determine 

S  by counting the electrons with unpaired spin and multiplying by one-half.  L  is 

calculated by summing the orbital quantum numbers for the remaining unfilled electron 

shell.  For more than half-filled orbitals, J  is the sum of L  and S  but if less than half-

filled, J  is the absolute value of the difference between L  and S . 

These results (Nd/Gd and Sm/Gd) by our group and others [42] support the findings 
by Tajiri et al. that the interactions between like RE ions (of the same element) are 

ferromagnetic while interactions between light/heavy RE ions are antiferromagnetic 

[47].  However, in the case for combining two light RE elements (Nd/Sm) in a single 
crystal GaN:Si film, via diffusion, we still observe the antiferromagnetic coupling 

between two light RE elements.  This result, though repeatable in our experiments, 
appears inconsistent with the proposed explanations currently offered [50-53].  We are 

unsure of the interaction/mechanism yielding this non-magnetic coupling.  Further 

investigation is required to clarify the mechanism of interaction between two species of 
RE elements. 

In summary, we have shown that n-type GaN:Si grown by MOCVD and ex-situ 
doped with Nd, Sm or Gd via thermal diffusion exhibits RT ferromagnetism.  When 

these RT ferromagnetic RE-GaN films are subjected to further diffusion with a different 

RE element than previously, the ferromagnetic films become antiferromagnetic.  The  
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combination of light/heavy RE elements yields the expected antiferromagnetic coupling. 

However, we also observe non-magnetic coupling when combining two light RE 
elements.  The non-magnetic coupling between two light RE atoms is cause for further 

study of the interactions between RE elements.  To the best of our knowledge, this is the 
first demonstration of ferromagnetic coupling becoming anti-ferromagnetic brought 

about by the thermal diffusion of two rare earth elements into a GaN thin film. 

 

7.6  Towards a Nd-doped GaN Spin Valve  

Recall that the goal of spintronics is to understand the interaction(s) between a 
particle’s spin and its solid-state environment, and to use the acquired knowledge in the 

development of useful devices [54].  At this time, much has been learned about room 

temperature ferromagnetism as brought about through rare earth (RE) metal doping of 
GaN thin films.  We now document our first foray into spintronic devices based on RE-

doped GaN.  Efforts until now were directed towards reliably producing and 
characterizing diffusion-doped RE-GaN thin films, and with those goals met we explore 

the possibility of simple spintronic devices based on our acquired knowledge.  The 

simplest devices attempted being a spin valve and magnetic tunnel junction (MTJ). 
A spin valve is a GMR-based device where two ferromagnetic (FM) layers sandwich 

a thin conductive, nonmagnetic layer.  One of the two magnetic layers is “pinned” 
(insensitive to a moderate magnetic field) and the other is “free” (magnetization can be 

changed easily by a magnetic field).  The resistance of the spin valve rises when the 
magnetization in the two magnetic layers changes from parallel to antiparallel [55].  

The expected increase in resistance from a parallel alignment of FM layers to an 

antiparallel alignment is ~ 5 - 10 %.  A MTJ replaces the sandwiched layer with an 
insulating layer requiring spin polarized carriers to tunnel through the barrier resulting 

in a larger (more easily detectable) resistance change (~ 10 - 20 % increase) across the 
device.  Changing the direction of the magnetization requires an applied field greater 

than/equal to the FM layer’s coercivity.  The structure of our first Nd-based GaN spin 

valve is seen in Figure 7-30(A).  The MOCVD GaN substrate used consisted of: 
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)(75.0/)(17.0/):(25.0 bufferGaNmGaNmSiGaNm µµµ .  Nd was diffused into the top 

nm10  of the ):(25.0 SiGaNmµ creating the first FM layer and then a further 

):(60 SiGaNnm  layer was regrown, on the existing structure stack, via MOCVD.  The 

second FM layer then was produced by diffusing Nd nm30<  into the ):(60 SiGaNnm  

layer.   

The purpose for having two FM diffused layers of different thicknesses is to create 

the necessary “free” (thinner) and “pinned” (thicker) FM layers, whereby the thinner 
FM layer will exhibit a smaller magnetic response which can be changed more easily 

from parallel to antiparallel relative to the orientation of the thicker FM layer.  This is 
the expected case and assumes the thinner FM layer has a smaller coercivity to go along  

with its smaller SM  value.  Table 7-2 shows the average coercivity for the thinner FM 

layers and Table 7-3 for the thicker FM layers.  The thinner FM layers were grown by a 

9 hour diffusion, while the thicker FM layers were grown by a 15 hour diffusion.  The 
fabricated spin valve device structure is depicted in Figure 7-30(B).       

 

Table 7-2:  HC for thinner Nd-GaN layer. 

Sample RE Diff. Diff. RT GaN 
Name Species Time (hr) Temp. (C) Hc (Oe) Type 

53 Nd 9 800 119 n 
55 Nd 9 800 58 n 
56 Nd 9 800 87 n 
64 Nd 9 800 69 n 
71 Nd 9 800 75.5 n 
77 Nd 9 800 113 n 
88 Nd 9 800 69 n 

Avg. HC = 84 Oe 

 
Table 7-3:  HC for thicker Nd-GaN layer. 

Sample RE Diff. Diff. RT GaN 
Name Species Time (hr) Temp. (C) Hc (Oe) Type 

67 Nd 15 800 171 n 
74 Nd 15 800 129 n 
85 Nd 15 800 109 n 

Avg. HC = 136 Oe 



 141 

Sapphire

GaN template(0.75 µm)

GaN:Si (0.17 µm)

GaN:Si (0.24 µm)

GaNdN:Si (10 nm)
GaN:Si (30 nm)

GaNdN:Si (30 nm)

Sapphire

GaN template(0.75 µm)

GaN:Si (0.17 µm)

GaN:Si (0.24 µm)

GaNdN:Si (10 nm)
GaN:Si (30 nm)

GaNdN:Si (30 nm)

A B   
Figure 7-30:  (A) MOCVD growth and Nd diffusion of layers forming a spin valve 

structure stack.  (B) The fabricated Nd-doped n-type GaN spin valve device with metal 
contacts for electrical current injection.   

 
 

  Magnetoresistance measurements were performed on this device by applying a  
magnetic field, of varying strength, parallel to the film surfaces (in-plane with the 

device films), and measuring the voltage change between the electrical contacts 
(vertically through the device stack).  This device demonstrated a ~50 Oe difference in 

coercivity between the hard and soft FM layers when considering these two layers 

separately.  We were unsure how diffusion of the hard layer would affect the Hc of the 
soft layer since its (soft layer) total diffusion time, once the device was complete, would 

be ~24 hours.  The added diffusion time will broaden the FM layer possibly increasing 
Hc, but since no extra Nd is being diffused the layer’s Nd concentration will decrease.  

Also, even though the two FM layers may have very different SM  values, they still can 

have similar coercivity and so flip spin direction at the same applied field strengths.  

Figure 7-31 shows the overall coersivity of the spin valve where we see Hc is ~90 Oe.  
Different coercivities in the two FM layers might manifest itself in a disturbed 

hysteresis curve resembling an outline of two overlayed curves.  The hysteresis 

changes/shifts as we increase the applied field beyond the free layer coercivity and then  
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beyond the pinned layer coercivity (Figure 7-31 inset).     
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Figure 7-31:  Diffusion of free and pinned FM layer in the spin valve created two layers 
with the same (or very similar) coercivities ~90 Oe.  Inset: graphical representation of 

two different coercivities in an applied field. 
 

 

Since we make use of a conductive, n-type GaN throughout the device, we ideally 

can expect a slight change in conductivity between the FM layers being in aligned and 
not-aligned states.  Parallel alignment of the Nd-diffused layers would lead to partial 

spin rejection of non-aligned injected electrons across those layers – a higher device 
resistance would result (a high voltage state or “1”).  Without the applied field, thermal 

agitation would cause magnetic domains to form within the FM layers and (partially) 

randomize the domain directions.  This would give lower spin rejection of the 
unpolarized injected electrons and lower the overall device resistance (a lower voltage 

state or “0”).  Figure 7-32 presents the vertical current passed through the Nd-GaN spin 

valve versus applied field (in-plane), for a fixed voltage bias of V10 .  The current 

through the device can be seen to decrease rapidly and plateau due to heating.  The 

heating is a result of the length of the sweep and the low conductivity of the GaN films.   
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Each data point represents 3 – 5 min of biasing the device at V10  before the applied 

field is changed.  Fluctuations in this device’s current are negligible and only a look at 
device resistance gives a clearer image of what may be occurring.     
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Figure 7-32:  Current measured through the spin valve device stack illustrated in 

Figure 7-30(B).     
 

  

The saturated device resistance ( IVR = ) varies slightly and can be seen as a 

percentage change relative to the zero-field parameters (no applied voltage, “cold” 

device), in Figure 7-33.  Once the device resistance saturates it can be considered 
constant, which leads to an invariant “magnetoresistance” for our first attempt at 

producing a RE-doped n-GaN spin valve via diffusion and MOCVD regrowth.   

This resistance increases incrementally during each segment of the applied field 
sweep.  The saturation resistance value at sweep (1) is lower than the value at sweep (2) 

and (3), which in turn is lower than the resistance value during sweep (4).  Ordinarily, 
heating a semiconductor material would increase conductivity (and decrease resistance) 

but here we see the opposite effect.  One possible explanation is that the heat 
throughout the device is scattering the carriers and decreasing device conductivity. 
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Figure 7-33:  Resistance change, as a percentage relative to the zero-field (cold) 
parameters, through the spin valve device stack illustrated in Figure 7-30(B).      

 

 

Figures 7-34 and 7-34 show the first segment of a reverse and forward field sweep 
respectively.  The sweeps were performed on the same device and under the same 

experimental conditions but with the spin valve resting for ~24 hours inbetween.  
Compared to the expected MR curve displayed in Figure 7-36, we see that our resistance 

does not decrease at higher magnetic fields which would indicate both FM layers 
parallel aligned to the applied field.  The heating might be overcome by shorter dwell 

times at each new applied magnetic field setting.  This would give us a more accurate 

account of our device behavior. 
Diffusion depth estimates for Nd in n-type GaN lead us to believe that the distance 

between the two FM layers is too great to maintain spin polarization.  An ideal 
representation of a MR curve for an operating spin valve is displayed in Figure 7-36.  

The two FM layers are parallel aligned at lower magnetic fields.  As the field increases, 

the “free” layer is spin polarized antiparallel to the “pinned” layer by the antiparallel 
applied field.  At higher fields, the “pinned” layer’s spin direction can be flipped by the 

large magnetic field making the two layers parallel once more.  The same is true when  
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the applied magnetic field is swept in the opposite direction. 
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Figure 7-34:  Percent resistance change for reverse applied field sweep. 
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Figure 7-35:  Percent resistance change for forward applied field sweep. 
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Figure 7-36:  Spin valve signal as a function of sweeping the magnetic field (P = 
parallel, AP = antiparallel alignment of FM layers).  

 

 
A second spin valve structure was conceived where the two Nd layers are separated 

by an AlGaN tunneling layer forming a magnetic tunnel junction (Figure 7-37).  The 

AlGaN serves to create the necessary free and pinned layer distinction which prevents 
coupling between the layers so one may not influence the other’s spin polarization, but 

is thin enough ( nm10< ) to allow quantum mechanical tunneling of the injected 

electrons.  It is suspected that the nm30~  gap between the two FM layers in our first 

device is too wide to preserve the electron spin polarization and that the electrons’ spin 
relaxes over the n-GaN gap becoming unpolarized and leading to spin rejection at the 

next FM layer interface.   
The MOCVD GaN substrate used consisted of: 

)(466~/):(230~ bufferGaNnmSiGaNnm .  Nd was diffused into the top nm10~  of 

the nm230 GaN:Si creating the first FM layer and then a nm10< AlGaN tunneling 

layer and nm20~ GaN layer was regrown, on the existing structure stack, via 

MOCVD.  The second FM layer then was produced by diffusing Nd nm15~  into the 

nm20~ GaN layer.   
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Figure 7-37:  Ideal energy band diagram of AlGaN tunneling layer separating FM Nd-

GaN layers in a MTJ.   
 

 
Electrons maintain their spin properties during tunneling, so spin aligned electrons 

(from the top FM layer) would not suffer spin relaxation (across the AlGaN 
tunneling/barrier layer) before reaching the bottom FM layer.  Increasing the number of 

spin-aligned electrons injected through the device stack would lower the possibility of 

spin rejection in the FM layers and lower overall device resistance, thus creating a MTJ 
device.  Figure 7-38(A) depicts the device structure “stack” produced via MOCVD and 

PLD for the second iteration of Nd-diffused spin devices in GaN.  The fabricated device 
is seen in Figure 7-38(B).  This RE-GaN MTJ device represents the next phase of this 

research into possible room temperature, ferromagnetic devices in GaN achieved via RE 

diffusion doping.     
In summary, we have demonstrated control of the coercivity of individual FM layers 

through altering diffusion conditions – specifically diffusion time.  Regrowth of 
additional GaN films after the first FM layer is diffused, was successful, and a prototype 

spin valve and MTJ were fabricated.  Conditions exist for the growth of individual 

layers throughout each type of device though more need be done before a monolithic 
device can be realized.  Such efforts represent the future work planned for this research. 
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Figure 7-38:  (A) MOCVD growth and Nd diffusion of layers forming a spin valve 

structure stack with AlGaN tunneling layer.  (B) The fabricated 
GaNdN/AlGaN/GaNdN:Si magnetic tunnel junction device with metal contacts for 

current injection. 
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CHAPTER 8:  TOWARDS ROOM TEMPERATURE SPINTRONIC 

                        DEVICES IN GaMnN 
 

 

8.1  Introduction and Background   

Dietl previously predicted that a GaMnN alloy would exhibit a Curie 

temperature above K300  if a Mn concentration of 5 % and a hole concentration of 
320 /105.3 cm×  could be attained in the material.  His prediction sparked a surge in the 

research of GaN-based DMS materials.  Dietl’s theory of room temperature DMS 

materials was extended to other Mn-doped semiconductor systems and allowed for the 
prediction of Curie temperatures in those materials.  Figure 8-1 illustrates the Curie 

temperatures calculated by Dietl’s theory for a Mn concentration of 5 % and a hole 

concentration of 320 /105.3 cm× . 
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Figure 8-1:  Computed values of the Curie temperature CT  for various p-type 

semiconductors containing 5 % of Mn and 320 /105.3 cm× . 
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Mn substitutes for the Ga cation when introduced as a dopant atom in GaN, but 

since the Mn-Mn interactions are stronger than the Mn-N interactions it is common to 
observe the Mn atoms forming clusters and secondary phases in the GaMnN alloy. 

If a successful homogeneous solid solution of GaMnN can be grown, the resulting 
structure will exhibit ferromagnetism depending on the Mn concentration.  The 

observed ferromagnetism is attributed to the coupling of the spins of the carriers (holes) 

in the material with the localized spins of the dopant Mn ions resulting in long-range 
ferromagnetic ordering.  The delocalized valence band holes interact with the localized 

Mn magnetic ion moments.  This interaction is called the p-d exchange interaction 
between the valence band holes and the localized 3d states of the Mn ions.  It should be 

noted that the coupling between Mn ions is antiferromagnetic in nature and counteracts 
the p-d exchange mechanism.  The interplay between these two competing mechanisms 

determines the Curie temperature above which long-range ferromagnetic order is 

destroyed. 
To this day the origin of ferromagnetism in the GaN system is unclear and actively 

under investigation with the strongest possibility stemming from of a carrier-mediated 
long-range ordering of the Mn ions’ spins based on the interaction of free carriers with 

the magnetic impurity spins.  Litvinov and Dugaev [1] investigated the Ruderman-

Kittel-Kasuya-Yosida (RKKY) interaction utilized in the mean-field theory and hold 
that magnetic properties in DMS systems is due to the p-d exchange interaction.  Sato 

et. al. predicted the magnetic properties from first principles calculations using the 
KKR-CPA method [2].  They found the wave function of the impurity atom rapidly 

decayed and propose a double-exchange mechanism as the dominant mechanism for 

systems having low Mn concentrations.  Kronik et al. [3] calculated the electronic 
structure of GaMnN containing 0.63 % Mn, and concluded that doping with Mn resulted 

in the formation of a 1.5 eV wide impurity band due to the hybridization of the Mn 3d 
and N 2p orbitals.  Sanyal et. al. [4], investigated the effects of varying Mn 

concentrations on electronic and magnetic properties of wurtzite GaMnN.  A first 

principles, plane-wave method was employed and it allowed them to confirm that the d- 
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states of Mn form an impurity band completely separated from the valence band states 

of the host GaN for low Mn concentrations.  They also concluded that the Fermi level 
lies only in one of the spin orientations, thus rendering the material half-metallic with a 

high magnetic moment.  Recently, Bonanni reviewed ferromagnetic nitride-based 
semiconductors doped with transition metals and rare earths [5]. 

In an attempt to verify the interaction between Mn ions in the impurity band and 

free carriers (holes), our previous work was directed towards studying the effect of Si- 
and Mg-doping on the magnetic properties of GaMnN, as well as providing evidence of 

carrier-mediated ferromagnetism in GaN:Mn/GaN:Mg heterostructures. 
  

8.2  Previous Work:  Co-doping GaMnN with Silicon and Magnesium  

Dietl et al. [6] predicted that GaMnN yields ferromagnetic dilute magnetic 
semiconductors with Curie temperatures above room temperature.  Several groups, 

based on MOCVD [7,8] and MBE [9,10] growth techniques, reported these room 

temperature ferromagnetic properties of NMnGa xx−1 , where most MBE data requires a 

Mn concentration above %5  to observe the ferromagnetism.  For concentrations below 

%5 , magnetic properties were not observed.  Secondary phases, which are undetectable 

by X-ray diffraction (XRD) or high-resolution transmission electron microscopy 

(HRTEM), were claimed as the origin of GaMnN’s magnetic properties, but current 
opinion holds that these ferromagnetic (FM) properties are impurity or cluster related 

despite the undetermined origins.  We present empirical data demonstrating these 

magnetic properties are related solely to the Fermi level position in GaMnN, where 
magnetic properties are altered by n-type or p-type doping.  An explanation of the data 

is based on a previously reported theoretical model [3] where magnetic properties of 
GaMnN depend on carrier availability (related to Fermi level position) relative to the 

Mn energy level [3]. 

GaMnN samples were prepared by MOCVD on (0001) sapphire substrates using 

TMGa, MnEtCp 2)( , and MgCp2  as organometallic precursors.  Ammonia and silane 
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served as active nitrogen and silicon sources, respectively.  All GaMnN films were 

grown on mµ5.1 of high resistivity GaN.  Three distinct types of GaMnN films were 

grown: undoped, Si-doped, and Mg-doped.  The Mn-doped layers were grown to a 

thickness of mµ5.02.0 − . 

Secondary ion mass spectroscopy (SIMS) characterized sample composition, and 
XRD and HRTEM characterized the structure.  A superconducting quantum 

interference device (SQUID) measured the films’ magnetic response at room 

temperature, and Hall measurements determined electrical characteristics.  All SQUID 
measurements were corrected for the diamagnetic contribution of the sapphire 

substrates.  From SIMS the Mn concentration, [Mn], is measured as 320 /10~ cmatoms  

for all the undoped, Si- or Mg-doped GaMnN samples.  For Si-doped GaMnN 

(GaMnN:Si), the silicon concentration, [Si], ranges from 32018 /102101 cmatomsto ×× .  

For GaMnN:Mg, the Mg concentration, [Mg], is in the range of 
32019 /102105 cmatomsto ××  .  No variation in Mn concentration was observed in 

GaMnN films due to Si or Mg doping. 

Room temperature magnetization curves for several Si-doped GaMnN samples were 
measured.  Silicon concentration was controlled by silane flow during growth.  The 

silane flows, in nmol/min, are 0, 1.3, 6.7 and 84 for samples (a), (b), (c) and (d), 

respectively.  The dependence of the saturation magnetization and effective Mn ions on 
silane flow rate is shown in Figure 8-2.  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.  The effect of Si doping on the number of Bohr magnetons contributed 

by each Mn ion was deduced from the magnetization curves.  The accepted upper limit 

of Mn contribution to saturation magnetization is 4.7 MnB /µ  atom [11].  As silicon-

doping increases in concentration, the number of Bohr magnetons per Mn ion decreases: 

1.26, 1.11, 0.39 and 0.13 MnB /µ  atom is calculated for samples (a), (b), (c) and (d), 

respectively.  By comparing these observed numbers to the accepted upper limit, the 
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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. 
For the GaMnN:Mg films, the ferromagnetic behavior was not observed for a high 

Mg-doping of 320 /102 cmatoms× as shown in Figure 8-3 (sample (f)), but reducing the 

Mg concentration to 319 /105 cmatoms× resulted in a faintly magnetic GaMnN:Mg film 

as shown in Figure 8-3 (sample (e)). 
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Figure 8-2:  The effect of Silane flow (in nmole/min) on saturation magnetization and 
effective Mn ions of GaMnN:Si films.  Note how the magnetic strength is reduced as 
more Si is added to the GaMnN films.  This sample has a residual magnetization of 

0.154 3/ cmemu , a coercivity of 100 Oe and saturation magnetization of  
0.72 3/ cmemu  at 2.2 kOe, at room temperature. 

 

 

The location of the Fermi level ( FE ) determines the density of states (DOS) 

occupancy in this Mn impurity band and thus the carrier availability to mediate the 
Mn-Mn (double-exchange) magnetic interaction.  In undoped GaMnN films, the relative 

position of the Fermi level with respect to the Mn impurity band is the main parameter  
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controlling ferromagnetism, thus bringing FE  within or close to the Mn impurity band 

results in enhanced ferromagnetic properties.  Even with the exact position of the Fermi 
level being unknown, there is non-zero occupancy for electrons and holes in the impurity 

band. 
 

 
Figure 8-3:   The effect of Mg concentration on the room temperature magnetic 

properties of GaMnN:Mg keeping the Mn concentration at 320 /10 cmatoms .  Sample (a): 
GaMnN-undoped.  Sample (e): GaMnN:Mg ( 319 /105 cmatomsMg ×= ).  Sample (f) 

GaMnN:Mg ( 320 /101 cmatomsMg ×= ). 
 
 

Reducing the silane flow by an order of magnitude will favor a Fermi level location 
closer to the deep Mn band, resulting in two effects: first, electron concentration in the 

conduction band is reduced greatly and film resistivity becomes higher as observed 

experimentally; second, carriers are available to mediate ferromagnetism and FM 
behavior is observed as shown in Figure 8-2.  The effect of Si- or Mg-doping is 

summarized in Figure 8-4. 
The above explanation is confirmed further by co-doping GaN with Mn and Mg, 

both with concentrations in the mid 319 /10 cmatoms .  These atoms form deep-levels at 

about 0.15 eV and 1.4 eV above EV for Mg and Mn, respectively.  The probability for  
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their activation to generate valence band holes, at room temperature, is minimal for Mg 

and almost zero for Mn.  For the high Mg concentration ( 320 /102 cmatoms× ), the Fermi 

level will be located 0.15 eV to 1.4 eV above EV, between the Mg and Mn energy levels. 

This will lead to an empty Mn band and paramagnetic behavior, as shown in Figure 8-3. 

 

 

 
 

Figure 8-4:  Si-doping moves the Fermi Level ( FE ) up and completely fills the Mn band; 
while Mg-doping moves the Fermi Level ( FE ) down and completely empties the Mn 

band.  Both cases decrease the saturation magnetization of the GaMnN film. 
  
 

The manipulation of Mg and Si concentrations and its effects on magnetic 
properties inferred from the Fermi level’s position, promises to be an intriguing study.  

Our Fermi level manipulation explanation still indicates that the experimental 
observations of both FM and nonmagnetic GaMnN, co-doped with both Mn and Mg, is 

achievable. 

The presence of precipitates or magnetic clusters cannot explain the above results 
for the following reasons: 
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i) The Mn concentration in this study is in the range of 0.2 to 0.5 %, which is an 

order of magnitude less than Mn concentrations in GaMnN grown by MBE [9,10].  
 

ii) For higher Mn concentration (0.5 % to 1 % Mn), the MOCVD-grown GaMnN  
showed paramagnetic behavior.  High Mn concentration ~1 % should enhance the 

presence of secondary phases and ferromagnetism, which was not observed  

experimentally.  
 

iii) Data in Figure 8-3 shows the critical dependence of the FM behavior on the Mg  

concentration in GaMnN:Mg films.  Again with Mg 320 /101~ cmatoms×  in  

GaMnN:Mg, the films lost their FM behavior, and the heavy Mg-doping did not  

enhance the formation of secondary phases as examined by X-rays. 
 

iv) Finally, secondary finely separated magnetic phases should show  

superparamagnetic behavior.  We tested all samples for superparamagnetism 
and they did not have a superparamagnetic effect.  It is unlikely, based on the  

above experimental data, that the presence of separated phases or clusters can  
explain the manipulation of the FM behavior in these doped GaMnN films.  There is  

a need to explore alternative explanations. 
 

All samples in this study yield high resistivity and undetermined Hall voltage, 

except the one that was heavily doped with Si ( 319 /102 cmn ×= ).  For moderate Si- and 

Mg-doping, the Mn band is filled partially, however high resistivity films were obtained. 
In the case of a partially filled Mn band, conduction is occurring by a hopping 

mechanism [3], thus carrier type and mobility cannot be determined from Hall 
measurements.  The lack of electrical measurement makes it difficult to determine the 

exact position of FE .  However, changes in the position of the Fermi level seems to be 

consistent with the doping levels used and offers a possible explanation for the observed 

changes in FM properties. 
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In conclusion, we were able to demonstrate that the magnetic properties of GaMnN 

films depend on doping, whether the material is undoped, n-type or p-type.  Undoped 
GaMnN films usually are ferromagnetic if grown under the proper conditions.  Heavy  

Si- or Mg-dopings exhibit mostly faint FM or paramagnetic responses.  However, lightly 
doped GaMnN with Si or Mg produced films with ferromagnetic properties.  An 

explanation for these results, based on the position of the Fermi level in the GaMnN 

material system, is presented.  Ferromagnetism is not observed if FE  is closer to the 

conduction band EC, by n-type doping, or closer to the valence band EV, by p-type 

doping.  It should be mentioned that in the current study, we examined many samples 
that are heavily co-doped with Mn and Mg and non-magnetic responses from the films 

were observed.  We were unable to find a consistent explanation for the current 
experimental results based on the presence of separated phases or clusters.  We feel 

that these results, regardless of our efforts to explain them, form a stepping-stone 

towards better insight into the origins of ferromagnetism in GaMnN. 
 

8.3  Previous Work:  Magnetic Properties of Mn-doped GaN and p-i-n Junctions  

Dilute magnetic semiconductors (DMS) have potential as a new class of spintronic 

devices which utilize both information processing and data storage within one material 

system.  In these materials a sizable number of nonmagnetic cations are replaced by 
magnetic ions to facilitate ferromagnetic behavior.  Recently, room temperature 

ferromagnetic (FM) properties of NMnGa xx−1 have been reported by several groups 

based on MBE and MOCVD growth techniques [7,12–15].  We present experimental 

data demonstrating that the magnetic properties depend on the availability of mediated 
carriers and are related solely to the position of the Fermi level in the GaMnN material 

system within the Mn energy level.  In addition, our data reveal that the magnetic 
properties of GaMnN are altered by co-doping with n-type or p-type dopants.  We also 

discuss preliminary data on several p-i-n junctions.  These junctions were designed and 

fabricated so that electrical pumping could be utilized to control the occupancy of the  
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Mn energy band. 

GaN samples were grown by MOCVD technique on sapphire substrates using 

trimethyl gallium (TMGa) and 3NH precursors.  The growth starts with a low  

temperature GaN buffer layer ( C°500 ), followed by an undoped high-resistivity GaN 

film (~ 1 micron), and 0.2–0.5 micron layer of GaMnN, GaMnN:Si or GaMnN:Mg film. 

Silane and Mg-precursors ( MgCp2 ) were used as n-type and p-type co-dopants.  Mn was 

introduced during growth (growth temperature ~ C°−1000800 ) using a metal-organic 

MnEtCp 2)(  source with the bubbler at room temperature ( C°20 ).  The concentration of 

Mn in the GaMnN film was controlled by the partial pressure ratio of Mn:Ga in the gas 
phase. 

Devices grown for this study consist of n-GaN:Si/i-GaMnN/p-GaN:Mg layers grown 

by MOCVD.  The GaMnN layer is approximately 0.1–0.2 mµ  thick with up to 1 % Mn. 

Two types of structures were grown:  
 

1) devices where the p-layer is grown first (p-down) and 

2) n-layer was deposited first (n-down).  
 

A control p-n junction also was grown for comparison.  The device pattern designed for 

this study consisted of interdigitated fingers with a footprint of 400 mµ  x 400 mµ  as 

shown in Figure 8-5.  The device mesas were etched to a depth of ~1.4 mµ  using a Trion 

Technology ICP-RIE plasma etcher with chamber pressure at 5 mTorr  and a 23 / ClBCl  

gas chemistry with 400 W of ICP power and 150 W of RIE.  The following metallization 

schemes were deposited using a Thermionics e-beam evaporator: 

Ti(200Å)/Al(2000Å)/Ti(400Å)/Au(500Å) for the n-type contact, and Ni(200Å)/Au(2000Å) 
for the p-type contact. 
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Figure 8-5:  Fabricated p-i-n device (400 mµ  x 400 mµ ). 

 

 

X-ray diffraction (XRD) and high-resolution transmission electron microscopy 
(HRTEM) were used to observe the presence of any secondary phases in the Mn-doped 

films used in this study.  Secondary phases or atomic clusters were not detected by 
HRTEM and XRD for samples reported in this work [7,15].  Secondary ion mass 

spectroscopy (SIMS) was used to determine the Mn concentration in GaMnN films.  

SIMS also was used to determine the Si and Mg concentration in doped GaMnN 
samples and p-i-n devices.  The Mn concentration depends on the Mn:Ga partial 

pressure ratio in the gas phase and ranges from 0.1 to 0.5 atomic %.  In the current 

study, the Mn concentration is measured to be 320 /10~ cmatoms for all the undoped, Si 

or Mg co-doped GaMnN samples, with a Mn-concentration of 1 % used in the p-i-n 
devices.  For Si-doped GaMnN samples (GaMnN:Si), the silane flow was varied over 
several orders of magnitude using the dilution technique.  

From the SIMS data, the maximum silicon concentration in GaMnN:Si for MOCVD 

grown films is 320 /102~ cmatoms× .  For GaMnN:Mg, the Mg concentration is found to 

range from 32019 /102105 cmatomsto ×× .  The magnetic properties of undoped GaMnN, 

co-doped GaMnN:Si or GaMnN:Mg and p-i-n devices were studied using a 
superconducting quantum interference device (SQUID) magnetometer.  The Hall 

measurement technique was used to determine the background carriers in all the 
samples.  All GaMnN:Mg samples showed high resistivity and we could not determine  
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the background hole concentration for the films.  For GaMnN:Si samples, the Hall data 

is detected only for the high Si doping level (84 min/nmol ) and 319 /10 cmn =  was 

measured.  A similar electron concentration of 319 /102 cm×  is obtained for GaN:Si 

doped samples grown under the same silane flow conditions.  High resistivity films were 

obtained for the moderate and low Si doped GaMnN samples.  The carrier 

concentrations for the n- and p-type layers in the p-i-n devices are 318 /105~ cm× and 
318 /101 cm×  respectively. 

Figure 8-6 shows the magnetization curves obtained by SQUID measurements for 

several Si co-doped GaMnN samples.  The silicon concentration for the samples shown 
in Figure 8-6 was controlled by silane flow during the MOCVD growth.  The silane flows 

in nmol/min are 0, 1.3, 6.7 and 84 for samples (a), (b), (c) and (d), respectively.  This 

indicates that high Si concentration in the GaMnN:Si films render the films faintly 
magnetic, whereas ferromagnetic behavior was observed for low and moderate Si 

concentrations.    
 

 
Figure 8-6:  The effect of Si concentration on the magnetic properties of GaMnN:Si 

keeping the Mn concentration in the films at 320 /10 cmatoms .  (a) GaMnN-undoped, (b) 
GaMnN:Si (Si = 1.3 min/nmol ), (c) Si = 6.8 min/nmol , (d) Si = 84 min/nmol . 
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A similar trend was observed for the GaMnN:Mg films.  Ferromagnetic behavior 

was not observed for high Mg co-doping of 320 /102 cmatoms×  as shown in Figure 8-7(f).  

Reducing the Mg concentration to 319 /105 cmatoms×  resulted in a faintly-magnetic 

GaMnN:Mg film as shown in Figure 8-7(e).  

The growth temperature ( C°1000 ) and Mn:Ga partial pressure ratio for the 

GaMnN layer was the same for all p-i-n devices studied.  Mn concentration within the 
devices is ~0.5 %, as determined by SIMS measurements.  Room temperature SQUID 

measurements for the p-i-n devices are shown in Figure 8-8 for samples N044-04 (p-

down) and N047-04 (n-down), respectively.  The GaMnN i-layer for sample N044-04 is 

~0.2 mµ  thick whereas N047-04 has a thickness of ~0.45 mµ .  Figure 8-8 shows that 

the saturation magnetization for both samples is ~1.25 ccemu / , indicating these 

growth conditions for creating magnetic GaMnN are reproducible. 

 

 
Figure 8-7:  The effect of Mg concentration on the magnetic properties of GaMnN:Mg 

keeping the Mn concentration at 320 /10 cmatoms .  (a) GaMnN-undoped, (e) GaMnN:Mg 
( 319 /105 cmatomsMg ×= ), (f) GaMnN:Mg ( 320 /101 cmatomsMg ×= ). 
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Figure 8-8:  Magnetization curve for N044-04 and N047-04 at K300 . 

 

 

Representative VI −  characteristics of the devices under forward and reverse bias 

are shown in Figure 8-9(a) and (b), respectively.  The series resistance is higher in the 

samples with p-down as compared to the n-down devices as seen in Figure 8-9(a) due to 
the low mobility of holes.  Mn-doped device N044-04 (p-down) has a lower series 

resistance than the undoped p-n diode N043-03 (p-down).  However, sample N044-04 

also exhibits a lower breakdown voltage under reverse bias conditions (Figure 8-9(b)) 
indicating the lower series resistance is from leakage current.  The lower series 

resistance observed in sample N047-04 is attributed to having the higher mobility n-
layer down. 
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(a)

(b)

(a)

(b)

 
Figure 8-9:  VI −  characteristics of the p-i-n devices for (a) forward bias and (b) reverse 

bias. 
 

 
The above experimental data for the co-doping experiments can be explained based 

upon the location of the Fermi level ( FE ) in the GaMnN materials system.  The location 

of the Fermi level will determine the occupancy of the DOS in this Mn impurity band 
and thus the availability of carriers to mediate the magnetic Mn-Mn exchange 

interaction.  For the undoped GaMnN films, grown under the proper growth conditions, 
the presence of a Mn impurity band will be the main parameter that will control the 

position of the Fermi level placing it within or close to the Mn impurity band.  Even  
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though the exact position of the Fermi level is not known, there will be non-zero 

occupancy for electrons and holes in this impurity band.  Heavily co-doped GaMnN 

using Si or Mg will impact the position of FE .  GaMnN:Si, with heavy Si doping        
320 /10~ cm  has an electron concentration of 319 /102~ cmatoms× measured by Hall 

technique.  As the co-doping concentrations increase the Fermi level moves out of the 
Mn energy band resulting in paramagnetic or weak ferromagnetic behavior as shown in 

Figures 8-6 and 8-7. 
The current explanation for these results is based on the position of the Fermi level 

in the GaMnN materials system.  Ferromagnetism only can be observed if the FE  is 

located within the Mn impurity band.  This allows carriers (electron and holes) to be 

present in the Mn impurity band to mediate ferromagnetism.  This ferromagnetism is 

not observed if FE  is closer to EC by n-type doping or to EV by p-type doping.  It should 

be mentioned that in the current study we have examined many samples that are 

heavily co-doped with Mn and Mg and films with paramagnetic responses always were 
observed.  The current results exclude the presence of precipitants or clusters as the 

origin of the observed room temperature magnetic properties in the MOCVD-grown 

GaMnN films.  In an effort to confirm the Fermi position findings several p-i-n junctions 
were grown.  Initial results confirm that the devices are ferromagnetic at room 

temperature and exhibit rectifying behavior.  The effect of voltage biasing on the 
magnetic properties is seen in Figure 8-10.  

At the n-type and p-type dopings of 318 /105~ cm×  and 318 /101~ cm×  respectively, 

the depletion region of the p-i-n device is assumed to be contained within the i-layer.  

The device was subjected to a forward voltage sweep ( VVV 05.20 →→ ), followed by a 

reverse voltage sweep ( VVV 05.20 →−→ ) occurring in V5.0 increments.  When a     

p-i-n diode is forward biased, holes and electrons are injected from the p- and n-regions 

into the i-region.  These charges do not recombine immediately and instead, a finite 
quantity of charge remains stored within the i-region for some time after current 

injection.  The simultaneous injection of both electrons and holes means that no  
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additional (net) holes are introduced to the ferromagnetic GaMnN (i-region) layer.  With 

no extra holes to mediate additional Mn-Mn interactions, we observe no increase in the 
device’s ferromagnetic response.  This is evidenced by a stable set of saturation 

magnetization values witnessed for the forward biased voltage sweep in Figure 8-10.   
Under reverse voltage bias conditions, the depletion region of the p-i-n diode 

extends beyond the i-region and mostly into the lighter-doped p-region.  This results in 

a decreased concentration of holes, in the p-GaN, whose wave functions can extend into 
the GaMnN layer to interact with Mn ions and mediate additional ferromagnetism in 

that layer.  The saturation magnetization is diminished and what is now observed 
mainly is due to the GaMnN layer itself and relies on the position of the Fermi level 

within the GaMnN. 
At the completion of the reverse voltage bias sweep, the p-i-n device’s saturation 

magnetization does not recover immediately to its original zero-bias value, due to the 

charge trapped in the i-region during forward voltage bias current injection.  The 
recovery time for this diode was on the order of a few weeks.  The inset images in Figure 

8-10 depict the changes in the device’s hysteresis curves at various stages of voltage 
bias.  The increase in signal noise throughout the full sweep of forward and reverse 

voltage bias is attributed to device heating.  Each new voltage setting was held for 5 

minutes before the saturation magnetization was recorded.  It is believed the resultant 
heating (thermal agitation) began to counteract the spin polarization.  
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Figure 8-10:  Saturation magnetization vs. applied voltage for a p-i-n magnetic 
structure.  The SM  value does not recover after a full voltage sweep. 

 

 

Figure 8-11 depicts the p-i-n diode’s VI − curve with an estimate of its series 

resistance.  The length of time required for the full voltage sweep coupled with such a 
high device series resistance helps explain the heating believed to cause signal noise in 

the hysteresis curves.  
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Figure 8-11:  VI − curve for the p-i-n magnetic diode of Figure 8-10. 
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8.4  Magnetic and Magnetotransport Properties of (AlGaN/GaN):Mg/(GaMnN)  

       Heterostructures at Room Temperature   

Dilute magnetic semiconductors (DMS) are potential building blocks for spintronic 

devices.  These devices will make use of the spin degree of freedom of the charge 
carriers.  Recently, Mn-doped III-V DMS attracted attention due to the presence of 

ferromagnetic (FM) ordering in this material system.  Most of the activities were 
devoted to the GaMnAs material system with cryogenic operating temperatures, and a 

variety of techniques such as anomalous Hall effect (AHE), polarized light emission 

from light emitting diode structures, and others had been used to characterize the 
ferromagnetic properties of GaMnAs films [16–18].  Recently, a great interest in the 

GaMnN material system occurred for its potential room temperature application [7].   
Ferromagnetism in GaMnN always was demonstrated using Superconducting Quantum 

Interference Device (SQUID) measurements, while other magnetic characterization 

techniques that depend on carrier transport such as AHE have not been demonstrated 
yet.  This is due mainly to the difference in the nature of the mediated carriers in both 

the GaMnAs and GaMnN material systems.  
For GaMnAs, it is accepted generally that Mn substitutes for Ga and  

simultaneously provides localized magnetic moments and high hole concentration in the 

valence band.  For GaMnN films the situation is quite different, the Mn atom acts as a 
deep level acceptor and it is believed to form a band with a width that depends on the 

Mn concentration.  The Mn energy level was reported to be located about 1.4 eV above 
the valence band edge in GaN films [19].  This Mn band is due to broadening of the 

discrete Mn 3d impurity level via hybridization with the N 2p orbital.  These holes are 
not located in the valence band as in the GaMnAs case, but in the deep-level Mn-

impurity band.  Conduction in this impurity band occurs by a hopping mechanism, 

resulting in highly resistive GaMnN films.  It can be claimed that a partially filled Mn 
band will offer the required holes to mediate ferromagnetism [3] whereas the absence of 

holes in a completely filled or empty Mn band should result in paramagnetic properties 
[20].  
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Thus the Mn atoms in GaN play two roles: 

 
(1) Introduce the localized magnetic moment at Mn 3d states and 

(2) provide holes that will stabilize the FM state. 
 

An effort to dope these GaMnN films either n-type or p-type did not yield expected 

results.  For example, magnesium (a p-type dopant in GaN) was introduced during the 
growth of GaMnN films to form GaMnN:Mg [21] resulting in highly resistive films 

(values in megaohms).  The Mg and Mn concentrations in these films were comparable 

( 320 /10 cmatoms ) by secondary ion mass spectroscopy (SIMS) measurements.  We also 

doped GaMnN with Si, a n-type dopant.  For low Si concentrations GaMnN:Si films 

showed high resistivity.  We have found that increasing Si concentrations 

( 320 /10 cmatoms ) reduce the ferromagnetic behavior of GaMnN:Si films [21].   

To avoid such limitations, GaMnN films as part of multilayered structures such as 

p-type strained-layer superlattices (SLSs), (AlGaN/GaN):Mg/GaMnN, are investigated. 
In such structures, the GaMnN layer offers the magnetic dipole, whereas the GaN:Mg 

wells in the superlattice layer offer holes to the valence band which can participate in 

mediating the FM properties.  Holes in the valence band of GaN:Mg wells proceed by 
simple effective mass transport and Hall effects can be investigated.  Magnesium doped 

(AlGaN/GaN) strained-layer superlattices enhance hole concentration in GaN because 
the nitride system supports large polarization fields due to the polarization effect in the 

strained AlGaN [22].  The strain in AlGaN and the accompanied piezoelectric field 

result in band bending and the enhancement of hole concentration in the GaN wells, as 
compared with GaN:Mn films [22].  The use of SLS allows a high concentration of holes 

to be available to mediate ferromagnetism (Figure 8-12).  Thus, this will allow the 
independent control of the carrier (hole) density in the SLS and the magnetic dipole 

from ++ 2/3Mn  ions offering more flexibility in controlling the magnetic properties. 
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Figure 8- 12:  Superlattice heterostructure grown for magnetotransport measurements. 

The structure is a 200 nm GaMnN film sandwiched between two p-type superlattice 
structures of (AlGaN/GaN):Mg. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8-13:  Actual (strained) energy band diagram for the (AlGaN/GaN):Mg SLS 
heterostructure utilized for improved hole concentration in our p-layer, where band 

bending creates a 2-D hole gas which intersects the Mg acceptor band. 
 

 

We report on the observation of AHE in GaMnN heterostructure films.  The 
(AlGaN/GaN):Mg /GaMnN heterostructures are grown where the GaMnN film is  

 

CB 

VB 

Al 0.2 Ga 0.8 N:Mg 

GaN:Mg 

0.16eV 
Mg 

2DHG (low E, higher h + density) 

lower h + density 

CB 

VB 

Al 0.2 Ga 0.8 N:Mg 

GaN:Mg 

0.16eV 
Mg 

2DHG (low E, higher h + density) 

lower h + density 

 



 173 

sandwiched between multilayered structures composed of (AlGaN/GaN):Mg 

superlattices, as shown in Figure 8-12.  The superlattice in this structure is Mg doped 
and the use of SLS allows a high concentration of planar holes to be available in close 

proximity to the GaMnN film (Figure 8-13). 
The GaMnN films and the SLS were grown by metal organic chemical vapor 

deposition on (0001) sapphire substrates.  The organometallic sources were trimethyl 

gallium, trimethyl aluminum, ethyl bisethyl cyclopentadienyl-Mn MnEtCP )( 2 , and 

)( 2MgCP as the Mn and Mg organometallic sources.  Ammonia was used as the N source 

for the nitride films.  All films in this study were grown on a 2 mµ  undoped layer of 

GaN.  Four periods of (AlGaN/GaN):Mg SLS were used.  The magnetic characterization 

of these films was performed at room temperature ( K300 ) using a MicroMag™ Model 

2900 alternating gradient magnetometer (AGM) from Princeton Measurements Corp.  

The AGM is a powerful system for measuring the magnetic properties of thin film 

materials, and it offers a high sensitivity of 10 nemu  RMS – corresponding to less than 

50 pg  of iron.  We have found that the results from AGM measurements are consistent 

with that recorded from the SQUID measurements for the same samples.  Hall 

measurements also were carried out at room temperature using In contacts.  SIMS was 
utilized to determine both Mn and Mg atom concentrations in the films.  The GaMnN 

film thickness is estimated to be 200 nm from growth-rate measurements.  This 

thickness was kept the same for all the investigated structures.  
From the SIMS measurements the Mn concentration in the GaMnN film was found 

to be ~ 320 /10 cmatoms , i.e., less than 1 % Mn atoms in GaN.  The magnesium-doped 

(AlGaN/GaN) strained-layered superlattices first were characterized by X-ray 
diffraction and Hall measurements.  X-ray diffraction indicated that the 

(AlGaN/GaN):Mg superlattice period is 15 nm .  The growth time is the same for both 

GaN:Mg and AlGaN:Mg layers so that each layer is 7.5 nm  thick.  The AlN percentage, 

in the AlGaN:Mg layers, is 10 % as determined from XRD by growing thick AlGaN films 

under the same growth conditions.  The p-type SLS thickness and Mg concentration 
were optimized such that the p-type carrier concentration located in the GaN wells was 
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318 /102~ cm× , as indicated from Hall measurements.  These planar holes located in the 

GaN wells are in close proximity with the GaMnN film, separated by a few nanometers. 

Thus, the holes’ wave function will overlap with +3Mn  ions and thus provide the 

required Zener/RKKY interaction to stabilize the ferromagnetic state in the GaMnN 

film.  The Mn and Mg concentrations, the GaMnN film thickness, strained-layer 
superlattice periods, and AlN % in these SLSs were kept the same for all the different 

structures that were studied. 

AGM magnetic measurements were conducted with in-plane field orientation, 
which is the easy axis orientation in the material system, as was previously reported.  

Figure 8-14 shows the room temperature magnetization ( M ) versus applied field ( B ) 
curves for three different structures.  Curve (a) represents the hysteresis curve for the 

bulk GaMnN film only.   Curve (b) represents the same GaMnN film as part of a 
(SLS:Mg/GaMnN/SLS:Mg) heterostructure prior to high temperature annealing.  Curve 

(c) shows the effect of annealing at C°700  for 20 min on the p-type SLS/GaMnN/SLS 

sandwich structure.  All the hysteresis curves opened up at high positive magnetic fields 
due to a drift in the AGM magnetometer. 

From Figure 8-14, one observes that the as-grown p-type SLS/GaMnN/SLS 
structure has a higher saturation magnetization value compared to the bulk GaMnN 

grown under the same conditions.  Annealing activates more holes from the Mg dopant 

in the SLS by breaking the Mg–H bond and allowing a higher hole concentration in the 
GaN wells.  Since the starting GaMnN film is ferromagnetic, the Fermi level is believed 

to be close to or within the Mn band, thus offering holes for carrier mediation of 
magnetization in the GaMnN film [19].  These holes are believed to be located in the Mn 

deep-level band.  For the as-grown SLS:Mg/GaMnN/SLS:Mg structure, more holes are 

available but now in the GaN valence band.  These added holes will enhance carrier 
mediation and improve the value of the saturation magnetization of the GaMnN film. 

It can be observed from Figure 8-14 that the presence of holes in the SLS layers 
results in an increase of both coercivity and remanent magnetization over the GaMnN 

film only.  This suggests that the presence of holes in the SLS enhances interlayer  
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exchange coupling in the (AlGaN/GaN):Mg/GaMnN structure.   

 

 
Figure 8-14:  Room temperature magnetization curves for the p-SLS/GaMnN/p-SLS 

trilayer structure.   (a) Magnetization curve for only the bulk GaMnN layer grown on 
GaN/sapphire substrates.   (b) and (c) Magnetization curves for the as-grown and 

annealed trilayer SLS:Mg/GaMnN/SLS:Mg structure. 
 
 

It should be mentioned that for a non-optimized strained-layer superlattice with higher 

resistivity, i.e., very low hole concentration in the GaN wells, improvement of the 

saturation magnetization ( SM ) in the GaMnN film barely was observed.  Thus, the 

enhancement of the SM value, for the same Mn concentration shown in Figure 8-14, is 

directly related to the hole concentration in the GaN quantum wells.  Thus, the 
structure shown in Figure 8-12 allows independent control of the ferromagnetic 

properties of the GaMnN films by changing either the magnetically active Mn-atom 
concentration in the GaMnN film or the level of p-type doping in the SLS. 

Figure 8-15 shows the Hall data for both the SLS and the SLS/GaMnN/SLS 

sandwich structure.  In Figure 8-15, the magnetoresistance is RHall measured as the 
difference between the Hall resistance at the applied field B, RHall(B), and the Hall 

resistance measured at zero applied field RHall(0) or RHall =RHall(B) −RHall(0).  For the p- 
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type SLS by itself, a linear RHall relation is shown in the figure.  This linear behavior is 

following the ordinary Hall relationship RHall=(Ro /d) ·B, where Ro is the ordinary Hall 
coefficient, d is the film thickness and B is the applied field.  The Hall concentration     

 

 
Figure 8-15:  Magnetic field dependence of RHall for a strained-layer superlattice (SLS) 

(AlGaN/GaN):Mg shows a linear ordinary Hall effect and a sandwich structure of 
SLS:Mg/GaMnN/SLS:Mg showing extraordinary Hall effect. [RHall = RHall(B) −RHall(0)]. 

 

 

and mobility deduced from these data are 318 /102 cm×  and sVcm ⋅/10 2 , respectively.  

For the p-SLS/GaMnN/p-SLS sandwich structure a magnetic field dependence of RHall 

can be interpreted by the anomalous Hall behavior [23].  One should accept that AHE in 

a magnetic film probes the magnetization moment perpendicular to the film plane.  The 
magnetic field dependence of the Hall resistance should have a steep initial slope 

consisting entirely of the AHE followed by a modest slope associated with the ordinary 

Hall effect.  The field at which the slopes change is the film saturation perpendicular 

to field SH . 

The magnetoresistance measured for the SLS:Mg/GaMnN/SLS:Mg structure seems 

to follow the relation RH = (Ro /d)·B +(Rs /d)·M.  In this equation, M is the perpendicular 

magnetization of the film and Rs is the extraordinary Hall coefficient.  The interaction  
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between the holes and the Mn 3d spins is manifested in the anomalous Hall effect, 

which dominates the room temperature measurement.  The anomalous Hall effect 

dominates at low fields and RHall saturates once the magnetization ( M ) reaches its 
saturation value [23].   As shown in Figure 8-15, the increase in the Hall resistance 

due to the reduction in mobility for the SLS/GaMnN/SLS structure can be explained 
based on the interaction between holes in the GaN wells and the Mn ions in the GaMnN 

film.  Several mechanisms for the reduction in mobility are possible [24].  For example, 

interface roughness between the SLS and GaMnN can reduce the carrier mobility, as 

observed previously in different heterostructures.  Also, the presence of ++ 2/3Mn  ions 

will reduce the hole mobility due to impurity scattering.  Finally, the origin of AHE is 

caused by the scattering asymmetry in the right-left scattering of the conduction holes 
from the magnetization moment perpendicular to the Hall current.  We are in the 

process of studying the relation between Hall resistance and sheet resistivity in order to 
determine the nature of scattering as either skew or side jump scattering.  Results 

shown in Figure 8-15 present an effort to study the magnetic properties of GaMnN films 

without relying on the commonly used SQUID technique. 
It should be mentioned that modulation doping has been used previously to enhance 

the magnetic properties, Curie temperature CT , in GaMnAs by using a 

GaMnAs/AlGaAs:Be structure [25,26].  In that case, holes were thought to originate 

from both Mn doping in GaMnAs and Be doping in the AlGaAs layers.  This study and 
others [27] of DMS GaMnAs indicated that this extra source of holes has to be less than 

3 nm away from the DMS film for coupling to occur between holes and Mn ions in 

GaMnAs.  The current study for GaMnN films is in agreement with the previously 
reported GaMnAs work, even though this coupling distance is not expected to be the 

same for GaMnN and GaMnAs, primarily as a result of the lower spin-orbit interaction 

in the GaMnN case.  Work is underway to determine the optimum separation between 
++ 2/3Mn  ions and the holes in the SLS/GaMnN/SLS heterostructures. 

In conclusion, a p-type strained-layer superlattice structure (AlGaN/GaN) was 

applied to form SLS/GaMnN/SLS heterostructures to overcome the problem of the  
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highly resistive GaMnN films, usually observed at room temperature.  We observed 

correlations between the magnetic properties of the GaMnN films and the availabilities 
of holes in the p-type SLS.  We also have demonstrated anomalous Hall effect in these 

multilayered structures.  This work presents a first step toward establishing 
magnetotransport properties that can be utilized at room temperature for DMS. 

 

8.5  Electric Field Control of Room Temperature Ferromagnetism in III-N Dilute 

       Magnetic Semiconductor Films 

Magnetic semiconductor devices that utilize both the charge and spin of electrons to 
process and store information can have higher speed and efficiency, as well as reduced 

size and power consumption.  Most recent studies on dilute magnetic semiconductor 
(DMS) materials have been focused on GaMnAs and InMnAs [28–30].  Different 

techniques such as anomalous Hall effect (AHE) and polarized light emission from light 

emitting diodes have been used to characterize ferromagnetic properties of GaMnAs 

films [16,29] with the highest reported Curie temperature ( CT ) of about K170 [31].  

There have been several reports of electric field control of the ferromagnetic (FM) 

properties in these DMS but only at temperatures less than ~ K110  [28,30].  However, 

GaMnN films have been found to exhibit ferromagnetism with a range of CT  above room 

temperature [6,7] and the ferromagnetic (FM) behavior can possibly be similarly 

controlled by an applied electric field at room temperature. 
Here we show that the electric field control of the ferromagnetism can be realized at 

room temperature using GaMnN-DMS if several issues associated with this DMS are 
addressed.  The exchange interaction between Mn ions and holes in GaMnN DMS 

results in FM ordering [32], which can be altered by controlling the number of 

interacting holes.  However, Mn forms deep acceptor bands in GaMnN films resulting in 
an insulating film [20,32,33], and doping GaMnN with the Mg acceptor does not 

improve the film conductivity [33].  Consequently, the electric field controlled 
ferromagnetism has been difficult to realize.  Our recent results showed that p-type  
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(AlGaN/GaN) strained-layer superlattices (SLSs) forming p-SLS/GaMnN/p-SLS 

heterostructure overcome the problem of the highly resistive GaMnN films [34].  A 
correlation between the ferromagnetism of the film and the availability of holes in the p-

type SLSs has been observed.  Our current approach is based on separating the DMS 
mediating hole carriers from the GaMnN films by growing GaMnN on a p-GaN layer 

[20,34].  The source of mediating carriers is the p-GaN and the hole concentration can 

be controlled by applying an electric field. 
In this work we have grown GaMnN/p-GaN/n-GaN multilayer structures and 

demonstrated room temperature spin electronic devices.  Carrier depletion in the p-n 
junction of GaMnN i-p-n structures was altered by an applied voltage bias which 

changed the hole concentration in the p-region, thus controlling the ferromagnetism of 

the GaMnN film.  A GaMnN film of 0.5 mµ  thickness was grown on a p-GaN/n-

GaN/GaN/sapphire stack using metal-organic chemical-vapor deposition (MOCVD) (see 
Refs. 19 and 33 for details).  To enhance the hole concentration [22] the p-type region 

was grown as Mg-doped ( GaNNGaAl /8.02.0 ) SLSs with a period of about 16.6 nm (In this 

work, the p-(AlGaN/GaN) SLS will be referred to as p-GaN).  Figure 8-16(a) shows a 

schematic of the multilayer GaMnN/p-GaN/n-GaN/GaN (GaMnN i-p-n) structure on the 

c-plane sapphire substrate.  For the Mn dopant, MnEtCp 2)(  was transported into the 

reactor and the Mn dopant concentration was on the order of 320 /10 cm  as determined 

by secondary ion mass spectrometry measurements.  Hall measurements on the n-GaN 

and p-GaN layers yielded carrier of concentrations of 18105.1 ×  and 317 /102.1 cm× , 

respectively.  An alternating gradient magnetometer (AGM) was used for magnetic 

characterization.  The GaMnN i-p-n structures with different p-GaN layer thickness 

( pX ) were fabricated using photolithography and inductively coupled plasma dry 

etching.  The size of each i-p-n device was about 2x2 2mm .  Contacts were deposited on 

the p-GaN and n-GaN forming a rectifying junction.  Figure 8-16(b) shows a current-

voltage ( VI − ) characteristic curve of one of the representative fabricated devices with 

mX p µ25.0= . 
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Several GaMnN i-p-n structures with different p-GaN thickness pX  were grown.  A 

strong dependence of the GaMnN film ferromagnetism on pX  was observed.  The 

GaMnN layer grown on the sapphire substrate without the p-GaN SLS was 
paramagnetic (PM).  We established that the ferromagnetic state in GaMnN is due to 

hole mediation using several test structures, where holes are located in the p-GaN 
layer.  GaMnN layers grown on top of p-GaN templates showed strong saturation 

magnetization ( SM ) that depends on annealing conditions.   

 

 
Figure 8-16:  (a) Schematic of the fabricated GaMnN i-p-n device structure: pX  is the p-
GaN thickness, the depletion width ( pW ) and the applied voltage (Va) are also shown.  
(b) VI − curve of GaMnN i-p-n device with 0.25 mµ  p-GaN layer thickness ( pX ).  As 

the pX  increases the VI − characteristics of the rectifying p-n junction are more 
evident. 
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Thermal annealing of Mg-doped GaN is known to activate the acceptor dopant and 

enhance the hole concentration at room temperature.  For pX  ≈ 66 nm , measured from 

the interface of the p-GaN junction, the GaMnN structure is paramagnetic (PM) due to 

insufficient mediating holes. 

In the GaMnN i-p-n structure hole depletion fully takes place in this 
+− np rectifying junction at zero applied bias due to the presence of the built in 

potential V0.  As the pX  increases, SM  of GaMnN i-p-n structure increases and starts 

to saturate for pX  ≥ 0.25 mµ , as shown in Figure 8-17.  SM  depends on the strength of 

interaction between itinerant holes in p-GaN and the localized spin of Mn magnetic 

ions.   
 

 
Figure 8-17:  Variation in the saturation magnetization ( SM ) of GaMnN i-p-n 

structures with the thickness of the undepleted p-GaN layer ( pX ) measured at K300 . 
The SM  values, before and after annealing the sample are labeled. 

 

 

The higher the hole concentration, the stronger the ferromagnetism.  Only the holes 
near the GaMnN/p-GaN interface interact with localized Mn ion spins, and the value of 
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SM  remains the same for pX  = 0.25 and 0.33 mµ .  These results demonstrate that the 

ferromagnetism can be controlled by applied voltage to the GaN p-n junction, which 
varies the hole concentration near the GaMnN/p-GaN interface.  Previously, the 

magnetic properties of modulation doped GaMnAs/AlGaAs:Be heterostructure has been 

reported by Wojtowicz et al. [35].  The increase in CT  from Kto 11077  with increasing 

Be-doped layer thickness from 0 to 13.2 nm has been observed.  Holes in the 

nonmagnetic layer were found to interact with Mn ions in the magnetic layer and 

increase CT .  The interaction length between the two dimensional hole gas wave 

function and Mn δ-doping profile of 3 nm  has been reported in GaMnAs/GaAs:Be 

heterostructure [27].  This GaMnAs DMS study indicated that the extra source of holes 

has to be less than 3 nm  away from the DMS layer for coupling to occur between holes 

and Mn ions in GaMnAs layer. 

Our experimental results are consistent with a simple estimate of carrier depletion 
due to built in potential at zero bias.  From the one dimension Poisson’s equation for a 

GaN +− np  junction assuming uniform doping, the p-region depletion width ( pW ) at 

zero bias is about 161 nm .  For the pW  calculation, we have used the static dielectric 

constant of 8.9 and effective conduction and valence band room temperature density of 

states of 18102.2 ×  and 319 /106.4 cm× , respectively [36].  The VI −  curve of GaMnN i-p-

n devices for pX  = 0.166 mµ  is flat due to an almost fully depleted p-GaN and as the 

pX  increases the VI −  characteristics of the rectifying p-n junction are more evident.  

The very high forward bias series resistance of this rectifying GaN p-n junction is due to 
the high sheet resistance of the low mobility p-GaN layer.  These results of the GaMnN       

i-p-n structure establish that the ferromagnetism in GaMnN is hole mediated and it can 
be controlled under zero bias by varying the p-GaN layer thickness and depleting 

carriers near the GaMnN:p-GaN interface.  Fabricated devices were first tested using 

AGM measurements.   
The next step was to demonstrate that the ferromagnetism in GaMnN (i-p-n) layer 

can be controlled by applying voltage to the GaN p-n junction.  Figure 8-18 shows the 
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SM  of a GaMnN i-p-n device at different reverse bias voltages (VR) for pX  = 0.25 mµ .  

The inset in Figure 8-18 shows the hysteresis curves at different VR.  For VR ≤ 3 V, the 

SM  is independent of applied voltage.  The depletion width pW  at -3 V is about 0.221 

mµ  leaving almost 30 nm of p-GaN close to the GaMnN/p-GaN interface.  The 

penetration depth for the hole wave function into the i-GaMnN layer is believed to be 

less than 30 nm , which explains the constant value of SM  for VR < 3 V and for forward 

bias.  SM  starts to decrease at VR = 4 V.  For VR = 5 V the p-layer is fully depleted ( pW  = 

0.25 mµ ) and the GaMnN film is almost PM.  Thus we can conclude that VR increases 

the depletion width at the p-n junction by depleting the holes at the junction that 
interact with the localized Mn ion spins.  For fully depleted p-GaN at reverse bias, there 

are almost no itinerant holes to mediate ferromagnetism in the top GaMnN layer and 
the film is PM.  Hence, the ferromagnetism can be controlled at room temperature by 

biasing the devices.  Several fabricated devices were found to repeat these results and 

confirm the hole mediated ferromagnetism of GaMnN layer. 
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Figure 8-18:  Saturation magnetization SM  of a GaMnN i-p-n device at different 

values of reverse bias voltage (VR).  Inset shows the hysteresis curves as a function of 
VR.  For VR > 3 V, SM  is independent of applied voltage.  SM  starts to decrease at VR = 

4 V and for VR = 5 V GaMnN film almost is PM. 
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To study spin polarization in GaMnN i-p-n devices, Hall resistance measurements 

were carried out on n- and p-GaN films and fabricated devices by a four-point Hall 
measurement on the p-GaN layer.  Figure 8-19(a) shows the magnetoresistance (ΔRHall) 

data for n- and p-type GaN films.  ΔRHall is the difference between the Hall resistances  
at applied magnetic field B and at zero field [ΔRHall = RHall(B) −RHall(0)] and was 

measured.  For the n- and p-GaN films ΔRHall is linear.  This linear behavior is due to 

the ordinary Hall effect (OHE), RHall(B) = (R0 /d)·B, where R0 is the ordinary (normal) 
Hall coefficient, B is the applied field, and d is the film thickness.  The Hall 

concentration in these films is about 318 /10~ cm .  For the ferromagnetic semiconductor, 

RHall(B) can be expressed as [23] 
 

M
d
RB

d
RR SO

Hall +=  

 
where M is the perpendicular magnetization, d is the undepleted p-GaN layer thickness, 

and RS is the extra ordinary Hall coefficient, which is proportional to the film sheet 
resistance.  Figure 8-19(b) shows the differential magnetoresistance (ΔRHall) at zero and 

reverse bias for the GaMnN (i-p-n) device with pX  = 0.25 mµ .  The solid lines are 

guides for the eyes.  Similar behavior was observed for GaMnN i-p-n device with pX  = 

0.33 mµ  (not shown).   

 The magnetic field splits the GaN valance band, which leads to an exchange 

interaction between holes and localized Mn 3d spins, resulting in the AHE [31,37].  
Also, the scattering asymmetry in the right-left scattering of the conduction holes from 

the magnetization moment perpendicular to the Hall current results the AHE.  Thus, 
the RHall of GaMnN i-p-n devices at applied magnetic field has a steep initial slope due 

to AHE followed by a modest slope due to OHE.  The negative modest slope of AHE 

curve for zero bias indicates that the carriers in the film are p-type.  The AHE 
dominates at low fields and RHall saturates once magnetization reaches higher levels 

[23].  For reversed bias, holes in the p-GaN layer are depleted and the total number of  
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holes that interact with Mn 3d spins decreases with applied reverse voltage and the 

OHE dominates at VR = 5 V.  Thus, in close agreement with the AGM measurement, the 
Hall measurement shows AHE for zero bias and OHE for reverse bias (VR > 5 V) with 

pX  = 0.25 mµ . 

 

 
 

Figure 8-19:  Magnetoresistance ΔRHall of (a) n- and p-GaN films: ΔRHall is linear 
for the n- and p-GaN films due to the OHE.  (b) A GaMnN i-p-n device with p-GaN 

thickness ( pX  = 0.25 mµ ) as a function of applied magnetic field and at different values 
of applied reverse voltage.  Solid lines are guides for the eyes.  The RHall of GaMnN i-p-n 

devices at applied magnetic field has a steep initial slope due to AHE followed by a 
modest slope due to OHE. 

 

 
The above experimental results establish several concepts for electric current 

control of the ferromagnetism in GaMnN DMS layers at room temperature.  First we 

have shown evidence that the ferromagnetism in GaMnN is carrier (hole) mediated.  
Starting with a PM GaMnN film, ferromagnetism only was observed due to the presence 

of holes near the GaMnN/p-GaN interface.  The hole wave function in the p-GaN layer 
can spread several nanometers to overlap with Mn ions in GaMnN.  The magnitude of 
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SM  in GaMnN was shown to depend on the hole concentration and thickness of the 

undepleted p-GaN film.  The second concept is the electric control of ferromagnetism by 

reverse bias of the p-n GaN junction to deplete the mediated holes in the p-GaN layer.  

SM  in GaMnN was found to correlate directly with the width of the undepleted p-GaN  

layer.  FM to PM behavior was observed in a fully depleted p-GaN film.  The third 
concept is the dependence of magnetoresistance (ΔRHall) on the applied magnetic field 

and identification of the extra OHE.  We have found that the value of 
magnetoresistance depends on the thickness of the undepleted p-GaN film, which can be 

controlled by applying reverse bias voltage to the p-n junction.  We believe that these 

results present the first demonstration of electric current control, at room temperature, 
of ferromagnetism in GaMnN DMS. 

In summary, we have conducted multiple experiments demonstrating that the 
ferromagnetism in GaMnN layers can be controlled by the hole concentration in a 

GaMnN/p-GaN heterostructure.  Furthermore, the holes can be modulated by applying 
a reverse bias to the GaMnN/p-GaN/n-GaN structure producing a transition from PM to 

FM behavior.  We have demonstrated that this electric current control of the 

ferromagnetism can be achieved at room temperature and that the AHE depends on the 
holes of the p-GaN layer and the applied reverse bias.  Such current controlled 

ferromagnetic GaMnN i-p-n devices would have important applications at room 
temperature in nonvolatile memory storage systems. 
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CHAPTER 9:  CONCLUSIONS AND FUTURE WORK 
 
 

9.1  Conclusions  

Spintronics is an emergent research field with the goal of attaining added 

functionality in microelectronic devices through the utilization of carrier spin as an 

extra degree of freedom in electronic device design.  This dissertation serves to present 
research focused on achieving such spintronic devices through the realization of room 

temperature, ferromagnetic GaN.  These magnetic thin films are doped with either Mn 
or the rare earth elements Nd or Er, and grown via MOCVD and/or PLD technique.  

Mechanisms leading to ferromagnetism in GaMnN are investigated as well as GaN 
properties resulting in enhanced ferromagnetic RE-GaN.    

We have shown that n-type, p-type and undoped GaN grown by MOCVD and ex-

situ doped with Nd and Er via diffusion exhibits room temperature ferromagnetism and 

near-infrared (~1060 nm and ~1350 nm ) and infrared (~1546 nm ) luminescence as 

well.  Substrate conditions play a role in magnetic behavior as Si (or Mg) and RE atoms 

compete for gallium sites, and increased Si (or Mg) doping leads to decreased saturation 
magnetization.  Luminescent intensity varies slightly over the Si-doping range, and 

emission intensity also varies with annealing time.  To the best of our knowledge, this is 

the first demonstration of above room temperature ferromagnetism and emission in 
GaNdN via diffusion. 

The diffusion coefficient (at C°800 ) of Nd in GaN was estimated to be 

scmD /1065.4 218−×≈ .  Hydrogen was found to passivate/compensate gallium vacancies 

making them unfavorable for diffused rare earth atoms, but extended annealing times 
(> 15 hours) allowed for hydrogen out-diffusion which enhanced saturation 

magnetization.  To the best of our knowledge, this is the first demonstration of the 
effects of hydrogen on RE incorporation, and the first report of the diffusion coefficient 

of Nd in GaN. 
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We also have shown that GaN:Si films grown by MOCVD and ex-situ doped with 

Nd, Sm or Gd via thermal diffusion exhibit RT ferromagnetism, but become non-
magnetic when subjected to further diffusion with a different RE element than 

previously.  The combination of light/heavy RE elements yields the expected 
antiferromagnetic coupling.  However, we observe non-magnetic coupling when 

combining two light RE elements.  The non-magnetic coupling between two light RE 

atoms is cause for further study of the interactions between RE elements.  To the best of 
our knowledge, this is the first demonstration of ferromagnetic coupling becoming anti-

ferromagnetic brought about by the thermal diffusion of two rare earth elements into a 
GaN thin film. 

In our work with GaMnN, we conducted multiple experiments demonstrating that 
the ferromagnetism in these layers can be controlled by the hole concentration in a 

GaMnN/p-GaN heterostructure.  Furthermore, the holes can be modulated by applying 

a reverse bias to the GaMnN/p-GaN/n-GaN structure producing a transition from 
paramagnetic to ferromagnetic behavior.  We have demonstrated that this electric 

current control of the ferromagnetism can be achieved at room temperature and that 
the AHE depends on the holes of the p-GaN layer and the applied reverse bias.  Such 

current controlled ferromagnetic GaMnN i-p-n devices would have important 

applications at room temperature in nonvolatile memory storage systems. 

 

9.2  Technological Implications  

Although the rare earth elements demonstrate similar chemical properties and 

behavior, their usefulness in high-technology is diverse and includes applications in: 
phosphors, magnets, batteries, lasers, and data storage to name a few.  Erbium already 

is utilized in fiber optic telecommunication cables where Er-doped lengths of cable 

function as laser amplifiers [1].  Nedodymium optical transmission corresponds to the 
low-dispersion regime for fiber optic cables, and has added functionality owing to its 

strong emission at mµ1 - a wavelength range for a potential telecommunications  
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window.  RE-doped GaN offers the opportunity of both optical (spin LEDs and spin laser 

diodes) and magnetic (spin detectors, spin valves and magnetic tunnel junctions) 
devices.  The possibility of integrating the magnetic and optical properties of rare earth 

elements with semiconductor device technology opens the path towards non-volatile, 
magnetic devices capable of transmitting their state optically.  This research has 

demonstrated that RE-doped GaN thin films can be achieved simply, reliably and cost-

effectively through a combination of MOCVD and PLD growth technique, to be applied 
towards the realization of the aforementioned semiconductor devices. 

The technological implications of our GaMnN work are closer to being realized 
owing to our successful development of a current controlled, above room temperature, 

ferromagnetic GaMnN i-p-n device - the first of its kind.  Such a device is a major step 
towards room temperature, nonvolatile memory storage systems.  Commercial adoption 

of such GaN-based technology offers the possibility integrating data storage with optical 

data transmission, and contributing towards high-bandwidth, high-speed 
telecommunication.    

     

9.3  Future Work   

The results demonstrated in this research lay the foundation for determining the 

governing mechanisms at work in ferromagnetic GaN achieved through Mn doping (via 
MOCVD) or rare earth doping (via thermal diffusion).  Future work in the realm of RE-

doped GaN includes improving GaN growth and RE diffusion conditions so as to achieve 
spin valve and magnetic tunnel junction spintronic devices.  As for the GaMnN 

research, improved i-p-n device layer interfaces would provide an improved 

ferromagnetic response through increased concentrations of mediating holes and Mn 
ions near the necessary interface.  Further investigation also may include attempts at 

reducing the switching time of the i-p-n diodes. 
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APPENDIX A:  SEMICONDUCTOR CHARACTERIZATION TECHNIQUES 
  

A.1  Structural Characterization Techniques  
X-ray diffraction (XRD) (θ-2θ and rocking curve) was performed to determine the 

crystalline quality of the material and to verify whether secondary magnetic phases 

were present.  Secondary ion mass spectrometry (SIMS) was used to quantify and 
qualify the rare earth metal concentration in the films.  Scanning electron microscopy 

(SEM) was performed on RE-GaN specimens that first were wet-etched, to confirm that 
all RE species had been removed from the surface.  Energy dispersive x-ray (EDX) on 

RE-doped GaN films was carried out to verify SIMS measurements for RE dopant 

concentration and type, and also confirm the absence of ferromagnetic contaminants in 
both the RE diffused thin films and RE PLD-target sources.   

 

A.1.1  X-ray Diffraction (XRD)  

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

Geigerflex D-Max diffractometer in the Bragg-Brentano configuration (Figure A-1).  X-
ray diffraction was used to characterize the crystalline quality of the films, and also was 

used to determine if any secondary ferromagnetic phases were present in the films 
produced by MOCVD and post-growth thermal diffusion of rare earth metals.  Scans 

were performed to verify that epitaxial films were indeed single crystals.  These types of 
x-ray scans can provide information about lattice mismatch between the film and the 

substrate and lend insight to the film’s strain and stress.  A Rigaku x-ray diffractometer 

with Cu radiation (λ = 1.54058) was used for these measurements.  Samples were 

scanned from °<<° 80215 θ  at s/02.0 ° .  The samples were calibrated to the c-plane  

(0006) sapphire peak located at °= 685.412θ . 
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Figure A-1:  Bragg-Brentano configuration for x-ray diffraction. 

 

  
Rocking curve measurements also were made using the Rigaku Geigerflex D-Max 

diffractometer and are performed by doing a θ scan at a fixed 2θ angle, the width of 
which is inversely proportionally to the dislocation density in the film and is therefore 

used as a gauge of the quality of the film.   

In a symmetric x-ray scan, only the crystal planes which are parallel to the sample 
surface (or whichever plane of the substrate is aligned to the diffractometer) 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 found 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 enhanced greatly relative to the less favored crystal 

orientations. 
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In semiconductor devices, artificially produced periodic structures regularly are 

used due to the interesting solid-state physics that emerges 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 the bulk material.  
A quick analysis can show that the period of the resulting interference (called 

Pendellosung fringes) on the XRD pattern is related to the periodicity of the superlattice 
or MQW by: 

                                                                                                       

( ) ( )
WB

SLn LL
n
+

=−
λθθ sin2sin2  

  

where n  is the order of the satellite peaks, nθ  is their diffraction angle, and SLθ  

corresponds to the Bragg angle of the zero order peak.  The thickness of the barrier, BL , 

and the thickness of the well, WL , sum to the period of the structure, ( )WB LL + .  We can 

determine the thicknesses of the AlGaN barrier layers ( BL ) and GaN quantum well 

layers ( WL ), in the p-type SLS, using the Pendellosung fringes observed from XRD [1, 2]. 

 

A.1.2  Secondary Ion Mass Spectrometry (SIMS)  

Secondary Ion Mass Spectrometry (SIMS) was utilized to measure the dopant 
concentration as a function of depth below the sample surface.  This is a mass 

spectrometry technique that involves sputtering material by bombarding the surface 

with energetic particles, then measuring the number of atoms for a specific element as a 
function of sputtering depth.  Standards are required to measure correctly the 

concentration profile of an element within a matrix, since the sputtering yields will be 
different depending on the crystal structure, defects, strain, etc.  
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Nevertheless, SIMS is applicable to all materials and also is capable of detecting 

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

concentrations as low as 315 /10 cmatoms  or 610−  %, which makes this analytical 

technique ideal for dopant profiling [3].  For the films studied in this work, a Nd-doped 

Si standard was used.  
 

A.1.3  Scanning Electron Microscopy (SEM)/ Energy Dispersive X-ray (EDX)  

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 study, SEM was used to characterize the surface of RE-doped 
and GaN-based films.  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 [4].  This machine also has an excellent depth of field, thus easily maintaining 

the three dimensional appearance of the specimen image.  Basically, electrons emitted 
from a filament are focused onto the sample surface (electron beams typically have 

energies ranging from a few thousand to 50 keV). 
Upon impinging the sample surface, the electrons lose or transfer energy through 

interactions with atoms in the lattice over a certain depth called the interaction volume.  

The size of the interaction volume depends on the atomic number of the atoms in the 
lattice as well as the acceleration voltage.  See references [4,5] for a more detailed 

explanation on SEM operations.  These interactions cause electrons to leave the sample, 
having a specific energy distribution which allows them to be classified into the 

following groups: secondary electrons, backscattered electrons, auger electrons, and x-
rays. 

Secondary electrons typically are used for imaging the surface and are low in 

energy with a depth resolution of several angstroms (resulting from inelastic scattering 
events).  Backscattered electrons are scattered elastically and therefore are higher in 
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energy, and are used often for Z (atomic number) contrast analysis (with different 

phases observable using this technique).  In this work, both backscattered and 
secondary electron techniques were used to characterize the surface.  The EDX analysis 

characterizes x-rays that are generated due to these electron interactions.  Basically, by 
analyzing the x-ray energies, the atoms can be identified and by a count of the number 

of x-rays emitted the concentration of atoms can be determined.  SEM was utilized to 

verify the absence of RE species on the GaN surface for post diffusion and post wet 
etching scenarios. 

 

A.2  Optical, Electrical, and Magnetic Characterization Techniques  
Optical characterization of the film surface was carried out using a Nomarski 

microscope.  Photoluminescence (PL) was used to determine the emission spectra of the 

thin films and to correlate this with the composition, where applicable.  
Photoluminescence emission (PLE) was performed on some samples to determine 

changes in the band edge due to doping, and to determine which characteristic RE 

emission peaks were present.  VI −  characterization of heterostructures was carried 

out to determine electrical device quality.  Hall Effect and hot-point probe 

measurements were performed to determine electrical properties (carrier concentration, 

carrier type etc.) of the samples.  Magnetic properties were measured using an 
alternating gradient magnetometer (AGM) for both in-plane and out-of-plane 

orientations of the film.   
 

A.2.1  Optical Microscopy  

The compound optical microscope is one of the most versatile characterization tools 

available and requires no sample preparation while offering timely visual inspection of 

grown thin films.  Optical microscopy is an indispensable tool for optimization of GaN 
growth on sapphire.  Surface morphologies of the as-grown films often are attributed to 

specific process parameters, and experienced crystal growers are able to address these 
problems upon post-growth film inspection.  In this research all as-grown samples are  
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inspected by a differential interface contrast (DIC) or Nomarski microscope.  

In conventional bright-field microscopy, the light impinges vertically on the sample.  
The horizontal surfaces in this case, reflect most of the light while slanted or vertical 

surfaces randomly deflect light out of the objective of the microscope.  Therefore, in 
bright-field microscopy discrimination between horizontal and vertical surfaces is made 

based on the intensity of the light collected by the objective lens.  Dark-field microscopy 

is the reverse situation, where horizontal surfaces appear dark and vertical surfaces are 
brighter.  This enables the user to identify small surface irregularities, which may be 

difficult to observe when using bright-field microscopy. 
DIC, or phase contrast microscopy on the other hand, makes use of the phase shift 

which occurs as light reflects from a sample.  In phase contrast microscopy, the incident 
beam is split into a reference beam and a direct beam by a crystal in the objective lens.  

The direct beam is altered by the sample while the reference beam travels through a 

variable phase changer, and the phase is adjusted such that when the two beams come 
together the interference between them gives an amplitude contrast image.  Step 

heights as small as 3 nm can be resolved by this technique. 

 

A.2.2  Photoluminescence (PL)  

Photoluminescence (PL) is an optical characterization technique that can provide a 

wealth of information about the material system of interest.  When a photon of energy 

gEh ≥ν  impacts the surface of a direct band gap semiconductor, electron hole pairs 

(EHP) are generated in the material and this typically is referred to as absorption 

(Figure A-2(a)).  When EHP recombine in a direct band gap material, a photon is 
emitted with an energy representative of the transition (Figure A-2(b)).  In the case 

where νh < gE , absorption does not occur since the photon has insufficient energy for 

creating an EHP.  
PL can be used to determine the following properties from a film possessing a direct 

band gap: band gap energy; the activation energy of a dopant such as in the case of Mg; 
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correlated with other data regarding the sample to confirm the composition of an alloy; 

or give an indication of the strain state of the film due to piezoelectric effects. 
 

 
Figure A-2:  Shows a photon with (a) energy gEh ≥ν being absorbed and 

(b) being emitted [6]. 
 

 
Emission intensity is reduced when there are defects (i.e. deep levels) present in the 

material.  In GaN, this typically results in a broad PL energy spectrum since the defects 
and unwanted impurities usually create broad energy levels within the material.  In-

house PL measurements were performed on the all samples 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 efficient since gE  for GaN is ~3.4 eV or 

365 nm .  A typical PL setup can be seen in Figure A-3.   

 

 
Figure A-3:  Typical configuration of a PL setup. 
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Additionally, PL spectra for Nd-doped GaN samples were taken where excitation of 

Nd was at 578 nm  via a Nd:YAG (MOPO) laser.  A 0.3 m  spectrometer with 1 mµ  

grating was used, along with an InGaAs detector fitted with a RG1000 filter through a 3 

mm  slit.  The scan range was from 950 nm  – 1550 nm  at 100 min/nm .  For the Er-

doped GaN PL measurements, the excitation source is a 810 nm Ti-Sapphire laser.  PL 

was taken using a 0.3 m  spectrometer with 2 mµ  grating.  The InGaAs detector used a 

RG1000 filter through a 3 mm slit.  The scan range was from 1450 nm  – 1590 nm at  

20 min/nm . 

 

A.2.3  Hall Effect Measurement  

Electrical characterization was performed to measure the resistivity, Hall Effect, 
and the extraordinary Hall Effect of the RE and Mn-doped GaN thin films.  The 

measurements were made according to the Van der Pauw [7] method, which allows for 
arbitrarily shaped samples and is useful particularly for thin film applications.  This 

technique requires that small contacts be made at the circumference of the sample and 
a uniformly thick film with no isolated holes is present. 

The electrical characterization setup is computer integrated, capable of performing 

measurements in the temperature range of KT 40077 << , with a maximum applied 

field of 1.5 Tesla.  The magnetic field was measured using a Walker Magnemetrics 
Gauss meter with a thin probe inserted between the magnetic poles near the sample 

dewar.  The instruments utilized for manipulating the voltage and current are: a 
Keithley 705 scanner; a Keithley 220 current source; and a Keithley DMM 199, which 

are connected to a computer by a National Instruments GPIB card.  The software is 
written in HT-Basic for Windows which is capable of performing all three types of 

measurements.  Samples were cleaved into 5 x 5 2mm square pieces, and then In dots 

were placed on the four corners for electrical contacts.  The In disks (cut from In rods) 

were pre-etched for 30 seconds in HCl  acid and then rinsed in DI water and methanol 

prior to use, to avoid oxidation.  The disks were melted in a Pyrex dish on a hot plate,  
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and gold wire dipped into the molten In.  The hot In “ball” attached to the gold wire 

then was pressed on to the GaN film using a wooden Q-tip – in order to avoid any metal 
contamination of the electrical contact.   

Hall Effect measurements were performed to determine the carrier type, 
concentration, mobility, and resistivity of the films.  The Hall Effect is a conduction 

phenomenon that varies depending on the charge of the carriers.  To describe this effect 

consider a n-type semiconductor, where the magnetic field (of magnetic induction zB ) is 

applied perpendicular to the direction of electric current xI (see Figure A-4). 

 

 
Figure A-4:  Hall measurement experimental setup. 

 

 

Each electron is subjected to a Lorentz force zxL BqvF =  where q  is the negative or 

positive charge of an electron or hole and xv  is the velocity of the electrons, which also 

can be positive or negative depending on the carrier type.  The Lorentz force pushes 

majority carriers in the negative y  direction, which for this scenario are the electrons.  

As a result, an electric field yε  is created to balance the effect of zx Bv .  For this scenario 

yε  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 yε  is called the Hall Effect, which results in a 

voltage dV yAB ε= , called the Hall voltage, where yε  is negative in this case resulting in 
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a negative value for ABV .  Using the equations for the drift velocity ( xx qnvI −= ), yε  

becomes: 
 

zxHz
x

y BIRB
qn

I
=

−
=ε  

 

where HR  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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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. 

Experimentally, the electrical properties of DMS are similar to those of 

nonmagnetic semiconductors only in the temperature range CTT >>  [8].  The 

extraordinary Hall Effect (EHE) was used to measure the magneto-transport properties  

of the films.  The experimental setup for this measurement is shown in Figure A-5(a).  

The EHE setup is a variation of the Hall Effect, where the Hall voltage (or resistance) is 
measured as the field is varied from a positive maximum to a negative maximum as one 

would do in a hysteresis measurement.  EHE measurements as a function of 
temperature and field have provided detailed information regarding the magnetic 

ordering in the RE-doped GaN and GaMnN materials.  The Hall resistance in 
ferromagnetic materials can be expressed by: 

 

d
MR

d
BR

R s
Hall += 0  
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where 0R  is the ordinary Hall coefficient, sR  is the anomalous Hall coefficient, d  is 

sample thickness and M  the magnetization of the film.  We were able to determine the 
magnetic properties from these measurements due to the strong contribution of the 

anomalous Hall Effect in our samples, which is shown in Figure A-5(b). 
 

 
Figure A-5:  Setup for (a) Extraordinary Hall Effect measurement and (b) for 

sheet resistance setup with field applied perpendicular to the plane of the film. 
 

 
Unintentionally doped GaN films grown in our lab with very thin buffer layers that 

had hexagonal surface features were n-type and exhibited carrier concentrations greater 

than 318 /101.1 cm×  and mobility’s lower than 200 sVcm ⋅/2 .  The best carrier 

concentration and room temperature mobility for an optimized GaN film grown under 

2N  flows only and with an optimum GaN buffer layer thickness, were 
317 /102 cmn ×= and 270 sVcm ⋅/2 , respectively. 
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A.2.4  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 C°−15025  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 multimeter 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, thP  , and the temperature gradient: 

 









∂
∂
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χ
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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. 

 

A.2.5  Alternating Gradient Magnetometry (AGM)  

Electromagnets are used to produce an alternating magnetic field gradient across a 

region in which a sample is placed.  The sample is mounted at one end of a vertical 
cantilever, the other end of which is attached to the bottom of a piezoelectric transducer 

(see Figure A-6).  The alternating field gradient exerts an oscillatory force on the 
sample, and the bending of the transducer produces a voltage proportional to the  
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amplitude of the oscillation. 
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Figure A-6:  A schematic of an alternating gradient magnetometer.  The force on 

the sample is generated by a set of field coils, and the motion of the sample is 
proportional to its magnetization. 

 

 
The amplitude of the displacement of the rod at the sample is then given by, 

 







∇•=

k
QHMA  

 

where M  is the sample magnetization, H∇  is the field gradient generated by the 

instrument, Q  is the mechanical quality factor of the cantilever (its resonance 

frequency divided by its resonance width), and k  is the effective spring constant of the 

rod.  The AGM needs to be operated at the resonant frequency of the cantilever system, 

and this will change with the weight of the sample.  The sensitivity of the instrument is  
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limited by thermal noise in the mechanical oscillator, and typical sensitivities are 

comparable to cryogenic magnetometers ( )21210~ Am− . 

A DC field also may be applied during measurements, allowing the magnetization 
as a function of the field to be determined.  Often a heater or cryostat also is fitted to 

such instruments allowing both field and temperature variation of the magnetization to 

be determined [9]. 
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APPENDIX B:  SEMICONDUCTOR DEVICE FABRICATION AND  

 PROCEDURE 
 

In the course of this research, a modular clean room was constructed to allow for 

convenient and more cost-effective processing of semiconductor devices.  Simple 

lithography, etching, and metallization can be performed.  In the sections below, the 
various processing stations are described along with abbreviated processing recipes. 

 

B.1  Modular Clean Room  
This is a 8’ W x 8’ L x 7’ H clean room surrounded by 4’ W x 5’ H tempered glass 

window panels with 4’ W x 2’ H plastic exhaust vent panels on the bottom.  This class 

100 clean room constructed of an aluminum frame has a ceiling that consists of a grid of 

2’ x 4’ sections which can be filled with a blank ceiling panel, a high volume 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 and 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.  The HEPA filters and high volume air blowers provide clean air to the 
room, which is exhausted from the bottom vent panels.   

This configuration helps keep the clean room free of unwanted, external particles 
and also under a slight positive pressure.  Any contaminant particles from within the 

clean room are forced downwards and kept below the working surfaces by the downward 
air flow.  Once below the critical areas of the clean room, the particles are expelled via 

the exhaust panels.  As a result, a small modular clean room is a very economical       

(~$ 10,000) yet surprisingly functional solution for anyone in need of their own 
processing space. 

To achieve the required processing capability, a photoresist spin-on station, a 
contact mask aligner, and an e-beam evaporator are located within the clean room.  A 
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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. 
 

B.2  Spin Station  
A Chemat Technologies bench top spin coater station with two rotation cycles was 

used for spin-on of photoresist (PR) and hexamethydisiloxane (HMDS) onto the GaN 
wafers.  HMDS is an adhesion promoter required for good coverage of some photoresists.  

There are two spin cycles used when applying the photoresist.  The first cycle typically 

is carried out at 300-500 rpm for about ten seconds.  This step spreads 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 between 1-5 microns of photoresist.  The final thickness of the PR 

depends on many factors, but for a given process and photoresist, it is controlled by 
varying the speed of the second spin cycle. 

Both positive (Shipley 1813) and negative (Futurrex NR9-1500PY, NR9-3000PY) 

photoresists are available with corresponding photomasks, however negative resists are 
preferred due to their ability to form negative sloping sidewall profiles upon exposure to 

UV light.  This feature of negative resists makes the liftoff of metal films (for electrical 
contacts) less difficult as conformal metal deposition is rendered unlikely.  Hence, there 

is a pre-existing separation between wanted and unwanted metal which facilitates 

trouble-free liftoff.  
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 with a temperature setting usually 

around C°−115110  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 its calibrated exposure wavelength.  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 of the wafer to the photomask during the contact lithography stage  
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of processing.   

The photoresist baking takes place on a dual cooking range retrofitted with two 
proportional-integral-derivative (PID) controllers for accurate temperature 

maintenance.  Aluminum plates are placed on the ranges to ensure even temperature 
profiles.  The temperature can be controlled to one tenth of a degree Celsius and is 

verified via thermocouples cemented to each aluminum plate. 

 

B.3  Karl Suss MJB3 Mask Aligner  
A Karl Suss MJB3 mask aligner was purchased for patterning the photoresist 

coated wafers.  A 200 W  mercury bulb is the light source.  The MJB3 is capable of line 

widths down to 2 mµ , making this setup suitable for typically used LED/ p-n junction 

diode patterns.  As this is a contact aligner, the photoresist coated wafer comes into 

contact with the photomask.  Proper soft baking of the spun-on photoresist is crucial to 
avoid sticking of the PR-coated wafers to the photomasks, during exposure, and causing 

deformation of the exposed patterns upon removal from the contact aligner. 
Both positive and negative photoresists are used in processing the diode structures.  

The opposite response of these chemicals to ultraviolet light exposure is schematically 

depicted in Figure B-1. 
 

 
Figure B-1:  Schematice for (a) positive photoresist being exposed; (b) developed positive 
photoresist; (c) negative photoresist being exposed; (d) developed negative photoresist. 
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Exposure time is determined by the photoresist being used and its thickness. 

Typically, a prescribed dose is provided in the literature for the photoresist, e.g.         
2/150 cmmJ .  If the intensity of the exposing light is known, the exposure time can be 

calculated simply.  The aligner has a 200 W  mercury light bulb whose exposure output 

is calibrated against a power meter to 2/11 cmW  before each batch of wafers.  This 

ensures constant illumination intensity across different sample batches.  The exposure 

time then is calculated based on PR thickness, illumination intensity and PR sensitivity 
as a function of the exposure wavelength.  Of course, some experimentation is required 

to “fine tune” the exact exposure conditions since small variations in processing 

conditions, environment, and differences in substrate reflectivity all are contributing 
experimental factors. 

In the diode processing done here, the photoresist patterns serve 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 photoresist profile 

particularly is not important however, when the lithography is to be used in a metal  
liftoff procedure, care must be taken to achieve an undercut photoresist profile.  The 

undercut photoresist profile makes it possible to achieve a discontinuity at the 
photoresist/exposed wafer boundary.  If undercut is not achieved, a contiguous metal 

film will connect the metal, on 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 B-2. 

Undercut profiles most easily are 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 photoresist.  In fact, special dyes are added to 

the photoresist to enhance greatly this effect.  As a result, the upper surface of a 
negative photoresist is resistant much more to dissolution in the developer solution than 

the lower photoresist. 
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Figure B-2:  Schematic metallization liftoff for (a) proper undercut profile in photoresist 

and (b) improper overcut profile. 
 
 
 

It still is possible to achieve an undercut photoresist profile when using a positive 
photoresist however this process does not occur naturally, but can be forced with 

chemical intervention.  In a positive photoresist, the natural development is the 
opposite of a negative photoresist and an “overcut” profile is formed.  This is because the 

exposing radiation breaks the photoresist’s bonds more strongly at the surface making it 

more soluble in the developing solution than the “deeper” layers of photoresist.  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 photoresist used in 

these experiments is called Shipley 1813.  Hexane and toluene are effective surface 

hardening agents for this photoresist, but toluene was chosen in order 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 photoresists (NR9-1500PY) are the preferred choice for a 

metal liftoff process.  When patterning for plasma etching using a photoresist mask, a 
negative photoresist (NR9-3000PY) specifically designed for enhanced etch resistance is 

used.  This photoresist is produced without the addition of dyes which makes the 
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developed photoresist profile more vertical.  A vertical photoresist profile is preferred for 

the etching process if a vertical sidewall is to be etched into the semiconductor. 
 

B.4  Electron Beam Evaporator  
A Thermionics eight pocket rotary gun e-beam evaporator was purchased to 

perform the metallization steps for processing.  The rotary hearth exposes 1 crucible at 
a time for e-beam evaporation.  The system is pumped down via a turbo pump backed by 

a mechanical rotary pump.  A thickness monitor is employed to determine metal 
thickness for each metal layer deposited.  The thickness of the deposited films is 

monitored by an Inficon crystal monitor, which essentially detects the change in the 

frequency of a crystal disc as metals are deposited.  Knowing the density and the Z-
factor of the metal allows for accurate estimation of the deposition rate and thickness.  

The crystal of the deposition thickness monitor has to be replaced when its frequency 
falls below a certain value.  Au, Ni, Cr, Ti, Al, Pt, AuGe, and Pd metals are available for 

evaporation.   
This system has an o-ring sealed stainless steel bell jar which limits the ultimate 

vacuum of the system.  The base pressure is Torr7102 −×  which ensures a high-purity 

deposition of metals with each evaporation procedure.  A 3 kW  power supply operates a 

water-cooled, e-gun whose beam is rastered over metal targets to ensure even heating.  
We have selected to use crucible liners to hold the metal targets and protect the stock 

pockets.  This allows the option to change metals without cross contamination, simply 
by removing the charged pocket liners (and their housed metals).  Using crucible liners 

gives us the option of evaporating more than 8 different metals, but also extends the 

cooling time for the metals since the liners act as thermal insulators between the hot 
metal targets and the water-cooled copper e-gun.  Adequate cooling of the heated metal 

is essential before rotating to another metal, in order to avoid unwanted deposition of 
metal within the e-gun’s rotary hearth assembly.  Metal build-up within the rotary 

stage negatively affects the smooth motion of the mechanism, and subsequent grinding 

(and shearing off) of the metal build-up within the hearth can cross-contaminate the 
metal charges.  
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Although the 500 sL /  vacuum pump is capable of achieving an adequate vacuum 

for the evaporation of these metals, the pump-down time greatly can be reduced by 
closing the shutter and evaporating a sacrificial “pumping” layer of Ti onto the chamber 

walls to chemisorb molecules onto the bell jar walls.  This system is used to deposit 
ohmic contacts for the magnetic diodes investigated.  Non-magnetic alloys are used as 

ohmic contacts to magnetic devices to avoid “false positive” ferromagnetic signals 

originating from the electrical contacts during magnetic characterization. 
 

B.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 commonly are 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 B-3 is a photograph of this system. 
 

 
 

Figure B-3:  Photograph of inductively coupled plasma etching system from Trion 
Technology.  The load lock (front) and etch chamber (back) lids are open here. 
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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 toxic towards 
humans and the exposure of the reaction chamber to atmospheric moisture is 

detrimental towards the reaction chamber.  A schematic of the reaction chamber is 

shown in Figure B-4. 
 

 
Figure B-4:  Cross-sectional schematic of ICP-RIE reaction chamber. 

 
 

The ICP-RIE 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 

etch chemistries with 100 W  RIE power and 250 W  ICP power.  A 2Cl  flow of 25 sccm  

and a 3BCl  flow of 5 sccm  are used.  Etching rates of approximately 6000 Å/min 

typically are obtained under these conditions though sample quality does effect the etch 
rate, with poor quality material etching faster than higher quality films.  Etch depth is  
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verified using a Dektak profilometer. 

Since electrically insulating sapphire substrates are used, lateral device geometries 
must be patterned to produce diodes (both n- and p-type contacts are on the surface of 

the wafer).  This requires etching through the upper layers to expose the underlying 
material for metallization.  Figure B-5 illustrates this using the example of a typical 

lateral LED structure. 

 

 
 

Figure B-5:  Schematic flow of LED 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 and are deposited 
using standard lithography/liftoff techniques.  Initially, Shipley 1813 positive 

photoresist was used as the etch mask, and severe overcut was observed in the etch 

profile.  Figure B-6 shows an SEM image of the resulting etch profile. 
This overcut 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 
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performed under identical processing conditions using a Ni mask, which should be 

immune to premature mask erosion.  The resulting sidewalls are shown in Figure B-7. 
 

 
Figure B-6:  ICP-RIE etched GaN using PR mask showing severe overcut. 

 

 
 

 
Figure B-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 which can be seen in the higher magnification image in Figure B-8. 
 

 
Figure B-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 also have been used and resulted in vertical sidewalls similar to those 

obtained with the nickel mask.  NR9-3000PY photoresist is such a product and is 

preferred in the fabrication of magnetic diodes as Ni is magnetic, and embedded Ni in 
the top surface of the sample will yield a false positive ferromagnetic response during 

subsequent magnetic characterization.  
Although p-n junction diode processing typically requires shallow etch depths, some 

applications require etching through the entire film thickness of several microns.  To 

achieve deeper etches, sample heating must be controlled by dividing the etching into 
several steps separated by cool-down periods.  Heat sinking the backside of the wafer to 
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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 remove completely 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 clearly 

are visible in the etched semiconductor surface shown in Figure B-8 (lower surface).  
These features are more numerous on lower quality material than higher quality 

material; this allows a semi-qualitative comparison of material quality to be made. 

 

B.6  III-N Device Processing Procedure  
The fabrication procedure of the GaMnN and RE-GaN diode devices are identical, 

and described below in detail.  The as-grown/diffused wafers are processed into mesa-

type devices via conventional lithography techniques.  Prior to processing, all p-GaN 
wafers are annealed in a quartz annealing station heated by a halogen lamp to          

C°− 735700 for 20 minutes under 2N  atmosphere.  This annealing step breaks the Mg-

H complexes and activates the p-layer of the devices.  The samples are soaked in 

hexane, acetone and methanol for 10 minutes each, respectively while in a heated 

ultrasonic bath, for cleaning.  The wafers then are taken into the clean room for 
processing by the following procedure: 

 
1. Dehydration bake of wafers at C°105  for 5 minutes on hot plate. 

2. Futurrex NR9-3000PY negative photoresist (for PR etch mask – no 
    metallization needed) application or Futurrex NR9-1500PY negative 

    photoresist (for metal etch mask) using the Chemat Technologies spin coater.  

    The resist initially is spun with a slow cycle for 10 seconds (~2000 rpm) to 
    spread the PR on the wafer evenly and a fast cycle at ~5000 rpm for 40 

    seconds to remove excess PR and achieve desired PR thickness.  PR thickness 

    typically ranges between 1-5 mµ . 

3. Soft bake of the resist at C°150  for 60 seconds. 
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4. Mask alignment in Karl Suss aligner for lithography of the etch mask. 

5. Exposure of the negative resist (light power of 2/11 cmmW for 23 seconds). 

6. Post exposure bake (hard bake) at C°105 for 90 seconds. 

7. Development of the resist in RD-6 developer for 30 seconds. 

8. Visual inspection of wafers under optical microscope.  Repeat steps 1-8 if  

    there are problems such as misalignment of the mask pattern, presence of 
    edge beaks, insufficient wetting of the resist, etc. 

9. HCl dip for 60 seconds to remove the native oxides from the GaN surface. 
     10. Deposition of non-magnetic metal etch mask in the Thermionics e-beam 

    evaporator.  Metal deposition is performed at a base pressure of Torr7102 −×  

    with an average deposition rate of 1 Å/s. 
     11. Acetone dip for liftoff/removal of unwanted metal. 

 
The lithography steps performed for a metal etch mask (steps 1-11) are summarized 

in Figure B-9.  Note that the PR profile has a negative slope, i.e. undercut profile, due to 

the nature of negative PR.  The incoming light is absorbed as it penetrates the resist, 
resulting in underexposure of the lower resist.  As a result, the upper portion of the 

negative PR dissolves at a slower rate in the developer solution than the lower portion 
of the resist, and hence the formation of the undercut profile.  Achieving this undercut 

profile is extremely important for successful liftoff of the metal.  Otherwise the 

deposited metal will become a contiguous layer and proper liftoff will not take place.  
The ease of liftoff is the main reason for choosing a negative photoresist in this study. 

 

12. Flash annealing of the metal mask at C°400 for 5 seconds. 

       13. Mesa formation via ICP-RIE etching in the Minilock II ICP-RIE Trion etcher    

             down to the p-GaN or n-GaN film, whichever forms the lower electrical 
             contact layer. 

 

Etching is performed at a pressure of 8 mTorr under 25 sccm  chlorine ( 2Cl ) and         
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5 sccm  boron trichloride ( 3BCl ) flows with 100 W  RIE power and 250 W  ICP power 

that results in an average GaN etch rate of 6000 Å/min.  The etch selectivity of the 

process, i.e. etch rate ratio of GaN to metal mask, is larger than 100.  The post-etch 
mesa depth and profiles on each wafer are checked by a Dektak profilometer. 
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Figure B-9:  Metal etch mask lithography steps: photoresist spin; exposure of the wafer; 

photoresist development; metal deposition; excess metal liftoff. 
 

 
14. Removal of the metal etch mask by acid solution.  

 
The formation of mesas by ICP-RIE etching and removal of the metal etch mask are 

illustrated in Figure B-10. 

 
15. Repeat of steps 1-9 for p-type metallization lithography. 

16. Deposition of contact metals to the p-layer: Ti/Pd/Au. 
17. Acetone dip for PR dissolution and metal liftoff. 

       18. Repeat of steps 1-9 for n-type metallization lithography. 

19. Deposition of contact metal to the n-layer: Ti/Pt/Au. 
20. Acetone dip for PR dissolution and metal liftoff. 
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Figure B-10:  Formation of mesas: ICP/RIE etching of the wafer using metal etch mask; 

formation of the mesas; and removal of the metal etch mask. 
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APPENDIX C:  ALTERNATING GRADIENT MAGNETOMETER  

                          MEASUREMENTS 
 
The operating software for the Princeton Measurements Corporation MicroMag 

AGM Model 2900 is located on a dedicated PC station adjacent to the magnetometer.  

The program is launched via the MicroMag AGM icon on the Windows XP desktop. 
  

C.1  AGM Start-up and Sample Measurement  
1.  Launch MicroMag AGM software. 

2.  Follow on-screen startup checklist and click OK when done. 
3.  Click on the “0.000” cell of the Applied Field window option. 

4.  In Magnet power supply option, click OFF to toggle magnet power to ON and 

     close minor window. 
 

For calibration of the AGM and sample measurement: 
5.  Attach YIG sphere (using silicon grease) to silica square at the end of silica rod 

     of the desired probe. 

6.  Insert probe into raised (“parked”) and locked AGM head. 
7.  Orient sample by twisting the connected probe, relative to the magnet coils:  

     either parallel (for parallel probe) or perpendicular (for perpendicular probe). 
8.  Lower AGM head (using brake lever) so sample is just above magnets and 

     release locking pin to “float” the probe via the 4 springs in the head. 
9.  Slowly lower sample to between exposed copper magnet coils. 

     10.  Center sample relative to the exposed copper magnet coils using X-Y-Z  

            positioning micrometers.  
     11.  Once centered: click “Autofunctions” -> “Initial autotune”. 

     The “Previous” and “Current” values for “Frequency” and “Q” must match as 
     closely as possible. 
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    12.  If these 2 values do not match, close window and click “Incremental autotune”.  

    13.  Repeat “Incremental autotune” until the 2 values converge.   
           If they do not converge then start again by selecting “Initial autotune”. 

    14.  When convergence saturates, close all minor windows and click  
           “Measurements” -> “Direct moment vs. field” -> “Hysteresis loop” -> “Execute”. 

    15.  Once calibration measurement is complete, click “Tools” -> “Dia/paramagnetic 

            adjustment” -> “automatic”.  
    16.  Set adjustment value to “70” and click OK. 

    17.  Calibration measurement is adjusted.  
    18.  Close major window to return to main menu. 

    19.  Raise sample from between coils using Z-axis micrometer. 
    20.  Release brake lever and slowly raise AGM head to top of range, re-engage brake. 

    21.  Secure locking pin to secure probe to head. 

    22.  Unplug probe and remove YIG sphere. 
    23.  Reverse startup checklist to shut down AGM system. 

    24.  Samples are measured in the same way as a calibration step. 
 

C.2  Saturation Magnetization vs. Applied Voltage Bias of Sample  
Saturation magnetization vs. applied voltage bias measurements also can be 

performed using an AGM.  Long wires from the sample’s metal contacts are fed up the 

probe’s brass sheath and connected to alligator clips originating from a Keithley Source 
Meter (Figure C-1).  The wires from the sample must be insulated electrically from the 

probe and isolated to prevent exterior vibrations affecting the measurement.  Thin 
double-sided tape on the brass probe sheath serves as electrical insulation and holds the 

wires in place and close to the probe.   
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Figure C-1:  Arrangement of electrical connections for voltage biased measurements.  

 
 

It is undesirable for the Au wires to touch the exposed copper coils of the magnets, 
as this might induce unwanted force on the rod leading to false signaling.  If any bowing 

of the wires occurs, it is preferred that they bow away from the magnet coils.  This 
situation is illustrated in Figure C-2 where the measurement is in-plane and the 

magnet coils are located normal to the page (one behind and one in front).  We “pig-tail” 

the thin wire once it is clear of the probe to dampen outside vibrations which may 
propagate from the source meter and its environment.  
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Side View

  
Figure C-2:  Wires are bowed away from magnet coils which sit behind and above the 

plane of the page.  
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APPENDIX D:  PRINCIPAL QUANTUM NUMBERS 
 

D.1  Principal Quantum Numbers  
It is useful to review some fundamental concepts regarding principle quantum 

numbers.  Four quantum numbers are used to describe the energy level which the 

electron occupies: 
 

1. Principal quantum number n  refers to the quantum shell to which the     

      electron belongs.  The notation for quantum shells is n  = 1, 2, 3, … of which 

      the corresponding letters have been assigned for convenience:  

  K for n  = 1;  L for n  = 2;  M for n  = 3. 

 

2.  Azimuthal quantum number l  is written as l  = 0, 1, 2…. n -1.   

 

3.  Magnetic quantum number lm  provides the number of energy levels or  

     orbitals for each azimuthal quantum number. 
 

lm  = - l , - l + 1,.. 0, … l -1, l ;  or 2 l  + 1 values 

 

       4.  Spin quantum number sm  is a result of the Pauli Exclusion Principle;  

            which allows two electrons for each set of spatial quantum numbers  
            (i.e. Spin "up" and Spin "down").  Since two electrons occupying the same 

            energy level have opposite spin they each have an intrinsic angular 

            momentum characterized as 2
1

2
1 , −+=sm .   



 229 

APPENDIX E:  DIFFUSION COEFFICIENT ESTIMATION 
 

The error function and the complementary error function are important special 

functions which appear in the solutions of diffusion problems in heat, mass and 
momentum transfer, probability theory, the theory of errors and various branches of 

mathematical physics.  It is interesting to note that there is a direct connection between 
the error function and the Gaussian function and the normalized Gaussian function 

that we know as the “bell curve”. 

 

E.1  Gaussian Function  
The normalized Gaussian curve represents the probability distribution with 

standard distribution σ  and mean µ  relative to the average of a random distribution. 

 

( ) ( ) 22 2

2
1 σµ

σπ
−−= xexG  

 

This is the curve we typically refer to as the “bell curve” where the mean is zero and the 
standard distribution is unity. 

 

E.2  Error Function  
The error function equals twice the integral of a normalized Gaussian function 

between 0 and 2σx . 
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E.3  Complementary Error Function  
The complementary error function equals one minus the error function and is 

defined as follows: 

 

[ ]∫ ≥=−==− −
0
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t yxfordtexerfxerfcy
π

 

 
Below is a plot of the complementary error function (Figure E-1) 

 

 
Figure E-1:  Plot of the complementary error function. 

 

 
The superposition of the error function and the complementary error function when 

the argument is greater than zero produces a constant value of unity (Figure E-2). 
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Figure E-2:  Superposition of the error and complementary error functions. 

 

 

E.4  Diffusion Coefficient of Nd in GaN  

We assign x1.0=δ  and proceed to use the equation ( )
Dt
xerfc

2
=δ  

where x  (depth from surface) is given in nm  from SIMS measurements and 

shourst 5400015 == .  Figure E-3 shows the SIMS profile used to extract the Nd 

diffusion coefficient in GaN, while Figure E-4 is the one-dimensional complementary 
error function fit to the SIMS data, using Maplesoft mathematical software.   

Table E-1 contains calculated ( )xerfc ⋅1.0  values corresponding to the depth from 

the sample surface, x ( nm ).  The diffusion coefficient for Nd in GaN yielded from this 

estimation is snmD /1065.4 24−×≈  or scmD /1065.4 218−×≈ . 
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Figure E-3:  Concentration profile for Nd-diffused samples after 15 hours annealing 

for 1.5 and 3 sccm  silane flow.   
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Figure E-4:  1-D complementary error function fit to SIMS data in Figure E-3. 
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Table E-1:  ( )xerfc ⋅1.0  values for depth from surface x ( nm ). 

x[nm] erfc(0.1x) 
0.00 1.00E+00 
1.00 8.88E-01 
2.00 7.77E-01 
3.00 6.71E-01 
4.00 5.72E-01 
5.00 4.80E-01 
6.00 3.96E-01 
7.00 3.22E-01 
8.00 2.58E-01 
9.00 2.00E-01 

10.00 1.57E-01 
11.00 1.20E-01 
12.00 8.97E-02 
13.00 6.60E-02 
14.00 4.77E-02 
15.00 3.39E-02 
16.00 2.37E-02 
17.00 1.62E-02 
18.00 1.09E-02 
19.00 7.21E-03 
20.00 4.68E-03 
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APPENDIX F:  GLOSSARY OF COMPUTER MEMORY  ACRONYMS 
 

F.1  Glossary of Acronyms 
MRAM:   Magnetoresistive random access memory. 

     Non-volatile memory based on magnetic storage elements. 

 
DRAM:   Dynamic random access memory. 

     Volatile memory that stores each bit of data in a separate  
     capacitor within an integrated circuit. 

 

SRAM:   Static random access memory. 
     Volatile memory but unlike DRAM, does not need periodic  

     refreshing. Uses bistable latching circuitry to store each bit. 
 

Flash RAM: Non-volatile memory which is electrically erased and  

     reprogrammed. 
 

CBRAM:  Conductive-bridging random access memory. 
     Non-volatile memory based on the physical relocation of ions  

     within a solid electrolyte. 
 

SONOS:   Silicon-oxide-nitride-oxide-silicon random access memory. 

     Non-volatile memory similar to Flash memory but using silicon 
nitride. 

 
PCRAM:  Phase-change random access memory. 

     Uses the unique behavior of chalcogenide glass, which can be  

     "switched" between two states, crystalline and amorphous,  
     with the application of heat. 
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RRAM:     Resistive random access memory. 

       Similar to CBRAM and PCRAM. 
 

Racetrack RAM:  Racetrack random access memory. 
       Uses spin-coherent electric current to move the magnetic  

       domains along a nanoscopic permalloy wire. 

 
FRAM:     Ferroelectric random access memory. 

       Similar in construction to DRAM but uses a ferroelectric layer  
                      instead of a dielectric layer to achieve non-volatility. 

 
 

 

 
 

 
 

 

 
 

 
 

 

 

 


	ABSTRACT
	DEDICATION
	BIOGRAPHY
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1:  INTRODUCTION
	1.1  Motivation and Chapter Organization
	1.2  Introduction to the Field of Spintronics
	1.2.1  Advantages
	1.2.2  Spintronic Devices
	1.2.2 (a)  Spin Transistor
	1.2.2 (b)  Spin-LED
	1.2.2 (c)  Spin Laser Diode (LD)
	1.2.2 (d)  Spin Detector
	1.2.2 (e)  Spin Valve/Magnetic Tunnel Junction

	1.3  Applications
	1.4  Status and Outlook
	1.4.1  Current Status
	1.4.2  Outlook

	References

	CHAPTER 2:  FUNDAMENTALS OF MAGNETISM
	2.1  Magnetic Field
	2.2  Magnetic Permeability
	2.3  Magnetic Moment
	2.4  Principal Quantum Numbers
	2.5  Hund’s Rules
	2.6  Magnetization
	References

	CHAPTER 3:  THE FIVE TYPES OF MAGNETISM
	3.1  Diamagnetism
	3.2  Paramagnetism
	3.3  Ferromagnetism
	3.4  Antiferromagnetism
	3.5  Ferrimagnetism
	References

	CHAPTER 4:  MAGNETISM IN WIDE BAND GAP
	SEMICONDUCTORS
	4.1  Properties of Wide Band Gap GaN
	4.2  Dilute Magnetic Semiconductors
	4.3  Magnetic Interactions
	4.3.1  Exchange Interactions
	4.3.2  Direct Exchange
	4.3.3  Indirect-Exchange Interactions (RKKY)
	4.3.4  Zener/RKKY Model
	4.3.5  Double Exchange

	4.4  Mechanism/Model of Ferromagnetism in DMS Materials
	References

	CHAPTER 5:  PLD AND MOCVD GROWTH TECHNIQUES
	5.1  Thermodynamics and Kinetics
	5.2  Pulsed Laser Deposition (PLD)
	5.3  Mechanisms of PLD
	5.4  Metal-Organic Chemical Vapor Deposition (MOCVD)
	5.4.1  MOCVD Gas Delivery System
	5.4.2  MOCVD Reaction Chamber
	5.4.3  Exhaust Handling System

	References

	CHAPTER 6:  EXPERIMENTAL GROWTH PROCEDURES
	6.1  MOCVD Growth of III-Nitrides
	6.2  Growth of Undoped, Si-doped and Mg-doped GaN
	6.2.1 Undoped GaN (i-type  Films)
	6.2.2  Si-doping of GaN (n-type films)
	6.2.3  Mg-doping of GaN (p-type films)

	6.3  RE-Doped III-Nitrides by PLD
	6.3.1  Sample Cleaning
	6.3.2  Pulsed Laser Deposition (PLD)
	6.3.3  Post Growth Deposition and Annealing in III-Nitrides

	References

	CHAPTER 7:  TOWARDS ROOM TEMPERATURE SPINTRONIC
	DEVICES IN NEODYMIUM AND ERBIUM DOPED
	GaN
	7.1  Introduction and Background
	7.2  Atomic Diffusion in Semiconductors
	7.2.1 Diffusion Mechanisms
	7.2.2  Analytical Solutions to the Diffusion Equation

	Ferromagnetism and Near-infrared Luminescence in Neodymium and
	Ebium Doped Gallium Nitride via Diffusion
	7.4  Room Temperature Ferromagnetism of Neodymium Doped GaN via
	Diffusion
	7.5  Anti-ferromagnetic Coupling in Rare-Earth (Neodymium, Samarium and
	Gadolinium) Doped Gallium Nitride via Thermal Diffusion
	7.6  Towards a Nd-doped GaN Spin Valve
	References

	CHAPTER 8:  TOWARDS ROOM TEMPERATURE SPINTRONIC
	DEVICES IN GaMnN
	8.1  Introduction and Background
	8.2  Previous Work:  Co-doping GaMnN with Silicon and Magnesium
	8.3  Previous Work:  Magnetic Properties of Mn-doped GaN and p-i-n Junctions
	8.4  Magnetic and Magnetotransport Properties of (AlGaN/GaN):Mg/(GaMnN)
	Heterostructures at Room Temperature
	8.5  Electric Field Control of Room Temperature Ferromagnetism in III-N Dilute
	Magnetic Semiconductor Films
	References

	CHAPTER 9:  CONCLUSIONS AND FUTURE WORK
	9.1  Conclusions
	9.2  Technological Implications
	9.3  Future Work
	References

	APPENDICES
	APPENDIX A:  SEMICONDUCTOR CHARACTERIZATION TECHNIQUES
	A.1  Structural Characterization Techniques
	A.1.1  X-ray Diffraction (XRD)
	A.1.2  Secondary Ion Mass Spectrometry (SIMS)
	A.1.3  Scanning Electron Microscopy (SEM)/ Energy Dispersive X-ray (EDX)
	A.2  Optical, Electrical, and Magnetic Characterization Techniques
	A.2.1  Optical Microscopy
	A.2.2  Photoluminescence (PL)
	A.2.3  Hall Effect Measurement
	A.2.4  Hot-Point Probe
	A.2.5  Alternating Gradient Magnetometry (AGM)

	References
	APPENDIX B:  SEMICONDUCTOR DEVICE FABRICATION AND
	PROCEDURE
	B.1  Modular Clean Room
	B.2  Spin Station
	B.3  Karl Suss MJB3 Mask Aligner
	B.4  Electron Beam Evaporator
	B.5  Plasma Etching Station
	B.6  III-N Device Processing Procedure

	APPENDIX C:  ALTERNATING GRADIENT MAGNETOMETER
	MEASUREMENTS
	C.1  AGM Start-up and Sample Measurement
	C.2  Saturation Magnetization vs. Applied Voltage Bias of Sample

	APPENDIX D:  PRINCIPAL QUANTUM NUMBERS
	D.1  Principal Quantum Numbers

	APPENDIX E:  DIFFUSION COEFFICIENT ESTIMATION
	E.1  Gaussian Function
	E.2  Error Function
	E.3  Complementary Error Function
	E.4  Diffusion Coefficient of Nd in GaN

	References
	APPENDIX F:  GLOSSARY OF COMPUTER MEMORY  ACRONYMS
	F.1  Glossary of Acronyms



