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Abstract 

Spintronics is an emerging field i n  which the spin o f  carriers in addition to the 

charge o f  carriers can be used to achieve new functionalities in electronic devices. The 

availability o f  materials exhibiting ferromagnetism above room temperature is 

prerequisite for realizing such devices. Materials suitable for spintronic applications are 

desired to be compatible with conventional growth and fabrication techniques i n  

addition to exhibiting above room temperature ferromagnetic properties. 

I n  this research, the growth o f  InGaGdN epilayers have been achieved on (0001) 

sapphire substrates or metalorganic vapor phase epitaxy (M0VPE)-grown GaNIsapphire 

templates by  plasma-assisted molecular beam epitaxy (MBE) using elemental Ga, In, Gd 

and Si (co-doping) and gaseous N 2  as sources. Magnetic characterization o f  the grown 

epilayers was performed b y  a superconducting quantum interference device (SQUID) 

magnetometer. Ferromagnetic properties were observed at room temperature for this 

new type o f  quaternary alloy material. Co-doping o f  InGaGdN with Si was performed 

and increase in  shallow donor density as well as enhancement in ferromagnetic 

properties were achieved. Luminescence properties o f  InGaGdN were also observed at 

room temperature wi th the emission peak energy red-shifts corresponding to the I n N  

molar fraction. Gd incorporation into InGaN epilayers were confirmed by X-ray 

absorption fine structure (XAFS) analysis revealing that ~ d ? '  ions substitutionally 

occupy the cation sites o f  Ga o f  host material. 

M B E  growth o f  multi-layer structures i.e. InGaGdNIGaN multiple-quantum well  

(MQW) was also carried out and its characteristic were investigated. The InGaGdNIGaN 

M Q W  samples showed clear hysteresis and clear saturation in  the magnetization versus 

magnetic field curve with larger magnetization per unit volume than the InGaNIGaGdN 

M Q W  samples implying that carrier (electron) induced ferromagnetism occurs in such 

heterostructures. Better structural qualities have been achieved for the Si-doped barrier 

layers o f  InGaGdNIGaN samples in  which more pronounced satellite peaks can be 

observed from the X-ray diffraction curves compared to the undoped barrier sample. 



Adding Si in the barrier layers has further enhanced the ferromagnetic properties as well 

as electrical properties of the MQW structure samples. 

This work has provided useful experimentally based insights into GaN-based 

diluted magnetic semiconductors (DMSs), resulting in the development of 

semiconducting materials that show room temperature ferromagnetism. These materials 

could pave the way for development of multifunctional microelectronic devices that 

integrate electrical, optical, and magnetic properties particularly for the development of 

spin-based-electronic devices. 
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Chapter 1 

Introduction 

The evolution of magnetic materials has primarily focused on metallic 3d 

transition elements such as: Fe, Ni, Co, etc. These elements have been alloyed to create 

ferromagnetic compounds having a diversity of magnetic properties and applications. 

The most essential magnetic properties for the purpose of device applications are the 

Curie temperature (Tc), saturation magnetization (Ms) and coercivity (Hc). Concerning 

these issues, several ferromagnetic devices have been developed exploiting the spin of 

electrons to manipulate data storage. These devices operate on the concept of giant 

magnetoresistance (GMR) and generally making use of the spin valve configurations 

with applications such as read heads, magnetoresistive random access memory, and hard 

drives. Other applications include solenoid switches, sensors and so on. These 

applications rely only on the spin of electrons toward facilitating data storage, which 

restrict the types of devices that can be created from these materials. 

Semiconductor materials such as Si, GaAs, and GaN have been used for a wide 

range of applications. Si and other indirect bandgap materials have been used for 

applications such as metal oxide semiconductor field effect transistors, diodes, bipolar 

junction transistors, and solar cell applications [I] .  Si is the principal material used in 

computer applications today; thus it is often a goal to create new materials that are 

compatible with existing semiconductor processing techniques and technology. Direct 



bandgap materials such as GaAs and GaN have been developed over the years where 

major applications are such as light emitting diodes (LEDs) and laser diodes (LDs) [I,  21. 

Current semiconductor technology takes advantage of the charge of carriers, (i.e. via 

doping to get n- or p-type for electrons or holes, respectively) which makes these 

materials undesirable for data storage. 

Mass, charge, and spin of electrons in solid state materials are the foundation for 

the information technology utilized today. However, most applications are separated into 

two groups; i.e. semiconducting and magnetic. In this regard, two different devices for 

data processing and storage are necessary in which they require additional processing 

steps for integration and will undoubtedly multiply the expenses. Besides, device 

efficiency can be affected by electrical loss at interfaces and connections as well as 

problems that might occur from stray electromagnetic radiation or heat dissipation. 

Obviously, those effects reduce the speed of the devices. For that reason, it is possible to 

produce new devices capable of data processing and storage by combining the use of 

both the charge and spin of electrons. 

In the beginning, efforts to realize spin dependent transport were accomplished 

by using ferromagnetic metals as contacts in traditional semiconductor devices to 

facilitate spin polarized injection 13, 41. However, these devices suffered from scattering 

at the metal/semiconductor interface, hence considerably reducing the spin injection to 

less than a few percent [5, 61. This was attributed to the differences in the resistivity 

between the two different materials. This ultimately led to the research and development 

of a new type of material called dilute magnetic semiconductors (DMS), which was 

created by means of doping or alloying conventional semiconductors with a magnetic 

transition element. Due to this discovery, semiconductors have been categorized into 

three categories as shown in Fig. 1.1. 





wavelength through an applied magnetic field as opposed to the conventional band gap 

engineering. Alloying compound semiconductors such as the 111-nitrides and 111- 

arsenides with the transition element such as Mn has provided promising results for 

creating DMS materials. Mn has been an ideal candidate as a magnetic dopant in these 

materials since it can produce a moment up to 4 Bohr magneton bg). In compound 

semiconductors such as GaAs or GaN, the ~n~~ ion substituting on the Ga3+ lattice site 

not only acts as a magnetic ion but also serves as p-type dopant in these materials [8-121. 

Magnetic doping or alloying of Ill-V semiconductors to the necessary concentrations (up 

to 5%) presents a variety of potential obstacles for growth, such as: segregation of the 

magnetic impurities; difficulty exceeding the thermodynamic solubility limit; and 

evading the formation of secondary magnetic phases. 

In 2000, theoretical studies by Diet1 predicted the Tc for various p-type 

semiconductors doped with 5 % Mn and a hole concentration of 3.5 x loZ0 cmJ (Fig. 

1.2) [7]. It was shown that wide bandgap semiconductors such as GaN and ZnO should 

have Tc greater than room temperature (RT) due to their smaller lattice constants that 

allow for greater p-d hybridization and reduced spin-orbit coupling. Although ZnO is a 

promising candidate for spintronic devices, it is still difficult to obtain good quality ZnO 

material and p-doping of ZnO is challenging [8]. On the other hand, the GaN-based 

materials already have a well established technology base for optoelectronic devices 

(mainly UV/blue LEDs and lasers) and electronic devices (high power FETs) into which 

the GaN-based DMS can be incorporated. 





This study hopes to build the foundation of DMS material that will enable the 

fabrication of longer wavelength spin-based electronic (spintronic) devices such as spin- 

LED and circularly-polarized laser diodes. The remaining pages of this chapter will 

specifically describe the background study on semiconductor spintronics as well as the 

RE-doped 111-nitride semiconductors. 

1.1 Semiconductor spintronics 

Spintronics is a relatively new area of research where applications are designed 

to manipulate the electron spin degree of freedom. Industrial devices exploiting this 

property are read heads and memory-storage cells, both of which use the spin valve 

structure [lo]. These devices are typically comprised of ferromagnetic TM or RE 

elements and their alloys. Recently, most of the effort in spintronics was focused on 

improving materials for these applications. However, the discovery of DMS [I  I ]  has 

potential for a new class of spintronic devices; where the effort focuses on seeking ways 

to utilize both information processing and data storage within one material system. In 

these materials, a sizable number of nonmagnetic cations are replaced by magnetic ions 

to facilitate ferromagnetic behavior. 

The first discovery of DMS material was in 1989 by Munekata et al. by doping 

InAs with Mn [I I]. The material was ferromagnetic with a Tc of - 50 K. This material 

was grown by low temperature MBE growth in a temperature range of 200-300°C to 

prevent the formation of ferromagnetic secondary phases such as MnAs. It was found 

that Mn acted as an n- or p-type dopant in lnAs by optimizing the growth conditions. 

The n-type films were found to be paramagnetic, while ferromagnetic behavior was 

observed in p-type samples below the Curie temperature and within the optimized Mn 

concentration range [12]. The existence of the ferromagnetic behavior for p-type 

(In,Mn)As was elucidated in tenns of the formation of bound magnetic polarons. Even 

though it was suggested that the ferromagnetic response could be due to the magnetic 





of a few magnetic atoms as proposed by Schilfegaarde [30]. However, no structural 

characterization was provided to coniirm these findings reported by Blattner 1291. 

Earlier development of these materials has focused on doping 11-VI [31-36land 

Ill-V [I 0, 35-40] compound semiconductors with the TM and RE ions. Devices utilizing 

these types of semiconductors are expected to have many benefits over the mature 

technology to include signal amplification (431, multi-functional devices to include data 

processing and storage [44], and compatibility with today's semiconductor technology 

making integration more plausible [12]. In this point of view, DMS materials in which a 

fraction of the host cations can be substitutionally replaced by magnetic ions are of 

particular interest. The elements commonly used as magnetic dopants for the synthesis 

of DMS belong to the family of transition metals (Sc, Ti, V, Cr, Mn, Fe, Co, Ni and Cu) 

and rare earths (Sm, Eu, Gd, Tb, Dy and Er). 

The magnetic dopants of TM or RE elements provide spin magnetic moments 

associated with their electron spins. A number of novel device structures have been 

proposed that utilize the advantage of magnetic properties of these materials. Some of 

these devices include the spin-LED 145, 461, spin transistor [47], magnetic sensors 1481, 

biodetectors [49] and optical isolators [SO]. Let's take a look at particular application of 

spin-based electronic devices such as LED. In conventional LED devices, unpolarized 

electrons recombine with unpolarized holes resulting in the emission of unpolarized light. 

In spin-LEDs, the emitted light would be polarized. This is achieved when a polarized 

carrier is injected from a ferromagnetic layer into a semiconductor and preferentially 

recombines with a carrier of opposite type and same spin orientation. Spin-up electrons 

would recombine with spin-up holes etc. and emit circularly polarized light (right or left). 

Ohno ei al. demonstrated the first successful spin injection in materials using a 

ferromagnetic semiconductor as a spin injector (Fig. 1.3) [45]. Spin-polarized holes were 

injected from the 300 nm thick Gao~~Mnoo~sAs (Mn in GaAs introduces holes and thus 

makes it p-type) under forward-bias into the I n o l ~ G a o ~ ~ A s  QW and recombined with 

unpolarized electrons from the 500 nm thick n-GaAs (ND= 2.3 x l ~ ' % m - ~ )  substrate. 





Circular polarization of electromagnetic radiation is a polarization such that the 

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

progresses. The electric vector, at one point in time, describes a helix along the direction 

of wave propagation. The magnitude of the electric field vector is constant as it rotates. 

Circular polarization is feasible because the propagating electric and magnetic fields can 

have two orthogonal components with independent amplitudes and phases and the same 

frequency. A circularly polarized wave could be resolved into two linearly polarized 

waves, of equal amplitude, in phase quadrature (90" apart) and with their planes of 

polarization at right angles to each other. The circularly polarized light emission from 

the LED would be practical for digital optical signaling and encryption [51]. 

p-contact 

+ir7 

Fig. 1.4 Schematic cross section of spin-LED heterostructure with the (Ga, Mn)N layer 
as a spin injection source [46]. 





The solubility of RE in GaN is much higher as compared to the Si and other 

narrow bandgap semiconductors. As for example, the optically active erbium 

concentrations ranging from 3 to 5 % have been reported in GaN [56]. Over the past few 

years significant effort has been made in doping GaN with RE dopants such as Eu and 

Er as well as Tm to develop red, green and blue electroluminescent devices 1531. GaN 

doped with another RE ion, i.e. Dy, has also been reported to show room temperature 

ferromagnetism with interesting hysteretic behavior [58]. 

With regards to utilizing RE ions to create a DMS, gadolinium (Gd: 4f7 5d' 6s') 

is most attractive as it is the only RE ion that has both unfilled d and f orbitals. This will 

allow magnetic coupling through intra-ion 4f-5d exchange interaction followed by 

charge carrier mediated inter-ion 5d-5d coupling. Because of this, several studies have 

been conducted with the aim of developing ferromagnetic Ga,,Gd,N using ion 

implantation and molecular beam epitaxy [59-66,711. 

1.2.1 Gd-doped GaN 

The first report on epitaxial Gal,Gd,N layers was made by Teraguchi et al. who 

used RF-plasma-assisted MBE to grow the epitaxial layers on the Sic  substrate [59]. 

They grew 250 nm of GaosaGdoohN that displayed ferromagnetic behavior with Tc 

higher than 300 K, which is greater than the Tc of Gd metal (Tc= 292.5 K) and the Tc of 

rock salt structure GdN (Tc = 58 K) [59-621. Their optical characterization at RT yielded 

an emission peak at 370 nm, which is slightly red-shifted than the bandgap luminescence 

of GaN (363 nm) indicating that the bandgap of GaN shrinks when Gd atoms are 

incorporated. A separate study on GaN bulk crystals doped with Gd by Lipinska et al. 

shows that Gd doping introduces some new features in optical characterization results 

[63]. Low temperature photoluminescence (PL) measurements performed at 4.2 K 

revealed luminescent peaks at 3.3 eV (= 370 nm) in addition to the GaN band gap. 

Contrary to the assignment by Teraguchi et al., Lipinska et al. attribute these additional 





diffraction (XRD) results showed no obvious secondary phase, and the films displayed 

room temperature ferromagnetism (Fig. 1.6). This MBE study showed that Ga,,Gd,N 

films grown at 700°C with x > 7.8 % result in the formation of secondary phases such as 

GdN as well as reduction of the net magnetization per unit volume as GdN has a Tc of 

58 K. Extended X-ray absorption fine structure analyzed data showed that the Gd atoms 

were primarily incorporated on Ga site. The MBE grown Gal,GdxN (x = 12.5 %) 

displayed a saturation magnetization of 320 emu/cm3resulting in a magnetic moment of 

6.4 pdGd atom. The saturation magnetization was enhanced by 6 times upon Si doping 

of Gal,Gd,N (x = 8.9 O/o) resulting in an increase in saturation magnetization from 137 

emu/cm3 to 1046 emu/cm3 [66]. Zhou et al. also attribute the magnetization in Ga,,Gd,N 

films to nitrogen vacancies, which can be enhanced by doping with donors. 

Fig. 1.6 Room temperature M-H curves for the Gal,Gd,N layers (x = 1.8-12.5 %) grown 
at 300°C. The Gd compositions, magnetizations and magnetic moment are listed on the 
right side [66]. 





Hejtmanek et al., the 4f orbitals spin-up band is positioned at -3.5 eV below the valence 

band maximum and the spin-down states are at 6 eV above the conduction band 

minimum [71]. The substitution of Ga by Gd is isovalent and thus no electrons or holes 

are created. Their findings suggest that ferromagnetism in Ga,.,Gd,N is caused by the 

RKKY exchange mechanism and is mediated through itinerant carriers that occur due to 

excitation from an impurity band to the conduction band or due to an impurity band in 

the degenerate semiconductor [73]. Unlike TM doped GaN, which exhibits metallic or 

semi-metallic states the Gal,Gd,N system is always a semiconductor with the bandgap 

gradually decreasing with an increase in Gd concentration [52]. First principle 

calculations by Zhong ei al. show that the Fermi level of Gal.,Gd,N is always located at 

the maximum position of the valence band for different Gd concentrations (x ranging 

from 0.03 to 0.25) [52]. 

Fig. 1.7 
E Lev1 

Calculated electronic structure of wurtzite Gal,Gd,N (x = 12.5 %) [71]. 

Several theoretical analyses have been performed to determine the validity of the 

long range polarization of the GaN lattice by Gd atoms [52, 67, 731. These calculations 

show that the net spin exchange splitting in the valence band or conduction band for RE 

doped GaN is smaller than that of TM doped, as the f-s, f-p, and f-d couplings in GaN 

are weaker than that of the d-s, d-d, and d-p hybridization in Gal,TM,N. Thus more Gd 

atoms enhance the magnetic coupling through N atoms, and these N atoms are visibly 



polarized in the presence of Gd atoms, but this polarization is too small to result in the 

large magnetic moment of 4000 pdGd atom [52,64]. 

Unlike other DMS, Gd in GaN has both partially filled 5d and 4f electrons that 

can contribute to the magnetic moment of Gd, thus it is essential to analyze the effect of 

both of these orbitals on the ferromagnetism. Spin density functional theory calculations 

have been performed by Liu el al. to determine the magnetism mechanism in Ga,,Gd,N 

[73]. Their findings suggest that the 4f orbitals are too far apart from the valence band 

maximum (VBM) and conduction band minimum (CBM), and their coupling with free 

carriers should be weak. Thus, they explored the impact of the Gd 5d electrons. The 

five-fold degenerate 5d orbitals of Gd are split by the tetrahedral field of the GaN lattice 

into two egand three t2, states. The lowest conduction band of GaN is mainly s-like in 

character and has very little d character and thus the s-d coupling is expected to be weak 

as long as the Gd local environment has Td symmetry. In wurtzite samples, defects and 

the hexagonal symmetry can result in s-d coupling. On the other hand, relatively flat Gd 

5d orbitals with t2, symmetry occur around the p-like VBM of GaN. As the Gd 5d tz, 

have the same symmetry as the GaN VBM at zone center, the p-d hybridization is very 

strong as observed in Mn doped GaAs. The energy difference between the ferromagnetic 

and antiferromagnetic configurations was found to be zero for the structure used in this 

model; suggesting that Gal,Gd,N should be paramagnetic unless defects exist that 

stabilize the ferromagnetism. Due to the larger atomic radius of Gd as compared to Ga it 

is expected that a large density of vacancies exist that could be responsible for the 

observed ferromagnetism [72, 731. 

The two possible scenarios are nitrogen vacancies and gallium vacancies. 

Nitrogen vacancies (VN) introduce three conduction electrons to the system and cause 

the Fermi level to shift well above the VBM. As the local symmetry now allows s-d 

coupling, the lowest conduction band will contain significant d-character and thus have a 

significant density of states (DOS) occurring at the Fermi level. The energy difference 

between ferromagnetic (FM) and antiferromagnetic (AFM) phase, AE=EFM-EAm for 

Gdc, - Vn (GdG, = Gd ions replacing Ga) complex is 3.9 meV/Gd atom and implies that 







1.3 Purpose of this study 

The purpose of this study is to examine the feasibility of rare-earth Gd-doped 

InGaNIGaN magnetic semiconductor heterostructures in search of new functional DMSs 

for their potential application in long wavelength spin-controlled photonic devices. 

Semiconductor epilayers and multiple-quantum well structures are grown by plasma- 

assisted molecular-beam epitaxy (PA-MBE) and explorations on material 

characterizations are preceded specifically as follows: 

(i) Growth and characterization of Gd-doped InGaN, aiming to obtain a room 

temperature DMS. 

(ii) Growth and characterization of Gd-doped InCaNIGaN multiple-quantum well 

(MQW) to improve the magnetization. 

(iii) Growth and characterization of Si co-doping of lnGaGdN epilayers and into 

barrier layers of InGaGdNIGaN MQWs in order to investigate the effect of Si on their 

characteristics. 

This thesis comprises six chapters including this chapter 1. 

Chapter 2 describes the experimental methods used in this study. Plasma assisted 

molecular beam epitaxy was mainly used for the growth of Gd-doped InGaN epilyers 

and MQW structures. The MBE-grown samples were characterized by X-ray diffraction 

(XRD), atomic force microscopy (AFM), electron probe micro-analyzer (EPMA), X-ray 

absorption fine structure (XAFS), photoluminescence (PL), superconducting quantum 

interference device (SQUID) magnetometer, alternating gradient magnetometer (AGM) 

and Hall effect measurements. Each of the experimental methods and the basic 

principles are described. 

Chapter 3 describes the successful growth of InGaCdN with Gd concentration of 

1-6% by PA-MBE without secondary phases such as GdN, InN as well as the Gd 



metallic nanoclusters within the X-ray diffraction detection limit. The optical and 

magnetic properties of this type of quaternary alloy are further discussed. 

Chapter 4 describes the growth and characterization of Gd-doped InGaNtGaN 

MQW structures. Results indicating the improvement on the magnetic properties 

achieved by implementing the multiple layer structures of InGaGdNIGaN are discussed. 

Chapter 5 describes the effect of Si-doping on the characteristics of InCaGdN 

epilayers and InGaGdNiGaN MQWs. Enhancement in the magnetic and electrical 

properties through the incorporation of extra shallow donors by intentionally co-doping 

the epilayers and the barrier layers of MQW structures is expected. 

Chapter 6 describes the overall conclusion of this study. 
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