
ABSTRACT 

BERKMAN, ERKAN A. Growth and Characterization of Mn Doped GaN and AlGaN Dilute 

Magnetic Semiconductors (under the supervision of Dr. N. El-Masry) 

 

Growth of dilute magnetic semiconductors GaMnN and AlGaMnN showing 

ferromagnetic behavior above room temperature was achieved. Two approaches were used for 

Mn doping. GaMnN films were grown by MOCVD using (EtCp2)Mn as the precursor for in-

situ Mn doping, while AlGaMnN samples were grown by post growth solid state Mn diffusion 

into MOCVD grown AlGaN films.  

Curie temperatures of the GaMnN films ranged from 270 to above 400K depending on 

Mn concentration. This dependence of Curie temperature on Mn concentration indicates that 

the GaMnN films are random solid solutions. Ferromagnetic behavior for these films were 

observed along c-direction (out of plane orientation) in a Mn concentration range of 0.025-

0.25%. The saturation magnetizations ranged between 0.18 and 1.0 emu/cc, fairly high values 

considering the low levels of Mn doping. SQUID measurements ruled out the possibility of 

spin-glass and superparamagnetism in these MOCVD grown GaMnN films. Structural 

characterizations of the GaMnN films were achieved by XRD, SIMS and TEM measurements. 

XRD and TEM confirmed that the films were single crystal solid solutions without the presence 

of secondary phases. SIMS revealed that Mn was incorporated homogeneously throughout the 

GaMnN layer. The samples were highly resistive to be characterized by Hall measurement; 

however PL measurements showed that the samples were optically active. 

For the AlGaMnN films, SQUID and VSM measurements on several samples revealed 

ferromagnetism above room temperature. SQUID measurements on 30%AlN sample 

determined a Curie temperature of 320K and confirmed the absence of superparamagnetism. 

SIMS verified the diffusion of Mn into the AlGaN lattice, and XRD showed no sign of 

secondary phases. However TEM is necessary to rule out the presence of secondary phases.  

This study showed that the growth of III-Nitride films doped with Mn require special 

growth conditions to achieve ferromagnetism above room temperature, and the grown films do 

not have to be p-type to exhibit ferromagnetism, but depends on the Fermi position.   
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1. INTRODUCTION 

 

The current semiconductor and photonic device technology exploits the charge of 

carriers in order to perform their functionality. The field of semiconductor spintronics 

investigates utilizing the spin as well as the charge of the carriers in a new generation of devices 

such as polarized light emitters, spin valves, quantum bit computers and integrated magnetic 

sensors.     

 

The utility of such devices depends on the availability of technology to grow reliable 

device structures, and materials with practical magnetic ordering temperatures. Most theories 

regarding dilute magnetic semiconductors (DMS), which are going to be discussed in detail in 

the following pages, predict that the Curie temperature for Mn doped GaN semiconductors to 

be above room temperature.  

 

In this study, the growth and characterization of GaN and AlGaN doped with Mn is 

investigated. Two different doping approaches were executed; in-situ doping during MOCVD 

growth of GaN, and doping of MOCVD grown AlGaN via solid state diffusion. Both 

techniques proved to be proficient in producing single crystal DMS films with Curie 

temperatures above 300K. The grown samples were characterized structurally, magnetically, 

optically and electrically.    

 

The background on basics of magnetism, GaN based semiconductors and DMSs, and 

their growth techniques are covered in Chapter 2. Chapter 3 describes the details of the 
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experimental setups, procedures, and growth conditions of the samples, while the results for 

structural, magnetic, optical and electrical characterization of these films are presented in 

Chapter 4 and 5. The conclusions regarding the growth and characterization of the films are 

discussed in chapter 6. 



 

  
3 

2. BACKGROUND 

 

2.1 GaN Based Semiconductors 

2.1.1 Wide Band Gap Semiconductors 

 Few could speculate the effectiveness of silicon technology; the material characteristics 

of this system is extremely well known and the products and industries built around it range 

from sensors to microprocessors. The Si technology has been established in terms of 

understanding of the material system, control over the growth technologies, doping processes, 

fabrication and the resulting performance.  Si technology, despite all its advantages and utilities, 

has its shortcomings. As well known, Si is a narrow bandgap (1.05 eV) material, which restricts 

its use to low temperatures, typically less than 600K. In addition, Si is an indirect bandgap 

semiconductor, which means that upon transition of an electron from the conduction band to 

the valence band a change in momentum of the electron is required. This change in momentum 

is mostly released in the form of heat rather than emission of photons. That is why the Si 

technology is inadequate for optoelectronic applications such as Light Emitting Diodes (LED) 

and lasers.    

 Recent developments in wide band gap semiconductor technology have the solutions for 

the Achilles' heel of the Si technology, namely the high temperature-high power applications and 

efficient optoelectronic devices. Gallium Nitride (GaN), Aluminum Nitride (AlN) and their 

alloys are all wide bandgap semiconductors. These materials are suitable for high temperature 

applications as the possibility of valence electrons jumping into higher energy states is reduced.  

In terms of stability, GaN is chemically stable at elevated temperatures, an important property 

which the current Si and GaAs semiconductor devices lack, making it a good candidate for high 
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temperature applications. As mentioned above, another insufficiency of the Si based technology 

has been the creation of efficient optoelectronic devices due to indirect band structure. Because 

most of these wide bandgap materials are direct bandgap semiconductors and have large band 

gaps, they generate less noise and can be made into very sensitive detectors in the UV, and 

emitters in the blue, green and UV regions of the electromagnetic spectrum. A more detailed 

information on the GaN based semiconductor materials are presented in the following sections.  

 

2.1.2 Properties of GaN Based Semiconductors 

The family of III-V Nitrides (the binaries GaN, InN, AlN and their alloys) has become 

one of the most important classes of semiconductor technology in the last two decades. All 

these materials are direct band gap semiconductors with energy gaps of 0.7, 3.39 and 6.2 eV for 

InN, GaN and AlN respectively. Their ternary and quaternary alloys are capable of band-to-

band light generation with colors ranging from red (potentially) to ultraviolet wavelengths as can 

be seen from Figure 1. Thus, these are all ideal candidates for the fabrication of optical devices 

such as LED’s, lasers and detectors which operate in the visible and ultra violet (UV) regions of 

the electromagnetic wave spectrum, as well as electronic devices such as bipolar transistors and 

field effect transistors (FET).  
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Figure 1. Band gap energy vs in-plane lattice parameter plot for the III-N wide band gap 

semiconductors. 

 
 

GaN and AlN can be found in two different crystal structures; a stable hexagonal 

(wurtzite, P63mc) and a metastable cubic (zinc-blende, F 43m) structure. Wurtzite GaN and AlN 

are shown in Figure 2 and Figure 3. The lattice constants of wurtzite GaN are a=0.3186 nm and 

c=0.5186 nm at room temperature which vary with temperature as given in Figure 4 [1].  
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Figure 2. Wurtzite GaN crystal structure. 

 

 

Figure 3.  The crystal structure of wurzite AlN. 
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Figure 4.  The variation of lattice constants of wurtzite GaN with temperature. 

 

 

Table 1. Some basic properties of GaN and AlN. 

 
 Crystal  

Structure 

Lattice Constants 

a0, c0 (nm) 

Bandgap Energy  

(eV) 

Density at 300K 

(gr/cm3) 

GaN 
Wurtzite (P63mc) 

Zinc-Blende ( F 43m) 

a0=0.319 c0= 0.5185 [2] 

a0=0.452 [3] 

3.39 [1] 

3.2 [3] 

6.15 [4] 

6.1 

AlN 
Wurtzite (P63mc) 

Zinc-Blende ( F 43m) 

a0=0.311, c0=0.498 [2] 

a0=0.436 

6.2 [5] 

 

3.23 [4] 

3.285 
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2.1.3 Emergence of the GaN Technology-A Brief Review 

Although most of the significant developments and achievements regarding growth of 

III-Nitride material systems, such as implementation of sophisticated epitaxial growth 

techniques have taken place in the last two decades, the initial attempts to grow single crystal 

GaN dates back to 1930`s. Juza and Hahn [6] were the first to synthesize gallium nitride by the 

reaction of ammonia with hot gallium in order to study the crystal structure and lattice constants 

of the material. Grimmeiss and Kolemans [7] studied the photo luminescence (PL) properties of 

GaN crystals grown by the same method. Later, Maruska and Tietjen [8] used vapor phase 

epitaxy to grow larger samples on Al2O3 (sapphire) substrates.  These approaches produced GaN 

that were inherently n-type, which was attributed to N vacancies resulting from high growth 

temperatures. However, Seifert et al. [9] suggested that n-type conductivity was due to oxygen 

impurities coming from the quartz growth chamber or atmospheric leaks.  

The first LED’s for this material system were grown by Pankove, Miller and 

Berkeyheiser [10], where a M-i-n (Metal – intrinsic – n-type) structure was used since their 

method was unable to produce p-type films. During this time period, a significant amount of 

discoveries and advances were achieved for the application of GaN based devices. However, the 

lack of sophisticated epitaxial growth methods and the inability to obtain p-type material slowed 

down the exploitation of GaN and its alloys until the late 1980’s. In 1988 Akasaki and co-

workers [11] achieved p-type GaN by doping with Mg and exposing the films to an electron 

beam for a period of time. The exposure to irradiation converted semi-insulating films to p-type. 

This behavior was attributed to the shallow acceptor level of Mg being compensated by the 

hydrogen-magnesium complexes. The irradiation presumably breaks the Mg-H bonds and Mg 

becomes a shallow acceptor with ionization energy of 0.16 eV. This finding was confirmed by 
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Nakamura’s group who has shown that thermal annealing of Mg doped GaN samples above 

750°C under nitrogen atmosphere results in p-type material [12].  

Another problem with the development of devices was the lack of III-Nitride substrates 

for homoepitaxial growth. There has been an intensive research on finding a suitable substrate. 

The most studied substrates include Si, SiC, sapphire, ZnO, GaN, LiGaO2 and LiAlO2. One of 

the best review papers on growth of GaN was published by Strite and Morkoc [13], who also 

compiled results for various studies investigating different substrates. Among the mentioned 

substrates, sapphire remains the most popular one for epitaxial growth of GaN owing to its low 

price, the availability of large area crystals of high quality, its transparent nature and high 

temperature stability. Note that sapphire is not the best choice in terms of lattice mismatch (17% 

mismatch with GaN). However, it has been observed that the dislocations formed during GaN 

growth due to lattice mismatch with the substrate are not detrimental in terms of electrical and 

optical properties although the dislocation concentrations are in the range of 108-109/cm2. 

There have been several growth methods capable of producing high quality III-N 

compound semiconductors. The most successful and widely used GaN growth techniques are 

Metal Organic Chemical Vapor Deposition (MOCVD), Molecular Beam Epitaxy (MBE) and 

Hydride Vapor Phase Epitaxy (HVPE). This study investigates properties of MOCVD grown 

films. The MOCVD process is described in detail in Section 2.4. 

 

2.2 Basics of  Magnetism  

 The fundamental object in magnetism is the magnetic moment. If there is a current I around 

a small oriented loop of area dS, then the magnetic moment dµ is given by: 

dSId •=µ                                                             (1) 
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 Before proceeding further, it is worthwhile to calculate the size of atomic magnetic 

moments for an electron performing a circular orbit around the nucleus of a hydrogen atom. 

The current due to motion of the electron is simply I=-e/τ where e is the charge of an electron 

(e=1.6x10-19 C) and the travel time around the nucleus is τ=2πr/v where r is the radius and v is 

the velocity. Thus the magnetic moment of the electron is: 

BemheIr µπµ ≡−==
−

2/2                                                (2) 

 In the above equation µB
 is the Bohr Magneton, defined by µB=eh/2πme (me is the mass of 

the electron and h is the Planck’s constant). This is a really convenient unit for describing the 

size of atomic magnetic moments and has the value 9.27x10-24 Am2.  

 A solid material consists of a large number of atoms with magnetic moments. When a 

material is subjected to an applied field (H) it responds by producing a magnetic field, the 

magnetization (M). This magnetization is a measure of the magnetic moment per unit volume of 

material, but can also be expressed per unit mass, the specific magnetization (s). M can be 

considered to be a smooth vector, continuous everywhere except at the edges of the solid 

material. Another important parameter is the magnetic induction (B), which is the total flux of 

magnetic field lines through a unit cross sectional area of the material. In free space there is no 

magnetization, hence, the magnetic field can be described by the vector fields B and H which are 

linearly related by: 

HB 0µ=                                                                (3) 

where µ0 is the permeability of free space (µ0 = 4πx10-7 Hm-1).  
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 In a magnetic solid the relation between B and H is more complicated and the two 

vector fields may be very different in magnitude and direction. In this case the magnetic flux, 

applied field and magnetization can be related by the following equations: 

)(0 MHB += µ                                                            (4) 

 Another relation to consider at this stage is that concerning the magnetic susceptibility. 

The magnetic susceptibility, χ, is a parameter that demonstrates the type and strength of a 

magnetic material, and is given by: 

 HM /=χ                                                               (5) 

 All materials can be classified in terms of their magnetic behavior falling into one of five 

categories depending on their bulk magnetic susceptibility. The types of magnetic behavior are 

summarized in Figure 5 [14]. The value of magnetic susceptibility falls into a particular range for 

each type of material as shown in Figure 5 with some examples. 

  The most common types of magnetism at room temperature are diamagnetism and 

paramagnetism among the periodic table of elements (see Figure 6). These elements are usually 

referred to as non-magnetic, whereas those which are referred to as magnetic are actually 

classified as ferromagnetic. The only other type of magnetism observed in pure elements at 

room temperature is antiferromagnetism. Finally, some magnetic materials can also be classified 

as ferrimagnetic although this type of behavior has only been found in compounds, such as the 

mixed oxides, known as ferrites, from which ferrimagnetism derives its name.  
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Figure 5. Summary of different types of magnetic behavior. 

 
 

 

Figure 6. A periodic table showing the type of magnetic behavior of each element at room 
temperature. 
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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 S.I. units and the cgs 

(centimetres-grams-seconds) system, which is also 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 units is 

summarized in Table 2 below [14].  

Table 2. The relationship between magnetic parameters in cgs and SI units 

102 / 4 πk J m-3M G OeMaximum Energy Product 
(BHmax)

4 πDimensionlessemu cm-3 Oe-1Susceptibility (c)

-Dimensionless-Relative Permeability (µr)

4 π. 10-7H m-1DimensionlessPermeability (µ)

1JT-1kg-1emu g-1Specific Magnetization (s)

-T-Magnetic Polarization (J)

--GMagnetization (4πM)

103Am-1emu cm-3Magnetization (M)

103 / 4πAm-1OeApplied Field (H)

10-4TGMagnetic Induction (B)

Conversion 
factor

(cgs to S.I.)
S.I. UnitsGaussian 

(cgs units)Quantity

102 / 4 πk J m-3M G OeMaximum Energy Product 
(BHmax)
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Superparamagnetism 

 Superparamagnetic materials consist of individual domains of elements that have 

ferromagnetic properties in bulk. Their magnetic susceptibility is between that of ferromagnetic 

and paramagnetic materials.  
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 Normally, coupling forces in magnetic materials cause the magnetic moments of 

neighboring atoms to align, resulting in very large internal magnetic fields.  At temperatures 

above the Curie temperature (or the Neel temperature for antiferromagnetic materials), the 

thermal energy is sufficient to overcome the coupling forces, causing the atomic magnetic 

moments to fluctuate randomly.  Because there is no longer any magnetic order, the internal 

magnetic field no longer exists and the material exhibits paramagnetic behavior.  

 Superparamagnetism occurs when the material is composed of very small crystallites (1-

10 nm). In this case even though the temperature is below the Curie or Neel temperature and 

the thermal energy is not sufficient to overcome the coupling forces between neighboring atoms, 

the thermal energy is sufficient to change the direction of magnetization of the entire crystallite.  

Superparamagnetic materials differ from ordinary paramagnetic ones in having quite large 

susceptibilities and being able to be saturated in moderate field, but they also differ from 

ferromagnets in having no hysteresis, i.e. they have no coercivity [15].  The material behaves in a 

manner similar to paramagnetism, except that instead of each individual atom being 

independently influenced by an external magnetic field, the magnetic moment of the entire 

crystallite tends to align with the magnetic field. To identify superparamagnetism, the most 

reliable test is to check coercivity and the M vs H/T curves. The M vs H/T curves overlap for a 

superparamagnetic material above the blocking temperature.  

 The energy required to change the direction of magnetization of a crystallite is called the 

crystalline anisotropy energy and depends both on the material properties and the crystallite size. 

As the crystallite size decreases, so does the crystalline anisotropy energy, resulting in a decrease 

in the temperature at which the material becomes superparamagnetic.  
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Spin Glass 

  Spin glass is a dilute solution of a magnetic element in a nonmagnetic host crystal, in 

which atomic positions are fixed but the spin direction is random. A more common formal 

definition can be given as: “a random mixed interacting system characterized by a random, yet 

co-operative, freezing of spins at a well defined temperature Tg below which a highly irreversible 

metastable frozen state occurs without the usual long-range spatial magnetic order” [16]. Spin 

glasses have two common features: a) randomness and b) frustration, which is a competition 

between the different terms in the energy (such as FM and AFM competition).    

 The considerable interest in spin glass systems has arisen, in part, because spin glass 

physics is different from that observed in other systems. Another reason for the wide study of 

spin glass systems is that spin glass idea has applicability in many areas of science, outside the 

field of dilute magnetic alloys where it was first discovered. Thus in our study, it is crucial to 

investigate the presence of spin glass behavior. There are several fingerprint characteristics of 

spin glass that can be used to define a material as a spin-glass including [17]: 

• Below Tg, remnant magnetization decays with time as shown in Figure 7 

•  Below Tg, a hysteresis curve laterally shifted from the origin is observed such as in 

Figure 8  

• There is an irreversibility between field cooling and zero field cooling Figure 9  

• Low field, low frequency a.c. susceptibility exhibits a cusp at transition temperature Tg 

(Figure 10, taken from [18])  

• No sharp anomaly appears in the specific heat 
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• Below Tg material exhibits absence of long range order (LRO), thus no magnetic Bragg 

scattering is observed 

• Susceptibility begins to deviate from the Curie law at T>> Tg 
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Figure 7. Decay of remnant magnetization with time, a typical spin glass behavior. 

 

 

Figure 8. Lateral shift of the hysteresis curve observed in spin glass materials 
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Figure 9. The opening of Field Cooling and Zero Field Cooling Curves in a spin glass material 

 

Figure 10. Change of a.c. susceptibility with frequency; a typical spin glass response. 



 

  
18 

2.2.1 Magnetic Moment of Atoms 

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 Z=21 (scandium) to Z=30 (zinc) can be used to explain 

predicting the magnetic moments. This set of elements is the most important elements from the 

magnetism point of view. These elements have their first 20 electrons located in closed shells 

with the electronic configuration 1s22s22p63s23p64s2. The remaining electrons fill the 3d-shell, 

which can accommodate 10 electrons, in accordance with the Pauli Exclusion Principle. In zinc 

(Z=30), 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 not have a net magnetic moment.   

It has been shown already that the electron spin gives rise to a magnetic moment of 1µB. 

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 can only 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 1µB. Therefore, there are five allowed values; -2µB, -

1µB , 0µB, 1µB and 2µB for the 3d shell. The spin magnetic moment can only have two possible 

orientations, -1µB or 1µB. 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. The Pauli Exclusion Principle states that two electrons cannot be in the same quantum 
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state. This confirms immediately that in zinc, the moments of the ten 3d electrons just cancel 

out. However, for the cases when there are fewer than ten 3d electrons (i.e. the 3d shell is 

partially filled), we have to decide which of the possible components occur or which do not. At 

this point another set of rules is used, called Hund’s rules.  The first Hund’s rule states that the 

total spin magnetic moment should be as large as possible. Thus when there are only two 3d 

electrons, as in the case of titanium (Z=22), the spins are parallel giving a total spin moment of 

2µB. Similarly, with three, four and five 3d electrons, the total moment is 3, 4 and 5µB 

respectively. Now the sixth and the subsequent 3d electrons cannot have spin moments adding 

to the moments of the first five, since there are only five different orbital sites. So, the sixth 3d 

electron contributes a spin moment of -1µB making the total 4µB. Similarly each subsequent 3d 

electron contributes a spin moment of -1µB, so the total spin moment decreases as the atomic 

number increases. This trend is demonstrated in Figure 11. Hund’s second rule is that the total 

magnetic moment due to orbital motion should be a maximum, subject to having already 

satisfied the first rule. Thus the orbital contribution to the moment in scandium is 2µB. In 

titanium, it is not possible to have another orbital contribution of 2µB since this would mean that 

two electrons have the same orbital and spin magnetic moments. To satisfy the first two of the 

Hund’s rules, the second electron must contribute 1µB to the orbital magnetic moment, making 

a total of 3µB. When there are three 3d electrons the third contributes 0, making the total again 

3µB; with four 3d electrons, the fourth contributes -1µB, making the total 2µB, and with five 3d 

electrons the fifth electron, with - 2µB, brings the total back to 0. From six to ten moment 3d 

electrons, the sequence repeats itself, so that the total orbital magnetic moment is 2µB for iron, 

3µB for cobalt and the same for nickel, 2µB for copper and 0 for zinc.  
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Figure 11. The electron configuration of some transition metals showing the net magnetic 

moment of the atom. 

 
 With a similar methodology the magnetic moments of ions of the above elements can be 

calculated. In doubly charged (divalent) ions, it is the two 4s 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 3d electrons is also 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 Fe+3 (ZFe=26) is the same as that of Mn with Z=25 (and of Mn+2).   

 Having given the rules for working out the total magnetic moment arising from spin and 

from orbital motion respectively, now it is possible to obtain the total magnetic moment of the atom. 

In free atoms and ions, according to Hund’s third rule, the two contributions are subtracted if 



 

  
21 

the electron shell is less than half full, and added if it is more than half full. This rule is valid for 

atoms in vapors and to atoms and ions in compounds, if the compound is molten or in solution. 

However in solids, it is found by experiment that the measured magnetic moment is very close to that given by the 

spin contribution alone. This phenomenon is called quenching of the orbital moment. This is due to 

the fact that the electron orbitals are fixed in the crystal lattice, and cannot change their 

orientation when a magnetic field is applied. In practice it will be sufficient to regard the 

magnetic moment as being due to the spin only in solids. Thus, most of the times the terms spin 

and magnetic moment can be used interchangeably. 

 Another important group of magnetic elements are the rare earths. 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 configuration of the electrons can take values from +3µB 

to -3µB. 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 more effectively shielded by the outer 

electrons than the 3d electrons are in transition metals [15].  

 

2.2.2 Magnetic Interactions 

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 interaction to take place, the reality in physical situations is rarely that simple. Ususally 

direct exchange is not an important mechanism in controlling the magnetic properties because 
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there is insufficient direct overlap between neighboring magnetic orbitals. Magnetic exchange 

interactions are usually represented in the form of a spin Hamiltonian as: 

jiij SSJH •−=                                                                                                 (6) 

In equation (6), Si, Sj are the spins at site i and j respectively and Jij 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 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 as often found in practice. The wave functions of the magnetic d or f electrons 

decrease exponentially as their distance from the nucleus increases, thus the Jij (coupling) 

obtained from the overlap integral is more often than not too small to provide necessary 

coupling. 

Indirect-Exchange Interaction (RKKY and Superexchange) 

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

interaction due to the conduction electrons. This interaction is known as the Ruderman-Kittel-

Kasuya-Yosida (RKKY) interaction who’s Hamiltonian can be formulated by: 

ji SSrJH •= )(                                                                                                       (7) 

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

medium of conduction electrons having itinerant spins s(r) causes a damped oscillation in the 

susceptibility of these conduction electrons and hence a coupling between spins according to: 

 [ ]342 )2()2cos()2()2sin()(6)( rkrkrkrkENZJrJ FFFFF ÷−÷= π               (8) 
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where Z designates the number of conduction electrons per atom, J the s-d exchange constant, 

N(EF) the density of states at the Fermi level, kF the Fermi momentum and r the distance 

between two impurities. If the distance is large the above equation reduces to: 

3
0 )2()2cos()( rkrkJrJ FF ÷+= φ                                            (9) 

 A phase factor φ is generally included in equation (9) to account for the charge 

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

that the coupling decays fast with a (1/r)3 relation, however sometimes this fall-off is sufficiently 

long-ranged so that it can effectively reach a number of nearest neighbor sites. If a second 

magnetic impurity with spin Sj 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 are generated. 

 The magnetic interaction mechanism for insulating (mostly ionic compounds) and 

semiconducting materials is a bit 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. The exchange interaction between two magnetic ions in magnetic 

compounds arises via anions situated between the ions and called the superexchange interaction. 

The main mechanism in insulators is that of superexchange. In this case an intervening ligand or 

anion transfers an electron (usually in a p state) to the neighboring magnetic atom. Because the 

two anion spins must be opposite in direction as a result of the Pauli Exclusion Principle, they 

will cause antiparallel pairing with the d electrons on the magnetic atoms on each side. This 
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situation leads to an antiferromagnetic coupling via the ligand situated between the two magnetic 

atoms. This interaction results in a stronger and more long-ranged (usually at some large power 

n of (1/r)n) interaction than the exponential fall-off of the direct coupling. Superexchange can 

also create a ferromagnetic coupling if we take into account the exchange polarization of the 

anion orbitals. In the magnetic semiconductors the proximity of the valence band can lead to 

non-localized states which can propagate the exchange interaction even further. 

 

Dipolar Energy 

 Dipolar energy is another mechanism that causes spins to interact. The interaction 

mechanisms described so far (RKKY and superexchange couplings) were considered as isotropic 

interactions, meaning that the interactions are a function of distance without any angular 

dependency. The dipolar interaction introduces an angular dependence into the coupling plot. It 

is frail yet always present and takes the form:  

[ ]ijjijijiij
dip
ij rrrH ••−•÷= µµµµ )((31 3                                       (10) 

 It should be noted that as well as a (1/rij)3 distance dependence in equation (10) there is 

also a built-in anisotropy to the dipolar interaction. This anisotropy can orient the spins ferro- or 

antiferromagnetic. For instance, if the spins are oriented along rij, they will couple parallel; on the 

other hand, if the spins are oriented perpendicular to rij, then the coupling will be antiparallel. 

The anisotropy of the interaction between the spins plays an important role in the resulting 

ordering. 
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2.3 Dilute Magnetic semiconductors 

2.3.1 Definition of Dilute Magnetic Semiconductors 

The current integrated circuits and electronic devices 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. The main objective of making a 

ferromagnetic semiconductor is to utilize the spin of the electrons as well as their charge, thus 

manufacturing a device which will enable processing and data storage simultaneously. This can 

further lead to development of electro-optic switches, ultra high sensitive sensors and quantum 

based logic and memory for high speed computation.  

Magnetic semiconductors are actually 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 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 sublattice is constituted by magnetic ions (i.e. EuO for ex.). 

However, Diluted Magnetic Semiconductors (DMS) 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) [19]. The 

difference between conventional semiconductor, magnetic semiconductor and dilute magnetic 

semiconductor is illustrated in Figure 12.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 to have an already existing successful growth technology for the base material. In 
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addition to these, for achieving practical spintronic devices an efficient electrical injection of spin 

polarized carriers is required.  

The intensive research in search of growing III-V dilute magnetic semiconductors is 

summarized in the following section.  
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Figure 12. Figure showing the three types of semiconductors: (a)  conventional semiconductor, 

(b) magnetic semiconductor and (c) dilute magnetic semiconductor. 

 

2.3.2 Emergence of GaMnN Dilute Magnetic Semiconductors 

 Considerable attention has been focused on the III-V DMS materials since the first 

DMS reported by Munekata et al. [20], and subsequent studies predicting Curie temperatures 
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above room temperature for GaN [21-23]. Most of the initial attention regarding DMS’s was on 

II-VI systems since the growth of III-V had some inherent difficulties such as low solubility of 

transition metals in the crystal lattice. Thus growth issues like surface segregation and phase 

separation had been observed in the III-V studies [24-27]. These problems were overcome by 

low temperature MBE growth, where the conditions were kept far from equilibrium, in order to 

avoid the formation of unwanted secondary phases and segregation [20]. In their study, In1-

xMnxAs (x≤0.18) was grown using MBE at two different growth temperatures, 200 and 300°C. 

The films grown at higher temperature produced ferromagnetic samples due to the formation of 

MnAs clusters, while low temperature growth resulted in homogeneous alloys with paramagnetic 

response. Later studies revealed paramagnetic behavior for n-type samples and ferromagnetism 

for p-type samples in out of plane orientation with a Curie temperature of 7.5K [28, 29]. This 

observed magnetism was attributed to formation of bound magnetic polarons (BMP) with 

canted spins. It was reported that canting of spins could have resulted from the 

antiferromagnetic coupling of Mn spins with holes or from spin orbit coupling. Upon further 

investigation of the p-type InMnAs films, the magnetism was explained by a RKKY type 

interaction except that the hole was localized (while in RKKY the hole is delocalized).  

 In 1996, the first Ga1-xMnxAs type DMS were grown by MBE with 0.015≤x≤0.07 [30]. 

The films exhibited in-plane FM ordering up to 60 K. Following studies on GaMnAs resulted in 

a Curie temperature of 110K for 5% Mn doping. In all these studies no magnetism was observed 

in n-type and fully compensated films, thus it was concluded that the magnetic interaction is 

hole mediated. The RKKY interaction was believed to be the origin of ferromagnetism since the 

model seemed to be successful in predicting the Curie temperatures [31]. Another reported 

result regarding these studies was that Mn existed in the form of Mn+2 residing in the cation 
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sublattice. However Akai et al [32] reported the origin of ferromagnetism was probably not 

originated from RKKY type interactions. Presence of competing interactions was proposed to 

be the origin of ferromagnetism and spin glass-like behavior for low carrier concentrations was 

suggested. 

 In the meantime several studies by Koshihara and Munekata [33, 34] demonstrated that 

the observe magnetism in InMnAs/GaSb heterostructure was carrier induced. In these studies 

the as-grown InMnAs was n-type due to compensation of holes by n-type defects during 

growth, and the samples were paramagnetic. However when samples were irradiated with a 

white light source, ferromagnetic behavior was observed. This magnetic ordering mediated by 

excess carriers (holes) created via optical excitation proved the existence of carrier induced 

magnetism in that material system. 

 A key development that focused attention on wide bandgap semiconductors in terms of 

promising high Curie temperatures was the study by Dietl and Ohno [21]. They employed the 

Zener model [35] to explain the observed magnetism. The authors considered FM correlation 

mediated by holes originating from shallow acceptors in the ensemble of the localized spins in 

semiconductors. Mn in GaAs occupies Ga sublattice providing a localized spin and at the same 

time acts as an acceptor with an activation energy of 110 meV. It is proposed that in these 

semiconductors the mean distance between carriers is greater than between the spins and thus 

the Zener model becomes equivalent to RKKY. The mean field theory was utilized to calculate 

Curie temperatures for various III-V systems. The model predicted a Curie temperature of 300K 

for wurtzite GaMnN having 5% Mn and a hole concentration of 3.5x1020cm-3. The predicted 

Curie temperatures for these III-V systems are summarized in Figure 13. The mechanism for 

magnetism was suggested to be from hole mediated exchange interactions with the Mn atoms. 
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This Curie temperature prediction of GaN above room temperature led to a boost of interest in 

the GaN based DMS.  

 

Figure 13. Predicted Curie temperatures for several material systems by the Zener model. 

 

 

 Following Dietl’s prediction of ferromagnetism above room temperature for the 

GaMnN system several groups attempted to grow the material with various techniques. Our 

group produced the first GaMnN material with a ferromagnetic ordering above 300K via solid 

state diffusion of Mn into MOCVD grown GaN [36, 37].  

 Subsequently, other groups obtained ferromagnetic GaMnN with Curie temperatures 

ranging from 20 to 940K utilizing various growth techniques such as ion implantation, MBE and 

MOCVD [38-41]. The magnetism in these studies stemmed from n-type or highly resistive 

samples.  
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 The growth of GaMnN using ammonothermal (also known as AMONO) method by 

Zajac et al. [42, 43] yielded paramagnetic samples. The important result of this study was that the 

electron spin resonance (EPR) spectrum identified the Mn occurring in the GaN lattice in the 

form of an ionized acceptor A-(d5) with spin S=5/2.   

 Recently, Ploog et al. [44] reported on magnetic behavior of GaMnN system grown by 

MBE. Ferromagnetic response in the films with high Mn concentrations (14%) was attributed to 

formation of secondary phases as confirmed by TEM images, while the magnetic behavior of 

sample containing 8%Mn was determined to result from spin glass behavior via a.c. SQUID 

measurements.  

 As can be seen from the results of all these studies, the magnetic properties and the 

origin of magnetic interactions in GaMnN material system has not been completely resolved. 

Other than the model proposed by Dietl, several other studies employing different approaches 

regarding the mechanisms responsible for the magnetism in GaMnN have been published [22, 

45, 46]. At this point it would be beneficial to go over these models for better understanding of 

the possible mechanisms responsible for the ordering in GaMnN. 

 

2.3.2 Mechanism of Ferromagnetism in DMS Materials 

The exact mechanism of magnetism in DMS materials is still not clearly understood. The 

main obstacle in experimentally verifying the mechanism accountable for the observed magnetic 

properties is that depending on the growth condition of DMS material, it is possible to produce 

samples falling in a wide spectrum ranging from single phase random alloys to nanoclusters, 

precipitates and second phase formation. In addition to that, the low level of dilution of the 

magnetic atoms introduces extra difficulty to determine the origin of magnetic properties. That 
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is why it is essential to decide on a case-by-case approach which mechanism is active rather than 

trying to fit a model 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 in two main 

models. One group of approaches considers the mean field theory based on Zener’s initial 

model [35] 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 by magnetic 

atoms [22].  

 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 is also 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 ferro- and antiferromagnetic 

interactions exists in the material. This competition of interactions determines the Curie 

temperature, TC, 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 expression 

[21]: 

[ ] AFBCSFeffC TkTPASSXNT −+= )12/()()1(. 2
0 β                         (11) 

 In the above equation N0Xeff is the effective spin concentration, S is the localized spin 

state, β is the p,d exchange integral, AF is the Fermi liquid parameter, PS is the total density of 

states, kB is the Boltzman’s constant and TAF is a term accounting for the contribution of 

antiferromagnetic interactions. Various refinements and variations of this model have been 
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published recently. This approach and its variants have been proficient in estimating the TC of 

materials like GaMnAs and InMnAs, and predict that GaMnN will have a value above 300K as 

mentioned earlier.  

 A study by Jungwirth et al [23] reports on the predicted TC of GaMnAs and GaMnN 

calculated by four different variants of the mean field approach. Starting from the simplest form 

of the mean field theory, they estimate the TC enhancement due to exchange and correlation in 

the itinerant hole system and the TC suppression due to collective fluctuations of the ordered 

moments. The obtained TC values as a function of the hole density for a fixed Mn content of 5% 

is presented in Figure 14. Note that the variation of TC with hole density in GaMnN is really 

small compared to GaMnAs. The results show once more that the mean field theories produce 

reliable predictions for GaMnAs, however at this stage not very sound for GaMnN. The main 

shortcoming of the mean field theory in describing the behavior GaMnN system is probably due 

to the fact that the assumed hole densities may not be the matter-of-fact. It should be noted that 

for GaAs C doping can produce high hole densities around 1021 holes/cm-3 and the Mn 

acceptors contribute additional holes. However in GaN, the p-type dopant Mg creates a 

relatively deep acceptor level (~0.17 eV above the valence band), and the Mn energy level is very 

deep in the bandgap at ~1.4 eV above the valence band. Since the hole concentration (p) is 

determined by the acceptors that are ionized through a Boltzman factor pα(-Ea/kT) where Ea is 

the activation energy and k is the Boltzmann constant, the hole concentration in GaMnN would 

be expected to be much lower than GaMnAs. 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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Figure 14. The Curie temperatures predicted by different variations of the  mean-field theory as 

a function of the hole density. 

 

 The other approach for the magnetism in GaMnN is the cluster theory [22]. This 

approach is based on the local spin density approximation and presents two independent 

findings. First the magnetic exchange interactions deviate strongly from the expected behavior as 

predicted by simple RKKY-like models and secondly the magnetism is responsible for 

anomalously strong and attractive Hamiltonian (coupling between Mn and the semiconductor 

cation nuclei), and hence inducing strong driving force for the Mn to group as small 

nanoclusters of a few atoms. The model considers magnetic interactions based on number of 

nearest neighbors (NN) and next nearest neighbors (NNN) present and the distances between 

them (rNN, rNNN). Ferromagnetic behavior is predicted for NN dimers, NN trimers and for 

tetrahedron clusters. This can be considered as a reasonable explanation considering the small 

amount of Mn ions in the GaN acting as active acceptors. Their calculations of exchange 
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interactions between pairs of transition metal dopants at nearest-neighbor sites showed that 

there is a competition between ferromagnetic and antiferromagnetic interactions, which in the 

case of GaMnN, predicts strong ferromagnetic behavior, while GaFeN was predicted to be 

strongly antiferromagnetic. They also show that the effective pair interactions decrease with 

increasing dopant concentration due to an increase in cluster size. With increasing concentration, 

first the number of transition metal pairs will increase, resulting in an increase of Curie 

temperature. But at large enough concentrations, the pairs are no longer well separated and the 

contribution per pair starts to decrease causing a maximum in Curie temperature. 

 

2.4 MOCVD and PLD Growth Methods 

Various techniques have been developed that are capable of growing semiconductors 

and diluted magnetic semiconductors, the methods focused on this study for the growth and 

doping of GaN/AlGaN are MOCVD and PLD. It would be beneficial to give some background 

information on the basic principles and governing phenomena regarding these growth methods. 

 

2.4.1 MOCVD Growth 

Nearly every crystal-growth technique, substrate type and orientation has been tried in an 

effort to grow high quality III-V thin films. There is now widespread interest in MOCVD. One 

of the most fascinating aspects of MOCVD has been the ability to grow the widest variety of 

III-V materials with excellent control and uniformity. Monolayer thickness and transitions are 

possible. Perhaps the most important capability is to grow most of the III-V alloys in a single 

growth apparatus, in any sequence during a single deposition run and thus create new 

heterostructures with novel physical properties.  
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2.4.1.1 Reaction Chamber Design 

The most common reaction chambers are the vertical and horizontal chambers as shown 

in (Figure 15). 

 

Figure 15. Drawings of a)vertical and b)horizontal reaction chambers 

 

 In a vertical configuration reactants are introduced through the top. The substrate wafer 

lies flat on top of a susceptor. The vertical reactor is more difficult to scale to very large wafer 

designs and the gas flows are not as well modeled as in the horizontal design. The possibility also 

exists for gas containing spent reaction products to recirculate in convection currents and to 

become entrained in the inlet stream, confusing the desired inlet gas composition. 

   In horizontal design the reactant stream is parallel to the substrate. This design uses a 

rectangular susceptor that can be tilted into the gas stream to improve uniformity. The flow 

dynamics for these designs will be discussed in the following sections. 

    The exact chemical decomposition pathways in MOCVD are not yet clearly understood.  

The nature of the reactions are in part determined by the dynamics of the gas, that is, the 
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velocity and temperature profiles in the vicinity of the susceptor and the subsequent 

concentration and thermal gradients that are established. The reaction pathways, of course, are 

also strongly influenced by the choice of precursor chemicals. 

 

2.4.1.2 Precursor Species 

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

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

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

reaction can be generalized by: 

 R3M + EH3→ME + 3RH  

Where M and E are the group III (Ga, Al, In) and group V (N, P, As) species, respectively. This 

is a simplified form of the reaction and ignores any intermediate steps that may occur. If more 

than one reaction occurs simultaneously, 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, intermediate steps, thermodynamics and reactor gas dynamics. The physical properties 

for the commonly used precursors for III-V growth by MOCVD is given in (Figure 16). 
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Figure 16. Physical properties of some III-V precursors. Data taken from reference [12]. 

 

  Problems may arise if any gas phase reactions take place between the species in the cold 

gas during transport to the hot reaction zone. Other than that the gas velocities and temperature 

gradients in the vicinity of the susceptor play a significant role in the deposition process. 

Various studies have been reported on the dependence of growth rate on the growth 

parameters[47-49]. It has been found that temperature of the substrate region is an important 

factor that controls the growth rate and the crystalline quality. At relatively high growth 

temperatures, the chemical reaction is exothermic and the growth rate is controlled by diffusive 

mass transport of reagents in the gas phase and is independent of substrate crystallographic 

orientation. At low temperatures, the growth rate is limited by the surface processes and mainly 

by the process of adsorption. In this `kinetic` region, the growth rate is dependent on the 

substrate crystallographic orientation. In addition, in the lower temperature region the growth 

rate is improved when an inert gas carrier is used, whereas in the high temperature region a 

higher growth rate is observed if hydrogen is used as the carrier gas. The crystal quality is 

determined to be the best at an optimum intermediate temperature [50]. 
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  Another observation is that the growth rate increases linearly with the group III species, 

whereas the flow rate of group V component does not influence the growth rate significantly. 

However the change in the III/V ratio in the system increases the etch pit density in grown film. 

Another parameter that alters the growth rate is the position of the substrate with respect to the 

column III and V lines, since this determines the extent of mixing the precursor gases have gone 

through. Assuming streamline flow, the gases mix by diffusion and they are more homogeneous 

away from the group III tube. If the substrate is too close there will not be sufficient mixing to 

attain appreciable deposition. If the substrate is too far, gas phase nucleation can occur 

(polycrystalline growth). The optimal position depends on the reactor design and is determined 

empirically [51].  

 

2.4.1.3 Physics of Growth on Surfaces  

Before discussing further details of growth, it would be beneficial to go through the 

basic physics of deposition on surfaces.  

In CVD systems the growth material is brought to the sample in the form of a chemical 

carrier gas solution. Deposition occurs via chemical reactions at the sample surface. These 

reactions can be very complex and since the deposition rate depends sensitively on the 

concentrations of the chemically active species the local growth kinetics can become quite 

involved. Furthermore, reactions usually occur both ways and consequently desorption is much 

more important in chemical vapor deposition processes than in processes like MBE (molecular 

beam epitaxy). Obviously the technical details in various epitaxial setups can differ strongly. 

Nevertheless all methods used for epitaxy follow a simple scheme that consists of transporting 
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material to the sample surface, depositing it and allowing for diffusion [52]. Once an atom is 

deposited on the surface it can travel from A to B on various paths (refer to Figure 17). 

 

 

Figure 17. Possible ways of diffusion: a)desorption, condensation process, b)surface diffusion, 

c)volume diffusion. 

 

There are three main modes in heterogrowth. Mode of growth depends on several 

parameters like 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 18. 
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Figure 18. Important growth modes in epitaxy: a)Volmer-Weber growth mode, b)Frank-Van 

der Merwe growth mode, c)Starnski-Krastanov growth mode. 

 

2.4.2 Pulsed-Laser Deposition (PLD) 

The pulsed laser deposition (PLD) growth of a thin film involves evaporation of a target 

material on a substrate by use of a short and high energy laser beams in an ultra high vacuum 

(UHV) chamber. In essence, the working principle of PLD is simple. A pulsed, high energy laser 

beam (most commonly an excimer laser) is focused onto the surface of a solid target. The 

absorption of the incoming electromagnetic radiation leads to rapid evaporation of the target 

material. These ejected particles are deposited on the substrate forming a thin film as depicted in 

Figure 19. The evaporated materials consist of highly exited and ionized species thus if the 

growth is conducted in vacuum, a glowing plasma plume right above the target material is 

formed.  

There are some main advantages of this technique. First, it is a straightforward growth 

method with only a few parameters like laser energy density, frequency of the pulse, target-

substrate distance and substrate temperature. Secondly, it is quite easy to produce multi-layered 

films of different materials by sequential ablation of various targets. Also by attuning the number 
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of pulses a fine control of film thickness down to atomic monolayer 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 the underlying integrated circuit can refrain from thermal degradation. In 

addition to those, 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.  

Target

Ablation Laser Beam

Ablation Plume

Substrate

Focusing Lens

Film Heater

Target

Ablation Laser Beam

Ablation Plume

Substrate

Focusing Lens

Film Heater

 

Figure 19. Figure depicting a typical ablation process. 
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Mechanisms of PLD 

      Although the operation of PLD is simple to comprehend and relatively easy to control; 

the physical phenomena governing the process can be complex and complicated. A typical PLD 

growth consists of: 

i) interaction of the beam with the solid 

ii) Ablation dynamics of the target material 

iii) Deposition of the ablated material on the substrate 

iv) Surface reactions on the substrate (adsorption-desorption, nucleation-growth) 

v) Diffusion of surface species into the substrate film  

 

           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. 

 The most significant step regarding this study is the diffusion of the target metal element 

into the substrate since the objective in performing laser ablation in this study is to dope the 

substrate material rather than growing a film on it. The diffusion of the Mn film into the 

substrate can be described by the familiar equations: 

dxDdCJ /−=                                                           (12)                         

and 

)/exp(0 kTEDD a−=                                                    (13) 

In these equations; J is the flux of atoms (atoms/cm2s), dC/dx represents the 

concentration gradient across a distance x, D is the diffusion coefficient (cm2/s), D0 is a constant 

that depends on the matrix material and the diffusing specie, Ea is the activation energy for 
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diffusion, k is the Boltzman’s constant and finally T is the temperature. The distribution of the 

diffusing specie at a given time can be obtained by solving the diffusion equation: 

22 /),(/),( xtxCDdttxC ∂∂=∂                                           (14) 

For the case where there is an infinite source of dopant atoms on the surface, the 

solution of the diffusion equation becomes: 

)/(/)( 00 DtxerfCCC x =−                                           (15) 

where Co is the dopant concentration at surface (x=0), Cx is the concentration at depth x, and t is 

simply the time. 
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3. EXPERIMENTAL 

 

3.1 MOCVD Growth  

The MOCVD equipment used in this study is a home made set-up. As every other 

MOCVD the system consists of a reaction chamber, heating unit, organometallic bubblers, run-

vent manifold, a vacuum pump, various mass flow controllers, pressure sensors and temperature 

controllers. These components are described briefly below. The schematic of this MOCVD set-

up is given in Figure 20. 

 

Figure 20. The schematic drawing of the MOCVD set-up. 
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The reaction chamber is a water-cooled high purity quartz cylinder. The sample sits on 

top of a SiC coated graphite susceptor. The SiC coating protects the susceptor from degradation 

due to H2, NH3 and organometallics. The heating of the susceptor region is achieved by 

inductive RF (radio frequency) heating, which is powered by a Lepel power supply (7.5kW, 200 

kHz). The gases are transported to the reaction chamber via stainless steel electro-polished gas 

lines connected to a metal flange on top of the quartz chamber. The column III and column V 

gases are transported in different lines to avoid any gas phase reaction occurring before reaching 

the susceptor region. The organometallics are transferred through the column III line using N2 

as the carrier gas which is purified by Nanochem purifiers prior to going into the organometallic 

bubblers. The organometallic bubblers connected to the system are Trimethylgallium (TMG), 

Trimethylaluminium (TMA), Trimethylindium (TMI), Bis(cyclopentadienyl)magnesuim (Cp2Mg) 

and a custom made Mn source for the diluted magnetic semiconductor studies, EtCp2Mn. Mg is 

used as the p-type dopant while SiH4 is used as the n-type dopant in GaN. Thus, the MOCVD 

system used in our lab is capable of growing n-type and p-type GaN as well as ternary and 

quaternary alloys and multilayered structures of the above mentioned constituents. The column 

V precursor gas is high purity ammonia (NH3). The number of moles of organometallics flowed 

into the chamber is attuned by bubbler pressure, temperature and mass flow controllers. The 

run-vent manifold is controlled by pneumatic valves and each lines pressure is determined by 

MKS Baratron pressure sensors. The overall pressure in the growth chamber is adjusted by a 

Leybold two stage rotary vane pump coupled with a throttle-valve. The pressure of the chamber 

is varied between 100 and 750 Torr during growth depending on growth conditions; however 

the chamber can be pumped down to several Torr (for example in cycle purging). The susceptor 

temperature is controlled by a Eurotherm temperature controller using a K-type thermocouple 
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(Ni-Cr, Ni-Alumel) that can be used up to 1200°C. To achieve the highest uniformity of the 

grown film, the susceptor is rotated with a speed varying between 0.5 to 2 revolutions per 

second using a stepper motor.  

The typical growth process consists of several steps. First of all the substrate sapphire 

wafers are cleaved into 14mmx14mm pieces with a diamond tip scriber. Then the wafers are 

cleaned in hexane, acetone and methanol for 10 minutes each and in boiling methanol for 

another 12 minutes followed by N2 blowing with an N2 gun. Upon loading the substrate, the 

chamber is then cycle purged between 10 and 130 torr in N2 atmosphere at least 10 times to 

remove the O2. The susceptor is heated up to 1000-1050°C with a ramp rate of 75°C/min at 350 

Torr under N2 flow. Then H2 (filtered by a Matheson H2 purifier) and N2 is flowed 

simultaneously for 6 minutes to complete the cleaning, followed by  nitridation of sapphire by 

flowing NH3 through column V. Once the cleaning and the nitridation of substrate are done, the 

wafer is cooled down at a rate of 75°C/min to 400-450°C to grow the buffer GaN layer. This 

low temperature GaN layer serves as a template layer for the growth of high temperature single 

crystal GaN. The amorphous buffer layer provides a suitable growth surface with the minimal 

lattice mismatch. Finally the susceptor is heated to the actual growth temperature which is 

between 750-1050°C depending on the type of film. The pressure of the chamber during growth 

is between 100-750 Torr. The selection of chamber temperature and pressure depends on the 

type of the layer grown and the vertical position of the susceptor. For instance, InN containing 

layers are generally grown at lower temperatures to ensure the incorporation of In into the films, 

otherwise if the temperature is high the In desorbs.   
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After every run the chamber is cleaned by wiping with methanol and the susceptor is 

baked at 1000-1050°C with H2 flow at 100 Torr to ensure that residual depositions on the 

susceptor from the previous run are eliminated.  

This was a brief overview of the MOCVD setup and the typical growth parameters used 

in this study. A more detailed description of the runs with exact growth parameters for the 

growth of the samples discussed in this report is presented in the sections 3.1.1 and 3.1.2. 

 

3.1.1. MOCVD Growth of GaN 

 While most groups use in-situ Mn doping techniques like Molecular Beam Epitaxy 

(MBE, RMBE) or post growth doping methods such as ion implantation; our group has been 

the only one to use a Mn bubbler of this kind to grow III-Nitride dilute magnetic semiconductor 

films using MOCVD. The procedure described above was used to grow magnetic films with 

some minor adjustments depending on the type of run.  

The GaMnN samples were grown under identical growth conditions except the Mn 

flow. The aim of this was to see the effect of Mn content on the magnetization and the Curie 

temperature of the samples. A prior study by M.L. Reed et al. [36] in our group had already 

determined the phase diagram (i.e. the range of Mn flow without forming secondary phases) for 

GaMnN and InGaMnN grown under similar conditions. Using these parameters as a guideline, 

an elaborate study on the effect of Mn content on magnetic properties of the films was 

conducted. The Mn flow of the samples ranged from 20 to 200 sccm with the bubbler 

temperature kept at 20°C. The flow rate of Mn into the growth chamber was adjusted by a 500 

sccm mass flow controller and the temperature of the EtCp2Mn bubbler. These flow conditions 

led to successful incorporation of Mn into the GaN lattice with a Mn content varying between 
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ppm ranges up to 0.5% as measured by SIMS. The pressure of the chamber kept at 350 Torr 

during growth in all runs. The growth details for these samples are tabulated in Table 3. 

 

Table 3. MOCVD growth conditions for GaMnN films 
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*alternative carrier gas 
**lower TMG bubbler temperature (10°C)  
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The substrates used were 14x14 mm2 cut (0001) sapphire wafer pieces cleaned and 

prepared as described in section 3.1. After the substrate was loaded into the chamber, the 

cleaning and nitridation steps were performed, followed by growth of a 40 nm thick buffer layer 

at 400-450°C. The Ga flow at this stage was 9 µmole/min for 170 seconds. Once these pre-

growth steps were done the susceptor was heated to the growth temperature of ~1000°C. Prior 

to the growth of the GaMnN layer, an undoped high quality GaN template layer was grown for 

an hour with a Ga flow of 7 µmole/min. For the growth of the Mn doped GaN layer, EtCp2Mn 

was flowed into the chamber with a flow rate ranging between 20 to 200 sccm for 30 to 60 

minutes, in the temperature range of 936 to 1021 °C. The resulting GaMnN layer thicknesses 

were ~0.7-1.7µm as measured by optical microscope and verified by SIMS results.  

The results for structural, magnetic, electrical and optical characterization of these 

samples are presented and discussed in the chapters 5, 6 and 7. 

 

3.1.2. MOCVD Growth of AlGaN for Post Growth Mn Doping 

The MOCVD grown AlGaN samples were doped with Mn via post growth solid state 

diffusion. The solid state Mn diffusion process and the PLD set-up are discussed in section 3.2 

along with the equations, schematics and growth parameters (time, temperature, pressure..)  

The same MOCVD growth procedure explained in section 3.1.1 was employed for the 

growth of the AlGaN films. The Ga flows for these samples varied between 2.0 and 2.5 sccm (4 

and 5 µmole/min), while the Al flow ranged between 1.4 and 4.5 sccm. The growth 

temperatures and pressures ranged between 1040 to1070°C and 100 to 750 Torr, respectively. 

These growth conditions resulted in AlGaN films having a wide range of Al contents, from 17 
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to 60% as determined by XRD measurements employing Vegard`s Law. The MOCVD growth 

conditions for these samples are shown in Table 4.  

 

Table 4. MOCVD growth conditions for AlGaN samples which act as substrate for the Mn 

doping by pulsed laser deposition. 
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3.2 Pulsed Laser Deposition Growth  

The PLD set-up used in this study is comprised of a laser source, a set of optics to direct 

the laser beam, a growth chamber a load lock and sample transfer mechanisms. The laser source 

is a Lamda Physik KrF Excimer laser with a wavelength of 248 nm and capable of creating 

beams with 240mJ energy at a frequency of 20 pulses/second. The optical delivery system 

consists of several mirrors and lenses aligned perfectly to focus the laser directly on the target 

material. The schematic drawing of this optical setup is presented in Figure 21. The laser is 

guided through this optical system onto the targets through a fused silica focusing lens, which 

focuses the laser beam into a spot size of ~0.005 cm2. The alignment of the lenses and mirrors 

are carried out by use of a relatively low power (0.5 W) HeNe laser which traverses exactly the 

same path as the Krf Excimer laser. Because the excimer laser produces dangerous and visible 
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beam of light, the entire path of the beam from the laser source to the focusing lens on the 

chamber was surrounded by UV absorbing Plexiglas housing. 

The growth chamber is an electro-polished stainless steel sphere 45 cm in diameter with 

flanges and view ports. The chamber is kept under ultra high vacuum at all times, generally 

ranging between 9x10-10 and 2x10-9 Torr depending on the ambient temperature. These ultra 

high vacuum range pressures are attained by a Varian 220 1/s ion pump monitored by a Bayard 

Alpert ion gauge and controller. A load lock connected to a turbo molecular pump backed up 

with a roughening pump is used to load and unload the samples. The transfer of samples from 

the load lock to the growth chamber is accomplished by a transfer rod through a gate valve 

between the load lock and the growth chamber. Figure 22 shows the top-down view of this PLD 

deposition system. 
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Figure 21. The optical delivery system of the PLD set-up. 
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Figure 22. The overhead view of the Pulsed Laser Deposition set-up. 
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3.2.1 The PLD of AlGaN for Post-Growth Mn Doping 

The MOCVD grown AlGaN samples (section 3.1.2 describes the MOCVD growth of 

these samples) were doped with Mn by solid state diffusion using an ultra high vacuum pulsed 

laser deposition (UHV-PLD) setup. The MOCVD grown films were cleaned thoroughly in 

ultrasound with hexane, acetone and methanol for 10 minutes each and boiled in methanol for 

another 12 minutes. The clean AlGaN substrates were then placed on a platen with clips and 

loaded into the load lock. The platen was capable of holding up to four samples. The load lock 

was pumped down to ~10-6 Torr, and then the sample is transferred to the growth chamber by 

transfer rods through a gate valve between the load lock and the chamber. 

Deposition process was done by ablating the Mn target with the KrF Excimer laser 

beam. The Mn target surface was cleaned with the laser before each set of run prior to 

transferring the substrate to get rid of any craters and/or contamination on the target surface 

that may affect the deposition process. After the transfer of the substrates, the sample holder 

assembly was heated up to growth temperature ~560 °C. The laser beam having a wavelength of 

248 nm and 140 mJ energy was pulsed with a frequency ranging from 1 to 5 s-1. The pressure of 

the system at this stage rose to ~3x10-8 Torr due to particles generated by laser ablation and 

thermal activation. Following this 45 minute growth, a thermal annealing step was performed at 

the growth temperature. The purpose of this annealing was to give sufficient time and thermal 

energy to the deposited Mn film on the surface of the substrate to diffuse into the AlGaN 

lattice. The physical process taking place at this stage is the well known diffusion phenomenon 

which was described earlier. The residual Mn layer on the surface of the AlGaMnN samples was 

etched away by placing the samples in hydrogen peroxide (H202) for 30 minutes in an ultrasonic 

cleaner. The removal of the metallic Mn from the surface was verified by x-ray diffraction 
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(XRD) and secondary ion mass spectroscopy (SIMS) analysis. The characterization of the 

AlGaMnN films is discussed in Chapter 5.    
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4. RESULTS FOR MOCVD GROWN GaMnN 

 

4.1 Structural Characterization Results for MOCVD Grown GaMnN 

4.1.1. X-Ray Diffraction Analysis of MOCVD Grown GaMnN 

The MOCVD grown GaMnN samples were analyzed by x-ray diffraction (XRD) to 

evaluate the film crystal quality and to inspect the presence of any possible secondary phases. 

The samples were scanned from 15° to 80° with a step size varying between 0.02° and 0.05°.   

A typical XRD scan for these samples has Bragg reflections belonging to GaN (0002) at 

2θ=34.56° and sapphire (0006) at 2θ=41.685° as shown in Figure 23, which belongs to 

ferromagnetic sample N131-03 grown at 1021°C with a Mn flow rate of 25 sccm. No secondary 

phases were identified in any of the samples. The only extra peaks observed in some samples at 

2θ=17.1 (0002), 52.9 (0006), and 57.77 (11-20) are associated with another hexagonal GaN 

structure (space group number 194). The presence of these peaks, which should not have been 

observed for this growth orientation, indicates the presence of stacking fault type defects in the 

grown films. These peaks were also observed in undoped GaN, suggesting that incorporation of 

Mn into the GaN lattice was not responsible for these stacking fault type defects. The author 

believes that this is a general growth issue in our MOCVD reactor. For comparison, an XRD 

scan for undoped GaN is given in Figure 24. Note that the two scans are identical. Therefore, it 

can be concluded that addition of Mn in optimal growth conditions does not degrade the GaN 

crystal quality or introduce any secondary phases larger than the detection of x-ray equipment 

sensitivity. 
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XRD N131-03 
(Mn Flow Rate=25 sccm)
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Figure 23. XRD for ferromagnetic sample N131-03 (Mn flow rate =25 sccm grown at 

T=1021°C). Note that there are no extra peaks indicating the absence of secondary phases. 
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Figure 24. XRD scan for undoped GaN. 
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4.1.2. SIMS Analysis of MOCVD Grown GaMnN 

Secondary Ion Mass Spectroscopy (SIMS) measurements were done on several selected 

MOCVD grown GaMnN samples to obtain the dopant profile and thus to quantify the Mn 

incorporation into the GaN lattice. The samples examined by SIMS were N129-03, N130-03, 

N133-03, N136-03 and N063-04. In order to obtain the Mn profile O2+ was used as the ion 

beam source. The samples were coated with gold (Au) to prevent charging problems. 

The SIMS results verify the incorporation of Mn atoms in the MOCVD grown samples. 

The concentration of Mn in these samples ranged from 1016 to 1020 atoms/cm3 depending on the 

Mn flow rate and GaMnN growth temperature. For a given Mn flow, the Mn concentration in 

the film is constant. The atomic percentage of Mn in GaMnN was simply extracted since the 

atomic density of GaN is known to be 4.4x1022 atoms/cm3. The amount of Mn in the samples 

was then calculated by the equation: 

%Mn= Mn atoms per cm3/(4.4x1022 Ga atoms/cm3)x100                   (16) 

The calculated Mn concentration (in at. %) from SIMS profiles is tabulated in Table 5. 

 

Table 5. The Mn flow and corresponding Mn incorporation detected by SIMS 
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The results showed that Mn was successfully introduced into the GaN with a 

homogeneous Mn distribution throughout the GaMnN layer. Also, the film thicknesses (and 

thus MOCVD growth rates) were verified using the SIMS data and are presented in Figure 25-

29. As can be seen from the figures, for the samples grown at 1021°C for 30 minutes the Mn 

counts dropped sharply around 0.7µm indicating the thickness of the GaMnN layer. Since this 

layer was grown for 30 minutes, the growth rate for the GaMnN layer was determined to be 

around 1.4µm/hour. Meanwhile, the overall GaN film thickness was determined to be 2.3µm 

for 90 minutes of growth, and thus the overall growth rate of the GaN template layer and the 

GaMnN layer is approximately 1.5µm/hr. From this result it can be deduced that flowing Mn 

did not affect the GaN growth rate significantly.  
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Figure 25. SIMS scan for sample N129-03 (Mn flow=50sccm, Tgrowth=1021°C). 
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GaMnN SIMS
N130-03 (Mn Flow Rate=100 sccm)
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Figure 26. SIMS scan for sample N130-03 (Mn flow=100sccm, Tgrowth =1021°C). 
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Figure 27. SIMS scan for sample N133-03 (Mn flow=200sccm, Tgrowth =1021°C ). 
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GaMnN SIMS
N136-03 (Mn Flow Rate=20 sccm)
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Figure 28. SIMS scan for sample N136-03 (Mn flow=20sccm at lower bubbler temperature, 

Tgrowth =1021°C ). 
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Figure 29. SIMS scan for sample N63-04 grown at a lower temperature (Mn flow=100cc,  

Tgrowth =993°C ). 
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In order to see the effect of growth temperature on the Mn incorporation, the SIMS 

scans for N130-03 (Tg=1021°C) and N063-04 (Tg=993°C) having the same Mn flow rate of 100 

sccm were compared. SIMS results revealed that the sample grown at lower temperature, N063-

04, has a higher Mn concentration. It was also observed that for the films grown at the same 

temperature, the Mn incorporation increased with Mn flow rate through a linear relationship. 

These trends can be clearly seen in Figure 30 which demonstrates the Mn incorporation into the 

GaN films as a function of Mn flow rate and growth temperature. Another interesting result is 

that, a close look at the scans revealed a background Mn concentration of ~1017 Mn atoms/cm3 

even in the undoped layers due to residual Mn remaining in the system from previous runs. The 

possible effects of this “memory effect” on magnetic behavior of the films are discussed in section 

4.2.1.  
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Figure 30. Effect of growth temperature and Mn flow on the final Mn content of the MOCVD 

grown GaMnN films. 
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4.1.3. TEM Analysis of MOCVD grown GaMnN 

Transmission Electron Microscopy (TEM) was used to characterize the structural quality 

of the GaMnN films via high-resolution imaging. This requires that the films are prepared thin 

enough to transmit electrons. Electrons emitted from the filament were accelerated to ~200 keV 

and directed into the sample through the condenser lens. Images may be collected using bright-

field or dark-field imaging techniques. Bright-field imaging is performed by collecting 

information only from the central beam by use of the objective aperture. Dark-field imaging 

involves selecting one of the diffracted beams as the transmitted beam by using the objective 

aperture.  

TEM on sample N133-03 (Mn flow rate=200sccm, 0.25%Mn) was performed to inspect 

the crystal quality and investigate the presence of secondary phases in GaMnN films. Figure 31 

shows a low resolution z-contrast bright field image of this film taken at 200kx magnification. 

The GaN and GaMnN layers are clearly distinguishable. The image revealed the presence of 

dislocation loops in the GaMnN layer, and twin bands across GaN-GaMnN interface as can be 

seen in Figure 31. Selected Area Diffraction (SAD) patterns showed no extra diffraction spots 

indicating the absence of secondary phases. 
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Figure 31. Low resolution z-contrast image for GaMnN sample N133-03 (0.25%Mn) taken at 

200kx magnification. The bright field image shows the presence of dislocation loops in GaMnN 

layer and twin bands across the GaN-GaMnN interface. 

 

The high resolution image of the same sample at a magnification of 800kx displays no 

sign of incoherent secondary phases (Figure 32). The variation of brightness in Figure 32 is due 

to thickness variations in the TEM sample stemming from the ion milling process. 
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Figure 32. High resolution image of sample N133-03 (0.25%Mn) taken at 800kx magnification. 

No indication of secondary phases is observed. Note that the shade difference in the image is 

due to thickness variations stemming from ion milling process.    

 

4.2 Magnetic Characterization Results MOCVD Grown GaMnN 

4.2.1 VSM and SQUID 

The magnetic characterization of the MOCVD grown GaMnN samples were done using 

Vibrating Sample Magnetometer (VSM) and Superconducting Quantum Interference Device 

(SQUID) measurements. Almost every sample was measured by VSM to determine the room 

temperature magnetic behavior. The magnetic field was applied in both directions, parallel and 
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perpendicular to the sample surface.  The sensitivity of the VSM equipment was in the range of 

10-5 emu, while the SQUID detection limit is 10-9 emu. Since the magnetic response of these set 

of samples were around the detection limit, the VSM results were only treated qualitatively to 

make a rather quick diagnosis on the response of the samples. Due to this relatively low 

sensitivity of the pick-up coils, most of the data obtained were noisy and not completely 

conclusive. In spite of these limitations, the VSM results were confirmed by subsequent SQUID 

measurements. The VSM measured ferromagnetic behavior from samples N129-03 and N131-

03, both confirmed to be magnetic above room temperature with the SQUID as well. To fully 

characterize the magnetic behavior of the samples SQUID measurements were performed. 

SQUID measurements were done on almost all samples to obtain the most accurate 

magnetic characterization of the samples at room temperature. Selected samples were also 

measured at different temperatures varying between 4K and 400K in both orientations, 

perpendicular and parallel to the surface. These extra measurements helped in determining the 

Curie temperature (Tc) and to rule out: superparamagnetism; spin glass behavior; presence of 

coherent magnetic precipitates; and the possibility of magnetic contaminants on the surface (if 

there is any magnetic particles on the surface then the sample should exhibit magnetic isotropy).  

The SQUID measurements at room temperature reveal that there is an optimum Mn 

concentration for a given growth temperature that results in ferromagnetic behavior. For the 

sample set grown at 1021 °C, the raw data of undoped GaN and very lightly Mn doped GaN 

(N168-03 and N130-03 respectively) showed nonmagnetic responses, while samples with higher 

Mn flow rates (25 and 50cc/min, N131-03 and N129-03) lead to ferromagnetic behavior above 

room temperature. If the Mn flow is further increased to 100 sccm or above, the magnetic 

properties fade. Thus, it can be concluded that for a given growth temperature there is an 
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optimum Mn concentration that results in the strongest magnetic response. This trend can be 

seen in Figure 33 (note that the trend line connecting the data points is for illustrative purposes 

only, it is not a curve fit for an actual model or equation). From the same figure, the effect of 

GaMnN growth temperature on Mn incorporation and magnetic behavior of the samples can be 

deduced. The growth temperature has a two-fold effect on the magnetic properties of the 

GaMnN films. First, the level of Mn incorporated into GaMnN films is a function of 

temperature. The lower GaMnN growth temperature results in higher incorporation of Mn for 

the same Mn flow as confirmed by the SIMS results, and shifts the optimum Mn concentration 

to higher levels as seen in Figure 33. Secondly, the growth temperature effects Fermi level 

position of the films, which is the main parameter in carrier induced ferromagnetism.  This shift 

in Fermi level upon changing the growth temperature is due to the fact that when the growth 

temperature is altered the type and concentration of defects vary resulting in a change in the 

Fermi level (EF) position. The lower the growth temperature, the closer EF lies to the center of 

the GaN band gap. This drives the Fermi level within the Mn energy level, which is 1.4 eV 

above the GaN valence band. The carrier induced ferromagnetism occurs when the Fermi 

energy lies within the Mn energy band. 

SIMS and SQUID results were used in conjunction to calculate the magnetic moment 

contribution of each Mn atom in Bohr Magneton/atom units. The magnetic moment per Mn 

atom can be calculated by the equation: 

)/(1027.9)/()/()( 21
BMnsatBMn emuccatomsNccemuMM µµ −×÷÷=           (17) 

In equation (17), MMn is the magnetic moment per Mn atom in Bohr magnetons (µB), 

Msat is the saturation magnetization of the sample measured by SQUID in emu/cc, NMn is the 

concentration of Mn atoms as determined by SIMS in atoms/cm3, and 9.27x10-21 is the 
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conversion factor to convert emu to Bohr Magnetons. The variation of magnetic moment per 

Mn atom as a function of Mn flow rate, Mn incorporation, and growth temperature is presented 

in Figure 34. It can be seen once more that there is an optimum growth condition in terms of 

Mn flow and temperature. However, in this figure the trends are more pronounced. It was 

observed that for samples N129-03 and N131-03 (Mn flow rates of 50 and 100 sccm, 

respectively), the calculated values are ~5µB/(Mn atom) which is close to the theoretical 

suggested value of 5µB/atom for Mn. However, when Mn is introduced into a crystal the 

effective moment drops to 4µB/atom if Mn acts as an acceptor or donor. This unexpectedly 

high value we calculated was probably due to the fact the number of active Mn atoms 

responsible for the magnetism was higher than the value used in calculations because of the 

memory effect. The presence of a memory effect was confirmed with the SIMS measurements 

(section 4.1.2). Note that SIMS scans revealed a background Mn concentration (due to residual 

Mn in the system from the previous runs) of ~1017 Mn atoms/cc in the undoped GaN template 

layer. In addition to that, this high magnetic moment may be a result of inaccurate sample 

volume measurement, calibration errors in SIMS or combined errors related to SIMS and 

SQUID measurement accuracy.  

The measurements at different temperatures and orientations were done for several 

reasons. The measurement for N129-03 in both orientations revealed the anisotropy in magnetic 

behavior of these samples. The easy axis was determined to be along c-plane of the samples, i.e. 

perpendicular to sample surface (out of plane). The sample behaved ferromagnetically out of 

plane and paramagnetically for the in-plane orientation. The raw data showing this anisotropic 

behavior is illustrated in Figure 35 (note that the magneization curve in Figure 35 is not the full 

hysteresis curve, it displays a half loop). The results indicate that the magnetism in this sample 
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was not due to incoherent secondary phases. An incoherent secondary phase exhibits magnetic 

isotropy, i.e. similar magnetic behavior in both out of plane and in plane orientations. This 

anisotropic response also excluded the possibility of this magnetic behavior arising from 

contamination of the sample with ferromagnetic particles during handling; otherwise the sample 

should have behaved isotropically just like an incoherent secondary phases. 
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Figure 33. Effect of Mn flow and GaMnN growth temperature on Mn incorporation and 

magnetic behavior. 

 



 

  
71 
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Figure 34. The calculated magnetic moment per Mn atom as a function of Mn flow and 

GaMnN growth temperature. 
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Figure 35. The raw magnetization data showing anisotropic magnetic behavior of sample N129-

03 (Mn flow rate=50 sccm, TG= 1021°C). 
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An additional measurement was done on N129-03 to rule out spin glass behavior. As 

discussed earlier, one of the fingerprints of a spin glass material is the decay of remnant 

magnetization with time below the transition temperature Tg. To examine our GaMnN samples 

for spin glass behavior, sample N129-03 was field cooled to 20K and saturated with a field of 

1Tesla. After the field is turned off, the remnant magnetization of the sample was recorded for 

40 minutes. The remnant magnetization stayed at a constant value (rather than decaying) as seen 

in Figure 36, which proves that the observed magnetic behavior was not due to a frustrated spin 

glass state. Also the hysteresis curves for these samples did not exhibit any lateral shift from the 

origin (unlike a typical a spin glass material) which further confirmed that the spin glass state is 

not present. Actually, presence of a spin glass state is not plausible for our samples since 

experimentally observed [44] and theoretically predicted [32] spin glass behavior in GaMnN is 

for much higher Mn concentrations and observed at lower temperatures. 
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Figure 36. Remnant Magnetization vs. time plot for sample N129-03. There is no decay in 

magnetization with time which excludes spin glass behavior in our GaMnN films. 

 
 

To determine whether superparamagnetism exists in our samples or not, hysteresis loops 

were measured for selected samples at various temperatures between 4 and 400K The 

magnetization measurements were carried out for ferromagnetic sample N131-03 at the 

following temperatures: 380, 300, 150 and 4K. In a material exhibiting superparamagnetism, the 

magnetization (M) vs. applied field over temperature (H/T) curves overlap, and the material 

does not possess any remnance or coercivity as mentioned earlier. When M vs. H/T curve was 

plotted for sample N131-03, Figure 37, the curves had different slopes. In addition to that, the 

sample clearly had remnance and coercivity meaning that the observed magnetic response was 

not originating from superparamagnetic behavior.  
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M vs. H/T Curves for N131-03
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Figure 37. M vs. H/T curve for sample N131-03. Note that the curves for different 

temperatures have different slopes, meaning that the observed magnetism is not due to 

superparamagnetism. 

 
 

The Curie temperatures for several samples were obtained by measuring magnetization 

as a function of temperature. The Curie temperature indicates the transition from ferromagnetic 

to paramagnetic behavior. When paramagnetic response starts to take over the cooling curve 

tends to flatten out, so the Curie temperature can be simply extracted from the cooling curves 

using the criteria that the Curie temperature is point where slope of the cooling curve is the 

steepest (dM/dT is a maximum). For sample N129-03 (2.2x1019 Mn atoms/cm3) the Curie 

temperature was above 400K, while for N131-03 (1x1019 Mn atoms/cm3) it was determined to 

be 320K. The determination of Curie temperatures revealed that the Curie temperature is a 

function of Mn concentration in the GaMnN film, which proves that the samples grown are true 
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DMS materials without any secondary phases. If the observed magnetization had been due to a 

secondary phase then the Curie temperature would not be expected to change as a function of 

Mn content. The magnetization vs. temperature curves samples N129-03 and N131-03 are 

shown in Figure 38 and Figure 39. The results of the magnetic measurements are combined in 

Table 6. 
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Magnetization vs. Temperature curve
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Figure 38. The magnetization vs. temperature curve for sample N129-03 at H=100 Oe, 

showing a TC above 400K. 
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Figure 39. The magnetization vs temperature curve for sample N131-03 at H=100 Oe, showing 

a TC of 320K. 
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Table 6. Summary of room temperature magnetic properties measured by SQUID and VSM the 

MOCVD grown GaMnN films. 
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*Lower TMG bubbler temperature (T=10°C)  
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4.3 Electrical and Optical Characterization MOCVD Grown GaMnN 

In order to determine the electrical properties of the MOCVD grown GaMnN samples, 

Hall measurements were done. The objective was to get information about the number and type 

of active carriers as well as mobility and resistivity. However, the samples were all highly resistive 

to be measured with the Hall set-up. Actually this high resistivity of Mn doped films was an 

expected result from our previous experiences. In a similar study by this author, diffusion of Mn 

into p-type semiconducting GaN films resulted in highly resistive films due to compensation of 

carriers upon Mn doping. Thus, the electrical characterization of the samples did not yield any 

useful information regarding the type, mobility or concentration of carriers.  

As mentioned before, one of the most important features of III-Nitride semiconductors 

in terms of device application has been in the field of optoelectronics, mainly as light emitters in 

the UV and visible region of the electromagnetic spectrum due to their suitable band gaps. 

Therefore, it is greatly desired for the material to be optically active. In order to see the optical 

behavior of the GaMnN films, selected samples were characterized by Photoluminescence (PL) 

measurements.  

Photoluminescence is an optical characterization technique that can provide important 

information about the material system of interest. When a semiconductor is subjected to a beam 

of photons with energy greater than the band gap of the semiconductor electron hole pairs 

(EHP) are generated. For a direct band gap semiconductor, these EHPs recombine to emit 

photons with the energy representative of the transition, while in indirect band gap 

semiconductors significant amount of this energy is dissipated as lattice vibrations (phonons) 

rather than light (photons). In the case where h ν < Eg , absorption does not occur since the 

photon has insufficient energy to create electron hole pairs. PL can be used to determine various 
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properties of a material including nature of the band gap (direct or indirect); the activation 

energy of a dopant; or give an indication of the strain state of the film due to piezoelectric 

effects.  

The PL measurement set-up used in this study consisted of an Omnichrome 35 mW He-

Cd laser (325nm), a 0.5 m monochromator, photomultiplier tube and a standard lock-in 

amplifier. The samples characterized by PL were ferromagnetic sample N129-03 and weakly 

magnetic sample N130-03. The PL scans for these samples are shown in Figure 40. The PL 

scans revealed a strong emission at 365 nm for both samples. The energy corresponding to the 

wavelength of an electromagnetic wave can be calculated by: 

λ/hcE =                                                              (18) 

In this equation h is the Planck`s constant, c is the speed of light and λ is the wavelength 

of the photon. Using the above relation, the PL peaks observed at 365 nm corresponds to ~3.4 

eV, which is the band gap of GaN.  

The PL results indicated that our ferromagnetic GaMnN samples were optically active. It 

should be mentioned that the purpose of performing these PL measurements was to check 

whether the GaN films preserved their optical properties upon Mn incorporation, not to 

investigate the effect of Mn concentration on photon emission intensity or efficiency. 
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N129-03 PL Data
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N130-03 PL Data
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Figure 40. Photoluminescence scans for ferromagnetic sample N129-03 and weakly 

ferromagnetic sample N130-03. The PL results indicate that the GaMnN samples are optically 

active. 
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5. RESULTS FOR POST GROWTH  Mn DIFFUSED AlGaN 

 

5.1 Structural Characterization of Post Growth Mn Diffused AlGaN  

Structural characterization of post growth Mn diffused MOCVD grown AlGaN samples 

were done with XRD and SIMS. While every sample was inspected by XRD, selected samples 

were characterized also by SIMS.  

 

5.1.1 XRD Analysis of Post Growth Mn Diffused AlGaN  

All samples were characterized by XRD to evaluate the film quality, determine AlN 

content (utilizing Vegard`s Law) and inspect the presence of secondary phases, stacking faults 

and/or clusters. A typical XRD (θ-2θ) scan range was 15 o to 80 o with a step size of 0.02o.  

XRD results revealed only three reflections for every sample, which belongs to GaN 

(0002) at 2θ=34.56°, substrate Al2O3 (0006) at 2θ=41.685° and AlGaMnN (0002) peak located 

within a range of 34.56<2θ<36 depending on the AlN concentration. The exact position of the 

AlGaMnN peaks depends on the AlN content. A common extra peak (observed in samples A08 

and A11) is at 2θ= 17.36o which is a stacking fault in our MOCVD grown GaN. The XRD scans 

indicate no sign of secondary phases. The AlN content of the films were determined by 

employing Vegard`s Law: 

100)()(% 000200020002 ×−÷−= AlNGaNAlGaMnNGaN ddddAlN                               (19) 

In the above equation dGaN=0.259, dAlN=0.249 nm for the (0002) plane and dAlGaMnN is 

read from the x-ray diffractogram. The calculated compositions of the samples are shown in 

Table 7.  
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Table 7. The AlN content of the AlGaMnN samples as determined by XRD 

2910010651.42.25N59-02A11

1775010403.02.5N14-02A09

3810010502.02.25N54-02A08

5010010602.52.0N49-02A07

6010010704.52.0N31-02A06

%AlN
Growth

Pres. (Torr)
Growth

Temp. (K)
Al Flow

(cc)
Ga

Flow (cc)
SubstrateSample

2910010651.42.25N59-02A11

1775010403.02.5N14-02A09

3810010502.02.25N54-02A08

5010010602.52.0N49-02A07

6010010704.52.0N31-02A06

%AlN
Growth

Pres. (Torr)
Growth

Temp. (K)
Al Flow

(cc)
Ga

Flow (cc)
SubstrateSample

 

 

 To summarize, the XRD results indicated that almost all the samples were single crystal 

solid solution films and there were no secondary phases and/or clusters larger than the detection 

limit of the x-ray equipment. The XRD scan belonging to AlGaMnN sample A06, a 

ferromagnetic sample, is given in Figure 41. As can be seen, no extra peaks were observed.  

 

 



 

  
83 

A0602e

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

20 30 40 50 60 70 80
2 theta

in
te

ns
ity

AlGaN

GaN

Sapphire

 

Figure 41. XRD scan for AlGaMnN sample A06 (60%AlN). No indication of secondary phases. 

 
 
5.1.2 SIMS Analysis of Post Growth Mn Diffused AlGaN 

SIMS measurements were done on selected AlGaMnN samples to obtain the Ga, Al, and 

Mn profiles, and verify the diffusion of Mn into the AlGaN lattice. The samples examined by 

SIMS were samples A06, A09, and A11. The results showed that Mn was incorporated into all 

samples successfully. Figure 42 demonstrates the Mn diffusion profiles in the MOCVD grown 

AlGaN samples A06, A09 and A11.  

It was observed that Mn diffused more readily as the Al content of the films is increased. 

The lower Al containing (17 and 30%) samples had a high Mn concentration near the surface 

which dropped rather sharply after 0.05µm and then decayed slowly, whereas the high Al 

containing sample (60% Al) had a higher and more Gaussian like distribution of Mn atoms. The 

easier diffusion of Mn in high AlN containing samples can be explained by the fact that as more 
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AlN is incorporated the lattice mismatch between the underlying GaN layer and the AlGaN 

layer increases, resulting in higher strains which in turn leads to higher defect density in the 

material. As it is well known, the diffusion rate is directly affected by defects in the material since 

the diffusion of atoms in the lattice take place by the presence of point defects (especially 

vacancies). 

Relating Mn concentration to magnetic properties in these diffusion samples was 

difficult since Mn concentration is not constant throughout the sample because of the nature of 

typical diffusion process. This variation in the Mn concentration makes it impossible to conclude 

which layer (what concentration of Mn) was responsible for the magnetic response unlike the in-

situ doped MOCVD grown samples, which had a constant Mn content all through the film 

thickness.  
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Figure 42. Mn diffusion profiles for AlGaMnN samples: a) A06 (60%Al), b) A09 (17%Al), and 

c) A11 (30%Al) as determined by SIMS. 
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5.2 Magnetic Characterization of Post Growth Mn Diffused AlGaN 

  The magnetic characterization of the AlGaMnN samples prepared by post growth Mn 

diffusion was done using Vibrating Sample Magnetometer (VSM) and Superconducting 

Quantum Interference Device (SQUID) measurements.  

First, the samples were measured with the VSM to determine the room temperature 

magnetic behavior. The magnetic field was applied in both directions, parallel and perpendicular 

to the sample surface. As mentioned before the sensitivity of the VSM equipment is in the range 

of 10-5 emu, which is really comparable to the signals coming from the sample. This relatively 

low sensitivity of the VSM required SQUID measurements. The VSM detected ferromagnetic 

response from almost all the samples. An interesting trend, although not confirmed with 

sufficient measurements, was the tendency of the magnetic easy axis to rotate from out of plane 

orientation to in-plane orientation as the AlN content is increased. The existence of the 

magnetoelastic effect should be investigated deeper, to further clarify these preliminary results. 

SQUID measurements were done on two samples, A06 (60%AlN) and A11 (30%AlN) to 

obtain the most precise magnetic characterization of samples at various temperatures. These 

measurements at different temperatures let us determine the Curie temperature (Tc) and rule out 

superparamagnetism.  

 Room temperature SQUID measurements proved both samples behaved 

ferromagnetically which was in agreement with the VSM results. The hysteresis curves for these 

samples are shown in Figure 43. Although the saturation magnetization of A06 appeared to be 

higher than A11, it should be taken into account that the Mn contents of the samples were not 

equal to each other and not constant thorough out the AlGaMnN layer as demonstrated by 

SIMS. This fact made it impossible to calculate the active number (or concentration) of Mn 
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atoms responsible for the observed ferromagnetism. Thus, a conclusive comparison of the 

samples in terms of magnetic strength (emu/cc or emu/g) should not be made since the 

effective concentration of Mn atoms and layer thickness is not on hand.  
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Figure 43. Room temperature ferromagnetic behavior of AlGaMnN samples: a)A06 (60%AlN) 

and b)A11 (30%AlN) as measured by SQUID. 
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Further measurements on sample A11 at 10, 100 and 200K were done. The 

superimposed magnetization curves are given in Figure 44. As can be seen the saturation 

magnetization went down as temperature was increased. To check whether the observed 

magnetism was originating from superparamagnetic behavior or not, M vs H/T curves for 

sample A11-03 were plotted in Figure 45. As discussed before, superparamagnetic materials do 

not possess remnance or coercivity, and their M vs. H/T curves should overlap. The samples 

measured exhibited hysteresis (remnance=100 Oe and coercivity=8x10-7emu) and the M vs. 

H/T curves had different slopes, Figure 45 indicating that superparamagnetic behavior was 

excluded in AlGaMnN samples.   

The Curie temperature of the sample A11-03 was determined to be around 320-340K 

using a Brillouin function curve fitting. This was done by plotting Ms/M0 vs. T, where M0 and 

Ms are the saturation magnetizations at 0K and T (temperature at which measurement is taken). 

This estimation of Curie temperature using a Brillouin function curve fit is shown in Figure 46.  

Another interesting result regarding the effect AlN content on the magnetic properties is 

the change of magnetic easy axis. The observed trend, although not confirmed with sufficient 

measurements, was the shift of easy magnetization axis from out of plane (perpendicular) to in-

plane (parallel) orientation as the AlN content of the films increased. VSM measurements 

performed with the field applied in both parallel and perpendicular orientations revealed this 

effect as depicted in Figure 47 and 48. Sample A06 (60%AlN) had an easy axis along the in-

plane (parallel) orientation, while for sample A11 (30%AlN) the magnetic easy axis is out of 

plane orientation. These results provide evidence that as AlN content determines the easy 

magnetization axis of the AlGaMnN films. This result may be due crystal anisotropy or strain in 

the AlGaMnN films.  
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Figure 44. Magnetization curves at 10, 100, 20 and 300K for AlGaMnN sample 

A11-03 (30%AlN). 
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M vs. H/T Curves for AlGaMnN sample
A11-03 (30%AlN)
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Figure 45. M vs H/T curves for sample A11-03. Note that the curves do not overlap meaning 

that the observed magnetic behavior is not due to superparamagnetism. 

 

Figure 46. The Curie temperature estimation for sample A11 using Molecular Field Theory, 

assuming J=1/2. 
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Magnetization Curves in Both Orientations 
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Figure 47. The as measured in-plane and out of plane magnetization curves for sample A06-03 

(60%AlN). Note that the easy magnetization axis is along the in-plane direction. 
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Figure 48.  The as measured in-plane and out of plane magnetization curves for sample A11-03 

(30%AlN). Note that the easy magnetization axis is along the out of plane direction. 
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5.3 Electrical Characterization of Post Growth Mn Diffused AlGaN 

In order to determine the electrical properties of the AlGaMnN samples doped via post 

growth solid state Mn diffusion, Hall measurements were carried out. The purpose was to get 

information about the number and type of active carriers as well as mobility and resistivity.  As 

discussed before, a similar diffusion study performed by this author demonstrated that Mn 

doping of p-type GaN results in highly resistive films due to compensation of carriers. As 

expected, the AlGaMnN films were highly resistive due to Mn doping, however, a remarkable 

trend was observed regarding the AlN content of the films. Of all the six AlGaMnN samples the 

only two samples conductive enough to be measured by our Hall measurement setup were A06 

and A07, which had the highest AlN contents, 60% and 50% AlN respectively. The resistivity of 

these films was still high (~35 Ω.cm), thus the carrier concentration, type and mobility of the 

carriers could not determined. However, this result demonstrated that resistivity of films 

decreased as the AlN content of the films increased. 

 



 

  
94 

6. CONCLUSION 

 

Dilute magnetic semiconductors GaMnN and AlGaMnN showing ferromagnetic 

behavior above room temperature were achieved. Two approaches were used for Mn doping. 

GaMnN films were grown by MOCVD using (EtCp2)Mn as the precursor for in-situ Mn 

doping, while AlGaMnN samples were grown by post growth solid state Mn diffusion into 

MOCVD grown AlGaN films.  

Curie temperatures of the GaMnN films ranged from 270 to above 400K depending on 

Mn concentration. This dependence of the Curie temperature on Mn concentration indicates 

that the GaMnN films are random solid solutions. Ferromagnetic behavior for these films was 

observed along c-direction (out of plane orientation) in a Mn concentration range of 0.025-0. 

25%. For a given growth temperature, there was an optimum Mn flow rate in terms of magnetic 

response. The saturation magnetizations ranged between 0.2  and 1 emu/cc. Further SQUID 

measurements ruled out the possibility of spin-glass and superparamagnetism in our MOCVD 

grown GaMnN films. Structural characterizations of the GaMnN films were achieved by XRD, 

SIMS and TEM measurements. XRD and TEM confirmed that the films were single crystal 

solid solutions without the presence of secondary phases. SIMS revealed that Mn was 

incorporated homogeneously throughout the GaMnN layer. The samples were highly resistive to 

be characterized by Hall measurements; however PL measurements showed that the samples 

were optically active. 

For the AlGaMnN films, SQUID and VSM measurements on several samples revealed 

ferromagnetism above room temperature. SQUID measurements on 30%AlN sample 

determined a Curie temperature of 320K and confirmed the absence of superparamagnetism. 
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Preliminary results for this material system indicate a change in easy magnetization axis of the 

films from in-plane to out of plane orientation as the AlN content is increased. SIMS analysis 

confirmed the diffusion of Mn into the AlGaN lattice, and XRD showed no signs of secondary 

phases. However TEM is necessary to verify the nonexistence of secondary phases. The 

electrical measurements established that as the AlN content of the AlGaMnN films increased, 

the resistivity of the films decreased.  

In conclusion, this study showed that the growth of III-Nitride films doped with Mn 

require special growth conditions to achieve ferromagnetism above room temperature, and the 

grown films do not have to be p-type to exhibit ferromagnetism, but depends on the Fermi 

position.   
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