ABSTRACT
ARKUN, FEVZI ERDEM. Study of Mn Doped GaN for Spintronic Applications.
(Under the direction of Dr. Nadia A. El-Masry and Dr. Salah Bedair.)
Spintronics is an emerging field in which the spin of carriers in addition to the
charge of carriers can be used to achieve new functionalities in electronic devices. The
availability of 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 in addition
to exhibiting above room temperature ferromagnetic properties.
In this research the growth of GaMnN has been achieved on (0001) sapphire
substrates by metal organic chemical vapor deposition using TMGa and (EtCp2)Mn as
organometallic precursors. Magnetic characterization of the grown films was performed
by a Superconducting Quantum Interference Device (SQUID) at room temperature.
Ferromagnetic properties were observed above room temperature for this material. Codoping of ferromagnetic GaMnN by silicon and magnesium was performed and
ferromagnetic properties of GaMnN have been found to depend on the Fermi level in the
crystal itself. The mechanism of ferromagnetism in this material was proposed to be
carrier mediated. The magnetic properties were also altered by carrier transfer at a
heterointerface indicating that the electronic band structure of the crystal affects the
magnetic properties of this material.
Growth of GaN based blue light emitting diode structures were achieved by
MOCVD using conventional organometallic sources. Fabrication of grown structures was
performed in a clean room using standard fabrication techniques for III-Nitrides. Two

spin-LEDs containing GaMnN injector layers were also grown to determine the
polarization state of the emission from these spin-LEDs.
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CHAPTER 1: INTRODUCTION
1.1 Introduction
Group III nitrides (binaries InN, GaN, AlN and their alloys) are considered as the
promising semiconductor material system for short wavelength light emitters and laser
diodes. A flurry of applications ranging from blue, green and white light emitting diodes
(LEDs) to blue laser diodes (LD) has surfaced in the last decade. GaN based LEDs are
deemed as the next generation solid state lighting (SSL) technology which will
revolutionize architectural lighting.
In addition to optoelectronic applications, high power and high frequency field
effect transistors have also been developed utilizing this material system. All of these
advancements in this area are mainly due to the breakthrough in the growth of high
quality single crystal gallium nitride films on sapphire with smooth surfaces through a
two step process [1].
GaN is also valued as a promising semiconductor material for spintronic
applications. The prediction of room temperature ferromagnetic properties of GaMnN [2]
has attracted much interest in this field. The achievement of above room temperature
ferromagnetic GaMnN can potentially result in circularly polarized light emitters,
magnetic random access memories, spin-valves and spin transistors operating at room
temperature. In all of these devices the spin of carriers in addition to the charge will be
utilized to develop new functionalities.
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In this dissertation, primarily growth of GaN and related alloys was investigated
by utilizing an in-house built MOCVD reactor. Structural, optical, electrical, and
magnetic characterization of films grown on sapphire has been performed. Growth of
above room temperature ferromagnetic GaMnN was achieved and the mechanism of
ferromagnetism was investigated. The ferromagnetic properties are found to be closely
dependent on the position of the Fermi level in the crystal. Changing the Fermi level by
co-doping n-type or p-type dopants or carrier transfer altered the ferromagnetic properties
in this system. This indicates that the observed ferromagnetism is carrier mediated. Light
emitting diodes containing ferromagnetic GaMnN layers were also grown and fabricated
in order to investigate the spin injection in this material system. Light emission from
these spin-LEDs was achieved and polarization measurements are underway.
This rest of this chapter mainly discusses the properties of GaN and various
techniques used to synthesize high quality GaN films. Background information on
ferromagnetic GaMnN will be provided in chapter 5.
Chapter 2 of this dissertation explains the MOCVD reactor used in this research.
Structural, electrical, magnetic and optical characterization methods used in this research
are also presented and tools used in the laboratory are outlined.
Chapter 3 discusses the growth of GaN, p-type and n-type doping of these layers,
difficulties encountered during growth and remedies to these situations. This chapter
forms the groundwork for achieving LEDs
Chapter 4 discusses the growth, characterization and fabrication of LEDs. Optical
and electrical of testing of these LEDs is also presented. This chapter also discusses the
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growth and characterization of spin-LEDs which are designed based on the LEDs
demonstrated in the earlier sections of this chapter.
Chapter 5 presents growth of above room temperature ferromagnetic GaMnN
layers and demonstrates the mechanism of the ferromagnetic behavior observed in this
material system. Heterostructures and co-doping of GaMnN layers are grown to illustrate
the effect of Fermi level on the magnetic properties of GaMnN. The possible mechanism
of ferromagnetic behavior and carrier mediation of ferromagnetism is discussed in this
chapter.
Chapter 6 discusses transmission measurements performed on GaN and also
GaMnN samples studied in chapter 5. A correlation between optical transmission
measurements and magnetic properties is derived.
1.2 Background Information

The AlN-GaN-InN material system has a direct band gap that covers the whole
visible and ultraviolet regions of the electromagnetic spectrum. The band gap energy
versus lattice parameter of the AlInGaN system is illustrated in Figure 1-1. The direct
band gap of this material system allows efficient radiative recombination processes
across the band gap hence the emission of radiation, a prerequisite for the fabrication of
light emitting devices. Moreover the high bond energy between Ga-N pairs renders this
material system tough and chemically inert. Doping of GaN has been achieved both by
donors and acceptors. Room temperature electron mobility in unintentionally doped GaN
epilayers as high as 900cm2/V.s have been reported [3]. III-Nitrides also have superior
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thermal conductivity compared to other compound semiconductors, which makes heat
dissipation relatively easier. The fact that nitrides can withstand much higher
temperatures than narrow band gap semiconductors renders device fabrication processes
easier in some aspects. Moreover GaN has a breakdown field of 5 x106V/cm which is an
order of magnitude higher than that of silicon and GaAs. The physical properties of the
binary nitrides along with other common semiconductors are listed in table 1.1.

Figure 1- 1 Bandgap energy versus lattice parameter of the III-nitrides

Table 1- 1 Physical properties of GaN and other common semiconductors [4]
Parameter

GaN

AlN

InN

6H-SiC

Si

GaAs

Symmetry

Wurtzite

Wurtzite

Wurtzite

Wurtzite

Diamond

Cubic

Native
Substrate

No

No

No

Yes

Yes

Yes

Lattice
Constant (a)

3.189

3.112

3.548

3.081

5.431

5.653

4

Sapphire

ZnO

Corundum

Wurtzite

Yes

4.758

3.252

Table 1-1 Continued
Lattice
Constant (c)

5.185

4.982

5.76

15.117

Band Gap
Energy (eV)

3.4

6.2

0.77

3.03

1.12

1.42

Band Gap
Transition

Direct

Direct

Direct

Indirect

Indirect

Direct

Breakdown
Field
(MV/cm)

>3

3

0.3

0.4

Electron
Effective
Mass

0.22

0.45

0.98

0.067

1

Hole
Effective
Mass

0.8

1.2

0.49

0.45

0.59

Exciton
Effective
Radius (A)

32

125

17

Exciton
Reduced
Mass

0.1730.180mo

0.058
mo

0.1437
mo

LO Phonon
Energy
(meV)

91

36

72

Saturation
Velocity
(107cm/s)

2.5

Melting
Point (°C)

>1700

Density
(g/cm3)

6.15

0.33

0.11

12.99

9.0

3.34

Direct

2.5

2

1

2

3000

1100

2830

1414

1238

2050

1975

3.23

6.81

3.21

2.33

5.32

3.98

5.61
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Table 1-1 continued
Index of
Refraction

2.33

2.2

2.85-3.0

2.6-2.7

4

3.43

1.77

1.78

Research on gallium nitride initiated solely for academic purposes to identify
basic material properties. The earliest studies on gallium nitride were made on small
crystals or powder samples in order to determine crystallographic properties of this
material [5]. The growth of these crystals was carried out by conversion of metallic
gallium in an ammonia stream into gallium nitride via the reaction:
2Ga + 2 NH 3 → 2GaN + 3H 2

(1.1)

The growth of LEDs and transistors on the other hand, require high quality
material to be grown by controlling the process parameters. In the early stages of
research, molecular beam epitaxy (MBE) of gallium nitride has proved to be a suitable
choice as a growth technique, mainly due to superior in situ monitoring capabilities. In
fact, the growth rate can be controlled down to a monolayer precision by Reflection High
Energy Electron Diffraction (RHEED), unfortunately, difficulties in supplying nitrogen
radicals to the growth surface has led to defective and inherently n-type films. Moreover
p-type doping of gallium nitride by using this technique is inferior compared to those of
other techniques.
Metal Organic Chemical Vapor Deposition (MOCVD) has evolved into the preferred
growth method over any other method that is currently available for the growth of GaN
6

and it alloys. This method has initially suffered from the lack of in situ monitoring
methods that were readily available in MBE, however, introduction of Infrared Radiation
transmission intensity has provided means of real time monitoring of the growth surface
and paved avenues for the growth of these compounds by MOCVD.
Commercial products that have made its way to the shelves are mainly grown by
MOCVD on sapphire or silicon carbide substrates. Although GaN films grown in this
fashion has high density of threading dislocations due to lattice mismatch, the presence of
dislocations do not seem to interfere with the device characteristics, unlike any other
semiconductor.
Growth techniques that are used to grow gallium nitride and its related alloys are
mostly derived from the ones that are used for gallium arsenide. Slight differences in the
material properties of GaN have inevitably altered the requirements of the growth
reactors. Use of foreign substrates, higher growth temperatures, need for different process
gasses has changed the techniques significantly. Since MOCVD was the growth method
used in this research some background regarding the advancement of this technique will
be presented.
Overview of MOCVD
Metal organic chemical vapor deposition (MOCVD), sometimes referred to as
organometallic vapor phase epitaxy (OMVPE), is a crystal growth technique that was
pioneered by Manasevit [6] in the late 1960s and has been extensively used for the
growth of semiconductor materials and devices. The development of this technique has
attracted chemical compound manufacturers, and led to research in the development of

7

novel precursor materials. Synthesis of purest precursors and use of palladium cells for
the purification of hydrogen, used as a carrier gas, resulted in the highest purity materials
grown by any other technique. The method has also proved to be capable of producing
layered structures such as quantum wells and superlattices, and has also been used for
atomic layer epitaxy (ALE).
The MOCVD technique for the growth of GaN involves the transport of
controlled amounts of precursors- usually trimethylgallium, and some form of a nitrogen
source, usually ammonia gas to the surface of a susceptor, where the wafer is placed. A
suitable carrier gas is “bubbled” through stainless steel canisters (often called bubblers)
containing the organometallic either in liquid, solid or in the form of a solution. The
carrier gas is saturated with the organometallic to a desired concentration that depends on
the temperature and pressure of the bubbler. The bubblers are immersed in temperature
controlled baths and the pressure on the bubblers is controlled by pressure controllers to
ensure reproducible supply of organometallic precursors to the growth reactor. After the
carrier gas is passed through the bubbler, the flow is either directed into the reactor or
vented to the exhaust by utilizing a special run/vent valve. The carrier gas saturated with
precursors, and ammonia is injected into the reactor through an inlet specifically designed
for the reactor, and the growth takes place by the reaction of the precursors and ammonia
on the wafer surface. The design of the reactor inlet is of paramount importance; poor
designs can lead to premature decomposition of precursors or unwanted parasitic gas
phase reactions among reactants. Gas flow dynamics, temperature stability, gas chemistry
all play a very important role and have a direct effect on the structural, electrical and
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optical properties of the resulting films. Therefore, proper reactor design and real time
monitoring of the process parameters are essential for a robust process scheme to be
developed and sustained. Schematics of the MOCVD system used in this research is
shown in Figure 1-2
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Figure 1- 2 Schematics of the MOCVD system used in this research.

Thermodynamics and Kinetics
The growth rate of III-N’s varies with group III (trimetylgallium), group V
(ammonia) and substrate temperature. The growth rate shows a complex dependence on
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Mass Flow Controller
Pressure Gauge

the growth temperature, at low temperatures the growth rate increases with increasing
temperature. In this regime the growth is limited by the pyrolysis of the precursor
molecules. At high temperatures the growth rate decreases with increasing the growth
temperature. This is due to the increased desorption rate of the precursors from the
growing crystal surface. At intermediate temperatures the growth rate is independent of
temperature and it is mostly limited by the diffusion of gallium precursors across an
intermediate region (boundary layer).
The basic MOCVD reaction governing the growth of GaN is described as [7]:
Ga(CH 3 ) 3 + NH 3 → GaN + 3CH 4

(1.2)

Unfortunately the details of the reaction are not well known and the intermediate
reactions are thought to be complex in nature. It is believed that the reaction mechanism
is analogous to the growth of GaAs. It is likely that elemental Ga is formed by the
homogenous decomposition of TMGa. On the other hand ammonia decomposes
heterogeneously on the GaN surface to yield atomic nitrogen. Owing to the lack of
understanding reaction mechanism of GaN growth, optimization of the MOCVD growth
of gallium nitride and its alloys with aluminum and indium is performed empirically by
optimizing the growth temperature, V/III ratio, and the substrate orientation. The reactor
is almost always operated in the regime (600-1100°C) where growth is limited by the
mass transport of group III precursor across the boundary layer.
Reactor Design
In the process flow of MOCVD one or more of the constituents of the final film
are transported as organometallic species in the gas phase to the heated growth surface.
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Although the use of organometallic compounds renders a flexible process, it also makes
the growth a complicated function of transport processes combined with gas phase and
surface reactions.
Transport processes are critical in determining the degree of desirable and
undesirable parasitic gas phase reactions as well as the access of the film precursors to
the growth interface. The reactor design, operating parameters such as pressure of the
reactor, temperature of the susceptor has a strong effect on the convection and diffusion
processes transporting the reactive species to the growth interface. For example heating
of the susceptor produces an unstable density gradient with a less dense gas next to the
susceptor surface. In other words this means that the reactor flow patterns can be
dominated by buoyancy driven recirculations. In principle these recirculation cells may
be eliminated by increasing the inlet flow, which also increases film uniformity.
However, the nonlinear interactions among buoyancy, viscous flow, and inertial terms,
the transition between the flow patterns may be abrupt and multiple stable flow fields
may exist for the same parameter values therefore the reactor behavior will be dependent
on its initial state. For example heating the susceptor followed by turning on a certain gas
flow could produce a force field dominated by buoyancy driven recirculations whereas
the opposite procedure may lead to a forced convection dominated situation. Commercial
MOCVD reactors usually have both a vertical or horizontal design, and more or less
similar vacuum hardware. Figure 1-3 illustrates the different geometries of reactors that
are available for the design of MOCVD reactors.
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Figure 1- 3 Illustration of possible geometries for MOCVD reactors

Precursors
During the first 10-15 years of the developing stage of MOCVD the choice of
precursors were limited to compounds manufactured for other purposes. The purity and
the suitability of these compounds were initially questionable. As the process has been
better understood, restrictions have been imposed on the quality of the precursors, and
manufacturers have started to develop novel precursor materials. This led to the
development of several novel precursors. In the MOCVD of the group III- nitrides the
precursors that are used are primarily adopted from those used in the production of
gallium arsenide and its alloys with indium and aluminum. An excellent review on
MOCVD and the chemistry of precursors can be found in the book by Stringfellow[8].
A list of the most commonly used organometallic compound in the MOCVD of
gallium nitride is given in Table1-2. As evident from the table a host of organometallic
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compounds can be utilized for the same element; however selections are usually made
according to the desired vapor pressure. For example trimthylgallium is mostly used as a
gallium precursor for growing template layers of gallium nitride; however triethylgallium
is used for the growth of quantum wells since it has a lower vapor pressure compared to
that of trimethylgallium, and hence the slower growth rate allows for high quality layers
to be grown at low temperatures.
Table 1- 2 List of commonly utilized organometallic compounds and their physical properties.
Compound

Formula

Abbreviation

Melting Point
(°C)

Boiling
Point (°C)

log10P
(mmHg)(T in
Kelvins)

Trimetylaluminum

(CH3) 3Al

TMAl

15.4

126

7.31471535.1/(T-53)

Triethylaluminum

(C2H5) 3Al

TEAl

-58

194

10.784-3625/T

Trimethylgallium

(CH3) 3Ga

TMGa

-15.8

55.7

8.07-1703/T

Triethylgallium

(C2H5) 3Ga

TEGa

-82.3

143

8.224-2222/T

Trimethylindium

(CH3) 3In

TMIn

88.4

133.8

10.520-3014/T

Triethylindium

(C2H5) 3In

TEIn

-32

184

8.94-2815/T

Bis(cyclopentadienyl)
magnesium

Mg(C2H5)2

Cp2Mg

176

150
@0.1mm
Hg

N/A
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CHAPTER 2: DESCRIPTION OF MOCVD REACTOR,
CHARACTERIZATION TOOLS AND PROCESSING
EQUIPMENT
2.1 Introduction
Any research in physical sciences requires the utilization of scientific equipment,
and an understanding of their basic working principles. Therefore, it is very crucial that
one completely understands the capabilities and limitations of the scientific equipment on
hand in order to fully comprehend the nature of problems encountered, and offer
solutions that are independent of the fingerprint of the equipment used. This chapter
describes the growth equipment, characterization tools, processing and testing equipment
for devices used in this research. The equipment used in this research is categorized in
three groups: MOCVD reactor, which was used to grow all samples in this research,
characterization tools that are mostly in-house tools with the exception of a few, and
finally processing and testing equipment.
2.2 MOCVD Reactor

MOCVD is a special case of chemical vapor deposition in the sense that instead
of using gaseous reactants, the reactants are carrier gases saturated with a vapor of either
a liquid or solid contained in a vessel (bubbler) downstream of the reactor. The advantage
of this method is the capability of growing semiconductors with very slow rates and with
abrupt composition changes- heterostructures or doping profiles, which is otherwise not
possible with other bulk growth methods.
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The growth of the first blue LED by Nakamura [9] has proved MOCVD as the
preferred growth technique for the III-N’s due to its capability of achieving high
brightness LEDs with a good crystal quality.
MOCVD growth reactors can be divided into three main sections: Gas supply,
reactor and exhaust. Each of these sections will be explained with regard to the current
deposition system.
2.2.1 Gas Supply
The gas supply system of any MOCVD system is mainly composed of two
separate gas streams that are referred to as Column III and Column V. Column III
comprises of a bank of manifolds that accommodates a number of bubblers immersed in
constant temperature baths. Nitrogen and/or hydrogen gas is passed through these
bubblers as a carrier gas and saturated with the vapor of the organometallic compound in
the bubbler. On the other hand, column V reactants are similarly flowed through a
separate run/vent manifold. It is very important to separate column III and column V
reactants up until they impinge on the substrate so as to avoid any premature reactions in
the gas stream. The reactants are eventually fed into the reactor for deposition of the
desired film.
A common practice is to keep the run and vent lines at the same pressure at all
times. This ensures that when the gas stream is switched from vent to run the bubblers do
not experience a pressure difference between the two lines and the pressure in the bubbler
remains constant. If the pressure in the bubbler changes upon switching this will affect
the amount of reactants extracted from the bubbler per unit time. The feed rate of the
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bubbler depends on the following: (i) flow rate of the carrier gas (ii) pressure of the
bubbler (iii) vapor pressure of the substance in the bubbler. The feed rate of the
organometallic precursors follows the analytical form:
⎡P ⎤
f MO = ⎢ MO ⎥ f carrier
⎣ P ⎦

(2.1)

where
fMO = the feed rate of the organometallic compound,
PMO = the vapor pressure of the organometallic compound at the given
temperature
P = the total pressure of the bubbler
fcarrier = the flow rate of the carrier gas into the bubbler
All gas lines are in our system are made out of electro polished 316L stainless
steel (low carbon) and connections are VCR© type with silver plated gaskets. Welding of
all joints was performed in-house, using an orbital arc welder, using high purity Ar gas.
Connections and welds are tested for leaks with a He leak detector prior to
commissioning the system. All components of the gas supply system meet or exceed high
purity standards required for the growth of semiconductors. The input gases purchased
are 99.9999% pure and are purified even further at the point of use by resin purifiers.
This is a common practice in industry since the handling of gas cylinders, inevitable
exposure of cylinder fittings to air, introduce contaminants into the gas supply system.
Great attention must be paid during replacement of organometallic bubblers in
order to avoid the internal plumbing being exposed to air. Therefore, before replacing a
bubbler on the system, the feed and output legs are evacuated by a mechanical pump -in
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line with a cold trap to avoid oil back streaming- and also baked at 50-70°C to accelerate
the process. During this process the organometallic compounds that are coated on the
inner walls of the gas lines are boiled off and pumped out. After this is complete, the
seals can be broken and the bubblers may be replaced. Then air that is trapped in the lines
is evacuated and the system is baked once more to ensure majority of the water vapor and
air is removed, and the process is resumed.
2.2.2 Reactor
The reactor chamber for our MOCVD system is a double wall high purity quartz
chamber with two flanges welded on the top and bottom for providing mating surfaces
for vacuum seals. The susceptor assembly is comprised of two parts: reference piece and
mushroom susceptor. A metal plate with three holes is mounted on the transfer arm, and
the reference piece is held on to this metal plate via three high purity alumina legs. One
of the alumina legs is double bored and accommodates a K-type (Chromel-Alumel)
thermocouple to measure the temperature of the susceptor. At the end of the transfer rod
there is a tripod assembly which is screwed onto the shaft of the transfer arm that houses
the susceptor on another set of three legs. The susceptor is rotated by a stepper motor
located at the bottom of the transfer rod assembly, while the reference piece is stationary.
Susceptors are machined out of high purity graphite, and are coated either with silicon
carbide or tantalum carbide. The density of graphite used for these susceptors is chosen
such that the thermal expansion coefficient of the coating and the graphite match to avoid
any thermal stress during ramp up and cool down during the experiments. Figure 2-1
shows a schematic illustration of the reactor of the system.
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Figure 2- 1 Schematic illustration of the growth reactor.

Heating of the susceptor is achieved by radio frequency inductive heating by a 7.5
kW Lepel power supply. The power supply is connected to a bus bar which is ultimately
connected to the copper tubing wound around the quartz chamber. The bus bar is made of
two copper plates separated by a Teflon® insulator, and acts as a matching capacitance to
the circuit. The internal electronics and the copper coils of the Lepel power supply are
cooled in series with the cooling water for the quartz chamber. When an alternating
current is passed through the copper coils an alternating magnetic field is generated
inside the coils. According to Faradays law, alternating magnetic field with respect to
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time gives rise to Eddy currents on the surface of the susceptor. Since the susceptor is
made out of graphite that is highly resistive, it heats up in response to the alternating
current passing through the coils. The temperature is monitored by a Eurotherm
temperature controller that has a feedback loop to the Lepel power supply in order to hold
the temperature within ± 1ºC at the thermocouple. The chamber is on the far left, gas
supply is in the middle and control electronics are on the far right as shown in Figure 2-2.

Figure 2- 2 Picture of the MOCVD system after it has been moved to its new location.

The transport of the reactants from the top of the injector flange to the susceptor is
achieved by an inlet tube. In the bichannel inlet tube design shown in Figure 2-3 column
III and column V reactants are flowed through a circular cross section inlet tube that is
divided into two channels by a thin 1 mm quartz plate. If the reactants are not separated
until they impinge on the hot susceptor, ammonia being a reactive gas even at moderate
temperatures, homogenously reacts with the column III reactants and forms unwanted
solid particles, that ultimately rain on the surface of the susceptor and causes three
19

dimensional growth of the films. One drawback of separating the reactants is that the
intermixing of the reactants are poor on the susceptor surface, however given the size of
our samples (14 mm x14 mm) this does not pose a great threat on uniformity of the films
grown. The inlet tube is ultimately connected to the top flange with two tubes feeding
each channel. The susceptor is located directly below the shower head and 1 inch below
the inlet tube. The temperature read out from the thermocouple is calibrated by an optical
pyrometer against the surface temperature of the susceptor. The thermocouple is
intentionally placed slightly outside of the RF coils, in order to avoid exposure to high
temperatures and thereby extend its lifetime. Additional small changes in the growth
temperature are made as the thermocouple ages and change its response to the same
temperature. The drawings for the susceptor, reference piece and inlet tube are given in
Figure 2-3 (a), (b) and (c) respectively.
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(a)

(b)

(c)

Figure 2- 3 Drawings of the reference piece, susceptor, and the inlet tube used in the MOCVD
reactor.

2.2.3 Exhaust

The exhaust system of the MOCVD system comprises of a two stage rotary vane
vacuum pump by Leybold, a throttle valve by MKS Instruments to control the pressure
and a pressure transducer by MKS Instruments to measure the chamber pressure.

21

2.3 Characterization Tools

2.3.1 Introduction
In the course of this research many measurements are performed on the grown
samples and therefore a host of characterization tools are employed. This section briefly
describes the working principle of the characterization tools used for this research and the
interested reader is advised to refer to textbooks outlining these methods.
2.3.2 Optical Microscopy
The compound optical microscope is one of the most versatile characterization
tools that requires no sample preparation and offers visual inspection of grown films.
Optical microscopy is an indispensable tool for optimization of GaN growth on sapphire.
Surface morphologies of the as grown films are often attributed to specific process
parameters and experienced crystal growers are able to address these problems when
necessary. In this research all as grown samples are inspected by a Differential Interface
Contrast (DIC) or Nomarski microscope. In conventional bright field microscopy, the
light impinges vertically on the sample and horizontal surfaces in this case reflect most of
the light while slanted or vertical surfaces randomly deflect light out of the objective of
the microscope. Therefore in bright field microscopy discrimination between horizontal
and vertical surfaces is made based on the intensity of the light collected by the objective
lens. Dark field microscopy on the other hand is the reverse situation, where horizontal
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surfaces appear dark and vertical surfaces are brighter. This enables the user to identify
small surface irregularities to appear, unlike bright field microscopy.
DIC, or phase contrast microscopy on the other hand, makes use of the phase shift
which occurs as light reflects from a sample. In phase contrast microscopy, the incident
beam is split into a reference beam and a direct beam by a crystal in the objective lens.
The direct beam is altered by the sample. The reference beam on the other hand travels
through a variable phase changer and the phase is adjusted such that when two beams
come together the interference between them gives an amplitude contrast image. Step
heights as small as 3nm can be resolved by this technique.
2.3.3 Double Crystal X-ray Diffraction (DCXRD)
Double crystal x-ray diffraction is a special kind of x-ray analysis which allows
one to measure the quality of a crystal. For an ideal single crystal material, the angle at
which the Bragg condition is satisfied, should ideally be at a single angle. However, due
to structural mis-orientation and mosaicity, the Bragg angle is satisfied at slightly higher
and lower angle as well. The structural quality of a single crystal can be assessed based
on the width of its diffraction peak. The sharper the width of this peak gets the more
dislocation free the crystal becomes. The usual unit of measurement of angle in these
scans is arcseconds; which is 1/3600th of an angle. The FWHM for a silicon sample is on
the order of 20 arcseconds, whereas for GaN samples the high density of dislocations
makes the crystal imperfect and widens the diffraction peak to 300-400 arcseconds.
A Bede Model 200 diffractometer was used for measuring the crystal quality of
our samples. The x-ray tube generated CuKα1 radiation which is further collimated
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through a Si crystal and then directed to the surface of the sample. The sample is rocke
through the Bragg angle. The width of a so called rocking curve is a direct measure of the
range of orientation present in the irradiated are of the crystal, because each block of a
typical mosaic crystal successively comes into reflecting position as the crystal is rotated.
2.3.4 X-ray Diffraction (XRD)

X-ray diffraction is a powerful non-contact method used to determine the
crystalline phases in bulk materials, thin films and powder samples. Additionally, X-ray
diffraction can determine the strain state, grain size, epitaxy, phase composition,
preferred orientation, and defect structure of individual phases. XRD is also used to
measure the thickness of thin films, and multilayers (i.e. quantum wells), and atomic
arrangements in amorphous materials.
XRD usually does not provide spatial resolution; however, special cases
resolution greater than ~10μm can be obtained by a micro focus source.
X-ray diffraction analysis of as grown films was performed on a Rigaku Geigerflex D-Max diffractometer in the Bragg-Brentano configuration. A schematic
representation of the configuration is given in Figure 2-4.
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Figure 2- 4 Bragg-Brentano configuration for X-ray diffraction apparatus

Compositional analysis of III-nitride alloys were performed by growing thick
films of such compounds and marking the shift of the diffraction peak. Assuming
Vegard’s law is valid for such alloys, the lattice spacing d, of a ternary compound will
vary linearly between that of its binary end points in proportion to its composition.
The equation for the lattice spacing of AlxGa1-xN is given by the following
equation in terms of the end binaries AlN and GaN:

d Al xGa1− x N = xd AlN + (1 − x ) d GaN

(2.2)

Vegard’s law is a valid assumption in the case of nitrides for all practical
purposes; however, the effect of strain must not be overlooked in doing this kind of
analysis. Since AlGaN, in most cases, is directly grown on GaN templates, the resulting
AlGaN has an in-plane lattice spacing slightly larger than that of a relaxed layer. The out
of plane component of the lattice spacing will shrink and assume a smaller value
proportional to the amount of strain in the layer. Reciprocal space mapping or triple axis
XRD can be performed in order to eliminate the effects of strain. In this research XRD
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has been used to determine composition of grown alloys, investigation of quantum wells,
and also used to determine the presence of secondary phases in GaN.
2.3.5 Hall Measurements
During the course of this research Hall measurements were performed on n-type
and p-type samples of 5mm x 5mm dimension. Samples were ultrasonically cleaned in a
hexanes, acetone and methanol, followed by a N2 blow dry. Indium metal contacts were
melted onto the sample to serve as contacts. The sample was then loaded into a MMR
(micro-miniature refrigerator) dewar that was used to perform temperature dependent
(77-300K) measurements of mobility and resistivity. A Walker electromagnet coupled
with a gauss probe to measure the magnetic field was used to apply the necessary
uniform magnetic field usually varies between 3-8 kG depending on the type of sample
under investigation. Current was sourced and voltage was measured by a Keithley 705
scanner, a Keithley 220 current source and a Keithley DMM 199. These instruments were
interfaced to a personal computer through a National Instruments GPIB card and software
developed using HTB Basic for Windows programming language. The computer prompts
for measurement parameters such as temperature, thickness, field, and source current and
takes measurements for zero field, negative and positive field. After comparing Hall
voltage signs, it determines the type of carrier, concentration of carriers, mobility of
carriers and the resistivity of the film.
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2.3.6 Photoluminescence Measurements (PL)

Photoluminescence (PL) in general refers to the emission of light that result from
optical stimulation. The detection and analysis of this emission allows for a very sensitive
(parts per trillion) yet very simple and low cost identification of impurities in
semiconductors. For PL studies of semiconductors the general approach is to use a
suitable laser that has a photon energy output larger than the energy band gap of the
semiconductor. The emitted light from a direct semiconductor is detected as
photoluminescence and the spectral dependence of its intensity is analyzed to provide
information about the properties of the semiconductor.
In the current research PL spectra of GaN, GaN:Mg, InGaN quantum wells and
AlGaN to a certain Al mole fraction are investigated. The samples are illuminated by an
Omnichrome HeCd (325 nm) laser that is directed onto the sample with a set of mirrors
and lenses. The beam is reflected off the sample and the resultant emission from the
sample is collected by a collector lens. The light is then focused into a spectrometer that
is interfaced to a computer and a spectrum is generated. Figure 2-5 shows a schematic
illustration of the typical PL setup.
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Figure 2- 5 Typical configuration of a PL setup.

2.3.7 Super Conducting Quantum Interference Device (SQUID)

The SQUID is a high sensitivity magnetometer that makes use of the properties of
electron-pair wave coherence and Josephson junctions to detect very small magnetic
fields. In a super conducting material electrons travel in pairs called Cooper pairs. Each
pair can be treated as a single particle with a mass and charge twice that of a single
electron.
The electron pair also viewed as a wave, which retains its phase coherence over
long distances. One of the manifestations of this long range coherence is the capability of
calculating the phase and the amplitude at any point on the wave’s path from given the
phase and amplitude at an arbitrary point in the trajectory of the electron pair. Consider
an electron pair with the following one-dimensional wave function
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⎛x
⎞
ΨP = Ψ sin 2π ⎜ − vt ⎟
⎝λ
⎠

(2.4)

where λ is the wavelength being related to the momentum of the pair by the relation

λ = h p . The phase difference between two points x and y in a current carrying
superconductor is then expressed as
y

xˆ

(Δφ ) xy = φx − φy = 2π ∫

λ

x

(2.5)

dl

where x̂ is a unit vector in the direction of the wave propagation and dl is an element of
the line joining x and y.
The phase velocity is related to the supercurrent density in a super conducting
material is given as follows: J s = 1 n s 2ev , where ns is the superelectron density.
2
Substituting this equation into the phase difference equation, the phase difference is
expressed in terms of the current density in the superconducting medium.
y

(Δφ ) xy

2πm
=
J s .dl
hn s e ∫x

(2.6)

Application of a magnetic field introduces a perturbation to the electron pair
momentum. The perturbed momentum in this case becomes p = 2mv + 2eA where A is
the magnetic vector potential. When a magnetic field is applied to a superconducting
material the phase difference between two points, i.e. x and y, will have a contribution
from due to the supercurrent and that of the applied magnetic field.

[

] [

(Δφ ) xy = (Δφ ) xy i + (Δφ ) xy

]

B

y

y

4πm
4πe
=
J s .dl +
A.dl
∫
h ∫x
hn s e x
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(2.7)

A natural result of the phase coherence over long distances is the quantisation of
magnetic flux in a superconducting ring. If we consider a line integral around a path on a
superconductor ring, then the phase difference after one cycle must come back to the
same value plus some integral multiple of 2π. Therefore the phase change Δ φ must be
equal to 2πn, where n is any integer number.
Rewriting the above equation by taking this effect into consideration the
following equation for the modified phase difference is obtained.
(Δφ ) xy = 2πn = φ ′ =

m
m
h
J .dl + ∫∫ B.dS = n
2 ∫ s
2e S
2e
ns e

(2.8)

The conclusion is that the magnetic flux φ through a superconducting ring
becomes quantized and is a multiple of the flux quantum, or the fluxoid φ0 =

h
.
2e

Therefore when an external magnetic flux is incident on the ring, the flux from the
supercurrent should adjust itself such that the total flux takes on a multiple value of the
fluxoid [10].
The working principle of the SQUID is based on this property of a
superconducting ring. In this case the superconducting ring has two junctions through
which a certain amount of current flows upon application of an external magnetic flux.
Such a ring is shown schematically in Figure 2-6.
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Figure 2- 6 Superconducting ring used in the SQUID magnetometer.

The SQUID measurement is performed by moving a sample through the
superconducting detection coils that are in a loop with the SQUID chip. As the sample
moves through the coils, the magnetic moment of the sample induces an electric current
in the detection coils and this change in current produces a SQUID voltage which is then
converted into the magnetic response from the sample.
Currently, a limited number of manufacturers are available to purchase turnkey
SQUID machines and perform measurements. Throughout this research a SQUID
magnetometer by Quantum Design is used to measure the magnetic moments of samples.
Since the operation of the SQUID requires cryogenic temperatures (4K) as all
superconductors, liquid helium is used as the medium for cooling, which makes the
operation costs fairly high.
Samples were ultrasonically cleaned in solvents, and dried by blowing nitrogen.
They were then loaded in the SQUID by using a straw as a sample holder. High
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sensitivity measurements were performed to detect very weak magnetic moment signals
from our samples.
2.4 Processing Equipment

In order to achieve lateral device structures, partial etching of the films to expose
different regions of the structure must be performed in a clean room environment.
A modular clean room (8’x8’) surrounded by window panels with vent holes on
the bottom is constructed within an existing room. The ceiling consists of HEPA filters
fitted with high volume air blowers that provide clean air into the room, which is
exhausted from the bottom vents. This helps keep the room free of particles and also
under a slight positive pressure. The room was tested to be better than class 100 after it
was constructed.
Photoresist (PR) spinning is performed by a Chemat Technologies spin coater
fitted in a benchtop hood. The spin coater has two programmable cycles which is
programmed for a slow cycle for 10 seconds to spread the PR on the wafer evenly and a
fast cycle at 5000rpm for 40 seconds to remove excess PR. Usually PR thickness is on
the order of 1-5μm are achieved evenly on a wafer depending on the spin speed of the
spinner. Both positive (Shipley 1813) and negative (Futurex) photoresists are available,
however negative resists have proven to be far better than the positive resists due to their
ability to form negative sloping sidewall profiles upon exposure to UV light, which
consequently makes liftoff less difficult. The photoresist baking takes place on a dual
cooking range retrofitted with two PID controllers to control the temperature. Aluminum
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plates are used to ensure even temperature profiles on the ranges. The temperature on the
ranges can be controlled to one tenth of a degree.
Patterning and aligning of the wafers are performed by a Karl Suss MJB 3 contact
aligner capable of 2 μm linewidths. Since this is a contact aligner proper soft bake of the
wafers are crucial to avoid sticking of the wafers onto the masks and causing the
degradation of the mask patterns. The aligner has a 200 W mercury light bulb and it is
calibrated against a power meter (typically 20W/cm2) before each batch of wafers to
ensure constant illumination intensity across different batches of samples.
Evaporation of metals is performed by a Thermionics e-beam evaporator that has
8 pockets for charging different metals. The system consists of a bell jar which is sealed
against a collar by way of an o-ring. The system is pumped down by a turbo pump
backed by a mechanical rotary pump. The system base pressure is 6 x 10-8 torr which
ensures high purity deposition of metals each time an evaporation run is performed. A 3
kW power supply delivers power to an e-gun which is rastered over metal targets to
ensure even heating and cooling. We have selected to use crucible liners to protect stock
pockets and having the option to change metals without cross contamination. The
thickness of the deposited films is monitored by a crystal monitor by Inficon, which
essentially detects the change in the frequency of a membrane as metals are deposited.
Knowing the density and the Z-factor of the metal allows for accurate estimation of the
deposition rate and thickness. The crystal on the deposition plane of the thickness
monitor has to be replaced when the frequency falls below a certain value.
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Etching of samples is performed by a Minilock II Inductively Coupled Reactive
Ion Etcher (ICP-RIE) by Trion Technology. The advantage of the ICP unit is that it offers
the ability of controlling the ion density independent of the energy of the ion stream
incident on the sample. Thereby less damage is imparted on the sample and more
selective etch profiles are attainable. The system consists of a load lock where the
samples are loaded and a main chamber where the etching takes place. Two chambers are
connected by a mechanical transfer arm and separated by a gate valve to ensure the safety
of the users and also to protect the equipment being exposed to moisture on a regular
basis.
Since GaN films are grown on electrically insulating substrates final device
structures are lateral in nature and require preferential etching and making contact to
different levels in the structure. Photoresist masks can be used for covering parts of the
wafer that etching is not desired. Although this process is faster than conventional metal
masks, heating of the photoresist and viscous flow changes its geometry during etching
and affects the final dimension of the features. In order to circumvent this problem a
nickel etch mask is used for etching. This adds an extra metal deposition step and a liftoff
step to the process. Additionally annealing of the as deposited metal film is advised as it
relieves stresses associated with depositing a fine grain film and avoids any chipping
during the etching process that can change the feature size of the final structure.
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2.5 Testing Equipment for Devices Grown

The testing of devices grown, especially LEDs was performed within our
laboratory. Electrical and optical characterization of the devices performed is described
below.
The electrical characterization of LEDs fabricated in the clean room is performed
by a Keithley Instruments I-V tester interfaced to a Personal Computer (PC) through a
General Purpose Interface Bus (GPIB) connection. The software is downloaded from the
Keithley website and installed on the PC. Devices to be tested are carefully mounted on a
double sided sticky tape to firmly attach them onto a chuck. Micromanipulators that are
magnetically mounted on a probe station are used to make contacts to the devices.
Current-Voltage (I-V) curves are measured for all samples with voltage starting at -5V
and increased until current through the diode reaches a certain value, typically 60mA.
Optical characterization of the LEDs grown was performed by our in house
characterization tools. Contacts to devices were made by a pair of micromanipulators
mounted on a probing station. Probes were connected to a Keithley Instruments current
source which was used source current across the devices. Light emitted from the devices
were collected with a collector lens from the backside of the device. The emitted light
from the device was couple into an Ocean Optics spectrometer that is sensitive between
200nm-1100nm. The schematic of the electroluminescence set-up is shown in Figure 2-7.
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Figure 2- 7 Schematic view of the electroluminescence set-up.
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CHAPTER 3: GROWTH OF P-TYPE AND N-TYPE GaN
3.1 Introduction

One of the most important properties of semiconductors is their ability to conduct
electricity upon doping with an impurity atom; moreover the conduction is either
accomplished mostly by holes or mostly by electrons. In 1989 Amano et. al. [11]
discovered that low energy electron irradiation (LEEBI) treatment of as grown GaN:Mg
surfaces resulted in p-type GaN. This was the first report of p-type GaN. The sheet
resistivity was ~35 ohm.cm, and the estimated carrier concentration was 2 x 1016/ cm3
with a mobility of 8 cm2/V.s. Moreover, it was also indicated that photoluminescence
(PL) spectra of Mg doped GaN films improved after LEEBI treatment. The effect of
LEEBI treatment was argued to be Mg displacement due to energy transfer from the
electron beam; in the case of as grown Mg doped GaN this entails the shift of Mg atoms
from an arbitrary site to a Ga lattice position in the crystal.
In 1992, Nakamura [12] et al reported p-type GaN films by thermally annealing as
grown films in a nitrogen atmosphere. Thermal annealing was a very effective, yet
inexpensive and simple method to remove hydrogen atoms compensating Mg donors in
the entire film, as opposed to being limited to a thin layer as in the LEEBI treatment. It
was later argued that the hole compensation mechanism was actually due to formation of
Mg-H complexes during growth in a hydrogen rich ambient [13].

37

3.2 Growth of p-type GaN Films

The following section underlines some of the major challenges encountered
during the growth of p-type GaN.
3.2.1 Challenges in p-type GaN Growth

Since p-type GaN is an essential layer in virtually any optoelectronic device
structure in the AlInGaN material system, much effort was spent in optimizing the correct
growth conditions for growth of these layers.
In order to dope a semiconductor, or in other words incorporate an electrically
active foreign atom in a host semiconductor, one must form a solid solution of the dopant
in the host semiconductor. If the solubility limit is exceeded the formation of secondary
phases are energetically preferred and the single crystalline structure of the film is no
longer favored. To this end, one must be very careful to keep the doping level in the host
semiconductor below the solid solubility limit. The solubility limit of a dopant is the
amount that can be incorporated into the lattice without forming secondary phases.
Among the available dopants for the III-nitrides, magnesium has proven to be the
most efficient with ionization energy of ~160meV. According to the well-known
Bolztman statistics the fraction of ionized Mg acceptor states at room temperature would
be calculated as follows:
− EA
p+
− 160meV
= exp(
) = exp(
) = 0.002125
0
kT
26meV
p

(3.1)

This simple calculation of the fraction of ionized acceptor states indicates that
only 2% of the Mg acceptors are ionized at room temperature. Therefore, in order to
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achieve a hole concentration of 1 x 1018/cm3 one must incorporate around 5x1020/cm3 of
Mg atoms in the lattice, assuming that the carriers are not compensated by the
background electron concentration. Realistic doping levels usually range from the low to
17

mid 10 /cm3 in p-type GaN.
In the light of these theoretical boundaries set by the nature of the crystal
structure, growth of p-type GaN is complicated. Desired amount of Mg should be
incorporated during the growth of the p-type GaN layer; any deviation results in one of
the following two situations. Incorporation of too little Mg causing resistive films due to
compensation by the background electron concentration; too much Mg leading to self
compensation, and consequently films being resistive or n-type, and in the extreme the
destruction of the lattice structure, resulting in 3-D film growth and possibly formation of
secondary phases in the film. As a relief from all these undesired inconveniences,
distinct optical properties and surface features are identified for the rapid characterization
of the as grown films. Films containing too much or too little Mg can be easily identified
by means of optical microscopy and photoluminescence measurements as referenced to
previous samples.
Another complicating issue is the nature of the organometallic compound
commonly used as the Mg precursor.

Bis(cyclopentadienyl)magnesium, is a white

crystalline solid with a very low vapor pressure, which makes it very difficult to use in a
MOCVD system due to poor transport characteristics and a memory effect.
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3.2.2 Growth and Characterization of Mg Doped GaN Films

Growth of p-type GaN films have been conducted on either on a previously
optimized GaN layer grown in situ, or has been regrown on top of a GaN template on
sapphire. In either case the characterization methods were identical, and p-type
conductivity has been confirmed by either Hall measurements in Van der Paw
configuration or by Hot Point Probe (HPP).
The growth sequence for a p-type GaN film is similar to that of an undoped GaN
film with the exception of an additional layer of GaN:Mg. The growth temperature has
been usually lower than the undoped GaN growth temperature by 22-40 °C. It has been
observed that the reduction of the growth temperature results in increased Mg
incorporation and a decrease in the resistivity of the resultant film.
The typical growth sequence for a GaN:Mg films is shown in table 3-1.
Table 3- 1 A typical deposition sequence used for growing GaN:Mg films

1
2
3
4
5

Step

Substrate
Temperature (°C)

Heat substrate in
hydrogen stream
Nitridate substrate in
ammonia and
hydrogen stream
Buffer Layer
GaN (1hr)
GaN:Mg

1045

Deposited Material

Layer
Thickness

GaN
GaN
GaN

750 Å
1.0μm
0.6 μm

980
475
1035
1020

Figure 3-1 shows the SIMS data obtained from a GaN:Mg film; it is evident that
Mg concentration is very close to 1020/cm3, which is a relatively high concentration
compared to doping levels in conventional semiconductors such as silicon and GaAs.
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N085-04

Figure 3- 1 Secondary Ion Mass Spectroscopy Data for a Mg doped GaN film showing the
concentration of Mg and Ga atoms a function of film thickness

Characterization of p-type GaN films was performed by several methods that are
outlined below.
(i)

Naked eye: GaN:Mg films grown on sapphire substrates should look transparent

and colorless to the naked eye.
(ii)

Differential Interference Contrast Microscopy: is a very useful in determining

the Mg content of the resulting film. The surface of the as grown GaN films should be
smooth, free from cracks and other defects. As the Mg content in the film increases the
surface starts to roughen often exhibiting a surface morphology similar to that of a
slightly thin buffer layer (Figure 3-2 (a)).
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N008-05

(a)

N078-04

(b)

Figure 3- 2 Optical micrograph showing (a) (N008-05)GaN:Mg film with a surface at the boundary of
roughening. Note the presence of a hexagonal shaped hillock. (b) (N078-04) GaN:Mg film doped with
too much Mg. Note the surface has numerous hexagonal hillocks.

At the extreme, hillocks become layered hexagonal pads and the films appear to
be hazy to the naked eye. (Figure 3-2 (b))
(iii)

Photoluminescence: is a very helpful guide in optimizing p-type GaN films. As a

result of addition of Mg into GaN, an acceptor level is created 160meV above the valence
band. This corresponds to energy of 3.23 meV. The PL spectra is dominated by the band
edge emission from GaN at 365nm and the emission at 385nm resulting from the decay
of electrons from the conduction band of GaN to the Mg acceptor level. As more Mg is
incorporated into the films, the PL spectrum becomes dominated by donor-acceptor
recombination which results in a broad and weak peak centered around 435nm. Donors in
this case are believed to originate from creation of nitrogen vacancies due to excessive
doping by magnesium. Films exhibiting such emission usually result in good p-type
conduction. See Figures 3-3 (a) and (b).
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N037-04

N040-04

(a)

(b)

Figure 3- 3 (a) Photoluminescence spectra showing bandedge emission from GaN; and emission
originating from Mg acceptor levels above the valance band. (b) Photoluminescence spectra showing
the donor-acceptor pair emission originating from formation of donor levels in the band gap of GaN

(iv)

Thermal Treatment: As-grown films are annealed in a horizontal atmospheric

pressure annealing chamber in a N2 atmosphere. Annealing is performed in two steps; a
dehydration step performed at 110 °C for 10 minutes and an annealing step varied
between 650-750°C for 10-20 minutes. After annealing, PL spectra that was dominated
by donor acceptor recombination centered on 435nm becomes narrower and much
brighter. Figure 3-4 (a) and (b) illustrates the effect of annealing temperature and time on
the PL spectra of p-type GaN films. The intensity of the emission first increases as the
time or temperature is increased then slightly decreases. During the annealing process the
Mg-H complexes are broken and more acceptor states [12] become available as
recombination centers, and hence the PL intensity increases. Annealing for longer periods
or higher temperatures result in the partial destruction of the crystal structure and
accompanied by a decrease in the PL intensity.
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N174-03

N249-03

Figure 3- 4 (a) Effect of annealing temperature on the intensity of the PL emission of GaN:Mg films
(b) Effect of annealing time on the intensity of the PL emission of GaN:Mg films.

(v)

Hall Measurements: are performed on annealed samples in the Van der Pauw

geometry. Hall measurements are generally complicated by the high resistivity, low hole
mobility and low concentration of carriers. The use of temperature controlled cryostats
are recommended during Hall measurements, since passing current through a relatively
resistive semiconductor results in heat dissipation and a change in the temperature of the
sample. The ionized acceptor concentration exponentially increases with temperature.
Therefore as the measurement progresses, the carrier concentration and consequently the
Hall voltage drifts and results in inconsistent results.
Measurements performed on two samples indicate relatively good p-type
conductivity in GaN:Mg films grown in our system. These results are summarized in
table 3-2:
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Table 3- 2 Summary of results obtained for p-type doping of GaN films.

Sample #

Resistivity (ohm.cm)

Mobility (cm2/V.s)

Hole Conc. (cm-3)

249-03

2.29

6.2

4.4 x 1017

178-03

1.23

3.5

2.2 x 1018

(vi)

Hot Point Probe: measurements were performed as a confirmation of p-type

conductivity. Negative voltages are recorded on a high impedance voltmeter when hot
and cold probes come in contact with the surface of the p-type GaN film. This confirms
that the majority of the carriers are holes in the film. This method can either be used to
confirm p-type conductivity of films grown or even may be solely used to quickly
determine the carrier type.
The location of the acceptor state in the band gap of GaN is determined as ~160170 meV [14] in the literature. Temperature dependent resistivity measurements are used
as a way to determine the ionization energy of Mg acceptor states in the band gap of
GaN. The resistivity as a function of temperature is given by the following equation.
⎛ − Qa ⎞
(3.2)
⎟
⎝ kT ⎠
where ρ 0 is a pre-exponential constant, Qa is the activation or ionization energy,

ρ = ρ 0 exp⎜

k is the Boltzmann constant (8.62 x 10-5 eV/K) and T is the absolute temperature.
Equation (3.2) can be rewritten as:
ln (ρ ) = ln(ρ 0 ) −
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Qa
kT

(3.3)

According to this equation, when resistivity measurements are performed as a
function of temperature, the graph of ln (ρ ) vs.

slope of m = −

1
should reveal a straight line with a
T

Qa
. The following graph in Figure 3-5 shows the temperature dependent
T

resistivity measurement for sample 146-04 which a 1µm thick GaN:Mg film is grown on
an undoped GaN film. According to the graph the slope of the line fitted to the collected
data is -1638.5 which is equal to

Qa
. This gives an activation energy for Mg acceptor
k

states of 141 meV which slightly lower than values reported in the literature, however
still in accordance with our expectations. This indicates that the majority of the carriers in
the film are holes and as the temperature is increased more holes are formed and
resistivity decreases.

46

T (K)
400

-6

350

300

250

-6.5

ln (ρ0)

-7
y = -1638.5x - 2.5258

-7.5
-8
-8.5
-9
-9.5

N146-04

0.002

0.0025

0.003

0.0035

0.004

0.0045

1/T (K-1)
Figure 3- 5 Resistivity as a function of inverse temperature reveals a straight line with the slope
proportional to the activation energy of acceptor states.

With these results we have optimized a set of growth conditions that produces ptype GaN films reproducibly. Carrier concentrations as high as 1x1018/cm3 and
resistivities as low as 1.78 ohm.cm have been achieved. This concludes our brief outline
of the major steps in the growth of p-type GaN. The next section briefly describes the
growth of n-type GaN and measurements.

47

3.3 Growth and Characterization of n-type GaN Films

The growth of n-type GaN films, although relatively simple is very important in
terms of realization of devices. The growth of n-type GaN films is carried out with the
same growth parameters of undoped films, with the exception of adding silane to the
growth chemistry. Silicon is an efficient dopant in GaN with an ionization energy
between 12 and 17 meV [15]. Highly diluted silane in nitrogen (9ppm silane) is further
diluted by a dilution manifold to adjust for the doping level and added to the growth
chemistry during the growth of GaN films. Since the ionization energy is very low, it is
assumed that all donor atoms are ionized and contribute to the conduction process. The
details of the dilution line are shown in Figure 3-6.
To
Silane MFC
High Purity
N2 Supply

To Vent

pn

pn

MFC

MFC

13

14

From SiH4 Manifold

Figure 3- 6 Details of the silane dilution line used for n-type doping of GaN

The growth of n-type GaN was performed by adding silane to the growth
chemistry. The growth pressure was 350 torr and the TMGa flux was 6.5 µmol/min
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during the growth of n-type GaN layers. Under these conditions a growth rate of
1.7μm/hr is achieved. Figure 3-7 illustrates the effect of increasing flow rate on the
concentration of electrons. It can be seen that excellent linear characteristics are obtained
for the carrier concentration, indicating efficient doping by silicon. This curve is adopted

Carrier Concentration [cm-3]

for adjusting desired doping levels during the course of the research.

3.0E+18
2.5E+18

N119-05

2.0E+18
1.5E+18
N120-05

1.0E+18
5.0E+17

N104-05

0.0E+00
0

1

2

3

4

5

6

Silane Flow Rate [cc @ 1/10 dilution]
Figure 3- 7 Linear dependence of carrier concentration on the flow rate of silane.

Several runs were performed to investigate the effect of growth pressure on the
mobility of films grown on GaN templates previously grown in our system. Increasing
the growth pressure effectively increases the hydrogen overpressure in the growth
chemistry. Increased hydrogen over pressure is believed to decrease carbon incorporation
and consequently increase the mobility of electrons [16]. The increase in mobility is due
to decreased impurity scattering events encountered by electrons along their paths under
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an electric field. As it can be seen from Figure 3-8 the mobility of electrons in the n-type
GaN films increases with an increase in the growth pressure. Further increase in the
growth pressure decreases the mobility. This is attributed to the change in the growth
characteristics of the films and departure from the optimal growth window for the growth
of GaN. The increased pressure may also have caused unwanted gas phase reactions and
increased buoyancy of gases in the reactor which causes by products to be incorporated
into the films thereby causing a reduction in the electron mobility.

Electron Mobility [cm2/V.s]

300
275
250
N118-05

225

N121-05

200
N116-05

175
150
300

350

400

450

500

550

600

Growth Pressure [torr]
Figure 3- 8 Effect of growth pressure on the mobility of electrons.

Typical mobility values for electrons in n-type GaN are 300cm2/V.s at a
concentration of 1018/cm3 [9]. Mobility values obtained for electrons in n-type GaN films
in this research are lower than that reported in the literature.. This is primarily due to
incorporation of compensating impurities such as C or O during the growth of these
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films. In order to check for such species, low temperature Hall measurements at 77K
were performed on selected samples.
Table 3- 3 Hall data of n-type GaN as a function of temperature.

Temperature (K)

Resistivity
(ohm.cm)

Mobility (cm2/V.s)

Carrier Concentration
(cm-3)

300

0.01

177

2.33 x 1018

77

0.17

93

6.0 x 1017

From the data listed above it is apparent that the number of carriers sharply
decreases with temperature. This indicates that there are some other kinds of impurity
donors are activated at room temperature and contribute to the carrier concentration.
When the temperature is reduced, these deep donors are no longer activated due to
thermal freeze-out and the carrier concentration decreases sharply. This indicates that the
films grown are compensated and explains the lower mobility values obtained at room
temperature.
These experiments serve as a guideline to adjusting doping levels and also serve
as a baseline quality of material for further studies.
In this chapter the growth of n-type and p-type GaN is outlined and a growth
condition for each layer is described. This chapter will serve as a guide to further studies
in this research and will guide future experiments i.e. LEDs, p-i-n junctions and other
possible device structures.
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CHAPTER 4: GROWTH AND FABRICATION OF LEDs
FOR OPTICAL AND SPINTRONIC APPLICATIONS
4.1 Introduction

This chapter deals with the growth, characterization and fabrication of
InGaN/GaN based LEDs. Optimization of the growth recipe for LEDs. The electrical and
optical characterization of the grown LEDs is also provided.
The growth recipes for LEDs optimized in this study is further used for the
growth of LEDs containing a magnetic spin injector layer. Basic electrical and optical
characterizations of these spin-LEDs are also illustrated.
Spintronics is the name given to the class of devices in which spin of the carriers
are used in place or in addition to the charge of the carriers. One of the proposed spin
devices is a spin-LED in which a magnetic spin aligner is used to inject spins into an
active region that emits circularly polarized photons upon recombination. This structure
is also used to prove the spin injection and transport in such structures. Polarized hole
injection into a quantum well from a p-type semiconductor has been reported by Ohno
[17]. A spin aligner LED was grown and fabricated by making use of an AlGaAs/GaAs
based LED and a ZnBeMnSe spin aligner layer [18]. LEDs with different spin aligner
thicknesses showed circular polarization of the electroluminescent signal. Optical
polarization as high as 45% has been observed indicating the realization of efficient spin
injection from a DMS layer.
The room temperature ferromagnetic behavior of GaMnN and its compatibility
with the AlInGaN material system has potential for realizing spintronic devices.
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Moreover the observed long spin lifetime [19] (20ns) and the weak spin-orbit coupling
[20] in this material system further increased interest. The detection of circularly
polarized light from a LED containing a magnetic spin aligner has been attempted [21].
According to this paper, a conventional LED was grown with the addition of a 0.1μm
thick Ga0.97Mn0.03N spin aligner layer. All of the layers except the Ga0.97Mn0.03N and
GaN:Si layers were grown by MOCVD. The last two layers were grown by MBE at a
substrate temperature of 700 °C. Polarization measurements at room temperature were
performed for the EL and PL spectrum. Results indicate that polarization is not observed
for applied fields from 0 to 5T. Magneto optical measurements were performed at low
temperatures on the PL spectra since the EL spectrum was inaccessible due to carrier
freeze-out.
In the current research an LED structure with a spin aligner layer before the ptype contact is grown and fabricated. A thin GaMnN layer was grown on top of the
quantum wells in this structure before the growth of p-type GaN.
Basic characterization of these spin-LEDs will be demonstrated, however,
polarization measurements are not performed due to lack of necessary optical
characterization equipment.
4.2 Luminescence from Semiconductors

When a semiconductor is illuminated with a light source of energy higher than the
bandgap energy or when a bias is applied to a p-n junction, electron hole pairs are created
in the semiconductor, or injected into the depletion region of the p-n junction. These
excess carriers can in turn recombine either radiatively or nonradiatively; and the
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competition between these two mechanisms determines the internal quantum efficiency
of an LED. Band-to-band transitions are an intrinsic mechanism of radiative
recombination in which an electron-hole pair recombines emitting a photon. Provided
that the temperature is not too high, an electron and hole can form an exciton- a hydrogen
like structure with a binding energy larger than the room temperature thermal agitation
which is on the order of 25 meV. Radiative recombination of excitons is another intrinsic
mechanism of light emission. For example in InGaN quantum wells, spatial composition
fluctuations give rise to fluctuating band potential profiles and localize carriers. Localized
carriers recombine with a large probability since they are no longer able to reach nonradiative recombination centers such as dislocations. In reality, a localized carrier of one
type clings until another type of carrier is localized at a distance small enough to overlap
the wavefunctions forming a localized exciton [22]. This type of recombination is also
another kind of intrinsic mechanism of radiative recombination. Three types of intrinsic
mechanisms of radiative recombinations are shown in Figure 4-1.
Conduction Band

Conduction Band

EC
(c)

(b)

(a)

Eg

Eg

Valence Band

Valence Band

EV

Figure 4- 1 Intrinsic radiative transitions in semiconductors: (a) Band-to-band transitions (b) free
exciton annihilation (c) recombination of excitons at band potential fluctuations.
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4.3 Injection in a p-n junction LED

Injection luminescence in a semiconductor was first discovered when yellow light
was observed upon biasing silicon carbide by a metal contact [23]. Injection
luminescence has gained considerable interest since the invention of the LED in 1962 by
Holonyak and Bevacqua [24]. An LED is an optoelectronic device with regions of n-type
and p-type conductivity and an active region in between employed for emission of light.
The forward LED I-V characteristic is described by the non-ideal diode equation
as follows:
⎡ ⎛ q(V − Rs ) ⎞ ⎤
⎡ ⎛ q(V − Rs ) ⎞ ⎤
⎟⎟ − 1⎥ + I nr 0 ⎢exp⎜⎜
⎟⎟ − 1⎥ (4.1)
I = I n + I p + I nr = ( I n 0 + I p 0 ) ⎢exp⎜⎜
k
T
γ
k
T
B
B
⎠ ⎦
⎠ ⎦
⎣ ⎝
⎣ ⎝
where Inr0 is the reverse non radiative recombination current and γ is the ideality factor for
the recombination current.
A conventional p-n diode is not very suitable for LED applications because the
potential barrier for electrons and holes are provided by adjusting the doping profiles, and
this in turn causes light generated to be absorbed in the device considerably. More
importantly confinement of carriers around the active region is poor; hence the internal
quantum efficiency is very low.
Single quantum wells (SQW) and multi quantum wells (MQW) are utilized for
increasing the confinement of electrons and holes and overlapping the respective
wavefunctions in order to achieve efficient recombination of electrons and holes to emit
light. The bandgap of the semiconductor is changed by alloying with suitable elements
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and forming the quantum wells. Since the bandgap of semiconductors are changed by
growing different compositions this process is often called “band engineering”.
4.4 AlInGaN Material System for High Brightness LEDs

Requirements for growing and further fabricating a high brightness light emitting
diode (HB-LED) is far more stringent than other types of LEDs. There are three material
selection rules that apply for HB-LEDs.
1. The semiconductor bandgap energy must match with visible or near-UV photon
energies. The energy-wavelength relationship for a photon is given by the
following equation

λ (nm) =

1239.5
hν (eV )

(4.2)

2. The semiconductor bandgap must be direct in order to achieve a very high
radiative recombination rate.
3. The last requirement is the ability to dope these semiconductors both p-type and
n-type and be able to grow heterostructures with a predetermined potential profile.
Materials that fulfill the above requirements are III-V compound semiconductors such
as InP, GaAs, InN, GaN and AlN. These materials have bandgaps matching the visible
spectrum either inherently or when alloyed with another element; they possess direct
bandgaps and they can be doped both p-type and n-type. In this dissertation, the AlInGaN
system has been extensively investigated in order to grow and fabricate LEDs that can be
used in polarization measurements of LEDs containing GaMnN magnetic injector layers.
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Applications of the AlInGaN system are limited by the unavailability of
appropriate substrates and the lack of p-type material. Several breakthroughs in the
growth of smooth films and p-type doping this material, quickly led to LEDs to be grown
and fabricated. The properties of III-N semiconductors have been extensively studied and
many publications have surfaced in the past 20 years. Groundbreaking results have been
obtained by Nakamura and Fasol [9] Pankove and Moustakas[25], Pearton [26], and Jain
[27] to name a few.
The most intriguing character of the III-N compounds is that smooth films can be
obtained on foreign substrates. Although these films are smooth they contain a large
number of threading dislocations (109-1010/cm2) and they can still exhibit high internal
quantum efficiencies. General belief is that in the InGaN QWs the excitons are localized
at potential fluctuations before being able to reach a non radiative recombination center
such as a dislocation.
Properties of the binary alloys in the AlInGaN system are given in table 4-1. The
lattice constants of an AlxInyGa1-x-yN alloy are given by the Vegard’s law as follows
l = xl AlN + yl InN + (1 − x − y )lGaN

(4.3)

where l can be equal to either the lattice constant a or c, and lGaN, lInN, lAlN are the relevant
lattice constants for the binary alloys. For most of the materials parameters of III-N
semiconductors, linear interpolations between the binary values usually give a crude
estimate of the actual value of the parameter. For the bandgap energy however, linear
interpolation does not estimate the accurate bandgap of the alloy. Determination of the
ternary alloy bandgap is performed empirically and a bowing parameter is estimated for
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the alloy system. For example the bandgap of a ternary alloy composed of A and B
compounds is given by:
E g( AB ) = xE gA + (1 − x) E g( B ) − (1 − x) xb AB

(4.4)

where, bAB is the bowing parameter which has units of energy.
Table 4- 1 Selected properties of GaN, AlN and InN

Property

Units

GaN

AlN

InN

Lattice constant, c

Å

5.186

4.982

5.693

Lattice constant, a

Å

3.189

3.112

3.533

Bandgap energy, Eg

eV

3.439

6.2

0.7

Effective electron mass, me

m0

0.19 (║)

0.33 (║)

0.11 (║)

0.17 (┴)

0.25 (┴)

0.10 (┴)

Effective heavy hole mass, mhh

m0

1.76 (║)

3.53(║)

1.56(║)

1.61 (┴)

10.42 (┴)

1.68 (┴)

Effective light hole mass, mlh

m0

1.76 (║)

3.53 (║)

1.56 (║)

0.14 (┴)

0.24 (┴)

0.11 (┴)

Piezoelectric constant, e31

C/m2

-0.33

-0.48

-0.57

Piezoelectric constant, e33

C/m2

0.65

1.55

0.97

Spontaneous polarization, P║

C/m2

-0.029

-0.081

-0.032

Radiative recombination
coefficient

cm3/s

4.7 x 10-11

1.8 x 10-11

5.1 x 10-11

2.4

2.1

2.8

Refractive index at 555nm
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Table 4-1 Continued

Absorption coefficient hν≈Eg

105cm-1

1

3

0.4

Almost all of the commercially available nitride based LEDs contain active layers
made of ternary InGaN alloys and utilize GaN or AlGaN as the confining layers. Another
approach is to use AlInGaN alloys for base templates that can be made lattice matched to
the particular composition of the InGaN active layer, thereby controlling the strain and
energy gap offsets. This is called strain energy band engineering, and provides improved
characteristics over regular LEDs.
The next section deals with the optimization of growth recipes for LEDs,
characterization of growth structure by PL, XRD and also the fabrication of LEDs. EL
and I-V characterization of the LEDs are employed to obtain basic diode characteristics.
The recipes for the growth of these LEDs are also employed to grow spin-LEDs with
GaMnN spin injector layers. The growth, fabrication, electrical and optical
characterization of these spin-LEDs will also be presented.
4.5 Experiments for LED Device Structures
4.5.1 Growth of Quantum Wells

GaN based LEDs were grown by MOCVD using a recipe optimized for our
growth system. Optimization of a recipe can take on the order of weeks of persistent
experimentation, the major reason being “drift” in the system or in some cases equipment
failures and other operator errors. Careful planning of experiments, detailed investigation
of grown samples is crucial to minimize the time required to calibrate the growth scheme.
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The optimization involves growing every layer of a device structure separately
and investigating the desired properties. These layers are n-type GaN, p-type GaN,
MQWs, capped MQWs and AlGaN layers. During this optimization, one usually starts
with the easiest of all, which is to grow an n-type GaN film and check for the carrier
concentration, mobility and type of the carriers. For this purpose GaN is doped by silicon
to mid 1018/cm3. At this point x-ray line width, and hall measurements are performed.
This is usually the easiest of all since Si is a very shallow dopant in GaN and it does not
have deleterious effects on the crystal lattice for low concentrations. The next step is to
tackle the issue of p-type doping by Mg. Since the commonly used organometallic for
Mg, Cp2Mg, exhibits a substantial memory effect, the first run for p-type GaN involves
flowing more Cp2Mg than usual in order to coat the lines and establish a steady state feed
rate in to the system. After this point one has to be careful that the actual flow rate of
Cp2Mg depends on the history of the system and calls for adjustment on a case by case
basis. The growth of p-type and n-type GaN is discussed in detail in the previous
chapters.
The growth of QWs is of course of great importance since they form the active
layer of the devices grown. Initial experiments on QW growth were not completely
successful due to reasons related to hardware design of the system itself. Usually
MOCVD systems operating at low pressures have pressure controllers that maintain a
constant pressure in the source bubblers to ensure uniform and reproducible flow of
reactants, and also have the capability of an unrestricted flow from the run/vent manifold
all the way to the system. Without such components, one has to restrict the flow at the
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end of the run/vent manifolds to keep a constant pressure over individual bubblers, which
in turn makes the run/vent manifold a high pressure reservoir for organometallics. When
InGaN QWs are grown the abruptness of the interfaces is a function of the amount of
time it takes to flush TMIn out of this reservoir. In other words the presence of needle
valves at the end of the run-vent manifold acts as an obstruction to the flow of reactants
and increases the transient time of TMIn delivery into the reactor. Figure 4-2 illustrates
this problem where the entire run/vent manifold maintained at 760 torr with two needle
valves to restrict the flow. In this drawing, the portion of the plumbing from the feed
MFC all the way to the two needle valves at the top of the run/vent manifold, remain at
760 torr.
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MFC

350 Torr

pn
pn

Vent

Run

760 torr
TMIn
Figure 4- 2 Schematic of the plumbing from the feed MFC to the run/vent manifold.

With this problem in mind we redesigned our MOCVD system to include means
of adjusting the pressure on a bubbler independent of the pressure of the system. This was
accomplished by installing needle valves on every bubbler so as to control the pressure.
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Ideally automatic pressure controllers should have been installed; however, needle valves
that allow manual control of the pressure on the bubblers were installed due to financial
constraints. Figure 4-3 illustrates this modification for one bubbler only. It can be seen
from the figure that vastly different pressures in the bubbler and in the run/vent manifold
can easily be achieved. This in turn ensures a smooth and uninterrupted flow of reactants
through the run/vent manifold to the system.
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Vent

Run
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TMIn

Figure 4- 3 Needle valve installed on the bubbler allows independent pressure control and smooth
uninterrupted flow through the run/vent manifold to the system.

After this modification was performed, the system was tested by growing QWs
with the previous recipes.
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In order to test the effect of the system modification performed, a multi quantum
well recipe is selected. In this particular recipe a GaN template is first grown on a
sapphire substrate using a GaN buffer layer. This is immediately followed by the growth
of an eight period MQW stack; InGaN wells were grown for 75 seconds, then TMIn was
switched to the vent and a 225 second long GaN barrier layer was grown. The MQW
structure is grown at 713°C with a TMIn flow rate of 15 sccm and a TMGa flow rate of
0.25sccm. The carrier gas for the system is nitrogen and all hydrogen flows are shut off
before the growth of commencing the growth of the MQW layers. After the growth of the
MQWs is completed the entire structure is capped with 150 Ǻ thick GaN cap to protect
the quantum wells during cool down. Table 4-2 summarizes the growth recipe of this
particular quantum well structure.
Table 4- 2 Summary of growth parameters for a 8 period quantum well structure.

Layer

Temp (°C)

TMGa Flow

Clean

1045

Nitridation

1020

GaN (Buffer)

475

1.5 sccm

7 minutes

GaN

1035

3.25 sccm

90 minutes

InGaN

713

0.25 sccm

GaN

713

0.25 sccm

75 seconds

GaN

713

0.25sccm

5minutes
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TMIn Flow

15 sccm

Growth Time

25 seconds

Figure 4-4 illustrates the θ − 2θ scans performed by a Rigaku Giegerflex X-ray
diffractometer and shows the effect the aforementioned modifications on the structures
grown. N121-04 and N189-03 are similar MQW structures grown by the modified and
unmodified system hardware respectively. It is clearly evident that interfaces between
MQW’s and barriers are very sharp for N121-04 and clear satellite peaks or Pendellosung
fringes are observed. These satellite peaks are not observed for sample N189-03
indicating diffuse interfaces between wells and barriers. The growth time for the well
(InGaN) and barriers (GaN) were 75 seconds and 225 seconds respectively.

GaN (0004)
0

Intensity

-1
-2

N12104
N18903
70

70.5

71

71.5

72

72.5

73

73.5

74

Bragg Angle 2θ

Figure 4- 4 DCXRD scans for two QW structures before and after the modification of the MOCVD
system. N12104 shows sattelite peaks indicating high quality wells and barriers with sharp interfaces.
N18903 does not exhibit this behavior indicative of diffuse interfaces between wells and barriers.
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Satellite peaks observed in the θ − 2θ scans for the grown MQW structures
indicates not only sharp interfaces, but also allows for the determination of the average
composition of the well/barrier stack and also the thickness as well, which in turn enables
the calculation of the growth rate. Therefore the InGaN/GaN well/barrier stack period can
be accurately determined using the following equation

2 sin(Qn ) − 2 sin(QSL ) =

± nλ
( LB + LW )

(4.5)

where λ is the wavelength of the X-ray beam used (Cu Kα = 1.5405 Å in this case), n is
the order of satellite peaks, Qn is the diffraction angle, and QSL is the Bragg angle of the
zeroth order peak. In this equation LB and LW are the barrier and well width respectively.
Using the above equation and the diffraction angles on the X-ray spectra the
period for the quantum well barrier stack, LB + LW , is calculated as shown below:
LB + LW =

o
1.5404Α
= 137 Α
⎛
⎛ 71.3 ⎞
⎛ 70.51 ⎞ ⎞
⎜⎜ 2 sin ⎜
⎟ − 2 sin ⎜
⎟ ⎟⎟
⎝ 2 ⎠
⎝ 2 ⎠⎠
⎝

(4.6)

when the growth times for the respective layers are taken into consideration we find that
the barrier width and well width are 102.75 Å and 34.25 Å respectively. This corresponds
to an average growth rate of 27 Å/min for the MQW portion of our growth recipe.
The calculation of the average composition of the MQW stack is performed by
using the difference in the d-spacings of the zereoth order peak of InGaN (72.1º) and the
GaN (0004) peak. The d spacings for GaN and InN and also the calculated d spacing for
the alloy InxGa1-xN is as follows.
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o

d GaN ( 0004) = 1.2965 Α
o

d InN ( 0004) = 1.42325 Α
nλCukα

(4.7)
o

o
1.5404 Α
=
=
= 1.308 Α
2 sin θ 2 sin 36.05

d InxGa1− x N

Assuming that the plane spacing is linearly dependent on the indium content of
the films, the indium concentration is calculated in the following form.
In% =

d InxGa1− x N − d GaN
d InN − d GaN

x100 =

1.3080 − 1.2965
x100 = 9.07% In
1.42325 − 1.2965

(4.8)

According to the People and Bean model the critical layer thickness of InGaN at a
composition of 10 % is on the order of 200nm. Since the thickness of the whole multi
quantum well structure is less than this value, the MQW stack is assumed to be fully
strained. InGaN is assumed to be conformed to the GaN lattice constant and the strain in
the perpendicular direction is calculated as follows:

ε⊥ =

d InGaN − d GaN 1.308 − 1.2965
=
= 0.0088
d GaN
1.2965

(4.9)

Since all the strain is taken by the InGaN layer, the observed composition is
underestimated due to the increase in the c-axis which is probed by x-rays. The correction
for the composition gives us the following result.
x Re laxed =

x Stained
9.07
=
= 9.01% In
1 + ε ⊥ 1 + 0.0088

(4.10)

Photoluminescence (PL) measurements were performed by using an Omnichrome
HeCd laser emitting at 325 nm by using a lock in method to record the PL intensity vs.
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wavelength. Figure 4-5 shows the PL spectrum of sample N121-04 as a function of
wavelength.

PL Intensity (Arb. Units)

450

N121-04

400
350
300
250
200
150
100
50
0
340

390

440

490

540

590

Wavelength (nm)

Figure 4- 5 Photoluminescence spectra for sample N12104 with a peak wavelength of 478 nm and a
FWHM of 195 meV

The sample shows bright emission peaked at 478 nm with a FWHM of 195 meV.
The presence of strain causes a piezoelectric field to be generated along the growth
direction of the crystal which decreases the effective bandgap of InGaN. Assuming a
piezoelectric field of 6x105 V/cm, the aggregate amount of band bending is calculated as
405 meV for a quantum well thickness of 34.25 Ǻ. This value is double the amount of
band bending calculated from the piezoelectric field to account for both the conduction
band and the valance band. It is also assumed that the first quantized energy state in the
quantum wells is not very far away from the bottom of the quantum well. For a
composition of 9.01 %In and bowing parameter of 1 eV, the bandgap of InGaN is
calculated as 3.07eV. The observed emission wavelength is the energy corresponding to
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the structure after the band bending due to piezoelectric field is considered is Eg=3.040.405= 2.66eV, which corresponds to a wavelength of 464 nm which is in agreement
with the observed PL emission spectra at 478 nm. Figure 4-6 illustrates the unstrained
and strained case for a hypothetical quantum well. The bandgap energy decreases by an
amount equal to 2wE piezo as a result of the piezoelectric field Epiezo. The factor of 2 is due

to band bending in the valance and conduction band. The decrease in the band gap of the
active region is the responsible mechanism for the red shift in the emission wavelength.

Eg1

Eg2

w

w
No Strain

Eg1>Eg2

Strained

Figure 4- 6 Band gap of a quantum well for unstrained and strained cases.

A layer of AlGaN with an Al content of 10-15 % is also incorporated into the
LED structures grown. This layer is believed to serve two purposes: (i) protect the
quantum wells during the high temperature growth of p-type GaN (ii) blocking the
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electrons from going into the p-type GaN layer and reflecting them back into the active
region of the device during operation. This layer is commonly called an electron blocking
layer.

4.5.2 Capping Recipe of Quantum Wells

The bonding energy between indium and nitrogen (7.7eV/atom) is relatively weak
compared to that of gallium and nitrogen (8.9eV/atom) [28]. This fact manifests itself
during the growth of quantum wells in the sense that lower temperatures and relatively
lower growth rates are required to grow high quality quantum wells containing indium.
The complications due to the weak bonding energy between indium and nitrogen is also a
major problem after the wells are grown and the temperature is ramped to grow p-type
GaN layer. During the growth of this layer, temperatures in excess of 1000°C cause the
quantum wells to degrade and completely dissociate in some cases. In order to prevent
this from occurring, careful optimization of the growth recipe is necessary. Several
growth modifications have been applied to the growth recipe in order to avoid
dissociation of quantum wells. These include but are not limited to: (i) temperature
ramping between wells and barriers, (ii) use of hydrogen in the barrier layers, (iii)
sacrificial GaN layers to protect InGaN quantum wells upon ramping, (iv) growth
interrupts and high ramp rates between the quantum wells and p-type GaN layer. All of
these parameters are empirically optimized one at a time and the optimum growth recipe
is used to grow LED device structures.
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The optimum growth temperature of InGaN is lower that that of GaN due to the
weak bonding energy between indium and nitrogen. Therefore when barriers are grown
between quantum wells, raising the growth temperature (between steps 6&7 in table 4-4)
will in turn increase the quality of the GaN barriers. Moreover addition of hydrogen will
also result in improved quality of this layer. These effects combined together result in
higher quality barriers with lower defect concentrations. The lowered defect
concentration decreases out diffusion of In atoms when the temperature is raised to grow
p-type GaN.
Growth stopping between wells and barriers (between steps 6 & 7 in table 4-4)
has also proven to alleviate the problem of quantum well dissociation upon increasing the
growth temperature for the p-type layers. The effect of growth stopping and exposing the
surface to ammonia gas is to remove excess indium ad atoms which eventually act as
segregation centers at high temperatures [29].
Sacrificial GaN layers (Step 8 in table 4-4) are grown to protect the quantum well
stacks from thermally desorbing when the growth is stopped and the temperature is
ramped to in excess of 1000°C. The thickness of this layer should be selected to be
adequate for the protection of the quantum wells, but thin enough to avoid additional
resistance in the resultant device structure. High temperature ramp rates 300°C/min are
also employed to minimize transient periods between adjacent layers.
A systematic study of the capping sequence was performed and many aspects of
high temperature GaN growth on quantum wells were discovered. Samples N159-04,
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N160-04 and N163-04 form a representative subset of many experiments in which the
capping sequence is investigated.
Table 4- 3 List of growth parameters of single quantum well samples N159-04, N160-04 and 163-04
Temp (°C)

Cap Temp (°C)

Thickness

Emission Wavelength

N159-04

673

743

360 Ǻ

435 nm

N160-04

673

743

540 Ǻ

435 nm

N163-04

700

780

450 Ǻ*

457 nm

Sample

* 40 sccm hydrogen was added to the growth chemistry
The experiments listed above in table 4-3 are device like structures that have
SQW InGaN active regions grown under the same conditions except for the listed
variables. The SQW’s are capped at 1035 °C with 0.2μm of undoped GaN. Figure 4-7 (ad) illustrates the PL spectra of the samples taken individually and also an overlay of all
three samples to compare the brightness of the emission.
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Figure 4- 7 (a-c) PL spectra of samples N159-04 and N160-04 that have a poor capping recipe and
N163-04 that has an improved caping recipe. (d) overlay of all samples investigated.

Samples N159-04 and N160-04 are grown under identical conditions except for
the thickness of the GaN intermediate temperature cap layer. This layer is grown
immediately after the quantum well and the growth is not interrupted during temperature
ramping from the well temperature. This cap layer serves as a protection layer against
dissociation of the quantum well upon raising the temperature to 1035 °C. As the
temperature is ramped to 1035 °C part of this cap layer is removed due to heating. The
optimum thickness of this layer is a tradeoff between device series resistance and
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protection of the active layers. Above a certain thickness of this cap layer the active
region will be protected and thicker cap layers will result in more resistive devices.
The quality of the cap layer is also very important since the dissociation of the
well is a diffusion controlled process which is dependent on the vacancy concentration.
Comparing Figure 4-7 (a) and (b) is evident that increasing the thickness of the cap layer
does not change the emission wavelength and intensity significantly, which rules out the
possibility that this layer is completely desorbed and the quantum wells are exposed to
the surface during the temperature ramping to 1035 °C. The quantum well and cap layer
for sample N163-04 are grown at a slightly higher temperature. Hydrogen is also added
to the growth chemistry of the cap layer. Both of these changes are believed to increase
the overall crystal quality of the cap layer. The growth is also interrupted as the
temperature is ramped from the well temperature to the cap temperature. As illustrated in
Figure 4-7 (c) the emission intensity is significantly increased and an emission at a longer
wavelength is observed as a result of the changes to the growth recipe. Although
improved results are achieved, the redshift in the emission wavelength is unexpected
since a quantum well grown at a higher temperature should emit at a shorter wavelength
due to less In incorporation. The observed redshift is a direct result of the increased
quality of the GaN cap layer that prevents out diffusion of In from the well and also
preserves the integrity and interface sharpness of the well. This obviously increases the
retained In content in the well and results in a redshifted brighter emission.
The growth recipe was optimized using similar approaches to the results obtained
from many growth runs. Table 4-4 illustrates a typical growth recipe starting from the
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cleaning of the sapphire wafer, which has proven to result in a high brightness LED
structure. Most important steps, growth temperatures and thickness are indicated;
however these values are usually system dependent and do not necessarily transfer to
another system’s geometry.
Table 4- 4 Illustration of a typical growth recipe for high brightness LED structure. Temperatures
and thicknesses are reported nominally.

Step
1

Heat substrate in
hydrogen stream
2 Nitridate substrate in
ammonia and hydrogen
stream
3 Buffer Layer
4 GaN (2.5hrs)
5 InGaN (smoothing layer)
6 Quantum Well
7 Barrier
8 Sacrifice GaN
9 Electron Blocking Layer
10 p-type GaN

Substrate
Temperature (°C)

Deposited Material

Layer
Thickness

GaN
GaN
InGaN
InGaN
GaN
GaN
AlGaN
GaN

750 Å
2.5μm
60 Å
3nm
7nm
300 Å
400 Å
0.2 μm

1045
980
475
1035
780
710
780
780
1020
1020

Up to this point system modifications performed, optimization of different layers
and typical characteristics of LED structures were discussed. From this point on clean
room processing steps required to fabricate LED devices will be explained.
4.6 Processing of LEDs

Growth of many device structures was performed using our in house MOCVD
system and wafers were processed into LED devices in our clean room. The individual
tools present in the clean room are described in Chapter 2.
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4.6.1 Detailed Description of the Processing Steps

The processing of devices in a clean room is merely following a certain recipe
step by step in order to obtain reproducible results. The recipe is optimized by consulting
key papers in this field, manufacturer’s recommendations for use of chemicals and
carefully deciding the sequence of steps.
The typical processing starts out as follows:
i.

Cleaning of wafers in hexanes, acetone and methanol

ii.

Activation anneal of p-type GaN (700°C 16 minutes)

iii.

Transfer wafers into clean room

iv.

Spin negative photoresist (Futurex)

v.

Expose Ni mask pattern

vi.

Develop photoresist in RD 6 developer (Futurex)

vii.

Deposit 1500Å Ni

viii.

Liftoff Ni from selected regions.
At this point of the processing sequence the wafers are patterned with Ni metal

and are ready for etching. Figure 4-8 (a)-(e) illustrates the major steps in the processing
of the wafers until they are etched.
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Figure 4- 8 Major processing steps performed inthe clean room. (a) Photoresist spin (b) Exposure (c)
Develop (d) Evaporate nickel (e) Liftoff

In Figure 4-8 (c) the developed photoresist has an undercut profile which occurs
as a result of the use of a negative resist. The negative resist used in this research contains
a dye to absorb incident light during exposure. During such an exposure the light is
gradually absorbed as it travels through the photoresist. This results in the under exposure
of the bottom portion of the photoresist, which causes the developer to attack this portion
more readily and result in an undercut profile that is desirable for easy lift-off of metals.
This undercut comes into play when nickel is deposited on the wafer and allows for a
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break in the metal when it is deposited. This break in the metal allows acetone to
penetrate under the metal and dissolve the photoresist and achieve liftoff very easily.
The next processing step is the etching of the semiconductor down to the n-type
GaN everywhere except where nickel is present as an etch mask. The etcher used in this
research is located outside of the clean room due to size and safety restrictions. Typical
etch conditions are 12mTorr chamber pressure in chlorine and borontrichloride etching
chemistry. Optimized power levels are 100 W for the RIE and 250 W for the ICP power.
Before each etching cycle the chamber is cleaned with an oxygen plasma to ensure proper
plasma purity. During etching of the wafers a Cl2 and BCl3 is flowed at a rate of 25 and 5
sccm respectively. The reflected power is optimized manually for most cases by changing
the capacitance of the RIE circuit through adjustable capacitors. The etch rate for these
parameters is 7000Ǻ/min and also depends on the cleanliness of the system and quality of
the material being etched. Typical etch depths are 5500-7000 Ǻ depending on the depths
required to expose the n-type GaN layers.
After the etching is completed the resulting etch profile is measured using a
Dektak profilometer and it is made sure that the correct amount of material is removed
from the wafer. Finally the nickel remaining on the surface of the wafer is removed by a
type TFB Nickel Etchant by Transera Company Inc., which contains nitric acid. The etch
rate of this particular proprietary etchant is 30Ǻ/second. Figure 4-9 illustrates the
schematics of the process steps involved in etching.
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Figure 4- 9 (a) Etching of the wafer (b) structure of wafer after etching (c) removal of nickel. The
total etch depth is 6500 Ǻ whereas the total thickness of the n-layer is 20000 Ǻ.

At the end of the etching process the wafer is now ready to deposit p-type metal
on the mesas in the form of square rings. In order to perform the evaporation of the
1000Å Ni/1500 Å Au the wafer has to be patterned with photoresist similar to the nickel
etch mask patterning, however, this time with a square ring pattern instead of a solid
square pattern. The ring pattern goes on the top of the mesa and ensures even current
distribution when the device is biased. The wafers are loaded into the e-beam evaporator
and the chamber is pumped down to 5x10-6 torr in order to ensure contamination free
evaporation of the metals. Then the Ni/Au stack of metals is evaporated onto the wafer
and the chamber is cooled down, and pumps are shutoff. Once the wafers are unloaded
the metal is lifted off in acetone.
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The contacts are then annealed in air at 500 °C for 10 minutes in order to achieve
ohmic contacts to the p-type semiconductor. It is believed that this step oxidizes Ni into
NiO which is a non-stoichiometric oxide that helps improve the contact properties [30].
The final step in the processing of these wafers is the n-type metallization, which
is again very similar to the previous metallization steps, except for the patterning of the
wafer and the kind of metals deposited. The n-type contact is in the form of a ring around
the square mesa, and consists of a Ti (200Å)/Al (500Å)/Au(1500Å) stack of metals. The
n-type contacts are not annealed since ohmic behavior is easily achieved due to high
carrier concentration and position of the Fermi level in this layer.
Figure 4-10 (a) illustrates a schematic of the final structure of LEDs grown and
processed in this research and Figure 4-10 (b) is the image of a representative wafer
processed in the clean room as viewed by a Zeiss Stemi 2000 Stereoscope and captured
by a JenOptik C1 plus Digital Camera.
Ni/Au Contact
Quantum
Well(s)

LT GaN
Buffer Layer

p-type GaN

Ti/Al/Au Contact

n-type GaN
(1018/cm3)

n-type GaN (5x1018/cm3)

Al2O3 (Sapphire)
Figure 4- 10 (a) Schematic representation of the LED structure processed in the clean room (b)
Actual image of the processed wafer as taken by a digital camera
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Figure 4-11 (a) shows the top-down structure of a single die LED device and 411 (b) shows the actual wafer with probes contacted to the metals and biased. As shown
in the figure the n-type contact is a ring of metal stack (Ti/Al/Au) around the mesa and
the p-type metal is a ring of metal stack (Ni/Au) on top of the mesa. It can be seen from
the probed device that the emission is mainly generated underneath the p-type contact
metal ring which indicates that current spreading of this device is not very good. Indium
tin oxide which is a transparent contact can be evaporated onto this LED in order to
improve the current spreading characteristics.

140μm
p-type contact

187μm

(a)

n-type contact

(b)

207μm
400μm

Figure 4- 11 (a) Schematic illustration of a single device and dimensions of the features (b) A device
on the wafer is contacted and biased.

After the metals are evaporated and lifted off the LEDs are ready to be electrically
and optically characterized. The following section describes the characterization of the
LEDs fabricated.
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4.7 Testing of LEDs

Table 4-5 lists the important growth parameters of the devices processed in the
course of this research.
Table 4- 5 Growth parameters of LED structures fabricated.

Device

# of
Wells

N011-06
N012-06
N013-06
N015-06
N016-06
N017-06

1
1
1
2
4
2

N018-06

2

T
(°C)

700
705
715
710
710
720,
700
730,

Temp
Ramping
(between
well and
barrier)
No
No
No
Yes
Yes
Yes

AlGaN

Mg
Flow
(sccm)

Em. Wv.

Intensity
(a.u.)

Yes
Yes
No
Yes
Yes
Yes

29.6
31
33
31
32
33

457nm
446nm
432nm
416nm
434nm
436nm

651
1458
284
2544
3894
1363

Yes

Yes

33

401, 446

27,
680

690

4.7.2 Optical Characterization of Devices

In table 4-5 the intensity column represents the relative intensity of the light
output from each device as measured by EL at a forward current of 40 mA and same
geometry. These values can be used for qualitative comparison between devices since
slight changes in the orientation of the device during measurement can drastically change
the amount of light collected by the collection lenses of the EL setup.
As it is evident from table 4-5 that light emission from single quantum well
devices (N011-06, N012-06, N013-06) are achieved and this illustrates that the growth of
a single well which is only for 75 seconds is an efficient method of forming an active
83

layer. This also shows that the transient times of reactants flowing to the reactor are very
short. Devices N015-06, N016-06, N017-06 and N018-06 are all MQW devices which
are brighter than the SQW devices with the exception of N018-06. The MQW devices are
brighter than their SQW counterparts since they have more wells in the active region to
confine carriers convert into photons. N018-06 is an exception since it has two quantum
wells grown on top of each other that have different indium contents and therefore two
different peaks at 401nm and 446 nm are observed in the EL spectra. This result is very
promising for the realization of efficient dual wavelength monolithic LEDs.
The optical characterization of the devices grown was performed in with our
electroluminescence setup in the optical characterization laboratory. The details of the
optical characterization set up are given in Chapter 2.
The emission spectrum from the devices was acquired for increasing values of
current between 2mA to 40mA and was plotted on the same graph for comparison.
Current was sourced to the desired value by applying an appropriate voltage for each
device. Electro-luminescence data taken from the emission of the devices at increasing
driving currents is given in Figure 4-12. All devices tested resulted in emission of visible
light which was in accordance with PL spectra from the as grown wafers acquired earlier.
This indicates that the emission from the devices originates from the quantum wells and
not from any other recombination event.
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Figure 4- 12 EL spectra of the devices grownin this study. Note that the units of intensity is arbitrary
and the values for one device can not be compared to another device’s value.
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It can be seen from the EL spectra that the peak wavelength does not shift with
increase in driving current from 2 mA to 40 mA which indicates that the strain effects are
not very severe for these devices. If this was the case the emission wavelength would
blueshift as the driving current was increased. This effect is called the Burstein-Moss
shift due to band filling effects and an increase in the effective bandgap.
The brightest device in this batch was N016-06 and the dimmest device was
N013-06. This result is acceptable since N016-06 contains 4 quantum wells, more than
any other device and N013-06 has only one quantum well. Figure 4-13 illustrates the EL
intensities of the devices measured at a forward current of 40mA and under identical
geometrical relationships to the spectrometer; hence these values can be safely compared
from one device to another.

4000
N01106F5_40mA

Intensity (a.u)

3500

N01606E5_40mA
N01206E5_40mA

3000

N01306E4_40mA
N01506D6_40mA

2500

N01706E4_40mA
N01806E5_40mA

2000
1500
1000
500
0
340

390

440

490

540

590

Wavelength (nm)
Figure 4- 13 EL spectra of all devices aqcuired at 40mA under same geometrical relationships to the
spectrometer.
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The external quantum efficiency of an LED depends on the ability of the quantum
wells to confine the carriers in the short wavelength regime (λ<430nm). As more indium
is added to the quantum wells, the confinement increases up to a certain point. As more
indium is added, the crystal quality decreases, more dislocations are formed and the
quantum efficiency decreases sharply. Careful investigation of Figure 4-13 shows this
type of behavior where the brightness of the diodes increase up to 430nm then decrease
as the wavelength of devices are increased. This observation is a very rough
approximation based on assuming these devices have the same power input upon biasing.
The peak wavelength obtained from EL and PL measurements, intensity and
series resistance of the devices fabricated in this batch are given in table 4-6. The
wavelength of the emission obtained from PL and EL match perfectly indicating that the
emission observed is originating from the quantum wells. It can be seen from table 4-6
that the series resistances for devices are comparable to the values reported in literature
[31].
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Table 4- 6 Peak emission wavelength, intensity of emission and the series resistance of devices
fabricated in this batch are illustrated.

Device

Wavelength
(EL)

Wavelength
(PL)

Intensity (a.u.)

Series
Resistance
(Ω)

N011-06

457nm

459nm

651

14.4

N012-06

446nm

450nm

1458

14.8

N013-06

432nm

433nm

284

14.6

N015-06

416nm

421nm

2544

8.0

N016-06

434nm

434nm

3894

21.4

N017-06

436nm

450nm

1363

30.2

N018-06

401, 446

456nm

27, 680

14.4

The full width of half maximum (FWHM) of the devices which can be considered
as a measure of the interface sharpness of the quantum wells, are listed below in table 47. The values obtained from the PL spectra are also provided for comparison purposes.
The FWHM values obtained from PL studies correlate with the number of wells grown in
these structures. We neglect devices N017-06 and N018-06 for this correlation since they
contain two wells grown at different temperatures. The expected PL spectrum is a
convolution of the emission from two quantum wells emitting at two wavelengths. For
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the first three devices (N011-06, N012-06, N013-06) it can be concluded that the FWHM
obtained from PL is around 200meV. For N015-06 and N016-06 that have two and four
quantum wells the FWHM is 160 and 138 meV respectively. This can be due to that fact
that the dominant wavelength becoming brighter as more quantum wells are added to the
structure, thereby suppressing other wavelengths that broaden the spectrum.
Table 4- 7 FWHM values for device structures obtained from EL at 40 mA and from PL spectra

Device #

FWHM (40mA)

FWHM (PL)

Number of
Wells

(meV)

(meV)

N011-06

216

196

1

N012-06

137

215

1

N013-06

126

203

1

N015-06

129

160

2

N016-06

154

138

4

N017-06

201

147

2

N018-06

151

174

2

4.7.1 Electrical Characterization of LEDs

The current through an ideal p-n junction is usually expressed as a function of the
diode voltage in the following form.
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⎛
⎛ qV ⎞ ⎞
I = I 0 ⎜⎜ exp⎜ d ⎟ − 1⎟⎟
⎝ nkT ⎠ ⎠
⎝

(4.11)

where I 0 is the saturation current and n the diode ideality factor. The diode voltage
represents only the voltage drop across the depletion region and does not take into
account any voltage drop across the p- and n-type regions. In the case of
nkT
<< V d << Ir s and for constant I 0 and n the plot of ln I vs Vd yields a straight line.
q

Taking the natural log of both sides of the diode equation yields the following
expression.
ln I = ln I 0 +

qVd
nkT

(4.12)

The ideality factor can be calculated from the slope of this line using the
following formula.
n=

1
q
=
kT / q nkT

(4.13)

Figure 4-14 illustrates the calculation for such a device where the slope of the
curve is 11.75 and the ideality factor calculated from equation (4.13) is 3.27.
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0
-2
-4

Slope=11.75
n=3.27

ln I

-6
-8
-10
-12
-14
-16
-18
0

1

2

3

4

5

6

Voltage (V)
Figure 4- 14 Calculation of the ideality factor for a selected device.

For a semiconductor diode there is a series resistance associated with the device
and it can be represented by an ideal diode in series with resistance rs as shown in Figure
4-15.

rs

I

Vd

Figure 4- 15 Equivalent circuit of a diode

Therefore when current flows through the device, the diode terminal voltage is
given by equation (4.14)
V = Vd + Irs
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(4.14)

Combining equation (4.14) with the diode current given in equation (4.11) the
current through a device becomes,
⎛
⎛ q (V − Irs ⎞ ⎞
I = I 0 ⎜⎜ exp⎜
⎟ − 1⎟⎟
⎝ nkT ⎠ ⎠
⎝

(4.15)

The current in the diode is also comprised of two components: space charge
region (scr) recombination generation and the quasi-neutral region (qnr) recombinationgeneration which leads to the following I-V relationship.
⎛⎛
q (V − Irs
I = I 0, scr ⎜⎜ ⎜ exp
nkT
⎝⎝

⎛
⎞ ⎞
⎛ q (V − Irs ) ⎞ ⎞
⎟ − 1⎟⎟
⎟ − 1⎟⎟ + I 0,qnr ⎜⎜ exp⎜
⎠ ⎠
⎝ nkT ⎠ ⎠
⎝

(4.16)

for the case of V>>Irs the current is dominated by scr at low current and by qnr at higher
currents. For the case where the current is dominated by qnr recombination the equation
for the current reduces to the following expression.
⎛ q(V − Irs ) ⎞
I ≈ I o ,qnr exp⎜
⎟
⎝ nkT ⎠

(4.17)

The series resistance of the device can be calculated from the diode
conductance g d = dI dV . Then equation 4.17 becomes:
gd =

I (1 − rs g d )
nk T q

(4.18)

Rearranging the terms in the above equation we obtain the following equation; the
slope gives us the series resistance, rs, of the device.
I
nkT
=
+ Irs
gd
q
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(4.19)

The calculation of the series resistance for a selected device is shown in Figure 416. The slope of the straight line directly gives the value of the series resistance (14.4
ohms) of the device in accord with equation above (Eqn (4.19)).
0.07
0.06

y = 14.624x + 0.0156

I/gd

0.05
0.04
0.03
0.02
0.01
0
0.0E+00

5.0E-04

1.0E-03

1.5E-03

2.0E-03

2.5E-03

3.0E-03

3.5E-03

I(A)
Figure 4- 16 Calculation of the series resistance from the slope of the I/gd vs I graph. The slope of the
straight line obtained gives the series resistance of the device.

Values calculated for the series resistances and ideality factors for selected dies on
all device wafers are shown in table 4-6. For a typical p-n junction ideality factors should
be between 1 and 2, however, it has been reported that for p-n junctions containing
superlattices this number is much higher [32]. These unusually high ideality factors
usually seen in optical devices and are due to the high radiative recombination in the
space charge region which is about 600Å thick for these devices. Poor contact resistances
is also a contributing factor to the high ideality factor observed in these devices.
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Further background in characterization methods can be found in the textbook by
Schroder [33].
Table 4- 8 Series resistance and ideality factor of devices fabricated

Device

Series Resistance
(Ω)

Ideality Factor

Number of
Wells

N011-06

14.4

3.22

1

N012-06

14.8

3.28

1

N013-06

14.6

3.27

1

N015-06

8.0

3.57

2

N016-06

21.4

4.32

4

N017-06

30.2

10.57

2

N018-06

14.4

8.82

2

It can be seen from the table above that the series resistance increases as the
number of quantum wells increases from 2 to 4 for devices N015-06 and N016-06. This
indicates that the presence of a high resistivity region affects the series resistance of the
devices.
The current-voltage characteristics obtained for the devices fabricated in this
study are given in Figure 4-17. For all of these devices a reverse current less than 1μA
was obtained at -5V. This indicates that I-V characteristics are on par with commercially
available devices. A low turn on voltage and a high forward voltage for LEDs is desired.
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Devices grown in this research show turn-on voltages of less than 4V for 400 μm x 400
μm size structures.
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Figure 4- 17 I-V characteristics of the devices fabricated in the clean room. Series resistances
calculated from the diode conductance are provided on the graphs.
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4.7.3 Growth of Spin-LEDs

The growth of spin-LEDs with a GaMnN spin injector layer is a challenging
process since Mn forms a deep acceptor level in GaN and deteriorates the electrical and
optical properties.
The growth of spin-LEDs with GaMnN injector layers on top of quantum wells is
achieved. A control LED with three quantum wells was also grown and fabricated in the
same batch. Figure 4-18 shows the structure of such a device with a GaMnN spin
injector layer and also a control LED without a GaMnN layer. The purpose of the
GaMnN layer is to inject spin polarized holes into the quantum well, which recombine
with only electrons having one spin orientation. This selective recombination event
results in emission of circularly polarized photons.

p-GaN

p-GaN
InGaN/GaN MQW

GaMnN (0.1μm)

n-GaN

InGaN/GaN MQW

n-GaN

Al2O3

Al2O3

Control LED

Spin LED

Figure 4- 18 Structure of a control LED and a spin-LED grown under identical conditions.
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The important layers that are used specifically for the control LED and the spin
LEDs are listed in table 4-9.
Table 4- 9 Important growth parameters of the control LED and spin-LEDs

Layer

N122-06

N123-06

N125-06

# of QWs

3

3

3

Mn Flow

0

50

100

GaMnN
Thickness

0

0.1 μm

0.1 μm

The growth of spin-LEDs were achieved by MOCVD using the optimized growth
recipe for LEDs described in the previous sections and incorporating a GaMnN spin
injector layer that has previously measured as ferromagnetic. Flow rates of 50 sccm and
100 sccm for (EtCp)2Mn was used for the two devices.
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Figure 4- 19 (a)PL spectrum of a control LED (b) and (c) PL spectra of spin-LEDs with Mn flow of
50 and 100 sccm respectively.

Figure 4-19 (a) shows the PL spectrum acquired for the control LED device
structure before fabrication, whereas (b) and (c) show the PL spectra of spin-LEDs
containing GaMnN layers grown by 50 sccm and 100 sccm Mn flux. It can be seen from
Figure 4-19 (b) and (c) that the PL intensity decreases as the (EtCp)2Mn flow rate is
increased from 50 to 100 sccm, indicating that increased deep levels in the LED leads to
increased non-radiative recombination events. The peak wavelength for the spin-LED
structure is also blue shifted from that of the control LED structure.
Standard device processing steps discussed earlier were performed in the clean
room for the fabrication of the control LED and the spin-LEDs. Fabricated devices were
tested

optically

and

emission

from

all
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three

devices

was

achieved.

The

electroluminescence spectra of the devices N122-06 (control LED), N123-06 (spin-LED,
50sccm Mn) and N125-06 (spin-LED, 100sccm) are shown in Figure 4-20.
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Figure 4- 20 Electroluminescence spectra of fabricated devices N122-06, N123-06 and N125-06 at 60
mA, 90mA and 90mA respectively.

The intensity of the emission from the spin-LEDs is very weak compared to that
of the control LED. Moreover the emission wavelength of both spin LEDs (N123-06 and
125-06) are blue shifted from the observed PL spectrum. The PL linewidth and EL
linewidth for the control LED are comparable, whereas significant line broadening is
observed for the spin-LEDs. It can also be seen that the increase in Mn flow from 50sccm
for N123-06 to 100sccm for N125-06 slightly decreases the intensity of the emitted light.
The electrical characteristics of the spin-LEDs and control LED are also
investigated. Figure 4-21 shows the I-V characteristics.
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Figure 4- 21 I-V Characteristics of regular and spin LEDs

As it can be seen from the I-V characteristics the control LED and spin LEDs
have a low reverse current and a high forward current. The series resistances for the
devices are shown in table 4-10 and also given in the figures. It can be seen that the series
resistance only increases slightly when a GaMnN layer growth with a 50 sccm Mn flux
inserted into the structure. For the spin-LED with 100 sccm Mn flux the series resistance
is nearly doubled.
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Table 4- 10 The series resistance and Mn flux for the control LED ad two spin LEDs

Device

Series Resistance

Mn Flow

N122-06

12.9 ohms

0

N123-06

13.1 ohms

50sccm

N125-06

23.2 ohms

100sccm

The emission of light from these spin-LEDs are very promising results in terms of
detection of spin injection. Polarization measurements on these devices are beyond the
capabilities of our optical measurement equipment. Future work will be focused on the
polarization measurements of the emitted light from these devices.
4.8 Conclusion

This chapter discusses the growth, characterization, and fabrication of LEDs and
testing of the said structures both electrically and optically. Growth of devices is an
indicator of the presence of n-type, p-type GaN, ability to grow quantum wells with sharp
interfaces and also proves the successful integration of these device layers. Successful
growth of LEDs was achieved and good optical and electrical characteristics were
obtained.
The growth of spin-LEDs was also achieved by incorporating a GaMnN layer
between quantum wells and p-type GaN. EL spectra of these devices indicate the
emission of light around 380 nm. Further studies are underway to improve the brightness
of the emitted light and also measure the polarization state of the light.
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CHAPTER 5: GROWTH OF FERROMAGNETIC GaMnN:
FERMI LEVEL EFFECTS
5.1 Introduction to Magnetism

There are several classes of magnetism that occur in materials and are used as
engineering materials. A good understanding of different types of magnetism is essential
for understanding the general nomenclature of magnetism.
The smallest magnetic moment is due to the spin of an electron around its own
axis. This spin generates a magnetic dipole moment known as the Bohr magneton [34],
which is given by the following formula:

μB =

eh
4πm

(5.1)

where, μ B = 9.27 x10 −24 J / Tesla , e is the electronic charge, m is the electronic mass and
h is the reduced Planck’s constant.

When a material is put in a magnetic field H, it acquires a magnetic moment.
Magnetization is defined as the dipole moment per unit volume and is usually denoted by
M. In a majority of materials the magnetization is proportional to the applied magnetic

field and can be expressed by the following equation.

M = χH

(5.2)

where χ is the magnetic susceptibility of the material.
Maxwell’s equations are usually written for the vector
B = μ0 (H + γ B M )
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(5.3)

Instead of M, γ B is a notation introduced by Brown [35] in order to include
different systems of units. γ B =1 for the SI units, which are popular in text books, while

γ B =4π for the Gaussian, cgs units, which are most popular among magneticians, and for
which μ 0 =1. When equation (5.2) holds true, it is also possible to rewrite equation (5.3)
as
B = μH

(5.4)

where

μ = μ 0 (1 + γ B χ ) = μ 0 μ r

(5.5)

is known as the magnetic permeability. μ r is known as the relative permeability and μ
is the permeability of free space. The materials are classified as “paramagnetic” if χ > 0 ,
i.e. μ r > 1 , and as diamagnetic if χ < 0 , i.e. μ r < 1 .
In some materials however, equation (5.2) is not fulfilled and the magnetization
M, is not proportional to the applied field, H. Magnetization M, in these materials is not a

single valued function of the applied field H, and its value actually depends on the history
of the applied field. A typical case is shown in Figure 5-1 where the magnetization M, is
plotted against the applied field H, in the same direction. The maximum magnetization
that can be achieved in response to an applied field is called the saturation magnetization
and denoted by M s . When the applied field is zero, the remaining magnetization is called
the remnant magnetization, or remanance M r , whereas the field required to cancel out
the remnant magnetization is termed as the coercive field or coercivity H c .
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Figure 5- 1 Magnetization M vs Applied Field H of a material that exhibits a hysteresis behavior

There are a total of five kinds of magnetic behavior observed in materials;
diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism and ferrimagnetism.
Each of these types of magnetic behavior is related to the spin of electrons in the
material. Each kind of magnetism will be explained in the following section, and further
explanations of ferromagnetism observed in transition metals and dilute magnetic
semiconductors will be provided.
5.1.1 Diamagnetism

This type of magnetism is present in all materials regardless of their shape, size,
and crystal structure. Diamagnetism is a direct result of the response of orbiting electrons
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in an atom opposing an applied magnetic field. An external magnetic field induces a
change in the magnitude of inner-atomic currents such that their magnetic moment is in
the opposite direction from the external magnetic field. The induced magnetic moment is
very small and in a direction opposite to that of the applied field. Materials solely
showing this response are repelled from a magnetic field and are termed as diamagnetic
materials.
As an exception to the weak diamagnetic response of materials, superconductors
are excellent diamagnets that expel themselves from external magnetic fields with great
forces. Superconducting magnets are the major component of most magnetic resonance
imaging systems, perhaps the only important application of diamagnetism.
5.1.2 Paramagnetism

Paramagnetism in solids is a result of electrons in the solid that spin around their
own axes. When an external magnetic field is applied, the magnetic spins try to align
themselves in the direction of the applied field. Paramagnetism is slightly temperature
dependent. The paramagnetic response is usually very weak and it is observed in some
metals and in salts of transition elements.
The susceptibility of paramagnetic materials exhibits a dependence on
temperature through the Curie-Weiss law which is given as follows:

χ=

C
T −Θ

(5.6)

Where Θ is a constant that has the same units of temperature and temperature T
is in absolute units.
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In paramagnetic materials the magnetic moment of the electrons point in the
direction of the external magnetic field, whereas in diamagnetic materials the induced
magnetic moment counteracts the applied field. Therefore dia-magnetism and paramagnetism are two mechanisms that oppose each other.
Table 5-1 summarizes materials showing diamagnetic and paramagnetic behavior
along with their susceptibilities.

Table 5- 1 Susceptibilty values for paramagnetic and diamagnetic materials.

χm=Km-1
(x 10-5)
Iron oxide (FeO)
720
Iron amonium alum 66
Uranium
40
Platinum
26
Tungsten
6.8
Cesium
5.1
Aluminum
2.2
Lithium
1.4
Magnesium
1.2
Sodium
0.72
Oxygen gas
0.19
Paramagnetic

Diamagnetic

Ammonia
Bismuth
Mercury
Silver
Carbon (diamond)
Carbon (graphite)
Lead
Sodium chloride
Copper
Water

χm=Km-1
(x 10-5)
-.26
-16.6
-2.9
-2.6
-2.1
-1.6
-1.8
-1.4
-1.0
-0.91

5.1.3. Ferromagnetism

Ferromagnetism is characterized by deviation of magnetization M, from being a
single valued function of the applied field H. In other words, for a ferromagnetic material
the magnitude of magnetization will depend on the history of the applied magnetic field.
Magnetization for such a sample may exist even at zero applied magnetic field. As the
applied field increases, the magnetization will saturate, and will not increase beyond that
point even with increased applied field. This value is called the saturation
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magnetization, M s . The saturation magnetization on the other hand is temperature
dependent, and decreases as the temperature is raised. Above a certain temperature called
the Curie temperature TC ferromagnetic materials become paramagnetic.
In ferromagnetic materials the spins of unpaired electrons in their d-shells
spontaneously align parallel to each other, below TC . They align within small domains
without the presence of an external magnetic field. The spin direction of each domain is
random and cancels out each other resulting in a zero overall magnetic moment when no
field is applied. When a magnetic field is applied to the material the larger magnetic
domains grow at the expense of the smaller ones and eventually the material becomes a
single domain, and is said to reach its saturation magnetization. Saturation magnetization
is a temperature dependent quantity; it reaches its maximum at absolute zero. Above the
Curie temperature the thermal agitation randomizes spin alignment of domains and the
material becomes paramagnetic. Figure 5-2 shows the dependence of saturation
magnetization on absolute temperature and the transition to a paramagnetic state.
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Figure 5- 2 shows the dependence of saturation magnetization on the absolute temperature. Ms
gradually decreases to zero at the Curie temperature.

When we consider magnetic domains it should be also kept in mind that the
energy of magnetic dipoles should be considered in determining the final domain
structure of a ferromagnetic material. In other words if the entire material would have
been composed of only one domain, then a north and a south pole would be created at
either end. This however, would create a large external magnetic field, and would be
energetically unfavorable. This is called the magnetostatic energy. One way to minimize
this magnetostatic energy is to create many small domains instead of large ones. The
quantum mechanical exchange energy on the other hand opposes the division of magnetic
domains into smaller ones. This quantum mechanical exchange energy causes adjacent
spins to align parallel to each other. It is this interplay between exchange energy, which
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demands parallel spin alignment, and magnetostatic energy which supports antiparallel
spins, that leads eventually to an energetically most favorable domain size (1-100μm).
These domain structures also reduce their energies by enclosing the magnetic flux
lines within the crystal, so as to leave no exterior dipole. The flip from one spin direction
to another between the domains also happens over a few hundred atomic distances due to
the minimization of the above mentioned exchange energy that supports parallel spin
alignment. The region between individual domains in which spins rotate from one
direction to another is termed as a domain wall or Bloch wall.
Table 5-2 shows the saturation magnetization of certain metals at 0 K and their
respective Curie temperature:
Table 5- 2 Saturation magnetization of several metals and their respective Curie temperatures

Ms0
Metal
Fe
Co
Ni
Gd

(A/m)
1.75 x 106
1.45 x 106
0.51 x 106
5.66 x 106

(Maxwells/cm2)
2.20x104
1.82 x104
0.64 x104
7.11 x104

TC(K)
1043
1404
631
289

5.1.4. Antiferromagnetism

Antiferromagnetic materials exhibit spontaneous alignment of magnetic moments
below a critical temperature; however, the responsible neighboring atoms in
antiferromagnets are aligned in an antiparallel fashion. These materials have an
interpenetrating lattice of two types of ions, one of which contribute to the
antiferromagnetic behavior, hence the magnetism.
Antiferromagnetic materials are paramagnetic above a critical temperature called
the Néel temperature. The Néel temperature is often below room temperature and
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antiferromagnetics are mostly found in ionic compounds and semiconductors. There is no
practical application for antiferromagnetism known at this time. Table 5-3 shows the
Néel temperature of some antiferromagnetic materials.
Table 5- 3 Characteristic Data for Some Antiferromagnetic Materials (R. Hummel) [34]

Substance
MnO
MnF2
α-Mn
FeO
NiO
CoO
Cr

TN(K)
116
67
100
198
523
293
310

5.1.5 Ferrimagnetism

Ferrimagnetic materials are of great importance due to their suitability for high
frequency applications. Ferrimagnetic materials are usually ceramic oxides and they are
poor electrical conductors. They exhibit a spontaneous magnetic moment below their
Curie temperatures. The magnetic moment is due to small domains in which the electron
spins are aligned parallel. These materials usually have two different sublattices that have
different number of ions. Thereby the spins of electrons between the two sublattices is
not cancelled out, as a consequence there is a net magnetic moment.
So far we have described in a qualitative fashion the difference between dia-,
para-, ferro-, antiferro-, and ferrimagnetism. In the next section, the theories describing
the origin of ferromagnetism in dilute magnetic semiconductors will be described.
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5.2 Dilute Magnetic Semiconductors

Semiconductors can be classified into three categories which are conventional
semiconductors, magnetic semiconductors and dilute magnetic semiconductors. Among
the conventional semiconductors silicon is by far the most technologically important
semiconductor and has the widest range of applications. However, compound
semiconductors such as GaAs, GaP and InP and widebandgap semiconductors like GaN,
ZnO, SiC are used for optoelectronic and high power applications where silicon has
limited capabilities if at all.
Magnetic semiconductors on the other hand have both ferromagnetic and semi
conducting properties, due to a periodic array of magnetic ions in their crystal structures.
Most common materials include semiconductor spinels and europium chalcogenides.
These materials are very difficult to grow due to their crystal structure and are
incompatible with the current processing tools.
Dilute

magnetic

semiconductors

(DMS),

are

based

on

conventional

semiconductors, where a small fraction of the host ions are replaced by a transition metal,
or a rare earth element. The growth of these materials is relatively easier compared to the
magnetic semiconductors, and fabrication methods for devices are already in place. Mndoped III-V compounds are among the most widely studied DMSs; particularly GaMnAs
where the carrier mediated ferromagnetic exchange is well established. The electronic
structure and mechanism of ferromagnetic ordering in GaMnN system is far from being
completely understood.
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The ramifications of synthesizing a DMS material will be tremendous especially
in the field of spin transfer electronics, or spintronics, which is a new class of devices in
which the spin of the electron in addition to the charge of the electron is manipulated.
Among the spintronics devices envisioned are new generation magnetic random access
memories (MRAM), which brings the ability of non-volatile memory, low power
consumption and higher density of storage capabilities. MRAM devices will in turn allow
for instant-on computers and extended battery life of portable electronics. The efficient
injection, transport and detection of spin polarized electrons in a semiconductor material
above room temperature are essential for the realization of these devices. A spinpolarized field effect transistor was proposed by Datta and Das [36] in 1990 as an analog
to an electro optic modulator. In this device the current is forced from a magnetic source
to a magnetic drain. A schematic of this device is shown in Figure 5-3. When a voltage is
applied to the gate of this device, the spin polarized current is affected, and the spins of
the electrons flowing through the channel are flipped. These electrons with reversed spin
orientation are rejected at the drain of the device. The advantage of such a device is its
high speed and low power consumption. The spin FET has not been fabricated to date,
however, recent experiments which characterize the light output from a LED structure
that includes a magnetic layer, indicates spin injection efficiencies up to 45% [37], which
eventually may result in the realization of such a device.
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Ferromagnetic Source

Ferromagnetic Drain

VGate

Spin Polarized Current

Figure 5- 3 Datta and Das Spin Field Effect Transistor

Excellent review papers covering spin injection, coherence lengths, and magnetic
properties of materials systems such as in the general areas of spin injection from metals
into semiconductors and applications of the spintronics phenomena have been published
recently [38-42].
DMS materials are alloyed by transition metals which have incomplete inner
electron orbitals. The main difference of transition metals from regular metals lies in the
fact that they have incomplete inner electron orbitals. Once they loose their outermost
electrons, the remaining electrons in the d-shells have spins pointing in the same direction
in order to minimize their energy, and these metals act as magnetic ions.
Zener describes ferromagnetism based on the interaction between the d shells in
transition metals. The first principle states that for fourth column elements and beyond
(V, Nb, Ta) the spin correlation between the electrons in the incomplete d shell of a
single atom is essentially the same when the atom forms part of a solid as when it is
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isolated in the gaseous state. According the Hund’s rule the lowest energy for the d-shell
occurs when all the energy levels are singly occupied with the spins of electrons pointing
in the same direction. Since each electron that has an uncompensated spin carries a
magnetic moment of one Bohr magneton, the overall atom will have a finite magnetic
moment associated with it.
Table 5-4 lists the spin orientation of the electrons in the 3d shells, showing the
occupancy order; number of electrons present per shell; and the magnetic moment µeff in
terms of the number of Bohr magnetons; for ions of the 3d transition elements.
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Table 5- 4 Spin orientation for transition metal ions

Transition Metal Ions

Spin of 3d Orbitals

Magnetic Moment

Ti3+ , V4+

↑

Ti2+ , V3+

↑

↑

V2+ , Cr3+ , Mn4+

↑

↑

↑

Cr 2+, Mn 3+

↑

↑

↑

↑

Mn 2+, Fe 3+

↑

↑

↑

↑

↑

5µB

Fe 2+, Co3+

↓↑

↑

↑

↑

↑

4µB

Co2+

↓↑ ↓↑

↑

↑

↑

3µB

Ni2+

↓↑ ↓↑ ↓↑

↑

↑

2µB

Cu2+

↓↑ ↓↑ ↓↑ ↓↑

↑

1µB

↓↑ ↓↑ ↓↑ ↓↑ ↓↑

0µB

Zn2+ , Cu+

1µB
2µB
3µB
4µB

Different mechanisms are used to explain magnetic properties of oxides and
semiconductors. The following section briefly explains those mechanisms that are
relevant to the field of DMS.
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5.2.1 Zener Model (Mean Field Theory)

The Zener [43] model based on the mean field theory, states that ferromagnetism
occurs through the interactions of the spins of the localized magnetic ions. The first
principle is that the spin correlation between the d shells of a single atom is essentially
the same when the atom is a part of a solid. The electrons in the incomplete d shells tend
to align themselves parallel, or have the highest possible net spin to attain the lowest
energy state. The interaction between the d shells of adjacent atoms has always the same
sign and in all circumstances lead to an antiferromagnetic coupling. On the other hand,
the spin of an incomplete shell is always strongly couples to the conduction electrons.
This coupling tends to align the spins of the incomplete shells in a ferromagnetic manner.
The competition between these two tendencies determines the magnetic state of the
material. Without conduction electrons mediation of magnetism is not possible. The
Curie temperature is determined through a competition between the antiferromagnetic
and ferromagnetic interactions. The mean field theory has been able to successfully
predict the Curie temperature of GaMnAs and InMnAs. However, the Curie temperature
for these material systems is well below room temperature. In GaMnAs, manganese acts
as a shallow acceptor and hybridizes with the valence band, and the observed
ferromagnetic behavior is carrier mediated. Dietl et. al.[2] have extended this theory to
determine the Curie temperature in GaMnN where the ferromagnetic behavior is due to
the interaction between carriers and localized spins of the Mn ions. Calculations predict
that for a crystal doped with 5% Mn and 3.5x1020/cm3 holes, the Curie temperature would
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be above 300K. Ferromagnetism has been observed in GaMnN although the doping
levels and concentrations required are not achieved.
5.2.2. Double Exchange Mechanism

The double exchange mechanism was proposed by Sato and Katayama-Yoshida
[44] as an explanation for the carrier mediated ferromagnetism observed in TM-doped
ZnO. This theory has been successfully used to explain ferromagnetism observed in
InMnAs [45, 46]. In the double exchange mechanism which was originally proposed by
Zener, magnetic ions in different charge states couple with each other by virtual hopping
of the “extra” electron from one ion to another. If the neighboring magnetic moments of
the transition metal ions are in the same direction, the 3d band is widened by the
hybridization between the spin-up states. The band energy in the ferromagnetic
configuration is lowered by introducing carriers in the d-band. In this case, the partially
filled 3d bands of the transition metal ions facilitates hopping of carriers from one ions
orbital to another, provided that the spins of the hopping electrons’ spins are in the same
direction. Consequently, the electrons lower their kinetic energy by hopping in the
ferromagnetic state. This is the so-called double exchange mechanism.
5.2.3 Direct Superexchange

The direct superexchange mechanism is observed in substances in which
magnetic ions are separated by an intervening non magnetic ion [47] . The interaction
between the wavefunctions of the magnetic ion’s electrons is antiferromagnetic and
therefore aligns the neighboring Mn ions antiferromagnetically. This type of interaction
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usually opposes ferromagnetic properties in DMS materials and becomes more
pronounced as the Mn concentration is increased.
5.3 III-N Dilute Magnetic Semiconductors

Among the compound semiconductors on the market, III-nitrides are the most
recent semiconductors that have been commercialized. Blue, green and white light
emitting diodes (LEDs), and blue laser diodes (LDs) has been on the market and are
being used extensively in consumer electronics. AlGaN based heterojunction field effect
transistors (HFET) are at the verge of being commercialized for high power and high
frequency applications. Despite all of these commercial products, the growth of these
compounds is still not understood completely. Researchers are collaborating not only to
improve existing devices, but also to find new functionalities of this material system. To
this end, the investigation of GaN based DMS materials is a new front of research with
potentially exciting applications such as magnetic random access memories, spin
transistors, and quantum computing.
Dietl has predicted that GaN, when alloyed with Mn will exhibit a Curie
temperature of 300K for a Mn concentration of 5% and a hole concentration of
3.5x1020/cm3. This prediction has resulted in a flurry of research activities in GaN based
DMS materials. Dietl also extended this theory to many other semiconductor systems
doped by Mn and predicted the possible curie temperatures. Figure 5-4 illustrates the
curie temperatures calculated for a Mn concentration of 5% and 3.5x1020/cm3 holes.
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Figure 5- 4 Computed values of the Curie temperature Tc for various p-type semiconductors
containing 5% of Mn and 3.5 × 1020 holes per cm3.

In this section a review of the current research in GaN based DMSs will be
provided from an experimental and theoretical point of view.
The III-nitrides, GaN, InN and AlN exist in the wurtzite, zincblend or rocksalt
structures. The most stable structure at room temperature is the wurtzite structure. The
group symmetry for InN, GaN, AlN is C 4 6ν ( P6 3 mc) . The zinc blend structure is slightly

less stable than the wurtzite structure at room temperature, nonetheless appropriate
substrate selection results in the formation of either of these structures at room
temperature. The rocksalt structure is stable at only very high pressures; therefore it is not
encountered at room temperature.
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When GaN is alloyed with a transition metal element such as Mn, the Ga cation is
substituted by the Mn atom. However, Mn-Mn interactions are stronger than Mn-N
interactions, and consequently Mn atoms tend to cluster and form secondary phases.
Consequently, growth of GaMnN without forming secondary phases is a challenging task
since the solid solubility of Mn in GaN is very limited. When Mn atoms form a
homogeneous solid solution in GaN the resulting structure becomes ferromagnetic
depending on the Mn concentration. The observed ferromagnetism is attributed to the
coupling of the spins of the carriers in the system with the localized spins of the Mn ions
resulting in a long range order. In other words, the delocalized conduction band electrons
and/or valence band holes interact with the localized magnetic moments associated with
the localized magnetic moments of the Mn ions. In more scientific terms this is called the
s-d exchange interaction for the case of conduction band electrons and the localized 3d
states of the Mn ions, and p-d exchange interaction for the valence holes and the localized
3d states of the Mn ions. On the other hand the coupling between Mn ions is
antiferromagnetic and counteracts the previous mechanism. The interplay between these
two competing mechanisms determines the Curie temperature above which long range
order is destroyed.
Since the gated electrical control of ferromagnetic properties is the ultimate goal
of research in spintronics, the formation of secondary phases in the structure is
detrimental for device operation and highly undesirable. Therefore, much research has
been devoted to the growth of single phase GaMnN where the Mn atoms are dissolved in
the GaN lattice as a random solid solution. Several techniques are reported to obtain a
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ferromagnetic GaMnN by growing such a random solution. These are ion implantation of
Mn into GaN [48], epitaxial growth of GaMnN [49-54], Mn doped GaN nanowires[55] ,
diffusion into GaN thin films [56]. In addition to the research in GaMnN, other III-nitride
based DMSs such as Mn-AlN [57], Cr-GaN [58, 59], Cr-AlN [58, 60], Co-GaN [61], Fe
implanted p-type GaN [62] Gd-GaN [62] and V-GaN [61] are investigated.
Ferromagnetic GaMnN has been observed above room temperature; however,
experimental data from different groups are not in well agreement, indicating that growth
methods and conditions have a profound effect on the resultant magnetic properties. As a
matter of fact the origin of ferromagnetism is still unclear and under investigation.
Several theories are proposed, which are mainly centered either around the formation of
secondary phases during growth that are responsible for the ferromagnetic properties, or
the possibility of a carrier mediated long range ordering of the Mn ions’ spins based on
the interaction of free carriers with the magnetic impurity spins.
Sonada et. al. [54] reported on the growth of ferromagnetic n-type GaMnN by
molecular beam epitaxy with a Curie temperature of 940K. It was suggested that
hydrogen in the films acted a shallow donor rendering the material n-type. The free
carriers participated in the ferromagnetic coupling of Mn ions through the s-d exchange
interaction. The authors have acknowledged that this model contradicts the model of p-d
exchange interaction for hole-mediated ferromagnetic p-type GaMnN proposed by Dietl.
Overberg et. al. [50] reported ferromagnetic n-type GaMnN by MBE with a curie
temperature between 10K and 25K. They concluded that the p-d exchange interaction
was the origin of ferromagnetic long range order. Theodoropoulou et. al. [48] implanted
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Mn into p-type GaN and observed ferromagnetic properties up to 250K. The
ammonothermal growth of GaMnN by Zajac et. al. yielded paramagnetic samples;
however electron spin resonance (ESR) studies indicated that the Mn atoms were part of
the GaN lattice in the form of an ionized acceptor A-(d5) with a spin value of S= 5 2 .
Ploog et. al. [63] reported on ferromagnetic GaMnN grown by MBE with Mn
concentrations up to 14% Mn. The observed ferromagnetic properties were attributed to
secondary phases in samples with high Mn content, as confirmed by transmission
electron microscopy (TEM).
The first principles approach has been used to elucidate magnetism in GaMnN.
Compared to the GaMnAs material system, there are apparent differences as to where the
Mn levels are located within the energy bandgap. In GaMnAs, Mn acts as a shallow
acceptor just above the valence band, and addition of sufficient Mn causes the valence
band and the Mn band to completely hybridize. This is called s-d hybridization.
Therefore the resultant semiconductor is p-type, with delocalized holes in the valence
band generated from the addition of Mn. On the contrary, when Mn is added to GaN, it
forms a deep level in the energy bandgap 1.4 eV above the valence band. Addition of
more Mn only broadens this band; the interaction between the valence band and this
impurity band in negligible at any given concentration. In order to achieve p-type
conduction in this structure, other dopants such as Mg should be added, which is
complicated by itself in the absence of Mn.
Litvinov and Dugaev [64] investigated the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction employed in the mean field theory and proposed that magnetic
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properties in DMS systems is due to the p-d exchange interaction. A detailed and
quantitative prediction of the Curie temperature on the Mn concentration for various
wurtzite III-N alloys is provided. Katayama-Yoshida et. al.[65] investigated GaN with
5% Mn and concluded that for half filled or less than half filled d shell such as that in
Mn, Cr and V the ferromagnetic state of GaN is stable over the paramagnetic state. As the
concentration of Mn atoms is increased beyond a certain level, the stability of the spin
glass state takes over the stability of the ferromagnetic state. Van Schilfgaarde and
Myrasov [66] performed local spin-density approximation functional calculations and
reported that for zinc blend GaN doped with 1 to 5% concentrations of Mn, Cr and Fe,
the exchange interactions are anomalous and behave quite differently from simple models
like RKKY [2, 67]. There is a strong attraction between the magnetic elements that tend
to group them in clusters of a few nanometers in size. Das et. al. [68] used first principles
calculations and concluded that Mn atoms tend to cluster and bind more strongly to N
atoms than Ga atoms, which suggest that the Mn concentration in GaN may be increased
by using a porous substrate to offer substitutional surface sites. They also calculated that
the Fermi level passes right through the middle of the broadened impurity band, which in
turn proves that the impurity level acts as an effective mass acceptor. Sato et. al.
predicted the magnetic properties from first principles calculations using the KKR-CPA
method [69]. The wave function of the impurity atom was found to decay very quickly.
The double exchange mechanism was the dominant mechanism at low Mn
concentrations. The observed ferromagnetism in this system was therefore attributed to
the presence of secondary Mn-N clusters and MnN phases. The calculated Curie
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temperature is very low compared with that obtained from mean-field theory which tends
to overestimate the Curie temperature. Kronik et al. [70] calculated the electronic
structure of GaMnN containing 0.63% Mn and concluded that the introduction of Mn
results in the formation of a 1.5 eV wide impurity band due to the hybridization of Mn 3d
and N 2p orbitals. This impurity band is also 100% spin polarized which is ideal for spin
injection of carriers. Figure 5-5 shows the partial density of states curves for wurtzite
GaMnN containing 1.56% Mn.

Figure 5- 5 Partial density of states curves for wurtzite GaMnN. Solid lines: Mn 3d dashed lines: N
2p

Kulatov et. al. [71], in their study of GaMnN with Mn concentration ranging from
1.56 to 12.5 % Mn concluded that the ferromagnetic state has a lower energy state than
that of the paramagnetic or antiferromagnetic state. They also noted that oxygen doping
significantly affected the conductivity and increased the magnetic moment and Curie
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temperature. Zn doping on the other hand resulted in a strong hybridization of the e g
states and resulted in a decrease in ferromagnetic properties.
Sanyal et. al. [72], investigated the effect of varying the Mn concentration on the
electronic and magnetic properties of wurtzite GaMnN by employing a first principles
planewave method. They confirmed that the d states of Mn form an impurity band
completely separated from the valence band states of the host GaN for low Mn
concentrations. They also concluded that the Fermi level lies only in one of the spin
orientations, thus rendering the material half metallic with a high magnetic moment.
The direct measurement of the magnetization of films as a function of applied
field is usually used to characterize DMS materials. Since the magnetic moment offered
by these films are usually very weak (10-5 emu range), advanced techniques such as
SQUID, or an alternating gradient magnetometer has to be used.
Magneto-optic measurements can also be utilized to verify the magnetization of
samples. The Kerr effect is the rotation of the plane of polarization of a light beam upon
reflection from a magnetized sample. Rotation of the plane of polarization is very small
(on the order of tenths of a degree) and depends both on the direction and magnetic
domains. The Faraday Effect on the other hand is the rotation of the plane of polarization
of light upon transmission through a magnetized sample. In this case, the rotation in the
plane of polarization of the light can be several degrees since the light interacts more
strongly with the sample. This technique is not suitable for samples that are not
transparent or bulk samples. Absorption studies can also be used as an indication of
magnetic properties in samples. The polarization dependent absorption of light in a
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magnetic semiconductor is known as the Magnetic Circular Dichroism (MCD). These
optical experiments are somewhat complicated and artifacts should be carefully excluded.
Another technique for determining the spin injection of carriers into semiconductors is to
analyze the circular orientation of light emitted from a light emitting diode containing a
DMS layer. Judging by the polarization of the emitted light, the percentage of spin
injection can be calculated and the amount of spin injection is determined. The
polarization state of the light can be determined from the ratio of the difference in right
handed and left handed polarization to the total light output.
P=

σ + −σ −
σ + +σ −

(5.7)

Magneto-transport measurements are also employed to detect magnetic properties
of materials. The Hall effect of magnetic materials is a sum of the ordinary Hall Effect
and the anomalous hall. The Hall resistivity RHall is expressed as,

RHall =

R0
R
B+ M M
d
d

(5.8)

where R0 is the ordinary Hall coefficient, B the magnetic field, RM the anomalous Hall
coefficient, M the magnetization perpendicular to the film and d the thickness of the
γ
layer. RM is proportional to RSheet
with a temperature independent proportionality

constant c. Depending on the origin of scattering γ takes on a value of 1 for skewscattering and 2 for side jumps. Usually the Hall voltage when measured against an
applied field traces closely with M vs. H. Figure 5-6 (b) shows RHall versus B curves
measured at different temperatures of a 200 nm thick Ga0.0947Mn0.053As film grown on an
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AlGaAs buffer layer. Figure 5-6 (a) also shows the temperature dependence of the sheet
resistivity RSheet of the same sample.

Figure 5- 6 (a) The sheet resistivity
of the sheet Hall resistivity

RSheet as a function of temperature. (b) Temperature dependence

RHall versus applied field. (c) Arrot plot indicating the transition

temperature.

Since RHall/Rsheet is proportional to the magnetic field, the temperature dependence
of spontaneous magnetization [RHall/Rsheet] can be obtained from such transport data using
Arrot plots. Figure 5-6 (c) illustrates the Arrot plot obtained from the previous
measurements [73].
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5.4 Experimental Data and GaMnN Growth Runs

The growth of GaMnN films was the most important element of the research
presented as far as magnetic materials are concerned. El-Masry’s group at NCSU was the
first group to demonstrate growth of ferromagnetic GaMnN by diffusion of Mn [56] into
GaN films. Ferromagnetic properties were a function of the deposition temperature of Mn
and annealing time. The NCSU group was also successful in the growth Mn containing
compounds of GaN by MOCVD. The following section describes the specific growth
sequences of the MOCVD grown samples, and reveals details on how these samples were
characterized.
GaMnN films were grown by MOCVD in our in house custom built growth
chamber. The details of the growth reactor are described in Chapter 2.
All films in this research were grown on either sapphire substrates, or GaN
templates previously grown in a Thomas Swan CCS commercial GaN growth system.
Sapphire substrates were double sided polished and were purchased from Saint Gobain
Crystals. In any case 2” wafers were cut into 14 mm x 14 mm pieces, and then
ultrasonically cleaned in hexanes, acetone and methanol. Samples were then boiled in
methanol for 10 minutes, and N2 blow dried immediately after cooling down. After this
cleaning procedure sample were stored in a nitrogen box until they were loaded into the
system for growth.
After a growth run was performed the chamber is unloaded, and the inner wall of
the quartz tube is cleaned by scientific wipes wrapped around a high purity alumina rod.
After thoroughly cleaning the reaction chamber, the susceptor is lightly swabbed with a
129

clean room swab soaked in methanol, then dried by N2. Then a sapphire substrate is
loaded onto the recessed area on the susceptor and subsequently raised into the quartz
tube.
The system is then sealed off by tightening the o-ring sealed door, followed by a
cycle purged 10 times between 10 and 125 torr in order to remove oxygen and water
vapor clinging onto the walls of the system. After this procedure is completed the growth
run checks are made. Cooling water, gas tanks, bubblers, gas ballasts, oil case purge
gases, rotation, and house vacuum is checked. Finally the experiment is started and the
sample is heated under a stream of nitrogen and hydrogen up to 1045 ºC and held at this
temperature for 20 minutes in order to clean the wafer surface. Then the temperature is
slowly ramped to 980 ºC and ammonia is turned on to nitridate the sample surface. This
step is very important in terms of the final morphology of the film and is thought to
convert Al203 into AlN and prepares the surface for the growth of the buffer layer. The
nitridation takes place for 5 minutes and the temperature is lowered to the buffer layer
growth temperature; typically 450-500ºC.
At this point the TMGa bubbler is flushing i.e. nitrogen gas at a predefined rate
passes through the bubbler. The pressure on the bubbler is closely monitored and kept
around 760 torr. Any drift in the pressure during the growth sequence especially during
the buffer layer will drastically affect the growth rate and undesired film morphologies
will result. If the pressure on the bubbler is slowly rising this means that less gas exits the
bubbler than entering, and therefore the growth rate will be slower resulting in a thinner
buffer layer.
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Once the temperature of the system reaches the buffer layer temperature and the
system is stabilized, the growth of the buffer layer is initiated by flipping the run/vent
switch for TMGa. A growth timer is used to measure the elapsed time. After the buffer
layer is grown, TMGa is flipped back to the vent, and adjusted for its next value, the
temperature is ramped to the growth temperature, ammonia is doubled and more
hydrogen is introduced into the chamber. During the ramping of the temperature from the
buffer layer temperature to the growth temperature, the buffer layer is recrystallized and
annealed, basically is prepared for the nucleation process at high temperature. When the
temperature reaches the growth temperature the buffer layer is annealed for an additional
90 seconds and the growth is started.
A 0.5 μm GaN template is grown under these conditions to prepare a high quality
template for the subsequent layers. Typically 15 minutes prior to the end of the template
growth the (EtCp)2Mn bubbler is flushed through the vent line in order to achieve an
equilibrium concentration in the gas lines. The (EtCp)2Mn molecule exhibits a slight
memory effect similar to that of the magnesium precursor. The transient time however, is
not as long as it is for magnesium due to the higher flow rates involved (100 sccm and
above compared to 30 sccm). Once the GaN template is grown, the conditions are
adjusted for the growth of Mn containing compounds. After the flow of process gases and
the temperature of the system are stabilized the Mn precursor is switched from the vent to
the run line and the growth is started.
Preliminary experiments regarding the growth of GaMnN were primarily focused
on establishing basic properties of the films grown, and the relationships between the
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growth conditions and the final film properties. Therefore the initial films were
extensively characterized both magnetically and structurally in order to gain a good
understanding of the growth process.
The precursor used for Mn was ordered from Epichem as a special order and
limited information regarding this chemical was available at the time it was ordered. The
vapor pressure data regarding (EtCp)2Mn was limited to only one data point as supplied
by the manufacturer.
5.4.1. Review of our Group’s Previous Work

The first set of experiments was aimed at obtaining the concentration of Mn in our
films versus the amount of (EtCp)2Mn fed into the system during growth. Several
experiments were performed by varying (EtCp)2Mn flow rates all other parameters being
constant, in order to map a broad Mn concentration in the as grown films.
A SQUID magnetometer was used to measure the magnetic moment of samples
grown in this study. Figure 5-7 shows a typical SQUID measurement for sample N129-03
indicating the ferromagnetic behavior and clearly exhibiting finite remnance and
coercivity.
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Figure 5- 7 Hysteresis curve for sample N129-03 at 300K indicating the coercivity, remnance and
saturation magnetization.

Samples grown with an (EtCp)2Mn flow rate of 50 sccm, 100sccm and 200sccm
(N129-03, N130-03 and N133-04, respectively) were analyzed by Secondary Ion Mass
Spectroscopy (SIMS) to determine the Mn content. Since the growth of GaMnN is not
readily performed a Mn implanted standard was prepared to calibrate the ion beam and
obtain absolute concentration data from SIMS. Figures 5-8, 5-9, and 5-10 illustrate the
SIMS data obtained from the samples N129-03, N130-03 and N133-03 respectively.
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Figure 5- 8 SIMS results for a GaMnN sample grown at 1021 ºC and a flow rate of 50 sccm EtCp2Mn

Ga
Mn

Figure 5- 9 SIMS results for a GaMnN sample grown at 1021 ºC and a flow rate of 100 sccm
EtCp2Mn
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Figure 5- 10 SIMS results for a GaMnN sample grown at 1021 ºC and a flow rate of 200 sccm
EtCp2Mn

Figures 5-8, 5-9 and 5-10 indicate that Mn incorporates readily into the GaN
lattice and the average concentration of Mn atoms is 2.3 x 1019 atoms/cm3, 4.7 x 1019
atoms/cm3 and 1.1 x 1020 atoms/cm3 for samples N129-03, N130-03 and N133-04,
respectively. Figure 5-11 shows the Mn concentration as a function of (EtCp)2Mn flow
rate at 1021ºC and also includes another data point obtained at 993ºC. From the data
obtained, it may be suggested that lower growth temperatures result in higher Mn
concentrations in the final film for the same Mn flow rate.
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Figure 5- 11 Mn concentration as a function of EtCp2Mn flow rate as obtained by SIMS

The films that were grown were all analyzed by SQUID magnetometer to
determine the magnetic properties. It has been found that the magnetic moment of the
films scaled with the Mn concentration up to a certain extent. Upon increasing the Mn
concentration the magnetic moment decreased to a background value. Figure 5-12 shows
the change in the magnetization with the Mn concentration for the films grown in this
study. This behavior may be attributed to the competition between the double exchange
interaction between the spins of carriers and Mn ions’s spins and the antiferromagnetic
coupling between the Mn ions.
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Figure 5- 12 Magnetization as a function of the Mn concentration in the films grown by MOCVD.
Note that the magnetization scales with the Mn content, then decreases with increasing Mn
concentration.

Since the origin of ferromagnetism in DMS materials is still controversial, and
many reports on secondary phases, spin glass behavior, superparamagnetism or clusters
of magnetic phases, many characterization techniques have been utilized to rule out any
of these possibilities.
For addressing the issue of secondary phases, x-ray diffraction (XRD) scans of
selected samples are performed. Since Mn is assumed to incorporate substitutionally, no
extra peaks in the θ-2θ scans should be observed. For a regular GaN XRD scan the only
peaks observed are the (0002) GaN peak at 2θ = 34.56º, the (0006) reflection of the
sapphire substrate at 2θ = 41.685º and the (0004) second order reflection of GaN at 2θ =
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72.98º. A typical XRD scan for sample N131-03 is shown in Figure 5-13, and it is clearly
seen that no secondary phases are present in the scan.

Figure 5- 13 XRD scan of sample N131-03 indicating the absence of secondary phases. The only
peaks registered in the XRD scan are those of GaN and the substrate material sapphire.

In order to rule out the possibility of a spin glass behavior remnant magnetization
vs time measurements were performed. It is expected that the magnitude of the remnant
magnetization to be constant over a long period of time (~30 minutes) below the critical
temperature. Figure 5-14 shows such a measurement performed on sample N129-03
which was cooled to 20K and saturated with a field of 1T. The remnant magnetization
does not decay with time, which is exactly the behavior of a ferromagnetic material
should exhibit.
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Figure 5- 14 Remnant magnetization vs time plot for sample 129-03 recorded at no applied field and
20K

In a superparamagnetic sample the hysteresis curves does not have remnance or
coercivity, and plots of magnetization (M) versus applied field over temperature curves
( H T )overlap. In order to exclude the possibility of superparamagnetism, M vs H T
measurements were performed for sample N131-03. From Figure 5-15 it is clearly
evident that hysteresis curves at different temperatures have different slopes and are not
overlapping, thus excluding any superparamagnetic behavior.
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Figure 5- 15 M vs H/T plot for sample N131-03 clearly exhibiting different slopes for hysteresis
curves obtained at different temperatures thereby excluding the possibility of superparamagnetic
behavior.

Transmission electron microscopy performed on our samples also indicated that
our material is single phase free of secondary phases. Some twin boundaries and
dislocation loops were present in our samples as confirmed by TEM.
5.4.2 Growth of GaMnN After System Redesign

During the course of the research the growth system has been moved from its
original location to a new laboratory and the system was redesigned to address hardware
issues that arose over the years the system had been in service. After the system was
rebuilt and commissioned numerous growth runs were performed in order to obtain a
baseline GaN that is optically, structurally and electrically sound.
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After the baseline GaN growth recipe was established, the growth of GaMnN
films was investigated. Systematic studies were performed mapping out Mn flow rates
between 50-500 sccm and growth temperatures between 940°C and 1045°C were
investigated. From the experiments performed we have concluded that higher flow rates
and higher growth temperatures lead to films with rough surfaces, polycrystalline GaN
phases, and in the very extreme secondary phases between GaN and Mn. Figure 5-16
shows the evolution of the surface of the as grown films as temperature and flow rate of
the Mn precursor is increased.

T

Mn

100 sccm

150sccm

200sccm

990°C

1020°C

1035°C

Figure 5- 16 Optical microgaphs of GaMnN film surfaces showing change in surface morphologies as
a function of temperature and Mn flow rate.
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As it can be seen from the image grid above, higher temperatures and higher flow
rates of Mn precursor leads to surfaces that are rough. Smooth surfaces are generally
cracked due to tension in the films which is an expected result of addition of Mn into the
lattice. The optimum temperature and flow rate for a smooth surface was determined to
be 100 sccm and 1020°C.
A wide range of flow rates for the Mn precursor was studied to determine the
onset of secondary phase formation and also ensure the growth of single crystal films.
For this purpose flow rates up to 500 sccm was used to test the boundaries of the growth
window. Figure 5-17 shows a phase diagram separating the phase field where single
crystal films free of secondary phases and films with secondary and polycrystalline
phases are obtained.

142

Mn Precursor Flow Rate sccm)

500

400

Magnetic
Non-Magnetic
Non-Magnetic
Secondary
Magnetic

and polycrystalline phases

300

200

100

Single Crystal
0
950

960

970

980

990

1000

1010

1020

1030

1040

1050

1060

Growth Temperature (°C)
Figure 5- 17 Phase fields for GaMnN films with secondary and polycrystalline phases and single
phases. Solid red circles indicate magnetic GaMnN with secondary phases. Open red circles indicate
non magnetic GaMnN with secondary phases. Solid blue circles indicate magnetic GaMnN with no
secondary phases. Open blue circles indicate non magnetic GaMnN with no secondary phases.

Determination of the secondary and polycrystalline phases was validated by θ-2θ
scans on a Rigaku X-ray diffraction machine. Angles from 12 ° to 80° were investigated
with 2° scatter and diffraction slits to maximize the intensity of relatively weaker peaks.
Figure 5-18 illustrates two x-ray scans for sample that contain secondary phases and that
do not contain secondary phases.
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Figure 5- 18 X-ray spectra showing the presence of secondary phases in the spectra (N057-06) and xray spectra showing a sample devoid of secondary phases (N056-06).

With all these data a baseline for the growth of GaMnN in our redesigned reactor
has been established. Further runs can be performed with the parameters determined in
this set of experiments. The following section describes the effect of Fermi level on the
magnetic properties of GaMnN.
5.4.3 Co-Doping of GaMnN by Silicon and Magnesium: A Fermi Level Study

The growth of ferromagnetic GaMnN was achieved by MOCVD growth on
sapphire substrates. Single phase GaMnN was obtained and several characterization
methods were employed and confirmed that ferromagnetic behavior was a result of long
range order between Mn ions, rather than secondary phases or spin glass behavior. It was
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also established that there was a certain dependence of the ferromagnetic strength of the
grown material on the Mn concentration in the film, which is indeed a good fingerprint of
a DMS material.
Although the observed properties of the GaMnN films grown reflect DMS
properties, some attributes of these films are not in line with the proposed theories by
Zener as discussed earlier in the text. Therefore, the origin of the ferromagnetic
properties should be better investigated and the theory should be revised or altered based
on the results obtained.
The Zener theory of ferromagnetism observed in DMS materials is based on the
interaction between the delocalized carriers and localized spins of the magnetic
impurities. This theory is well suited for GaAs based DMS materials, however the case is
different for GaN based DMSs. Alloying GaAs with Mn results in the formation of an
impurity band right above the valence band of GaAs. This band also hybridizes with the
valence band provided that sufficient Mn concentrations are reached, and results in an
abundance of holes for conduction in the valence band.
The situation is different when Mn is added to GaN as a magnetic impurity. It is
theoretically predicted that in GaMnN, Mn forms an impurity energy level 1.4 eV above
the valence band of GaN [70]. This is considered as a deep level, and does not supply
holes to the valence band and hence the resulting crystal is compensated and electrically
insulating. In order to render GaMnN films conductive either p-type or n-type dopants
must be added above the compensation level, which is a very challenging task especially
for p-type GaN even in the absence of Mn as an alloying element. Zener, in his theory
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sets the availability of 3.5 x 1020holes/cm3 and 5 % Mn atoms in GaN as a prerequisite
for ferromagnetism. Evidently our films do not contain that many carriers and Mn atoms,
nonetheless, we observe ferromagnetic properties, which we have precluded the
possibility of secondary phases or spin glass behavior. Therefore, a different mechanism
must be at work in order to observe the carrier mediated ferromagnetic long range order
in our films.
We propose that the ferromagnetic properties are a function of the position of the
Fermi level in the crystal. More specifically, ferromagnetic long range order is induced
when the Fermi level runs through the Mn impurity band, and allows for a certain amount
of carriers to be present in this band. Once this band is partially filled, carriers in this
band are rendered mobile and polarize the spins of the Mn ions in the lattice resulting in
ferromagnetic long range order. When the Fermi level is below the Mn impurity band,
this band is devoid of carriers and there is no interaction induced between the Mn ions’
spins, therefore the ferromagnetic long range order is destroyed. Conversely, if the Fermi
level is located above the Mn impurity band, then this band is completely filled with
electrons, and inhibits the movement of carriers, once again destroys the ferromagnetic
long range order. The three instances are illustrated in Figures 5-19 (a), (b) and (c), for
the case when the Fermi level runs through the Mn impurity band, when it is below and
above the Mn impurity band, respectively.
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Figure 5- 19 Band structure of GaMnN illustrating the Mn 3d impurity band formation and the
relative position of the Fermi level with respect to this band. (a) Fermi level runs through the Mn 3d
band allowing ferromagnetic long range order (b) and (c) position of the Fermi level either fills up all
energy level in the Mn band, or depletes electrons from the band and destroys long range order.

In order to test the model set forth above, several experiments were designed to
shed light on the mechanism underlying the observed ferromagnetic properties. Our
experiments were designed so as to alter the position of the Fermi level in the crystal, and
monitor the magnetic properties of the films. Since doping a semiconductor is the most
straight forward method of altering the Fermi level, the first approach was to co-dope
GaMnN with silicon and magnesium, which are conventionally used n-type and p-type
dopants respectively.
A GaMnN growth recipe that results in ferromagnetic properties was selected and
silane was added as a dopant at different flow rates to the growth chemistry. Magnetic
measurements were performed by a SQUID magnetometer at room temperature. The
results indicate that the magnetic moment of the films grown is a function of the silane
flow rate, which in turn corresponds to the movement of the Fermi level higher up in the
bandgap of GaMnN. Figure 5-20 indicates the change in the hysteresis behavior of the
films upon addition of silane as an n-type dopant into the growth chemistry. The
magnetic moment scales with silane doping level as shown in Figure 5-21.
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Figure 5- 20 The change in hysteresis curves as a function of silane flow rate (a) 0 nmol/min (N06404) (b) 2.0 nmol/min (N071-04) (c) 6.78 nmol/min (N061-04) (d) 84 nmol/min (N062-04)
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Figure 5- 21 Saturation magnetization versus silane flow. The inset shows the hysteresis curve for the
case of 2 nmol/min flow of silane

In an effort to determine the silicon concentration in our films, SIMS was
performed on samples heavily doped by silicon and unintentionally doped samples. It can
be seen in Figure 5-22 that the silicon concentration in the doped sample (a) is two orders
of magnitude higher than that in the undoped sample (b). Therefore the Fermi level is
pushed up, towards the conduction band in the heavily doped sample and hence decreases
the saturation magnetization, which is in agreement with our model. The silicon
concentration is 1018/cm3 in the unintentionally doped sample. The relatively high
concentration of silicon in the undoped film is attributed to contamination of the
organometallic precursor used for Mn when it was prepared by the manufacturer; in fact
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historically silicon contamination in commercial organometallic precursors has been a
major challenge for manufacturers to overcome.

Ga
Mn
Si

Ga
Si
Mn

Figure 5- 22 SIMS data for undoped (a) and silicon doped (b) GaMnN samples. The difference
between the silicon concentrations between the two samples reflect as the difference in the Fermi
level in the crystal.

Another aspect of the testing of our model is the Mg doping of GaMnN samples,
where acceptor levels right above the valence band are created, and carriers are
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thermalized into these levels and thereby lower the Fermi level below the Mn 3d impurity
band. This depletes this band from carriers, and reduces the magnetic moment of these
films. To this end we added Cp2Mg to the growth chemistry of our recipe in order to dope
these films with Mg. Since doping of GaN is very sensitive to Cp2Mg flow rate only two
doping levels were chosen to observe the effects of doping on the magnetic moment.
Figure 5-23 shows the effect of Mg doping on the magnetic moment of GaMnN samples.

(a)
(b)

Figure 5- 23 Magnetization vs applied field for undoped (circles) and Mg doped (squares) GaMnN
samples. Mg codoping lowers the Fermi level and reduces the magnitude of the saturation
magnetization

In Figure 5-23 the curve (a) belongs to an undoped GaMnN sample grown under
ideal conditions. The curve (b) on the other hand is the magnetic response of a Mg doped
GaMnN sample grown under identical conditions except for the addition of Mg
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precursors. Note the difference between the magnitude of the saturation magnetization
between the curve (b) (Mg doped) and curve (a) (undoped). This is in accord with the
proposed mechanism based on the occupancy of the Mn 3d level. Once the carrier
concentration in this level is reduced the magnitude of the magnetic moment is also
reduced due to limited availability of free carriers to mediate ferromagnetism. This
phenomenon is pictorially depicted in Figure 5-24 in the band diagram for both undoped
and doped cases respectively.
Ec

Ec

Mn 3d

Mn 3d
Mg: 0.16 eV

1.4 eV
Ev

1.4 eV

Ev

Figure 5- 24 Band diagram showing the effect of Mg doping on the carrier concentration in the Mn
3d band. Carriers in the Mn 3d band are depleted as a result of Mg doping. These carriers are
relocated to the available Mg levels.

5.4.4. Charge Transfer through a Hetero-Interface: Effects on Ferromagnetic
Properties of GaMnN

In the previous section we have discussed the effects of codoping GaMnN with ntype and p-type dopants and investigated the effects of doping on the magnetic properties.
In our findings, we have seen that the saturation magnetization correlates with the
position of the Fermi level in the crystal. We assumed that the Fermi level in the crystal is
around the Mn 3d band for the undoped case and moves up and down for n-type and p-
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type dopants respectively. The effect of co-doping on the magnetization of our samples is
apparent, however, the effect of introducing dopants on the crystal quality is unknown.
In order to eliminate these effects and the ambiguity of the results due to the
introduction of dopants, we designed a set of experiments in which the magnetic layer i.e.
GaMnN layer remains undoped. In these experiments, we show that initially nonmagnetic GaMnN can be rendered ferromagnetic by placing a Mg-doped GaMnN layer
adjacent to it. These experiments explicitly show that the ferromagnetic properties are
carrier mediated and perturbations to the electronic structure of the crystal alter the
magnetic properties. Therefore the possibility of secondary phases is clearly excluded.
GaMnN films were grown at a temperature, with growth parameters, that are all
outside of the range of parameters leading to ferromagnetic GaMnN films. The Mn
concentration in all of the films was 1020atoms/cm3 as measured by SIMS.
This study demonstrates that the very weak ferromagnetic or paramagnetic
GaMnN films can be rendered ferromagnetic by changing the occupancy of the Mn
energy band. Structures used in this study are labeled A, B and C. In all these structures,
the GaMnN film by itself, at any thickness used in this study, is not ferromagnetic or
practically paramagnetic. Structure A is a GaMnN/GaN:Mg single heterostructure (SHS)
in which the GaN:Mg layer thickness is varied from 0.15-0.75μm, whereas the GaMnN
layer thickness was kept constant at 0.375μm. Figure 5-25(a) shows the initial weak
ferromagnetic behavior of the GaMnN/GaN:Mg heterostructure for a GaN:Mg thickness
of 0.15μm, and how the magnetization increases by increasing the GaN:Mg layer
thickness. The magnetization response from these structures scaled with the GaN:Mg
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layer thickness and eventually saturated. Figure 5-25(b) shows the saturation of
magnetization as a function of GaN:Mg thickness.
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Figure 5- 25 (a) Magnetization vs. applied field curve for structure A at 300K. ▲ very weak
ferromagnetic response of GaMnN with 0.15μm GaN:Mg grown on top.  ٱand ● are ferromagnetic
responses for GaN:Mg film thickness of 0.37μm and 0.75μm respectively. (b) Change in
magnetization as a function of GaN:Mg layer thickness for structure A.

Structure B is comprised of a GaMnN/GaN:Mg multilayer double heterostructure
(DHS) that is repeated three times. The GaN:Mg layers were kept at a fixed thickness of
0.125μm, whereas the GaMnN thickness was varied from 0.125-0.2μm. Figure 5-26 (a)
shows that ferromagnetism is only observed in GaMnN films with ta>0.162μm. Figure 526 (b) shows the paramagnetic and ferromagnetic responses of these structures with
0.125μm and 0.2μm GaMnN layers.
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Figure 5- 26 (a) Magnetization vs. GaMnN layer thickness ta. GaMnN/GaN:Mg multilayer DHS as
shown in inset. At room temperature, ferromagnetic properties are only observed for GaMnN films
thicker than 0.162µm. (b) Magnetization vs. applied field showing the change in ferromagnetic
properties as the thickness of the GaMnN layer is increased from 0.125µm (curve y) to 0.2µm (curve
x).
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Structure C is comprised of GaN:Mg/AlGaN/GaMnN/AlGaN/GaN:Mg multilayer
structures with the AlGaN layer serving as a wide bandgap barrier for the carriers. Based
on the data presented in Figure 5-25 and 5-26 the thickness and composition of the
GaN:Mg (0.75μm) and GaMnN (0.38μm) layers were chosen such that resulting films
would be ferromagnetic in the absence of the AlGaN barriers. The AlGaN film thickness,
tb, varied from 25-200 nm and the Al concentration was 30%. The magnetic properties of
the multilayer structure are shown in Figure 5-27 (a). The SQUID data indicates that the
GaMnN films are ferromagnetic only for very thin AlGaN barriers (tb ≤25nm) and are
practically paramagnetic for thicker AlGaN barriers as shown in Figure 5-27 (b).

Figure 5- 27 (a) Magnetization vs. AlGaN barrier thickness for
GaN:Mg/AlGaN/GaMnN/AlGaN/GaN:Mg DHS. The thickness of the GaMnN and GaN:Mg layers
are fixed at 0.38μm and 0.75µm, respectively. (b) Magnetization vs. applied field for DHS containing
25nm and 50nm thick AlGaN barriers.
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To explain our results we will first discuss the difference in the behavior of Mn
atoms in GaMnAs and in GaMnN compounds. For GaMnAs, Mn is a relatively shallow
acceptor; the abundance of holes in the valence band that exists in p-type GaMnAs
mediates the magnetic interaction.
For GaMnN the situation is quite different; Mn atoms act as deep levels in GaN
and form an impurity energy band whose width depends on the Mn concentration [70].
Optical absorption measurements indicated the Mn energy band (EMn) is located 1.4 eV
above the valence band edge (E v ) of GaN [74]. The interaction of the Mn energy band
BB

BB

with the valence band is very small and it is not expected to polarize the valence band.
Thus, carrier mediated ferromagnetism in GaMnN can only be present if the Ef resides
within the Mn energy band . Therefore, the location of the Ef will determine the
.

occupancy of the density of states (DOS) in this impurity band and thus the availability of
carriers to mediate ferromagnetism.
The current results are explained based on the carrier transfer from the Mn
energy band to the Mg level and its effect on the occupancy of the Mn energy band. The
Mn energy band in GaMnN and the Mg level in GaN:Mg are located about 1.4eV and
0.15eV above the valence band of GaN respectively, as shown by the schematic in Figure
5-28 (a) and Figure 5-28 (b).
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Figure 5- 28 Schematic of band diagrams showing different energy bands and levels for (a) GaMnN
(b) GaN:Mg.

At room temperature, the Mg acceptor level in GaN:Mg is barely activated, and
for a Mg concentration of 5x1019/cm3, the hole concentration in the valence band is in the
low 1017/cm3 range. Initially, we will assume that the Mn energy band is completely
filled with electrons and this assumption is addressed later. Thus, for the
GaMnN/GaN:Mg (SHS) (structure A) electrons in the completely filled Mn energy band
of the GaMnN layer will transfer into the acceptor level in the adjacent layer, resulting in
a partially filled Mn energy band. This partially filled Mn energy band will offer the
required conditions to mediate ferromagnetism in the GaMnN/GaN:Mg (SHS).
Therefore, these films will be ferromagnetic with the magnitude of the magnetization
depending on the availability of Mg acceptor levels, and in turn dependent on the
thickness of the GaN:Mg layer as shown in Figure 5-25 (b). The carrier transfer process
will continue until a built in electric field and a depletion layer are established at the
GaMnN/GaN:Mg interface. The transfer process will also result in the partial emptying
of the Mn energy band to yield the desired carriers and hence the mediation of
ferromagnetic properties.
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For the GaMnN/GaN:Mg multilayer (DHS) (structure B), ferromagnetism was
only observed for GaMnN films of thickness ta>0.162μm (Figure 5-26(a)). Very thin
GaMnN films are depleted of carriers and these films show paramagnetic responses.
However, these layers do not suffer from carrier depletion throughout their whole
thickness when they are grown thicker, and are able to offer ferromagnetic properties as
shown by curve (x) of Figure 5-26 (b).
For the GaN:Mg/AlGaN/GaMnN/AlGaN/GaN:Mg (DHS) (structure C), the
saturation magnetization was very weak except for the AlGaN barrier layer less than
25nm thick. The presence of the AlGaN barrier layers affects the carrier transfer from
GaMnN to the GaN:Mg layers. Carrier transfer across the barrier takes place either by
tunneling or thermionic emission. The probability of tunneling exponentially decays with
the AlGaN barrier thickness (tb). For very thin AlGaN barriers (tb <25nm), the charge
transfer across the GaMnN/GaN:Mg interface is not impeded, and ferromagnetic
properties are retained. However, for tb>50nm, the charge transfer across the
GaMnN/GaN:Mg interface is highly impeded, and the ferromagnetic response is
extremely weak or the films are practically paramagnetic as shown in Figure 5-27 (a).
The above discussion is based on the assumption that the Fermi level is located
above the Mn energy band and that this band is filled with carriers. To check this
assumption, the starting paramagnetic GaMnN layer was grown between GaN:Si layers
to form a GaN:Si/GaMnN/GaN:Si (DHS), and was found to be paramagnetic or very
slightly ferromagnetic again as shown in Figure 5-29. The data is explained as follows: Si
is a shallow donor in GaN with an energy level 5-10 meV below the EC. Therefore, if the
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Fermi level in the GaMnN film is close to Ev, the Mn energy band will be empty.
Electrons from the GaN:Si layers will transfer to the GaMnN layer and result in a
partially filled Mn energy band. Thus, ferromagnetic properties should be enhanced.
Since this is not the case in the experimental findings from GaN:Si/GaMnN/GaN:Si
structures, the initial assumption that GaMnN has a completely filled Mn energy band is
valid. Further, if the Mn energy band was empty, the presence of a neighboring Mg level
would not generate the required carriers to mediate ferromagnetism.

Figure 5- 29 GaMnN layer (initially paramagnetic) grown between two n-type GaN layers is still
paramagnetic in accord with our model.

The effect of presence of a silicon doped GaN layer adjacent to a GaMnN layer
was further investigated. In this case an initially ferromagnetic GaMnN was selected as a
starting material, and was grown between two silicon doped GaN layers. According to
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our model, carriers in the n-type GaN layer will transfer to the adjacent GaMnN layer, in
which the Mn 3d band is partially occupied, and fill up the Mn band. Since carriers are
not mobile with the Mn 3d band completely occupied, ferromagnetic properties should be
effectively reduced.
In our experiments two samples with low and high silicon contents were grown
and ferromagnetic properties were investigated. In these experiments a ferromagnetic
GaMnN layer was sandwiched between two GaN:Si layers and the magnetic moment was
measured. Figure 5-30 (a) and (b) illustrates the structure of these two samples with the
respective silicon concentrations.

GaN:Si 5 x 1018/cm3

GaN:Si 1 x 1020/cm3

GaMnN

GaMnN

GaN:Si 5 x 1018/cm3

GaN:Si 1 x 1020/cm3

Ferromagnetic

(a)

Paramagnetic

(b)

Figure 5- 30(a) Structure of GaMnN sandwiched between moderately doped GaN:Si layers (b)
Structure of GaMnN sandwiched between highly doped GaN:Si layers

Figure 5-31 illustrates the initial magnetic response of the GaMnN film with
0.3% Mn (a) and the effect of sandwiching this layer between GaN:Si layers with two
different concentrations (b) and (c). For the sample (b) in Figure 5-31 the doping is much
less than the Mn content and the carrier transfer from the GaN:Si layer to GaMnN layer is
not sufficient to quench the ferromagnetic properties. On the contrary, when this same
structure is grown between a higher Si content (1020/cm3) the magnetic moment is
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quenched and a very slightly ferromagnetic response is obtained. Therefore, it would be
safe to conclude that the charge transfer from the GaN:Si layer to the GaMnN layer
causes the occupancy of the Mn 3d impurity level to increase to a point where the carriers
in this band are not mobile and can not mediate ferromagnetism.
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Figure 5- 31(a) Starting GaMnN film showing ferromagnetic properties. (b) Slight decrease in the
saturation magnetization upon doping GaN:Si layers with 5x1018donors/cm3. (c) Complete loss of
ferromagnetic properties of upon doping GaN:Si with 1020 donors/cm3

The above results reveal the dependence of ferromagnetism on the availability of
carriers in the Mn energy band to mediate ferromagnetism in GaMnN. In this study we
initially observed the changes in the magnetic moment of a paramagnetic sample as the
occupancy of the Mn 3d impurity band was intentionally altered. We assumed that for a
paramagnetic sample the Mn 3d band is completely occupied. Ferromagnetic properties
can be induced in this paramagnetic GaMnN film by partially depleting carriers from the
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Mn energy band. When GaMnN was sandwiched between two GaN:Mg layers, carriers
were transferred from GaMnN to GaN:Mg resulting in the partial depletion of carriers in
the GaMnN layer. Since the Mn 3d impurity band is partially depleted from carriers, the
ones that are present in this layer are mobile and mediate ferromagnetism in the structure.
Conversely, when the starting GaMnN was ferromagnetic and sandwiched between two
GaN:Si layers, carriers transfer from the GaN:Si layer to GaMnN layer causes the
GaMnN layer to be fully occupied. In this case carriers are not mobile and ferromagnetic
moment is reduced.
The data presented should not be evaluated from a quantitative point of view, but
rather treated as a qualitative trend. However, even with such qualitative discussions, a
consistent set of results allows a better understanding of the ferromagnetic properties of
GaMnN. Thus, it is fair to conclude that ferromagnetism in MOCVD grown GaMnN is
carrier mediated within the Mn composition range used in this study.
5.6 Conclusion

In this chapter of this dissertation the basics of magnetism is presented followed
by a research performed on a new type of magnetic material. Synthesis of GaMnN was
performed in an in house MOCVD reactor by using a new precursor for the Mn metal.
During the course of this research the behavior of this new precursor was empirically
identified. Successful growth of single crystal smooth ferromagnetic GaMnN films was
achieved. The possibility of secondary phases was eliminated by X-ray diffraction and
transmission electron microscopy in the earlier stages of this research. More importantly
experiments were designed and carefully executed to shed light on the controversial
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origin of ferromagnetic behavior in this material system. Compelling evidence of Fermi
level dependence of ferromagnetism was extracted from the systematic experiments
performed. Moreover a charge transfer study indicated that perturbations to the band
structure of this material changes the magnetic moment of these films; clearly excluding
the possibility of secondary phases or spin glass behavior which are both independent of
the electronic structure of the film grown. Based on these experiments a model for
ferromagnetism is proposed and results are used to further support the model. First
principles calculations referenced in the text are in agreement with our experimental
results indicating the validity of the data collected.
Further work in the area would be to design device structures where the magnetic
properties can be altered by electrical signals, thereby allowing this material to be
integrated into electronic devices that explore the spin degree of freedom of electrons.
This in turn may lead to the fabrication of low power magnetic random access memories,
spin field effect transistors, and also devices with new functionalities. In order to achieve
this goal, better material quality and better control over growth conditions is crucial.
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CHAPTER 6: OPTICAL TRANSMISSION
MEASUREMENTS
6.1 Optical Transmission Measurements

The fundamental energy bandgap of most semiconductors is in the zero to 6 eV
range. Photons with sufficient energy can excite electrons from the filled valance band to
the empty conduction bands. The optical spectra of semiconductors provide rich
information regarding the electronic properties of semiconductors. In the case of samples
that are sufficiently thin the optical transmission spectra leads to the determination of the
bandgap energy and also defect levels within the bandgap of the semiconductor. A large
density of states is required to effectively probe levels within the bandgap of the
semiconductor.
When a photon is incident on a semiconductor several interactions with carriers
can take place depending on the energy of the incident photon. These mechanisms are
band-to-band (interband) transitions, impurity-to-band transitions excitonic transitions,
free carrier (intraband) transitions and phonon transitions.
All of the above transitions contribute to the overall absorption coefficient of the
semiconductor. For photon energies greater than the bandgap of the semiconductor, Eg,
the absorption is dominated by band-to-band transitions. The spectral region where the
material changes from being relatively transparent ( hυ < E g ) to strongly absorbing
( hυ > E g ) is known as the absorption edge of the material.
Transmission measurements were performed by using a Varian Cary 5E UVVIS-NIR dual beam spectrometer with a scanning spectral range between 175nm and
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3.3μm. The spectrometer used was a courtesy of Dr. John Muth. Emission from a
tungsten halogen light source was used to provide visible light for the measurements. A
spectrophotometer was used to selectively scan wavelengths between 200nm and 900nm.
Ultraviolet and visible light was detected using a photo multiplier tube, and a lead sulfide
detector was used to detect infrared light. All transmission spectra were normalized to
account for the spectral responsivity of the lamp and the detector.
6.2 Optical Transmission Measurements of GaN

An optical transmission measurement of an unintentionally doped GaN film
grown by MOCVD on a sapphire substrate was performed. The index of refraction was
determined using the spectra obtained and a method developed by Swanepoel [75]. For a
practical situation of a thin film on a transparent substrate, the refractive index of the film
can be accurately determined from the interference fringes of the transmission spectrum.
The use of a double side polished transparent substrate and a ~1μm thick smooth GaN
film results in excellent interference fringes which in turn allows the determination of the
optical constants of the film.
Figure 6-1 illustrates the acquired transmission spectrum for a GaN film on
sapphire. It is evident that the film under investigation is smooth, since perfect
interference fringes are observed. The maximum transmission of the incident intensity is
limited by the relatively thick sapphire substrate (330μm) which also reflects part of the
incident light. Calculation of the maximum light transmitted for the sapphire substrate
alone can be performed by using the following equation for the interference free
transmission.
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(1 − R) 2
Ts =
1− R2

(6.1)

where,
R = [( s − 1) ( s + 1)]

2

(6.2)

and Ts is the interference free transmission for the sapphire substrate alone and R denotes
the reflection coefficient. Combining equations 6.1 and 6.2 the interference free
transmission for the sapphire substrate becomes.
Ts =

2s
s +1
2

(6.3)

Assuming a constant refractive index of s=1.77 for sapphire and using the above
equation the interference free transmission for the sapphire substrate is calculated as
Ts =0.86. Figure 6-1 illustrates the transmission spectrum for unintentionally doped GaN
on sapphire.
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Figure 6- 1 Transmission spectrum of unintentionally doped GaN on a sapphire substrate

The transmission of light is traced as a function of wavelength through the band
edge of GaN and the intensity is recorded. For photon energies above the bandgap of
GaN (λ<363nm) almost all of the light is absorbed in the film and none of it is
transmitted. This region is called the strong absorption region and it is characterized by a
large absorption coefficient α in the 104-105 cm-1 range [76]. For the region where the
absorption is medium the absorption coefficient smaller and the transmission of light
slightly increases. The region of weak absorption is where the absorption coefficient is
small and the transmission is readily observed. In the transparent region the film is admits
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all incident light through and the absorption is due to the sapphire substrate alone
governed by equation 6.3. The different regions of absorption are shown in Figure 6-1.
The transmission of light through an amorphous film on a transparent substrate
was investigated by Keradec [77] and Mini [78] and the following equation for the
region where the imaginary part of the refractive index k=0 is derived.
T=

Ax
B − Cx cos ϕ + Dx 2

(6.4)

where
A = 16n 2 s

(6.5)

B = (n + 1) 3 (n + s 2 )

(6.6)

C = 2(n 2 − 1)(n 2 − s 2 )

(6.7)

D = (n − 1) 3 (n − s 2 )

(6.8)

ϕ = 4πnd / λ

(6.9)

x = exp(−αd )

(6.10)

The extremes of the interference fringes in Figure 6-1 can be written as:
TM =

Ax
B − Cx + Dx 2

(6.11)

Tm =

Ax
B + Cx + Dx 2

(6.12)
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For further analysis TM and Tm are considered to be continuous functions of λ and
thus of n(λ) and x(λ). TM and Tm are considered to be the extremes of the transmission
curve and both have values associated with every λ.
The envelope function for the transmission spectrum of GaN is illustrated in
Figure 6-2. The envelope functions are interpolated where values from the transmission
curve is not available between the crests and valleys of the spectrum. The spectrum after
the interference fringes are eliminated is denoted by Tc and shown in Figure 6-2. The
corrected spectrum obtained will be used as a reference for future transmission studies in
GaMnN.
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Figure 6- 2 Envelope functions TM and Tm for the observed transmission spectrum. Tc is the
corrected spectrum for the intereference fringes.

171

For the region of weak and medium absorption α≠0 and x<1. Subtracting the
reciprocal of equation 6-11 from 6-12 yields an expression that is independent of x
1
1
2C
−
=
Tm TM
A

(6.13)

Substituting equations 6.5 through 6.10 into the above equation and solving yield
the index of refraction, n,

[

n = N + (N 2 − s 2 )

1

]

1

2

2

(6.14)

where
N = 2s

TM − Tm s 2 + 1
+
TM Tm
2

(6.15)

Equation 6.15 can be used to calculate n(λ) from TM and Tm . TM and Tm are
simply the envelope functions for the transmission spectra and can be read off the graphs.
The values determined for TM and Tm are given in table 6-1 over the range used for
calculation of n(λ).
Table 6- 1 Values determined from transmission measurements

λ(nm)
789
763
741
718
696
678
660
642
626
610

TM
0.857
0.862
0.86
0.855
0.855
0.854
0.853
0.852
0.853
0.853

Tm
0.71
0.71
0.7069
0.7069
0.706
0.705
0.705
0.705
0.703
0.702

N
2.899
2.923
2.935
2.911
2.918
2.920
2.915
2.910
2.929
2.936

n
2.281019
2.292767
2.288095
2.276255
2.29014
2.291248
2.28887
2.286483
2.295849
2.299342

Values for the refractive index of GaN are calculated using equations (6.14) and
(6.15) and tabulated parameters in table 6-1. An expression for n(λ) is derived by
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applying a least squares fit to the obtained values of n. The following expression is
obtained for n as a function of wavelength.
n(λ ) =

11168

λ2

+ 2.26524

(6.16)

The above equation is in well agreement with literature when the refractive index
is extrapolated into the near infrared and ultraviolet electromagnetic spectrum [79].
6.3 Optical Transmission Measurements of GaMnN

When GaN is alloyed with Mn, a deep level associated with Mn forms in the
bandgap of GaN. This deep level formed is 1.4 eV above the valence band of GaMnN.
As the amount of Mn increases in the semiconductor, the wave functions of these deep
levels start overlapping and eventually form an impurity band. This impurity band is
parabolic in nature and the width increases with the addition of more Mn atoms.
Recent reports on the optical properties of GaMnN indicate that Mn ions form an
energy level 1.4 eV above the valance band of GaMnN [80]. Optical absorption studies
on GaMnN films grown by various methods confirm that Mn forms a deep energy band
in the bandgap of GaMnN [81, 82]. The possibility of internal transitions in the Mn atoms
is excluded due to the broad nature of this band. Absorption studies also indicate another
broad energy band related with the presence of Mn in that starts at 2.1 eV and extends to
the band is gap of GaMnN. The absorption band intensity of this band scales with the Mn
concentration in the films [83]. These results indicate that GaMnN films grown by
MOCVD should also contain a deep level around 1.4-1.5eV above the valence band.
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Therefore this level can be probed by transmission measurements, provided that the
concentration of Mn is adequate to show absorption of light.
Photoluminescence studies on GaMnN nanowires grown on carbon nanotubes,
show the presence of an emission from the conduction band to the Mn energy band. The
energy of this emission corresponds to 2.03 eV which suggests that the location of the
Mn band is 1.4eV above the valance band of GaMnN [84, 85].
Films containing Mn as low as 0.3 % Mn appear orange in color, which is a
rudimentary indication that an absorption mechanism operating at 2.0 eV, corresponding
to orange color in the visible spectrum is present. Judging by the data available in the
literature, it can be concluded that optical transmission measurements reveal the existence
of two different absorption bands for GaMnN films which explain the observed color
changes. These absorption bands are attributed to the transitions from the valance band to
the Mn 3d impurity band with energy of approximately 1.4eV and from the Mn 3d
impurity band to the conduction band with energy of approximately 1.9eV. These two
different transitions are schematically shown in Figure 6-3 and are labeled as 1 and 2
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respectively.

CB
2

Eg=3.4eV

Mn 3d
1

E=1.4eV

VB
Figure 6- 3 Schematic energy diagram for deep level Mn in GaN and possible absorption routes
labeled 1 and 2.

In the course of this research GaMnN films with Mn contents ranging from 0.3%
to 1.6% Mn are investigated and optical transmission data is collected. The magnetic
properties and the observed transmission spectrum are also correlated and the results are
found to match with our proposed model for the mechanism of ferromagnetism in
GaMnN.
Optical transmission measurements were performed on MOCVD grown 1.4 μm
thick GaMnN films on GaN templates. Mn concentration varied from 0.3 %Mn to 1.6%
Mn in GaN as confirmed by secondary ion mass spectroscopy (SIMS).
Figure 6-4 shows the optical transmission data collected for three samples with
increasing Mn concentration and a reference GaN sample for comparison purposes. All
sample have the same thickness of GaMnN films. The samples in this graph were grown
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for determining the Mn concentration as a function of flow rate; therefore the magnetic
properties were not measured with the exception of N149-05. This particular sample was
weakly ferromagnetic and exhibited a low saturation magnetization of 0.3 emu/cm3. The
optical transmission data collected clearly shows the presence of both absorption bands 1
and 2. The first absorption band is centered on 830 nm which corresponds to 1.49 eV.
The absorption at this band increases with an increase in the Mn dopant; indicating that it
is Mn related. Moreover the width of the absorption band also increases with increasing
Mn content, which is a clear indication that the Mn impurity band widens with addition
of more Mn. This is due to the limited density of states in the bandgap, hence levels are
split apart as Mn is added. The absorption band labeled as 2 has a threshold of 600nm,
which corresponds to 2.0 eV, and broadens with a tail close to the bandedge of GaN. The
existence of this broad absorption band may be attributed to electrons excited from the
Mn band to the conduction band and additional defects in the bandgap resulting from
high doping of the semiconductor. It is evident that for low concentrations of Mn in the
GaN lattice the optical transmission data shows interference fringes indicating a smooth
surface; however as the Mn content increases the fringes disappear due to roughening of
the surface of the samples.
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Figure 6- 4 Optical transmission spectra for GaMnN samples with increasing Mn content indicating
the active absorption bands numbered 1 and 2

The FWHM of the absorption peaks around 830nm also increases with increasing
Mn concentration. table 6-2 shows the FWHM of the absorption peak as a function of the
Mn concentration in the films.
Table 6- 2 FWHM values for the absorption peak at 830 nm as a function of Mn content in the films

Concentration (atom%)
0.3
0.8
1.6

FWHM (meV)
107
178
192

The depth of the absorption in the two absorption bands also scales with the
thickness of the films which in line with our expectations. Figure 6-5 shows this behavior
of our samples that are 0.7μm, 0.94μm and 1.4μm thick and contain 0.3% Mn. It can be
seen from this figure that as the sample thickness increases the absorption at both
absorption band increases.
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These data are consistent with our expectations and clearly identify the location of
the Mn impurity band in the bandgap of GaMnN.
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Figure 6- 5 The absorption bands of Mn scales with the thickness of the films grown

6.4 Optical Transmission and the Magnetic Properties of GaMnN Films

In the course of this study GaMnN films were grown on sapphire substrates and
correlations between the magnetic properties and the Fermi level in the crystal was
observed. Since optical transmission or absorption measurements probe the energy levels
within the bandgap useful correlations between the electronic properties and magnetic
properties of the films can be obtained.
Effect of Silicon Doping:

The effect of co-doping GaMnN with silicon was discussed in Chapter 5 and it
was found that the saturation magnetization decreased as more silicon was added to the
material. The transmission spectra of these samples also indicate that the absorption
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starting at 2.0 eV is decreasing as more silicon is added to the growth chemistry. Figure
6-6 shows the acquired spectrum for samples N064-04, N071-04 and N061-04 and also a
reference undoped GaN sample. The Mn flow for all of these films was 100 sccm and the
doping levels are shown in table 6-3.
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Figure 6- 6 Effect of Si doping on the optical transmission spectra

Table 6- 3 Important growth parameters for Si doped samples.

Sample
N064-04
N071-04
N061-04

Silicon Flow
N/A
1.34 nmol/minute
6.72 nmol/minute

Mn Flow
100sccm
100 sccm
100 sccm

Magnetization
0.9 emu/cc
0.77 emu/cc
0.29emu/cc

From Figure 6-6 it is seen that the absorption at the 1.49eV band (process 2) is
very weak, which indicates that less carriers are excited to the Mn impurity band from the
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valence band. This is attributed to the complete occupation of the Mn band upon addition
of silicon into the growth chemistry.
It is evident that as silicon is added to the growth chemistry, the magnetization
decreases and the absorption at the 1.9eV (process 1) band decreases. As silicon is added
to the growth chemistry the Fermi level is moved closer to the conduction band and more
levels in the conduction band are filled by electrons. The requirement for an absorption
process to occur is to have an electron in the lower energy state and an empty level in the
high energy state. Doping GaMnN with silicon results in more of the conduction band
states to be filled by electrons and hence less absorption to these levels from the Mn 3d
impurity band. These results are in well agreement with our published results on the
effect of silicon doping on magnetic properties of GaMnN films [86]. Moreover, since a
transmission measurement is a non-equilibrium process, excitation of carriers during the
actual measurement also fills the conduction band with electrons. The calculation of the
number of carriers generated by excitation and the quasi Fermi level associated is
calculated in section 6-5.
The absorption in the 1.49eV (process 2) band for both of these films are very
weak. This result can also be explained by a similar argument that the Mn 3d band is
filled with electrons and there are no longer any levels to available for absorption
processes occurring between the valence band and this level.
Effect of Magnesium Doping:

Magnesium doping of GaMnN films were also performed and the transmission
spectra was investigated for these films. The co-doping of GaMnN films by magnesium
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moves the Fermi level closer to the valence band of GaMnN and therefore partially
depletes the Mn 3d impurity level from electrons. This should result in an increase in the
available density of states in the Mn 3d band for absorption (process 1). The optical
transmission spectra clearly indicates the increased absorption at the 1.9eV energy band
for films that are doped with magnesium at higher doping levels. Figure 6-7 illustrates the
effect of magnesium doping on the transmission spectra of the films and includes a
reference spectrum of an undoped GaN film.
Table 6-4 illustrates the important growth properties of the magnesium doped
films grown for this study.
Table 6- 4 Important growth parameters for magnesium doped films.

Sample

Magnesium Flow

Manganese Flow

Magnetization

N084-04

22sccm

100sccm

<10-5 emu

N085-04

44sccm

100sccm

<10-6 emu

The absorption band for samples N084-04 and N085-04 are clearly shifted
indicating that as the magnesium content of the samples increase the absorption at the 1.9
eV band increases. Table 6-4 also illustrates the range of magnetization observed in the
two samples presented. It can be seen that the absorption at the 1.49 eV band (process 2)
increases for N085-04, which is the sample showing more saturation magnetization. This
indicates that the carrier concentration in the Mn 3d impurity band for this sample is
populated more than that of sample N084-04. This results in an increase absorption
process in this band.
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Figure 6- 7 Effect of magnesium doping in the optical transmission spectra of GaMnN samples.

It is evident that silicon and magnesium doping affect the magnetic properties as
well as the absorption spectra of the films. The magnetic properties can be explained on
the basis of the location of the Fermi level in the crystal as was discussed in chapter 5.
These discussions are further extended to the optical transmission data obtained from
these samples and the magnetic properties are correlated with the absorption bands
observed in the optical transmission data.
The effect of carrier excitation to higher energies however has not been taken into
account during these measurements analysis. Generation of sufficient carriers will result
in the formation of quasi Fermi levels with in the crystal for both holes and electrons.
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Therefore an estimate for the amount of carriers generated during the transmission
measurements is necessary.
6.5 Formation of Quasi Fermi Levels during Optical Transmission Measurements

Optical illumination of semiconductors with above bandgap energy photons
results in the generation of electron hole pairs and result in non-equilibrium concentration
of electrons and holes. The illumination of semiconductors with photons below bandgap
energy photons usually do not create a significant amount of excess carriers and do not
result in a change in the Fermi level position. However, if the semiconductor under
investigation is highly doped with a deep level impurity then the illumination can excite
many carriers from the valence band to this impurity band or can excite many carriers
from the impurity band to the conduction band. Therefore, for heavily doped
semiconductors the Fermi level position can change as the material is illuminated with
below bandgap energy photons.
The following section provides a calculation of the quasi Fermi level position in
GaMnN doped with 7.8 x 1020 Mn atoms/ cm3 which corresponds to 1.6% Mn. The
calculation allows us to make an estimate for the position of the Fermi level for a given
optical generation rate.
First of all we consider the maximum possible generation rate of electron hole
pair in this semiconductor by below bandgap photons. In order for a photon to excite a
carrier from a filled energy state to a higher state, the higher state must be empty. The
generation rate of electrons depends on the optical power of the excitation source.
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The optical power is 100W over the whole spectrum of the visible range. We
make a rough assumption that only 0.2% of the total power is incident on the sample
from the power source, therefore the power incident on the sample is 0.2W over an area
of 0.5 cm2 or 0.4W/cm2. The power density is assumed to be a constant value over the
whole visible region and an average power of 2.5 eV is selected for this calculation. The
number of photons incident on the sample is calculated from the power density as
follows:
# photons =

0.4W / cm 2
= 1x1018 photons / cm 2
2.5eVx1.6 x10 −19 W / eV

(6.17)

Since the photon energy is below the bandgap of the semiconductor absorption is
very weak and it is assumed the absorption coefficient is only 10 −3 cm −1 at this
wavelength. Therefore the number of electrons created or the optical generation rate is:
g opt = # electrons = 1x1018 x0.001cm −1 = 1x1015 electrons / cm3

(6.18)

The intrinsic carrier concentration of any semiconductor is given by the following
equation:
ni = ( N c N v )

1

2

exp(− E g 2k B T )

(6.19)

where, Nc and Nv are the density of states in the conduction band and the valence
band respectively. The expressions for Nc and Nv are given as follows for GaN.
N c = 4.82 x1015 (mΓ m0 ) 2 (cm −3 ) = 4.3 x1014 xT
3

N v = 8.9 x1015 xT
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(cm −3 )

3
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(cm −3 )

(6.20)
(6.21)

Therefore the equilibrium concentration of electrons and holes at 300K in pure
GaN is calculated as follows:
3

3

ni = (4.3 x1014 x300 2 x8.9 x1015 x300 2 )

1

2

exp(− 3.4eV

0.026eV

)

ni = n0 = p 0 = 4.07 x10 −10 (cm −3 )

(6.22)
(6.23)

The number of electrons and holes present at room temperature in GaN is very
small compared to that of Si (1.5x1010cm-3) because the energy bandgap of GaN is
substantially larger compared to that of silicon. The higher the bandgap, the lower will be
the equilibrium number of holes and electrons in the material at a given temperature.
The radiative recombination lifetime is calculated from the radiative constant B
and the carrier concentration in the material. The carrier background concentration is
assumed to be 1018cm-3 for GaN at this defect level. The radiative constant reported in the
literature is 1.1 x 10-8 cm-3s[79]. The radiative lifetime τn in this case is given as:

τn =

1
Bn

(6.24)

τn =

1
≅ 0.1ns
1.1x10 −8 x1018

(6.25)

The excess electron concentration in this case will be found according to the
following equation.

δn = g opτ n
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(6.26)

where δn is the excess electron concentration, g op is the optical generation rate and τn is
the radiative lifetime of carriers.
For this case:

δ n = 1015 x0.1x10−9 = 1.0 x105 cm−3

(6.27)

Therefore the quasi Fermi level for the electrons Fn will deviate as follows:

n = ni + δn = 1.0 x105 = 4.07 x10−10 exp(( Fn − Ei ) / 0.026)
Fn − Ei = 0.861eV

(6.28)
(6.29)

This result suggests that the quasi Fermi level for the electrons move 0.861 eV
apart from the middle of the energy bandgap during the measurements are taken due to
the excitation of the carriers in the Mn energy band. It should be kept in mind that this is
only a rough estimate to show that the Fermi level can move away from the Mn band
during the measurements are taken.
Figure 6-8 schematically illustrates the position of the quasi Fermi level during
the course of the measurements.

186

Ec
Fn
0.861eV

Eg=3.4 eV

Mn 3d

Ei
Ev

Figure 6- 8 The position of the quasi Fermi level during excitation

This is an estimate based on the maximum generation rate possible for electrons
in GaMnN below the bandgap energy. This estimate should serve as an upper bound to
the amount of carriers generated in optical transmission measurements. The background
carrier concentration, the partial occupancy of the Mn band and the presence of high
density dislocation density will affect the calculated numbers. Nevertheless, the location
of the quasi Fermi level suggests that optical transmission measurements are highly nonequilibrium processes and the creation of excess carriers can hinder the determination of
the exact location of the Fermi level in the crystal.
6.6 Conclusion

In this chapter optical transmission measurements performed on GaN and GaMnN
samples were presented. The optical transmission measurements performed on GaN
samples allows us to determine the refractive index of GaN as a function of wavelength.
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The refractive index found from these measurements are similar to those reported in the
literature [79].
In the second part of this chapter, transmission measurements performed on
GaMnN samples was presented. The spectra obtained showed two distinct Mn related
absorption bands. The depth and width of the bands also scale with the Mn content of the
films.
The effect of silicon and magnesium doping on the optical spectra has also been
investigated and a correlation between the magnetic properties and optical spectra has
been determined. Additionally the effect of carrier generation due to carrier excitation
from the Mn band has been estimated and a significant change in the Fermi level was
determined. The validity of the results must be carefully assessed based on these
calculations.
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7. SUMMARY
Spintronics is an emerging field in which the spin of carriers in addition or in
place of the charge is used to achieve new functionalities in electronic devices. In order to
achieve such devices ferromagnetic materials exhibiting semiconducting and
ferromagnetic properties above room temperature must be developed.
Research presented in this dissertation is focused on achieving above room
temperature ferromagnetic GaMnN by MOCVD. The mechanism or ferromagnetic
properties in this system is investigated and a model based on the Fermi level position in
the crystal is proposed. Experiments supporting these ideas are illustrated. Spin-LEDs are
grown and fabricated to be used as a tool for spin injection detection. Additionally
transmission measurements on GaMnN samples are performed and a correlation between
the ferromagnetic properties and optical properties is derived.
The understanding of the mechanism of above room temperature ferromagnetism
in GaMnN is very important in terms of achieving room temperature spintronic devices.
The results obtained in this research constitute the groundwork for the determination of
the material properties of GaMnN and the realization of spintronic devices.
Further research in this field should be related to the improvement of spin-LEDs
and also determination of the polarization state of the light emitted from these structures.
Better understanding of the spin injection properties should lead to better spin devices.
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