ABSTRACT
REED, MEREDITH L.:
Growth and Characterization of Room Temperature
Ferromagnetic Mn:GaN and Mn:InGaN for Spintronic Applications.
(Under the
supervision of N. A. El-Masry).
Dilute magnetic semiconductors Mn:GaN and Mn:InGaN showing ferromagnetic
behavior at room temperature and above were achieved. Light emitting diode devices doped
with Mn via diffusion produced operational devices with ferromagnetic properties at room
temperature.
Mn:GaN films were grown by: Mn diffusion into metal organic chemical vapor
deposition (MOCVD) grown GaN; ion implantation of Mn into MOCVD grown GaN
substrates; and MOCVD growth of Mn:GaN using (Et,Cp)2Mn as a Mn precursor. Curie
temperatures of these Mn:GaN films ranged from 228 to 520 K,

as determined by

temperature dependent super conducting quantum interference device (SQUID) and
extraordinary Hall effect (EHE) measurements. Ferromagnetic properties were observed
over a Mn concentration range of 0.09 – 3.5 % depending on the growth technique used.
The Mn:GaN coercivity ranged from 100-1500 Oe, where the saturation magnetization
varied from 2 to 45 emu/cm3. The easy axes for these films were determined to be along the
c direction (i.e. out of plane). The electrical properties of the Mn:GaN films indicated that
the films were highly resistive or n-type.

Temperature dependent SQUID and EHE

measurements verified the absence of superparamagnetism in the films, confirming the
absence of small phase separated particles within the films. XRD and TEM determined that
no secondary phases were present in any of the films studied, confirming that the
ferromagnetic properties result from a solid solution of Mn in the GaN lattice.
Mn:InGaN films were grown by Mn diffusion into InGaN films and by MOCVD
using (Et,Cp)2Mn as a Mn precursor. All Mn:InGaN films were grown on an undoped GaN
template. We report on the room temperature ferromagnetic properties of Mn-doped
InxGa1-xN with x < 0.15. The Curie temperatures for these Mn:InGaN films ranged from
300 to 700 K, which was confirmed by temperature dependent SQUID measurements. The
ferromagnetic properties were observed in a Mn concentration range of 0.12 – 8 %
depending on how the films were grown. The coercivity of Mn:InGaN films were found to
range from 100 - 800 Oe, where the saturation magnetization varied from 1 to 28 emu/cm3.

The easy axis of magnetization depends on the stress state of the InxGa1-xN film. The easy
axis rotates from in-plane to out of plane by changing the film thickness, thus going from
strained to fully relaxed films. For intermediate film thickness a transition region of partially
relaxed film was identified with isotropic magnetic behavior. The electrical properties of the
Mn:InGaN films indicated that the films were n-type or highly resistive. Temperature
dependent SQUID measurements verified the absence of superparamagnetism in the films,
confirming the absence of small phase separated particles within the films. XRD and TEM
determined that no secondary phases were present in any of the films studied, confirming
that the ferromagnetic properties result from a solid solution of Mn in the InGaN lattice.
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INTRODUCTION

The development of magnetic materials has mainly focused on metallic 3d transition
elements such as: Fe, Ni, Co, etc. These elements have been alloyed to create ferromagnetic
compounds with a wide variety of magnetic properties and applications. The most important
magnetic properties in terms of device applications are the coercivity and saturation
magnetization. With these issues in mind, several ferromagnetic devices have been developed
utilizing the spin of the electron to manipulate data storage. These devices function on the
concept of giant magnetoresistance (GMR) and typically using the spin valve configurations with
applications including Read Heads, magnetoresistive random access memory, and Hard drives
(Figure 1.1.1). Other applications include solenoid switches, sensors, Hall sensors, etc. These
applications rely solely on the spin of the electron in order to facilitate data storage, which limits
the types of devices that can be created from these materials.

Figure 1.1.1. Shows a typical setup for magnetoresistive random access memory applications.
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Semiconductor materials such as Si, GaAs, and GaN have been used for wide variety of
applications. Si and other indirect band gap materials have been used for applications such as
metal oxide semiconducting field effect transistors, diodes, bipolar junction transistors, and solar
cell applications.1 Si is the primary material used in computer applications today; therefore it is
often an objective to create new materials that are compatible with current semiconductor
processing techniques and technology. Direct band gap materials such as GaAs and GaN have
been developed over the years where primary applications include light emitting diodes (LED)
and LASERS.1,2 Current semiconductor technology takes advantage of the charge of electrons,
(doped to get n or p-type for electrons or holes, respectively), which makes these materials
undesirable for data storage.
Mass, charge, and spin of electrons in solid state materials are the basis for the
information technology in use today. However, most applications are separated into the two
groups listed above: semiconducting and magnetic. The need for creating two different devices
for data processing and storage requires additional processing steps for integration, i.e. more
expense. In addition to higher costs; device efficiency can be affected by electrical loss at
interfaces and connections, not to mention problems that may arise from stray electromagnetic
radiation or heat dissipation.

Obviously, these effects reduce the speed of the devices.

Therefore, by combining the use of both the charge and spin of the electron new devices
capable of data processing and storage should be possible. Initially, efforts to realize spin
dependent transport were performed by using ferromagnetic metals as contacts in traditional
semiconductor devices to facilitate spin polarized injection.3,4 However, these devices suffered
from scattering at the metal/semiconductor interface, thus significantly reducing the spin
injection to less than a few percent.5,6 This was attributed to the differences in the work
2

functions between the two different materials.

This ultimately led to the research and

development of a new type of material called Dilute Magnetic Semiconductors (DMS), which
was created by doping or alloying conventional semiconductors with a magnetic transition
element. Due to this recent discovery, semiconductors have been classified into three categories
as shown in Figure 1.1.2:

A

B

C

Figure 1.1.2. Shows (a) conventional semiconductor; (b) magnetic semiconductors; and (c) dilute
magnetic semiconductors. (Arrows indicate magnetic atoms).

•

A: Conventional semiconductor materials. These are used in most technological
applications today and are not magnetic since no magnetic ions are present. Dopants
are used to change the electrical characteristics of the device. Ex. Si, GaAs, GaN, Ge.

•

B:

Magnetic semiconductors.

These materials have both ferromagnetic and

semiconducting properties, with a periodic array of magnetic elements. Materials
such as semiconducting spinels and europium chalcogenides posses these
properties.7 However, these materials were quite difficult to grow due to their crystal
structure, and are incompatible with current semiconductor processing technology.

• C:

Dilute magnetic semiconductor (DMS). These materials are created by

introducing/alloying

a

magnetic

element

(impurity)

into

a

nonmagnetic

semiconductor, similar to doping. Ex. (In,Mn)As, (Ga,Mn)As.
The realization of DMS materials should allow for the injection of spin-polarized current
into semiconductors to control the spin state of carriers, giving rise to new optical and electrical
3

devices. The capability of controlling the spin and charge in electronic devices should lead to
improved efficiency, data storage, and potentially quantum “qbit” computing. The expected
benefits for optical devices are the development of magnetically tunable waveguides and the
ability of tuning the wavelength via an applied magnetic field as opposed to the conventional
band gap engineering. Alloying compound semiconductors such as the III-Nitrides and IIIArsenide’s with the transition element Mn has provided promising results for creating DMS
materials. Mn is an ideal candidate as a magnetic dopant in these materials since it can produce a
moment up to 4 Bohr magneton. In compound semiconductors such as the GaAs or GaN, the
Mn2+ ion substituting on the Ga3+ lattice site not only acts as a magnetic ion but also serves as ptype dopant in these materials.8-12 Magnetic doping or alloying of III-V semiconductors to the
necessary concentrations (up to 5%) presents a variety of potential obstacles for growth, such as:
segregation of the magnetic impurities; difficulty exceeding the thermodynamic solubility limit;
and evading the formation of secondary magnetic phases.
The first discovery of DMS materials was in 1989 by Munekata13 et al., where Mn-doped
InAs resulted in a Curie temperature (TC) of ~ 50 K. Since then, there has been a lot of purpose
and interest in creating new DMS materials with higher Curie temperatures, which is the effort
of the research presented here. The main goal of this dissertation was to develop single crystal,
ferromagnetic, Mn-doped GaN and InGaN films with Curie temperatures exceeding room
temperature. This was accomplished by three types of growth processes including: pulsed laser
deposition (PLD); ion implantation; and metal-organic chemical vapor deposition (MOCVD).
Details and methods of achieving these goals, as well as the background information are
discussed in the remaining pages.
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BACKGROUND

2.1 MAGNETISM
Magnetic moments are typically a result from three primary sources: the spin of
electrons; orbital angular momentum of electrons about the nucleus; and the change in the
orbital moment induced by an applied magnetic field. Therefore magnetism is a quantum
mechanical phenomenon depending on the spin and charge of the electron in accordance with
the Pauli Exclusion Principle.
The magnetic moment of an electron due to its intrinsic spin is often is expressed in
terms of the Bohr magneton µB :14-19

µB =

eh
[9.27 X 10-24 J/Tesla or 9.274 X 10 -21 erg/gauss or 1.16530 x 10-29 Wb-m]
2mc

(1)

where e = 4.80 X 10-10 esu the unit of electric charge, 2πħ = 6.62 X 10-27 erg sec is Planck’s
constant, and m = 9.11 X 10-28 g is the mass of the of the electron.
The magnetic moment resulting from the spin angular momentum “mS” of the electron
(spin) is quantized with a magnitude mS ( mS + 1)h = 3 4h , where mS = ½ is the spin quantum
number. The resulting magnetic moment due to the spin of an electron is given by:

m spin = −

g L µB
mS
h

(2)

where gL is the Landé g factor or the spectroscopic splitting factor15,16,18 and given by:
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gL = 1+

J(J + 1) + S(S + 1) − L(L + 1)
2J(J + 1)

(3)

The magnetic moment resulting from the orbital angular momentum “mℓ” of the
electron motion about the nucleus is also quantized with a magnitude of

m l ( m l + 1)h where

mℓ is the magnetic quantum number.15,16,18,19 The resulting magnetic moment due to motion
relative to nucleus is given by:

m orb = −

µB
h

ml

(4)

Equations 2 & 4 could be utilized to calculate the magnetic moment by using gL = 2 for the spin
momentum component and gL = 1 for orbital moment component. The oriented orbits of
different electrons within an atom combine creating a resultant orbital momentum L. The spin
of the electron also combine creating a resultant spin momentum S. These combine to a
resultant total angular momentum J = (L + S). This gives the following equation for the net
magnetic moment µeff of the atom in terms of gL and J:

µeff = g L µ B J(J + 1)

(5)

Table 2.1.1 lists the spin orientation of the electrons in the 3d shells, demonstrating the order of
which they are filled; number of electrons per shell; and the magnetic moment µeff for ions of
the 3d transition elements. The electronic configuration and energy levels of atoms in their
ground state play a crucial role in determining the magnetic characteristics.
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Table 2.1.1: Spin orientation of the electrons in the 3d shells, demonstrating the order of which
they are filled; number of electrons per shell; and the magnetic moment µeff in terms of the
number of Bohr magnetons; for ions of the 3d transition elements.
Transition Metal Ions

Spin of 3d orbitals

Magnetic Moment

Ti3+, V4+

1 µB

Ti2+, V3+

2 µB

V2+, Cr3+, Mn4+

3 µB

Cr2+, Mn3+

4 µB

Mn2+, Fe3+

5 µB

Fe2+, Co3+

4 µB

Co2+

3 µB

Ni2+

2 µB

Cu2+

1 µB

Zn2+,Cu+

0 µB

Typically, electrons in filled shells do not contribute to J since S and L are equal to zero, because
the spin momentums of the individual electrons cancel each other. When a shell is partially
filled, as in the case of 3d and 4f transition elements, there is a total angular moment J associated
with the lowest energy levels of the partially filled shells. J is normally given in the vector sum J
= (L + S); where S =

∑m
i

si

and L =

∑m
i

li

. This type of coupling between L and S giving J

is known as the Russell-Saunders of LS coupling (U(spin-orbit) = λso L • S). L and S are coupled
through the spin-orbit coupling, which results from the spin of the electron orbiting about the
nucleus while sensing a magnetic field due to the positive charge of the nucleus. λso is the spin7

orbit parameter; λso > 0 for a shell that is less than half filled, and λso < 0 for a shell that is more
than half-filled.
Hund’s Rules
Hund’s rules can be used to characterize the ground state of an atom and are as follows:
1. S =

∑m
i

si

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

maximum multiplicity lies lowest in energy, where S refers to the multiplicity. This
phenomenon is typically referred to as spin-spin coupling originating from the energy
difference in the coulomb repulsion of the electrons. The origin of the energy difference
lies with differences in the coulomb repulsive energies between the electrons. The spinspin coupling describes the coupling between two neighboring spins in a lattice. When two
electrons are present, then the state in which their spins are parallel (S=1, triplet state)
will be lower in energy than the state in which their spins are antiparallel (S=0, singlet
state). This results from the fact that two electrons with spins aligned parallel will be
separated from each at a much large distance than two spins aligned antiparallel. Since
the electrons on average are farther apart, then for one of the electrons there is less
shielding from the nucleus by the other electron, therefore it will be more exposed to the
nucleus, i.e. more tightly bound and of lower energy. When the two spins are aligned
antiparallel the opposite is true resulting in a higher energy configuration.

This

phenomenon explains Hund’s first rule.
2. L =

∑m
i

li

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

energy. This occurs since electrons orbiting in the same direction (large J) meet less
often than when orbiting in opposite directions. Hence their repulsion is less on average
when L is large. Typically referred to as the orbit-orbit coupling. The orbit-orbit coupling is
explained as follows. When two electrons in an atom spend a lot of time close to each
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other while orbiting the atom, then there will be a repulsive energy between them. When
these electrons orbit in the same direction (large J) they interact with each other less
often than when orbiting in opposite directions. Hence their repulsive energy is less on
average when L is large. The fact that such electron configurations have lower energy
means they will be filled first, which explains Hund’s second rule.
3. J = (L + S) for shells that are more than half filled; and J = (L - S) for shells that are less
than half filled. For atoms with less than half-filled shells, the level with the lowest value
of J lies lowest in energy. This is typically referred to as spin-orbit coupling.
The ground state nomenclature is as follows:
2S +1

L J where L = 0, 1, 2, 3, ….
S, P, D, F, …..

Therefore, using equation (5) the magnetic moment can be calculated using Hund’s rules.
When L = 0, J = S, there is no net orbital contribution to the moment thus gL = 2
whatever the value of J. If S = 0, J = L, the spins cancel out and gL = 1. Hund’s rules are
applicable when considering isolated atoms.

However, by making certain simplifying

assumptions one can apply this methodology to calculate µeff. The first assumption is J = S, i.e.
the orbital moment is quenched. This condition results from the crystalline field produced by the
atoms in the lattice that acts on the magnetic ion. The crystalline field has the symmetry of the
host crystal structure and is a result of the atom being in the lattice. The electron orbits of a free
atom might be circular, but may become elongated along different axes in the crystal due to the
electric fields created by neighboring atoms residing on these axes.15,16,19 This clearly indicates
that the electron orbits are strongly coupled to the crystal lattice. This orbit-lattice coupling is
usually so strong as to prevent the electron orbits from aligning in the direction of the field
9

when a magnetic field is applied. Usually the electron orbit has no significant contribution (i.e.
quenched) to the total magnetic moment thus validating the assumption. Therefore, the major
contribution to the magnetic moment comes from the electron spin, resulting from the relatively
weak nature of the spin-orbit coupling, and in most cases the assumption is gL ≅ 2, in actuality its
slightly larger or smaller than 2. The gL factor can be determined experimentally by using
techniques such as: electron spin resonance (ESR) or Electron paramagnetic resonance
(EPR),15,16,18-20 nuclear magnetic resonance (NMR),15,16,19,20 and the gyromagnetic effect.15,16,19 See
the references for a complete discussion.
The behavior of magnetic ions/atoms in solids significantly depends upon its
interactions with the lattice. In some scenarios, no net magnetic moment exists because both
the orbital and spin components have been quenched. In other cases, only the contribution
from the orbital moment is quenched, resulting in a net magnetic moment due to the electron
spin.

Therefore, if interactions are sufficiently weak the number of Bohr magnetons per

magnetic ion can be estimated using the above equation (5) (i.e. a free atom). From this analysis,
the magnetic behavior can be understood by the electronic configuration of the magnetic
ion/atom, in particular how the electrons fill the energy levels within the atom.
Atoms whose s and p shells are partially filled typically have magnetic moments that are
completely quenched (i.e. no magnetic moment) due to their strong interaction with neighboring
atoms. Examples include Si (3s23p2) and Cu (3d104s1) which exhibit diamagnetic behavior.20
However, exceptions do occur as a result of strong bonding between the atom and the crystal,
resulting in various types of magnetic behavior. Atoms whose shells are completely filled with
electrons exhibit no net magnetic moment resulting in diamagnetic behavior which is discussed
in Appendix B. Of particular interest are atoms with partially filled 3d shells, i.e. elements
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classified as transition elements. When the free atom or ion magnetic moments are maintained
in the crystal, Hund’s rules can be applied to calculate µeff. Experimentally it was determined that
L = 0 (i.e. quenched orbital moment) for most of the 3d transition elements because of the
crystalline field. However, for free ions with the 3d5 configuration, such as Mn2+, L = 0 even when
the effects of the crystalline field are absent. Therefore, for Mn2+; L = 0, S = 5/2, and gL = 2
with ground state 6S5/2. Effects of crystalline fields result from the directionality and shape of 3d
orbital, as well as the Coulomb interactions between atoms. Fundamentally, it takes into account
how the 3d orbitals interact with the orbitals on neighboring atoms within the host crystal.21
These effects dictate magnetocrystalline anisotropy in several magnetic materials and are also
responsible for lifting degeneracy of 3d levels.

2.1.1 Theories of Ferromagnetism
Zener22 describes a model of ferromagnetism involving the interaction between the d
shells in the transition metals. The first principle proposed by Zener states that for fourth
column atoms (V, Nb, Ta) and beyond, the spin correlation between the electrons in the
incomplete d shell of a single atom is essentially the same when the atom forms part of a solid as
when it is isolated in the gaseous state. The lowest energy state of the isolated atoms occurs
when the incomplete d shell has the highest net spin, i.e. all the unpaired electrons have spins
pointing in the same direction. According to this principle the incomplete d shell of an atom in a
metal also has the highest net electron spin consistent with the number of electrons therein. The
2nd principle states that sign of the exchange integral between d shells of adjacent atoms are the
same as that of the H2 molecule, which leads to an antiferromagnetic configuration of the d shell
spins. This contradicts Heisenberg’s model, which states that ferromagnetic properties are
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dependent on the separation distance between the atoms. The 3rd principle states that the spin
of an incomplete d shell is strongly coupled to the spin of the conduction electrons.
Another theory is the localized moment theory16 which states that the electrons
responsible for ferromagnetism are attached to the atoms and cannot move about in the crystal.
These electrons contribute a certain magnetic moment to each atom and that moment is
localized at each atom. This theory accounts for the variation of saturation magnetization with
temperature and for the fact that the Curie-Weiss law is obeyed above TC. However, it cannot
explain the fact that the observed moments per atom µB are non-integral for metals: since the
moment is due almost entirely to spin, as shown by gL factor measurements, the moment per
atom, if due to localized electrons, should be an integer. Other defects of the theory are that µB
and the molecular-field constant γ are different above and below the Curie temperature.
The Heisenberg approach is based on localized moments because the expression for the
exchange energy explicitly localized a certain spin magnetic moment on each atom. Thus the
assumption of localized moments is built into the molecular field theory, regardless of whether
we call the force resulting in parallel spin alignment an exchange force or a molecular field.
Heisenberg’s model was created in attempts to explain the existence of the molecular field Hm
(proposed by Weiss23) in ferromagnetic materials, which in 1928 he showed to result from
quantum mechanical exchange forces. The exchange force can be described in terms of attractive and
repulsive forces resulting from the spin configuration between two electrons on two different
atoms. When the spins are antiparallel the sum of all the forces are attractive, and when the
spins are parallel repulsive forces between the atoms are present. This indicates that the type of
alignment between the spins is dependent upon the separation distance between the two atoms.
Since electrons are essentially indistinguishable one must consider the possibility that these two
12

electrons could exchange places with each other. This introduces an additional term called the
exchange energy.

If two atoms i and j have spin angular moment Sih/2π and Sjh/2π,

respectively, then the exchange energy proposed by Heisenberg is given by the following
equation:

E ex = −2J ex S i • S j = −2J ex S i S j cosφ

(6)

where Jex is the exchange integral which occurs in the calculation of the exchange effect, φ is the
angle between the spins. When Jex is positive, Eex is a minimum when the spins are parallel (cosφ
= 1) and a maximum when the spins are antiparallel (cosφ = -1). When Jex is negative Eex is a
minimum when the spins are antiparallel. From this argument a positive value of the exchange
integral is necessary for ferromagnetic behavior. Interestingly enough, the exchange forces
decrease rapidly as the distance between atoms increases. Since ferromagnetic behavior is due to
these exchange forces, some boundary conditions for the different types of magnetic behavior
must be defined to help explain why some materials exhibit different responses. The BetheSlater curve Figure 2.1.1 shows the exchange integral as a function of ra/r3d where ra is the radius
of an atom and r3d the radius of its 3d shell of electrons. When atoms are too close together
antiferromagnetic behavior is observed, while ferromagnetic behavior is observed at some
optimal separation distance. From figure 2.1.1 it is clear that the type of magnetic behavior (i.e.
exchange forces) depends heavily on the interatomic distances. As mentioned above this theory
suffers from the fact that it does not take into account changes in the radius of the 3d shells as
atoms are brought closer together. However, it does offer an explanation as to why a transition

13

from ferromagnetic to antiferromagnetic behavior is observed in DMS materials, as a result of
increasing the doping concentration of the transition element.

Figure 2.1.1. Bethe Slater curve showing the type of magnetic behavior in terms of the exchange integral
as a function of ra/r3d.15,16

Band Theory
Band theory is often referred to as the collective-electron theory (or itinerant-electron
theory). In this theory the electrons responsible ferromagnetism are considered to belong to the
crystal as whole and capable of moving from one atom to another rather than being localized at
the positions of atoms. This theory accounts quite naturally for the nonintegral values of the
moment per atom.
Magnetic properties of 3d transition metals are characterized mainly by their d valence
electrons24-26 as demonstrated in figure 2.1.2 for Fe, Co, and Ni.25 Energy dependent density of
states (DOS) are shown in figure 2.1.2(a) for typical transition elements, where the states below

EF, are completely filled. The exchange interaction induces an exchange splitting between the
“spin-up” ( ) and “spin-down” ( ) sub bands, where the spin magnetic moment in µB is simply
14

the difference between the number of

and

electrons. Figure 2.1.2(b) shows that the spin

moment is generated almost entirely from the d shell, while figure 2.1.2(c) shows that the orbital
moment is created from the difference in the number of electrons with quantum numbers ml =
+1, +2 and ml = -1, -2. Energy bands in crystalline solids result from interactions between the
allowed energy levels for an electron and its momentum. In a ferromagnetic material these bands
are partially filled or unbalanced according to Hund’s Rules, which creates a set of bands for
each spin direction present. Therefore, since electrons interact differently with electrons having
the same spin compared with electrons having opposite, the
structures.

and

bands have different

This theory is very useful for understanding ferromagnetic behavior in DMS

materials, since the basis for semiconducting materials is its band structure.

Figure 2.1.2. Shows the (a) d shell occupation; (b) spin moment; and (c) orbital moment for 3d transition
elements. 25

It is a general conclusion amongst scientists today, that the molecular field theory is not
valid for metals. The band theory is regarded as being correct.

In some theories all the 3d and

4s electrons are regarded as being itinerant and in others some are considered to be bound to the
atoms. Some believe for example, that the conduction electrons participate in producing parallel
15

spins on adjacent atoms by a mechanism called indirect exchange. In this view, the basic exchange
force acting is one that produces antiparallel spins. For example, if an outer electron on atom A
has spin up, then the nearby conduction electron will have spin down; this forces an outer
electron in an adjacent atom B to be spin up allowing for the spins on adjacent atoms A and B
to align parallel due to the conduction electron passing between them.
Magnetocrystalline Anisotropy
Magnetic anisotropy is defined as the dependence of the internal energy of a system on
its direction of spontaneous magnetization. This energy is typically referred to as the magnetic
anisotropy energy. Typically, the magnetic anisotropy depends on the crystal symmetry of a
material, known as the magnetocrystalline anisotropy. This anisotropy is determined by the
interaction between the orbital state of a magnetic ion and surrounding crystalline field (which has
the symmetry of the lattice). The orbital moment is strongly coupled to the lattice, i.e. quenched.
Spin-orbit coupling between the spins of the 3d electrons and the orbit occurs, essentially coupling
them to the lattice.

When a magnetic field is applied the orbital moments are coupled to the

lattice where their spins are freer to turn. However, since spin-orbit coupling is present, ease of
which these spins turn towards the direction of the applied field will be dictated by how strong
the spin-orbit coupling is along that crystallographic direction within the material.
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2.2

GaN AND InGaN SEMICONDUCTOR MATERIALS
Semiconductor materials such as Si, GaAs, and GaN have been used for wide variety of

applications. Si and other indirect band gap materials have been used for applications such as
metal oxide semiconducting field effect transistors, diodes, bipolar junction transistors, and solar
cell applications.1 Figure 2.2.1 shows a typical semiconductor p-n junction under forward bias,
where W represents the depletion region and ε is the induced electric field within the junction.
Doping concentrations within the p and n type regime can altered to enhance the device
characteristics.

Vf
+

-

W
p

n

ε
p-n junction, Forward biased
Figure 2.2.1. Schematic of a p-n junction for a semiconductor device.

Direct band gap materials such as GaAs and GaN not only function as high speed
transistors, but can also be engineered for optical applications such as light emitting diodes
(LED) and LASERS.1,2 The study of GaN and its alloys has been of particular interest since
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band gap (Eg) engineering allows for wavelengths (λ) ranging from 200 < λ < 650 nm, which is
calculated by:

λ ( µm ) =

1.24
Eg

(7)

GaN has the hexagonal wurtzite crystal structure with lattice parameters a = 3.18 Å and c = 5.19
Å (figure 2.2.2), and belongs to the P63mc space group. The band gap is 3.4 eV for the intrinsic
material which corresponds to λ = 365 nm. Typical dopants are Si for n-type and Mg for ptype, with activation energies of 20 meV and 160 meV, respectively.

Figure 2.2.2. Shows the hexagonal wurtzite structure for GaN.

There is no lattice matching substrate for growth of GaN. However, Al2O3 (sapphire) is
commonly used2,27,28 as a substrate for GaN growth which belongs to the R3 c space group,
where a = 4.75 Å and c = 12.99 Å. The epitaxial GaN layers grow on the Al2O3 substrates with:
(0001) GaN //(0001) Al2O3 ,

[0 1 10]GaN //[112 0]Al2O3

(8)

where a 30 ° rotation between the two crystals occurs as a results of the alignment between the
GaN and Al2O3 unit cells. A large lattice mismatch along the 〈112 0〉 and 〈0001〉 directions
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results from large differences between the lattice constants of GaN and Al2O3. The lattice misfit
parameter f is given by:

 as − a f
f =
 a
f



 × 100%



(9)

where af is the unstrained lattice parameter of the film and as is the unstrained lattice parameter
of the substrate.29 When f is positive the film is under tension, and when f is negative it is under
compression. The lattice mismatch between sapphire and GaN is about 13% – 16%,2,28,30 which
means that a large number of dislocations are present within the GaN film to relieve that stress.
Other substrates that have been experimented with include Si, SiC, GaAs, etc., however, no
lattice matching substrate has been identified for GaN.
Growth of the III-V compound semiconductor GaN by Halide Vapor Phase Epitaxy
(HVPE) was performed by H. Maruska,31 at Radio Corporation of America (RCA), in attempts
to make a blue LED. In 1969 Maruska31 et al. were the first to grow single crystal GaN, which
was grown at 850 °C, and that better films could be grown by raising the growth temperature.
From these first successful experiments it was established that GaN films were inherently n-type
without intentional doping, and since analytical techniques available at the time were not capable
of identifying the problem, Maruska31 et al. blamed it on “nitrogen vacancies”.

In 1972 Mg

proved to be a promising p-type dopant for GaN and a bright violet LED emitting at 430 nm
was created.32 In 1989, Akasaki33 et al. discovered that conductive p-type doping with Mg-doped
GaN could be accomplished by post growth annealing. This eventually led to the development
of the first commercial blue and green LED grown by Nakamura at Nichia Chemical
Industries.34 Films by Nakamura34 et al. were grown by metal-organic chemical vapor deposition
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(MOCVD),2,27,28,34 which has proven to be the most effective method of growth for this material.
Other growth methods have been explored which include: molecular beam epitaxy (MBE);
pulsed laser ablation (PLD); etc. 2,27,28,35-39
A wide variety of impurities or defects are created during growth depending upon the
growth method and/or substrate. In some growth methods such as MBE and PLD; elemental
sources are used for the Ga which omits several impurities due to its purity. In other growth
methods such as MOCVD, metal-organic sources are used resulting in carbon impurities during
growth, not to mention the fact that these are typically atmospheric processes subject to a host
of problems. No matter how the GaN is grown, one thing still remains constant throughout:
misfit dislocations! These dislocations arise from the lattice mismatch between the substrate
material and the GaN layer, and are typically on the order of 108 – 1010 /cm3 when grown on
sapphire.
LED devices were achieved by utilizing the ternary alloy InxGa1-xN material system
which has been the key component in the development of several optoelectronic devices, such
as blue and green light emitting diodes and blue semiconductor lasers. These devices rely on
GaN/InGaN double heterostructures and quantum wells (QW), where the InxGa1-xN is under
compressive strain due to its lattice mismatch with GaN. The effect of this strain is referred to
as the piezoelectric effect. The piezoelectric effect occurs in crystals which acquire a charge
when compressed or distorted. The compressive strain in these films greatly affects their
electrical and optical properties. InxGa1-xN also has the wurtzite crystal structure and its band
gap varies with the indium composition x.

It should also be mentioned that the values of

critical layer thickness (CLT) in InGaN40-42 are more than an order of magnitude higher than
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previously reported for arsenide and phosphide compounds. Hence, thicker strained films can
be studied in the InGaN materials system as compared to InGaAs.
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2.3

DILUTE MAGNETIC SEMICONDUCTORS
Spintronics (spin electronics) is a relatively new area of research where applications are

designed to utilize the electron spin degree of freedom. Industrial devices exploiting this
property are read heads and memory-storage cells, both of which use the spin valve structure.43
These devices are typically comprised of ferromagnetic transition elements and their alloys. Until
recently, most of the effort in spintronics was focused on improving materials for these
applications. However, the discovery of dilute magnetic semiconductors (DMS)13 has potential
for a new class of spintronic devices; where the effort focuses on finding ways to utilize both
information processing and data storage within one material system. In these materials a sizable
number of nonmagnetic cations are replaced by magnetic ions (in particular, transition elements)
to facilitate ferromagnetic behavior.

Recent development of these materials has focused on

doping II-VI44-49 and III-V9,13,50-54 compound semiconductors with 3d transition elements.
Devices utilizing these types of semiconductors are expected to have many benefits over the old
technology, to include: signal amplification, multi-functional devices to include data processing
and storage, and compatibility with current semiconductor technology making integration more
plausible.
The first discovery of DMS materials was in 1989 by Munekata13 et al. by doping InAs
with Mn. The material was ferromagnetic with a Curie temperature of ~ 50 K. This material
was grown by low temperature MBE growth in a temperature range of 200-300 °C to prevent
the formation of ferromagnetic secondary phases such as MnAs. It was found that Mn could act
as an n- or p-type dopant in InAs by optimizing the growth conditions. Homogeneous n-type
(In,Mn)As layers occurred when growth temperatures were held around 200 °C, where the
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carrier concentration decreased with increasing Mn concentrations [Mn].55 At higher growth
temperatures ~300 °C and in the Mn concentration range where [Mn] < 0.026, homogeneous ptype (In,Mn)As films resulted. Films grown at these higher temperatures having [Mn] > 0.026
showed the presence of the secondary ferromagnetic phase MnAs, which was confirmed by xray diffraction. The n-type films were found to be paramagnetic, while ferromagnetic behavior
was observed in p-type samples below the Curie temperature and within the optimized Mn
concentration range.55 Electron probe microanalysis gave In1-xMnxAs compositions suggesting
that Mn atoms sit in the cation lattice. The existence of the ferromagnetic behavior for p-type
(In,Mn)As was explained in terms of the formation of bound magnetic polarons. Although it
was suggested that the ferromagnetic response could be a result of the magnetic coupling
between the Mn spins S caused by a local exchange J of the form J S·s, where s is the spin of the
localized holes.8 This infers that Mn spins are coupled antiferromagnetically with the spin of the
holes, thus allowing for long range ferromagnetic coupling between the Mn atoms within the
lattice. The ferromagnetic origin was also explained in terms of the Ruderman-Kittel-KasuyaYosida (RKKY) interaction via the Jpd. (discussed in more detail below). However, Akai56
proposed that the ferromagnetic properties result from competing effects of the superexchange
and double exchange mechanisms acting within the material. Akai56 also pointed out that
ferromagnetic behavior due to the RKKY interaction was not a plausible explanation since the
mechanism had never been observed in any real materials system.
In 1997, Koshihara57,58 and Munekata59 observed ferromagnetic order by photogenerated
carriers in (In,Mn)As/GaSb heterostructures. These materials were under tensile strain and
therefore demonstrated a strong perpendicular magnetic anisotropy. They demonstrated that
the strength of ferromagnetic spin exchange could be controlled by altering the hole
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concentration via photo-generated carriers. The Mn concentration was fixed at [Mn] = 0.06 in
these studies and the films were grown at Tg = 167 °C (or 440 °K). Growth of these materials at
these low temperatures increased the number of n-type defects present;59,60 consequently
compensating the holes supplied from the Mn acceptors. Therefore, samples grown were
predominantly paramagnetic. However, when the samples were irradiated with white light in the
range of 0.8 to 1.4 µm, the samples showed ferromagnetic order at 5 K and below, and
enhanced magnetic strength over the entire temperature range of 3 to 50 K. This analysis
demonstrated that the ferromagnetic order of p-(In,Mn)As is induced the presence of excess
holes, i.e. carrier induced ferromagnetism. Electron paramagnetic resonance (EPR)
measurements performed by Szczytko61 et al. showed that the Mn impurity in In1-xMnxAs is Mn
2+

(d 5 ) described as an ionized acceptor A - . Recently, Blattner62 et al. demonstrated a Curie

temperature of 333 K for (In,Mn)As grown by MOCVD, for which they attributed that
ferromagnetic behavior to the formation of small clusters of a few magnetic atoms as proposed
by Schilfegaarde.11 However, no structural characterization was provided to confirm these
findings reported by Blattner.62
In 1996, Ohno9 and coworkers discovered that Mn doped GaAs was also ferromagnetic
with a Curie temperature of 110 K. The material was grown using low temperature MBE at 250

°C to avoid the formation of secondary phases, where [Mn] = 0.015-0.071.13 From these results
it was shown that the lattice constant a of (Ga,Mn)As increased linearly with [Mn] following
Vegard’s law.9,63,64

The ferromagnetic secondary phase MnAs was shown to form at Mn

concentration greater than x = 0.071. The films used in this study were grown on an AlGaN
buffer layer causing the (Ga,Mn)As to be under compressive strain, leading to an easy axis in the
plane of the film for this DMS. The presence of Mn in GaAs produced ferromagnetic behavior
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as well as holes due to its acceptor nature.

Later it was demonstrated that these materials

must have p-type conductivity to possess ferromagnetic behavior,65-68 where the material
exhibited antiferromagnetic behavior when fully compensated.69 This led several authors to infer
that the ferromagnetic interaction within these materials was hole (or carrier) induced,63,69-71 and
that the origin of ferromagnetic behavior could be explained by the Ruderman-Kittel-KasuyaYosida (RKKY) interaction via the Jpd. EPR measurements performed on (Ga,Mn)As also
demonstrated the Mn2+ (d 5 ) state (i.e. ionized acceptor A - ) . 7 2
Recently, there has been an effort to establish ZnO, a II-VI semiconductor, as a
potential DMS material. Studies have been performed by doping ZnO with all transition
elements from Cr- to Cu by Fukumura73 and Jin74 et al..

These films were grown by a

combinatorial laser MBE method to fabricate the films. However, ferromagnetic behavior was
not observed in these samples above 3 K. Transition elements Fe and Cr have also been used as
magnetic dopants in III-V semiconductors. Zaets75 et al. have demonstrated a Curie temperature
< 30 K for Cr-doped GaAs, grown by low temperature MBE. While Moriya76 et al. have
discovered that co-doping GaAs with Fe and Mn produces ferromagnetic ordering up to 25 K
when growth conditions are optimized.
Theories for DMS
Recently, there has been a significant effort to grow ferromagnetic Mn-doped GaN due
to the model presented by Dietl.77 This model predicts the Curie temperature for several Mn
doped III-V semiconductors, where it is predicted that Mn:GaN will have a ferromagnetic
ordering temperature above 300 K when doped with 5% or 3.5 X 10 20 holes/cm3. We were the
first group to achieve ferromagnetism at temperatures above 300 K in Mn:GaN where the
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results were achieved by the author of this thesis.51,52 Dietl78 et al. later published a paper
predicting ferromagnetic behavior over 300 K for Ga1-xMnxN where [Mn] = 0.05, according to
the mean-field Zener model. This model was based on the cubic zinc blende GaN structure.
The Ruderman-Kitel-Kasuya-Yosida (RKKY) exchange interaction, via Jpd, is proposed
as a possible explanation for ferromagnetic behavior in DMS. RKKY theory explains the
exchange interactions between two localized atomic moments (from d electrons in Mn2+) via
carriers are indirect (i.e. FM coupled). Carriers are a polarizable medium that transmits spin
polarization from one atomic site to another. Polarization of the carriers due to the atomic
magnetic moment of the Mn ions is direct (i.e. antiferromagnetically coupled). The sign of the
exchange interaction, Jpd, changes as a result of the spin polarized carriers mean free path.
However, in terms of the FM coupling Jpd is positive. Indirect exchange couples moments over
relatively large distances. It is the dominant exchange interaction in metals where there is little
or no direct overlap between neighboring magnetic electrons. Jpd is referred to as the RKKY
exchange coefficient given by the following equation:

 J pd 2 
 F (2κ F Rl − Rl' )
J pd ( Rl − Rl' ) = 9π 
 EF 



(10)

where kF is the radius of the conduction electron Fermi surface, Rl is the lattice position of the
moment, EF is the Fermi energy, and

F (x) =

x cos x − sin x
x4

(11)
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which is the function that describes how the exchange interaction, Jpd, oscillates from positive to
negative as the separation of the ions changes; therefore, depending upon the separation
between a pair of ions their magnetic coupling can be ferromagnetic or antiferromagnetic. This
type of ferromagnetic behavior was shown to be responsible for carrier mediated
ferromagnetism in (Pb,Sn,Mn)Te.79
In the Cluster theory, Schilfgaarde11 et al. predicted that Mn forms a deep acceptor level
1.44 eV above the valence band. Mn sits on a cation site at the center of a tetrahedron in the
GaN. Each cation has 12 nearest neighbor (NN) cations and 6 next nearest neighbor (NNN)
cations. The model considers magnetic interactions based on how many Mn NN and NNN are
present, and the distances between them, rNN and rNNN. Ferromagnetic behavior is expected for
NN dimers, NN trimers, and for tetrahedron clusters for Mn:GaN. This is a reasonable
explanation for the FM results, since there is a dilute amount of Mn ions present in the GaN
acting as acceptors.
A model based on ab initio calculations by Sato47 et al. for solid solution of Mn:GaN,
found that the valence bands consisted of N-2p states. They predicted that the impurity-d states
lie near the Fermi level in GaN, showing a large exchange splitting (i.e. high spin configuration
of the d electrons). They also predicted that energy levels associated with bonding (tb) , antibonding (ta), and non-bonding (e) states would lie 1 eV, -4 eV, and just below the Fermi level,
respectively.

They stated that electrons in the e states are less itinerant than those in the ta

states, implying that the ferromagnetic state is stabilized if there are carriers in the itinerant
states. Kronik80 et al. discuss the ferromagnetic behavior and its dependence on spin polarized
transport within Mn:GaN.

Their model is also based on ab initio pseudo potential-density

functional calculations for Mn:GaN. They predict that the impurity band makes the material
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half metallic due to the hybridization of the Mn 3d and N 2p orbitals. The most important
finding from the model is the creation of a Mn-related, ideally spin-polarized impurity band,
which is 1.5 eV wide and starts at 0.2 eV above the valence band maximum. The Fermi energy
is predicted to lie within the impurity band; therefore, if carriers with sufficient mobility are
present within the impurity band then carriers injected from Mn:GaN should have 100% spinpolarized transport. All three models state that a magnetic moment of 4 µB for the Mn in the
GaN lattice.

2.3.1 Dilute Magnetic Nitride Semiconductors
Growth of Mn:GaN via solid state diffusion of Mn into MOCVD grown GaN was
performed in our lab51,52 by this author in December 2000, producing the first DMS material
with a ferromagnetic ordering temperature above 300 K. These details will be discussed in the
following chapters. However, we would like to provide some background information about
ongoing work in the field.
Growth of Mn:GaN by Molecular Beam Epitaxy (MBE) performed by Kuwabara81-83 et
al. found a growth window for achieving single crystal Mn:GaN; [Mn] ≤ 5 X 1021 atoms/cm3 at
Tg = 600 ºC to [Mn] ≤ 1 X 1020 atoms/cm3 at Tg = 800 ºC. Films grown by Kuwabara resulted
in a TC = 20 K, with an effective spin number S ≈ 2.5. This value suggested that the ionic state
of Mn ion is Mn2+ (3d5), which was confirmed by Soo84 et al. by x-ray absorption fine structure
techniques (XAFS). These materials are highly resistive due to the heavy Mn doping in these
films. The Curie temperature for these films are relatively low (20 K) compared to reports by
several other authors Curie temperatures of MBE grown Mn:GaN exceeded room
temperature.51,52,54,85-89
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Thaler88 et al. succeeded in growing Mn:GaN films with a TC above 320 K by gas source
MBE. The growth temperature for these films ranged from 700 – 750 °C. In their films the
[Mn] concentration ranged from 3 to 12 at. % where no secondary ferromagnetic phases via
XRD or high resolution TEM (HRTEM) were identified. The films were determined to be ntype by capacitance-voltage and Hall Effect measurements.53,88,90 In the same group, optical
absorption experiments and microcathodoluminescence (MCL) performed by Polyakov90 et al.
showing the presence of strong bands associated with the transition from the Mn acceptor levels
near EC – 2eV (~1.4 eV) to the conduction band.
Microcrystalline Mn:GaN grown via ammonothermal method (also known as
“AMONO”) with Mn concentrations up to [Mn] = 0.005 by Zajac91,92 et al. showed paramagnetic
behavior for all samples. EPR and magnetization measurements of the films were consistent
with the dominant Mn2+ (3d 5 ) configuration of S ≈ 2.5, which is consistent with data from
Kuwabara.81-84 The films grown in this study possessed secondary phases to including Mn3N2,
which was identified via X-ray diffraction. From this study three types of Mn centers that have
been identified in III-V semiconductors:
1) a neutral acceptor, A0(d 4 ), formed by substitutional Mn3+, with ground state spin
S = 2;91,93
2) a neutral acceptor, A0(d 5 + h), built of A0(d 4 ) center with a tightly bound
electron on the d shell and a weakly bound hole ( J = 1 in the ground state);91,94
3) an ionized acceptor, A-(d 5 ), built from A0(d 4 ) center with a tightly bound
electron on the d shell (ground state spin S = 5/2 and gL = 2.00).91,95,96
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where the A0(d 4 )centers have been observed for Mn-doped GaP,93 while the A- centers have
been reported for GaMnAs72 and InMnAs61 MBE grown epilayers.
Sonoda85-87 et al. achieved a ferromagnetic ordering temperature of 940 K growing
Mn:GaN by MBE using ammonia as the nitrogen source. These films were grown on (0001)
sapphire at temperatures from 825 – 850 °C. Films studied had Mn concentration from 6 – 9
at.% depending upon the MBE growth conditions. Interestingly enough, these samples also
exhibited n-type behavior upon Mn doping, which was attributed to hydrogen incorporation
and/or nitrogen vacancies in the film. XRD ruled out the presence of secondary magnetic
phases within the films. However, no temperature dependent magnetization measurements
were performed to rule out the presence of superparamagnetism.
Korotkov12,89,97 et al. grew Mn-doped GaN via MOCVD in an effort to examine the
optical

properties.

These

materials

were

grown

at

1060

°C,

using

tricarbonyl(methylcyclopentadienyl) manganese (TCM) as a Mn precursor. Absorption spectra
were measured in the range of 0.8 – 1.63 eV, where the sample temperatures during testing
ranged from 20 to 300 K. Deep level optical spectroscopy (DLOS) was performed on lightly
Mn-doped Schottky diodes (n-type). Photoluminescence and absorption measurements showed
two characteristic absorption bands;89 one broad high energy absorption band at 2.1 eV and the
other a low energy band having a threshold at 1.4 eV with a maximum at 1.5 eV ±0.02 eV.
These results indicated a deep Mn acceptor level. The Mn:GaN films were semi-insulating with

ρ > 100 Ω·cm. Low temp absorption measurements determined the optical ionization energy of
Mn in GaN is a deep level at 1.42 eV above the valence band. DLOS experiments indicated ntype GaN when lightly doped with Mn, where n = 2 X 1016 cm-3 at 300 K. EV + EA = 1.42 eV,
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which agrees with a vacuum referred binding energy (VBRE) model that predicts the position of
the transition metal with respect to the vacuum level98 and also agrees with local density
functional calculations of Mn in GaN.11

No reports of doping concentrations or magnetic

properties were stated in any publications from this group.
Ion implantation can offer another alternative approach for the introduction of Mn in
GaN to achieve ferromagnetic behavior. Ion implantation is a standard fabrication technique of
semiconductor processes and can be used to selectively create ferromagnetic contacts used for
spin injection in spintronics based structures. Previous reports for Mn-implanted GaN produced
ferromagnetic behavior up to 250 K,99 where doses ranged from 1015 – 5 X 1016/cm2. For the
low Mn implanted doses the GaN showed only paramagnetic behavior. For high doses ~5 X
1016/cm2, the observed ferromagnetic behavior was due to the presence of Mn:GaN platelet
structures, believed to be due to implantation damage rather than a homogeneous solid solution
of Mn:GaN. Other groups99-102 have performed Mn ion implantation into GaN but none have
achieved high crystalline quality samples or films with TC greater than room temperature.
Cr and Fe doped GaN DMS
Hashimoto103 et al. achieved ferromagnetic (Ga,Cr)N with a ferromagnetic ordering
temperature > 400 K. These materials were grown by electron-cyclotron-resonance plasma
assisted MBE at 700 °C, where the exact Cr composition was estimated to be several percent.
No secondary ferromagnetic phases were observed in these materials.
Kuwabara81 et al. studied the magnetic properties of Fe-doped GaN grown by MBE.
The (Ga,Fe)N films were grown at 800 °C and had an [Fe] < 2 X 1019/cm3. In their paper they
claim that superparamagnetic behavior results due to nano-scale Fe and/or FeN crystallites.
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However, the authors failed to demonstrate this behavior in a systematic fashion that is to show
that M versus H/T superimpose for measurements at different temperatures. Additionally,
upon analyzing their data, it appears that superparamagnetism is not present in their films, as
their curves do not superimpose. Superparamagnetic behavior as described in the Appendix B
follows simple rules, and can be distinguished readily upon applying them. The authors then
state they have defined growth conditions for the solubility limit of Fe in GaN grown under
these conditions. They report ferromagnetic behavior for the sample grown at 800 °C, state that
it is single crystal material because no secondary phases were observed via TEM, but Moiré
Fringes are present in their TEM images indicating that the films are not single crystal. For the
same sample they state there is an inhomogeneous image contrast due to these nano-scale
superparamagnetic inclusions. This data and its explanation contradict itself because when M
versus H/T is plotted for their data superparamagnetic behavior is not observed, demonstrated,
nor can be confirmed based on the data supplied by the author. Hence, this leaves secondary
phases as the only plausible explanation, but this was ruled out by the author when they decided
to publish the phase diagram.
Fe-doping of GaN performed in our lab by Ritums104 did not identify any secondary
ferromagnetic phases in the film via XRD or TEM. The films were grown by solid state
diffusion of Fe into the GaN (an equilibrium process), resulting in a Curie temperature > 400 K.
Here the blocking temperature for superparamagnetic behavior of Fe particles of 1 nm was
calculated to be ~ 0.14 °K. Clearly, Fe particles too small to observe in the TEM would be on
this order of magnitude, thus superparamagnetic behavior should exist for all temperatures
magnetically analyzed. Ironically, superparamagnetic behavior is not observed in these films.
Thus, the only plausible explanation for the ferromagnetic behavior is the presence of secondary
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phases that are undetectable by TEM. However, since none were observed in the selected area
diffraction patter (SAD), the volume of these phases would be very small, which would result in
a large Bohr magnetic moment per Fe atom, of which current understanding of physics would
be unable to explain or support. So, in this author’s opinion there are only two plausible
scientific explanations for the observed magnetic effects in these films: 1) this truly is a solid
solution of (Ga,Fe)N; or 2) clustering of Fe atoms as described by van Schilfgaarde11 et al. exists
in these materials, keeping in mind that clustering does not mean phase separation or the
existence of secondary phases as stated in previous discussion, and the material is still a solid
solution. In either case it is difficult to prove or disprove, which makes understanding the origin
of magnetic behavior in these materials nontrivial. At present, it is assumed that clustering of Fe
atoms has not occurred in these films.

2.3.2 Spin Dependent Transport
Essentially all electronic and optoelectronic devices are made of semiconductor materials
that rely on the charge state of the electron. In addition to charge, electrons posses a spin
angular momentum, (ms = ±½) allowing for clockwise and counterclockwise rotation of an
electron about its own axis allowing for two possible spin states: "0" and "1" for device
applications. Hence, the primary objective for DMS materials is to have spin polarized or spin
dependent transport. That is to inject spin-polarized current into semiconductors to control the
spin state of carriers. It is theorized that utilizing this spin degree of freedom in semiconductors
will result in new electronic devices that have improved efficiency, data storage, and quantum
“qbit” or quantum computing.

There is also potential for new optical devices such as:

magnetically tunable waveguides and tunable wavelength LED.
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Spin-polarized transport occurs naturally in materials with a spin imbalance at the Fermi
level, usually associated with ferromagnetic metals. This is primarily due to their partially filled
shells that cause a shift in the density of states for

and

electrons. This typically results in a

net magnetic moment for these materials, but can also cause the

and

carriers to be unequal

in number, character, and mobility at the Fermi Level, and is capable of producing spin
polarized transport.105 However, when dealing with spin injection or spin tunneling careful
consideration of the nature of the specific spin-polarized carriers and the electronic energy states
associated with each material must be identified in each case to identify the origin of the spin
polarized transport.
Ideally, one would like to have 100% spin polarized transport in conducting materials;
however, this has not been achieved for ferromagnetic metals or semiconductors.
Ferromagnetic metal such as Fe, Co, Ni, and their alloys, are only partially polarized having
polarization P of 40 to 50%.43 Even though complete polarization is not achieved these
materials are sufficient to develop technologically useful devices. P is defined in terms of the
number of carriers n that have spin up (n ) or spin down (n ) as:
 n ↑ −n ↓

P = 
 n ↑ +n ↓

(12)

Previous efforts for spin polarized transport focused on the direct electrical injection of
polarized electrons using a ferromagnetic metal/semiconductor junction.

However, this

approach suffers from many problems which include: scattering of the spin polarized carriers at
the Schottky barrier of the metal/semiconductor interface; and randomized spins in the
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ferromagnetic material near the interface are a barrier to effective spin injection (magnetic dead
layers).
Recent advances in spin polarization came from the introduction of magnetic
semiconductors. Ohno106 and coworkers have reported polarized hole injection into a quantum
well from a p-type ferromagnetic semiconductor, (Ga,Mn)As grown by molecular beam epitaxy.
Spin polarization in the II-VI semiconductor BexMnyZn1-x-ySe has been reported by Fiederling.46
Compound semiconductor magnetic materials of the II-VI and III-V type tend to have low
magnetic ordering temperatures, so these materials systems are limited to potential applications
below room temperature.
Requirements for DMS materials for device applications are: TC’s at room temperature
and above; long spin coherence length and spin lifetime; electrical & optical properties suitable
for device applications; and 100% spin polarized transport.
In this study we propose to use a ferromagnetic Mn:GaN layer co-doped with
magnesium to inject spin polarized carriers into an InGaN quantum well. These spin polarized
holes recombine with electrons producing polarized light that is a measure of spin injection
efficiency. A very general case for the measurement of spin dependent transport properties is
shown in figure 2.3.1. Other test structures were explored for their potential use in spintronic
devices and are discussed in detail in the experimental and results sections of this work. Since
polarization experiments were not completed in time for this dissertation, see Appendix E for
more information regarding polarization, definitions, and experimental setup.
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GaN: (Mn,Mg)
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p
InGaN QW
n-GaN
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n

Sapphire Substrate

σ+

Figure 2.3.1. Proposed LED structure for measuring spin injection. Spin polarized holes, originating
from the ferromagnetic GaN (Mn,Mg) layer, are injected into the InGaN QW and recombine with
electrons from the n-GaN. The percentage of polarized light emitted from this device is a measure of
the spin transport properties.
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2.4

GENERAL BACKGROUND FOR GROWTH TECHNIQUES
The following section pertains to the fundamental aspects of the growth techniques

utilized for this dissertation. These include: solubility limits and secondary phases; pulsed laser
deposition (PLD); ion implantation; and metal-organic chemical vapor deposition (MOCVD).

2.4.1 Thermodynamics and Kinetics
It is necessary that DMS materials be single crystal, since the presence of secondary
phases can reduce the spin polarized transport by scattering the carriers. It is also a requirement
that the spin polarized carriers originate from the DMS material in order to utilize both the spin
and charge of electrons. Therefore, secondary phases (or precipitates) are undesirable for
practical applications.
The chemical reactions which dictate how dopants are incorporated depend upon the
free energy of the system. The chemical reaction at constant temperature is associated with a
change in energy of the system given by:
∆G = ∆H − T∆S

(13)

where ∆G is the Gibbs free energy; ∆H is the enthalpy (formation energy) and depends on the
internal energy of the system; ∆S is the change in entropy (disorder, randomization); and T is the
temperature. The internal energy arises from the total kinetic and potential energy of a system.
The kinetic energy corresponds to the vibrational, translational and rotational energies of atoms
in a given state, whereas the potential energy is derived from bonding and interactions between
atoms.
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Doping a semiconductor can result in single crystalline material or the formation of
secondary phases (i.e. precipitation). Equilibrium processes such as diffusion typically results in
single crystal material, but secondary phases can result from: dislocations present in the material
which is relatively high for GaN; nitrogen dissociation from the GaN; and any unresolved strain
within the material of GaN. Non-equilibrium growth techniques are also capable of producing
single crystal material, but precipitation (secondary phases) becomes more plausible as the solid
solubility limit is exceeded. Therefore, dopant incorporation and crystalline quality in epitaxial
crystal growth is dictated by the growth technique used. The tendency for the formation of
secondary phases decrease as the temperature is increased due to rising entropy.

Some

secondary phases result from an order-disorder phase transformation where at high
temperatures a random arrangement of atoms is stable, however, when cooled ordered
secondary phases have greater stability. Others form due to compositional fluctuations within
the material during growth, creating large changes in the free energy. The structure of the
secondary phase depends on three components: relative atomic size; valency; and
electronegativity.107 The relative atomic size of a dopant atom can result in compressive or
tensile strain within the lattice. If the strain energy strongly increases with doping concentration
then dopants may not be incorporated at all beyond some critical concentration.108 In 1981
Lannoo and Bourgoin108 demonstrated that the elastic strain could limit the dopant
incorporation for concentrations ≥ 10 21/cm3. The formation of secondary phases depends on
the thermal energy supplied to the system (i.e. a combination of the free energy and kinetic
energy).
When doping levels exceed the solid solubility limits of the host material (i.e.
supersaturated solid solution), precipitation of the dopant impurity is likely. This typically involves a
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non-equilibrium process such as ion implantation. This type of transformation takes place by
thermally activated atomic movements within the lattice. The type of material created is a
competition between Gibbs free energy and the kinetic energy of the system.
In MOCVD, the incorporation is dominated by the chemistry and thermodynamics of
the growth process. Chemical doping compounds referred to as metal-organics are used as the
dopant precursors. The effectiveness of these dopant precursors are dictated by how they
chemically react with other constituents (column III and V) during growth. The vapor pressure
of the metal-organic also has significant impact on the incorporation as precursors with high
vapor pressure have a tendency to re-evaporate before being incorporated into the film. Thus
the formation of secondary phases via MOCVD growth strongly depends upon the V/III ratio
and the growth temperature, suggesting that establishing solid solubility limits is only useful for
specific growth parameters.
It is known that binary Mn-Ga phases and cubic Mn3GaN are structurally compatible
with the wurtzite structure of GaN. Mn3GaN has been shown to form by the direct reaction of
Mn with GaN, and Mn can replace Ga in Mn3GaN up to Mn4N,109 as well as a range of nitrogen
contents when N vacancies are introduced. These are ferrimagnetic phases that can form either
epitaxially or as clusters or platelets within a GaN film.

It has not escaped our attention that

manganese-gallium phases and the cubic perovskite Mn3GaN are structurally compatible with
hexagonal GaN and that for the cubic structure an orientation relation (111)∥(0001),
[110]∥[2110] can provide a reasonable fit between the two lattices. The compositional and
magnetic flexibility of these ferrimagnetic phases should have interesting consequences when
they are combined with GaN. Several manganese oxide phases are possible as well and are listed
in Table 2.4.1 below.
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Table 2.4.1: Possible secondary magnetic phases that could occur during Mn-doping
into GaN and InGaN.
Mn3O4

Ferromagnetic

TC = 43 K

MnO2

Antiferromagnetic

TN = 92 K

Mn O

Antiferromagnetic

TN = 118 K

Mn3GaN

Ferromagnetic

TC = 20 K

Mn4N

Ferrimagnetic

TC = 738 K

Mn4-XGaXN

Ferrimagnetic

Mn

Antiferromagnetic

TC = 742 K at x =0 to
TC = 231 K at x= 0.83
TN = 110 K

Mn4N has an FCC crystal structure where a = 3.865 Å and has a small range of homogeneity
which is stable up to about 1000 °C. The Mn2N has a HCP structure with a = 2.773 Å, c/a =
1.63, with a range of homogeneity from 9 to 12 wt. % N2 that is stable up to about 400 °C.
However, this material is not ferromagnetic. Mn3N2 has a small range of homogeneity of 13.5 to
15 wt. % N2 that is stable up to about 400 °C. It has a tetragonal crystal structure where a =
4.194 Å, c/a = 0.961 which is magnetic.

2.4.2 Pulsed Laser Deposition (PLD)
Pulsed laser deposition (PLD) is a growth technique involving target material, substrate
heater/holder located in a ultra high vacuum (UHV) chamber, and a laser to ablate the target for
deposition. Typically an ultra violet (UV) laser is used for PLD. When the laser beam is
absorbed by the target material it is converted into thermal and electromagnetic energy such that
vaporization can occur. The ablation process results in a plume, which is characterized both by
a vapor form and molten-solid form of the target material. This technique provides congruent
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and energetic evaporation of the target material, but suffers in terms of film thickness
uniformity.
Congruent evaporation by a UV laser results from the intense energy of the laser pulse
acting on and within a shallow depth of the target material causing a consequent explosive
evaporation of a thin layer before it has time to disproportionate.110 The depth involved for
metals and conductive materials is the thermal diffusion length Л defined as follows:

Λ = 2 αt

(14)

where α is the thermal diffusivity, and t is length or time of the pulse. Л is a measure
penetrating depth of the energy associated with laser beam over t. For evaporation to occur, the
target material must heat to a temperature of high vapor pressure, where this heat is associated
with the heat of fusion, consumed in melting the target material. In addition, there must be
enough energy supplied, i.e. heat of evaporation, for this process to be successful. Evaporation
is typically achieved at such low power only because of the high instantaneous power density,
which is equal to the fluence divided by the pulse width. The pulsed laser deposition system
consists of three main components: laser; optical delivery system; and the deposition chamber,
which is discussed in more detail below.
Diffusion is a process by which molecules intermingle as a result of their kinetic energy
of random motion. Basically, in the presence of a concentration gradient, atoms located in area
of higher composition will have a tendency to move to a region of lower composition. The
types of diffusion that can occur in a material are: volume, grain boundary, and surface diffusion.
Volume diffusion is typically fairly slow due to large activation energies which atoms must
overcome to move through the crystal from one lattice or interstitial site to another. Grain
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boundary diffusion describes diffusion of atoms moving along a grain boundary or dislocations
within the material. The diffusion rate for this process is relatively fast since atoms can diffuse
more easily through this disordered region of the crystal, i.e. low activation energy. Surface
diffusion occurs at the surface of the sample and has a low activation energy.
There are several types of diffusion mechanisms which describe the motion of atoms
through the lattice. These diffusion mechanisms are: interstitial, interstitialcy, and vacancy.
The interstitial mechanism is described as an atom diffusing from one interstitial site to another
without displacing any of the host atoms. Interstitial atoms which are significantly smaller than
the host atoms can diffuse quite easily through the lattice due to their size. However, relatively
larger atoms must overcome a barrier before diffusing, which results from the amount of
dilatation or distortion the lattice must undergo for an interstitial atom to pass between two
substitutional host atoms. The vacancy mechanism results when a diffusing atom moves into a
vacant substitutional site. The barrier to diffusion for this mechanism results from the preexisting distortion surrounding the vacant substitutional site, i.e. strain due to the missing atom.
The interstitialcy mechanism occurs when a relatively large atom such as a solvent atom gets into
an interstitial site, and continues to diffuse through these interstitial sites. This creates a large
distortion or strain in the host material, therefore, is not very common.
Fick’s First Law of diffusion gives the rate at which atoms diffuse into the material for a
given amount of time, and is given by:

J = −D

∆c
∆x

(15)

42

where J is the flux (atoms/cm3), D is the diffusion coefficient (cm2/s) and ∆c/∆x is the
concentration gradient (atoms/cm3·cm).

Fick’s second law allows us to model the Mn

concentration gradient in these films as a function of time and distance and is given by the
following equation based on the following boundary conditions for this diffusion process:
 ∂ 2c 
∂c
= D 2 
∂t
 ∂x 

c0 = 0; x > 0; t = 0

x = 0; cs = const . for all t > 0

(16)

This allows us to define a unique solution for the diffusion profile within the host lattice, as
given by:

cs − c x
 x 
= erf 

cs − co
 2 Dt 

(17)

where cs is the concentration of Mn on the surface, which is 100%; co is the initial concentration
of diffusing atom within the substrate material; cx is the concentration of dopant atoms at some
depth x below the surface after some time t; and D is the diffusion coefficient of the dopant
atom in the substrate material, and the function erf is the error function which can be obtained
from various references.111-113 The diffusion coefficient is related to temperature by an Arrhenius
equation:

−Q
D = D0 exp

 RT 

(18)

where Q is the activation energy (cal/mol), R is the gas constant (1.987 cal/mol·K), T is the
absolute temperature in K, and D0 is a diffusion constant specific to the materials system.
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2.4.3 Ion Implantation
Ion implantation is a useful technique for doping impurities into semiconductor
materials. This technique utilizes charged impurity atoms that are accelerated in an electric field
and implanted into the semiconductor material. Typical acceleration energies range from 10 keV
to 500 keV,

108

with doses ranging from 1011 to 1013/cm2. This process of doping introduces

considerable structural damage (amorphization) to host lattice resulting in diminished electrical
and optical properties. To remove the damage and enhance these properties subsequent high
temperature annealing is performed. The annealing time and temperatures utilized during this
recrystallization process depend upon the semiconductor material being used. For GaN and
related alloys, temperatures ranging form 900 to 1050 °C are used where a N2 over pressure is
necessary to prevent nitrogen dissociation. Ion implantation allows for control of lateral doping
distributions within a material, i.e. control over dose and depth of the dopant. Due to the nature
of this technique, doping concentrations exceeding the solubility limits in material can be
achieved.
When an implanted ion enters the solid it loses energy by means of both nuclear and
electronic interactions with the lattice. Nuclear interactions or nuclear stopping results from
elastic collisions between the ion and the target atom nuclei, which dominates ions implanted at
high energies. Electronic interactions or electronic stopping occurs between the injected ion and
the electrons surrounding the lattice nuclei. As a result of these collisions the implanted ions
entering the lattice do not travel in a straight path. Therefore, it is useful to describe the ion in
the lattice in terms of its total path length R; the net penetration into the lattice in the direction
perpendicular to the surface, i.e. projected range Rp; and the projected straggling range ∆Rp.
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These parameters help to describe the Gaussian concentration profile that occurs for implanted
materials, which upon annealing can be characterized by the following equation:112
(x − R p ) 2

−
φ
2(∆R 2p + 2Dt)
•
exp
c(x , t) =
1
2π (∆R 2p + 2Dt) 2

(19)

where φ is the ion implantation dose in atoms/cm2.

2.4.4 Metal-Organic Chemical Vapor Deposition (MOCVD)
MOCVD is the process of depositing a thin film onto a substrate by the chemical
reaction of gaseous species and metal-organic sources. The reaction is usually promoted by
heating the substrates to an adequate temperature and depends on the chemical nature of the
precursor gases. In the case of GaN, metal-organic compounds are used for the column III
sources, which are reacted with gaseous NH3, which is a column V source to create GaN. The
use of metal-organic precursors offers the advantage of low temperature volatility. However,
carbon contamination is usually found in these films. In GaN the presence of these impurities
can reduce the films conductivity and mobility, making the film essentially compensated. The
structure of the resulting film depends on the substrate and the growth conditions used. The
growth rate of GaN films is dictated by the TMGa flow. The compositions or the gas phase
ratio (x) of dopants and alloying elements directly depend on the vapor pressure P and the flow
rates (R in sccm) as given below:

x=

R( M ) × P ( M )
( R( M ) × P ( M )) + ( R(Ga ) × P (Ga ))

(20)
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where M represents an alloying element such as In, Mn, Al, etc. in MxGa1-xN.
The metal-organic compounds flow through a gas manifold system and are carried by a
high velocity stream of a carrier gas, where N2 and/or H2 are used as the carrier gas. Typically,
radio frequency (RF) induction heating is used where the energy is absorbed by a silicon carbide
coated graphite susceptor, which then heats the substrate. The growth chambers are usually
made out of high purity amorphous quartz, which is unaffected by the RF. The growth chamber
configuration can be horizontal or vertical; with a variety of modifications that makes each
reactor unique. Growth temperatures are typically monitored by a thermocouple or an optical
pyrometer.
The gas transport properties of the chemical reaction process may dominate the growth
rate in films grown by MOCVD. The gases flow through a region called the forced convection
region114 (shown in figure 2.4.1 for a vertical reactor) above the wafer. A boundary layer
separates the forced convection region from the wafer surface, where some gases flow through
this layer and are deposited on the surface. Upon reaching the hot substrate surface, several
reaction processes occur at the surface. For instance, TMGa decomposes into Ga and CH3
groups, while NH3 dissociates into N2 and H2 allowing for the formation of GaN at the surface.
Aside from this boundary layer, gaseous species must also contend with the turbulence created
as a result of the hot susceptor, which for GaN should have significant impact, since growth
temperatures of over 1000 °C are required to achieve high quality films (this is demonstrated in
figure 2.4.1 by the red arrows). However, once on the surface, the thermal energy gained by
these atoms allows them to diffuse along the surface. The Ga atom eventually reaches a low
energy edge or kink site where it becomes immobilized. N atoms are also added in the same
fashion, but are more difficult to control because: N is more volatile at these temperatures
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leading to nitrogen dissociation; and N preferably likes to bond with itself to form N2. These
two factors are what dictate the V/III ratio used during growth, as nitrogen deficient GaN films
are unfavorable. As more Ga and N atoms are added to the surface, they become incorporated
into the film. Adsorbed by-product atoms typically desorb from the surface and diffuse back to
the forced convection zone and are removed through the exhaust.

Force Convection
Forced
Convection

Susceptor
Boundary Layer
Figure 2.4.1. Shows the gas dynamics for a vertical reactor, where a boundary layer is created between
the region of forced convection flow and the wafer surface.
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3

EXPERIMENTAL

Mn-doped III-Nitride films were grown by three types of processes including: pulsed
laser deposition (PLD); ion implantation; and metal-organic chemical vapor deposition
(MOCVD). For the PLD experiments InGaN and GaN substrates were grown by MOCVD
then loaded into the PLD chamber for Mn deposition; samples were then annealed to facilitate
solid state diffusion into the nitride substrate. Ion implantation experiments involved growing
GaN via MOCVD then implanting Mn into the GaN films using Mn ions. Implanted samples
were annealed in the MOCVD chamber to study the effects of annealing conditions. MOCVD
Mn:GaN and Mn:InGaN films were grown by MOCVD using bisethylcylopentadienyl
manganese (EtCp)2Mn as the Mn source. Growth conditions and methodologies are discussed
in the successive chapters.
3.1
3.1.1

Mn-DOPED III-NITRIDES BY PLD

Growth of GaN and InGaN Substrates for Mn Diffusion
Typically GaN films grown in our laboratory are produced by metal-organic chemical

vapor deposition (MOCVD) on (0001) Sapphire substrates. Trimethylgallium (TMGa),
bis(cyclopentadienyl) magnesium (Cp2Mg), SiH4 and NH3 were used for the precursors. The
deposition process begins with a low temperature (500 ºC) GaN buffer layer of ~ 40 nm thick,
followed by high temperature annealing for re-crystallization. The re-crystallization of the buffer
layer is followed by a high temperature deposition of GaN epitaxial layer at ~1000 ºC. The GaN
film is typically 2 µm thick. The GaN film is typically 2 µm thick. In this study we used
undoped, n and p-type GaN samples grown between pressures of 100 – 760 Torr.
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InxGa1-xN films were grown by atmospheric metal-organic chemical vapor deposition
(MOCVD) on c-plane sapphire substrates in a radio frequency inductively heated vertical reactor.
Trimethylgallium (TMGa), ethyldimethylindium (EDMIn), and NH3 were used as precursors.
The re-crystallization of the buffer layer is followed by a high temperature deposition of 0.5 µm
to 1 µm thick GaN epitaxial layer at ~1050 ºC. The temperature is then lowered to a range from
750 to 830 ºC to grow the InxGa1-xN films with x in the range of 0-0.15. The InxGa1-xN growth
rate was kept between 60 Å/min to 80 Å/min. The InxGa1-xN film thickness varied from 30 nm
to 1 µm thick.

3.1.2 Sample Cleaning
MOCVD grown GaN and InGaN films were cleaned in hexane, acetone, and methanol
for 10 minutes each, followed by boiling in methanol for an additional 10 minutes. Samples
were dried in N2 and immediately loaded onto the platen. The platen was then transferred to the
load lock which was pumped down to the 10-6 Torr range, as stated above. Upon reaching the
desired pressure, the samples were transferred to the manipulator for growth.

3.1.3 Pulsed Laser Deposition
The pulsed laser deposition system consists of three main components: laser; optical
delivery system; and the deposition chamber. A Lambda Physik KrF Excimer Laser with
emission wavelength of 248 nm with an 18 ns pulse width, capable of reaching energies up to
200 mJ with a maximum pulse rate of 20 hertz was used as the laser source. Figure 3.1.1 shows
the schematics for the optical delivery system, while a schematic of the PLD system is shown in
figure 3.1.2, with an over head view of the UHV chamber shown in figure 3.1.3.
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Figure 3.1.1. Optical setup for delivering the laser beam to the PLD growth chamber.
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Figure 3.1.2. Side view of pulsed laser ablation growth chamber.
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Figure 3.1.3. Overhead view of pulsed laser ablation chamber.

The laser beam is directed from the laser to the deposition chamber through a series of
three mirrors, a focusing lens and a fused silica view port (as shown in figure 3.1.2). The
focusing lens focuses the beam to a spot size of ~0.005 cm2 on the target surface increasing its
energy density, providing a maximum fluence of ~ 40 J/cm2.

Therefore, the maximum

instantaneous power density of the laser is 2.2 X 109 W (J/s). An overall decrease of incident
laser energy of approximately 45 % occurs due to reflective and transmission loses at all surfaces
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interacting with the laser. Alignment of the optics is accomplished with the use of a 0.5 watt
HeNe laser, which is in the visible spectrum. The entire optics system is mounted on an
aluminum optical breadboard with vibration damping components for isolation from the rest of
the system. For safety purposes, the complete beam path is enclosed in a UV absorbing
Plexiglas for protection from stray laser reflections.

Films were grown by Pulsed Laser

Deposition.
The UHV system consists of a stainless steel deposition chamber and a load lock for
transferring specimens in and out of UHV chamber. The load lock can be evacuated up 10-6
Torr range using a 100 l/s turbo-molecular pump backed by a mechanical pump. Once the
samples are mounted to the transfer rod arm and the load lock has been pumped down, the gate
valve to the UHV chamber is opened and the specimen is transferred to the manipulator. The
deposition chamber consists of an electro polished stainless steel 18” diameter sphere with
various 8,6, and 2.75” diameter ultra high vacuum Cu gasket sealing conflate flanges. The
vacuum for the chamber is maintained by a Varian 220 l/s ion pump monitored by a BayardAlpert ion gauge and controller, with a base pressure 0.9 – 1.4 X 10-8 Torr during deposition.
Specimens are transferred within the chamber by a Thermionics NW manipulator, capable of
moving 1” in the horizontal direction and 2” of vertical travel in the z direction.

The

manipulator allows for target to substrate distances of 2 – 7 cm. The system contains a 2”
diameter water cooled resistive heater for controlling the substrate temperature during growth,
which can be heated up to ~800 ºC.

A type K (Nickel-Chromium vs. Nickel-Alumel)

thermocouple is used to monitor the manipulator temperature during growth. Hayes alloy
platens are used to mount and transfer the specimens. The targets are located on a translation
feed through arm, having 6” of horizontal travel, allowing for up to eight 0.5” diameter targets
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to be loaded. As of January 9, 2002, targets loaded in the intermediate chamber are (in order
from left to right): Cu, Cr, MnSb, Fe, Mn, and Sb. A Fisons RHEED gun is currently attached
to the system allowing for in-situ monitoring of the crystalline nature of the films. For Mn the
deposition rate was determined to ~0.0019 nm/pulse based on TEM and surface profilometry
thickness measurements.

3.1.4 Post Growth Deposition and Annealing in III-Nitrides
Mn-doping of MOCVD grown GaN and InGaN films was performed post growth
deposition via PLD and annealing. A Mn layer was deposited on the surface of the InGaN and
GaN films, where substrate temperatures for growth and diffusion ranged from 250 – 800 ºC.
The pulse rate ranged from 1 – 5 pulses/sec depending on the sample, and a 10 to 100 nm thick
Mn film was deposited on the nitride surface. Solid state diffusion of Mn into the III-Nitride
films was performed by annealing the samples for various lengths of time, anywhere from 0 – 24
hours.

In-situ RHEED patterns were observed at different times during this process to

document changes in crystalline quality and lattice parameter of the substrate material. Once
specimens were unloaded they were etched in 30% H2O2 to remove the Mn metal from the
surface. The transition element doping process is limited by diffusion, which was discussed in
previous chapters. The information obtained from SIMS analysis proved to be instrumental in
determining the growth conditions for Mn diffusion/doping of the devices, as one would not
want to create a diffuse interface within a heterostructure.
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3.2
3.2.1

Mn ION IMPLANTATION IN GaN

MOCVD Growth of GaN Substrates for Mn Ion Implantation
Typically GaN films grown in our laboratory are produced by metal-organic chemical

vapor deposition (MOCVD) on (0001) Sapphire substrates. Trimethylgallium (TMGa) and NH3
were used for the precursors. The deposition process begins with a low temperature (500 ºC)
GaN buffer layer of ~ 40 nm thick, followed by high temperature annealing for recrystallization. The re-crystallization of the buffer layer is followed by a high temperature
deposition of GaN epitaxial layer at ~1000 ºC. The GaN film is typically 2 µm thick. Metalorganic chemical vapor deposition (MOCVD) was used to grow GaN films on (0001) sapphire
substrates. The deposition process begins with a low temperature (500 ºC) GaN buffer layer of
~40 nm thick, followed by high temperature annealing for re-crystallization.

The re-

crystallization of the buffer layer is followed by a high temperature deposition of GaN epitaxial
layer at ~1000 oC. The GaN film is typically 2 µm thick. In this study we used undoped, n and

p-type GaN samples grown between pressures of 100 – 760 Torr.
3.2.2

Mn Ion Implantation and Annealing Conditions in GaN
The Mn ions were implanted at energy of 180 keV into GaN samples at a dose of 5 X

1014/cm2 at room temperature.

SIMS profiles of the as-implanted material shows Mn

concentrations ranging from 4 – 6 X 1019/cm3 over a depth of ~2000Å. Annealing was
performed on the samples at 1000 °C under NH3 and at 850 °C under N2 for varying times (12 –
30 minutes) in the MOCVD chamber. During annealing an undoped GaN film was placed film
side down on top of the Mn doped GaN film to prevent any further damage to the samples.
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Ion implantation can offer another alternative approach for the introduction of Mn in
GaN to achieve ferromagnetic behavior. Ion implantation is a standard fabrication technique of
semiconductor processes and can be used to selectively create ferromagnetic contacts used for
spin injection in spintronics based structures.

Previous reports for Mn-implanted GaN

produced ferromagnetic behavior up to 250 K,99 where doses ranged from 1015 – 5 X 1016/cm2.
For the low Mn implanted doses the GaN showed only paramagnetic behavior. For high doses
~5 X 1016/cm2, the observed ferromagnetic behavior was due to the presence of Mn:GaN
platelet structures, believed to be due to implantation damage rather than a homogeneous solid
solution of Mn:GaN. Other groups99-102 have performed Mn ion implantation into GaN but
none have achieved high crystalline quality samples or films with TC greater than room
temperature.
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3.3

MOCVD GROWTH OF III-NITRIDES

The MOCVD system in our lab consists of a quartz glass vertical reactor chamber which
is inductively heated via a RF generator. Gases are delivered through the system using a
run/vent manifold and a SiC coated graphite susceptor is utilized during growth. A cold wall
(water-cooled) high quality amorphous quartz (SiO2) reactor chamber was used for gas delivery
containment, which is nonconductive and transparent to the RF field. Additionally water
cooling was provided to the stainless steel top and bottom flanges to prevent degradation of the
quartz flange to stainless steel flange seals (AFLAS O-rings). Samples were loaded through a
stainless steel door (sealed with a stainless steel to stainless steel AFLAS O-ring) below the
quartz chamber.
Gases were injected into the chamber from inlet tubes at the top of the reactor. For
most growth applications a bi-channel was used as the inlet tube, which provided a barrier for
gas phase reactions between the column III and V sources. The metal-organic sources were
used as the column III precursors, where purified (1400 Nanochem N2 purifier) N2 and purified
H2 (Matheson 8385P3V H2 purifier) were used as carrier gases depending on the application.
Blue (high purity) NH3 was used for the column V precursor and also passed through a gettering
filter. Pneumatic valves were used for controlling gas flow through the run/vent manifold,
where the pressure of each line was monitored with Baratron pressure sensors. A D65-BCS
Leybold two-stage rotary vane pump filled with perfluoropolyether oil (Fomblin oil) was used to
control the pressure of the system. The number of moles of the metal-organic sources used for
a given application can be calculated (discussed in previous chapters) and controlled by the
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bubbler bath temperature and mass flow controllers. Mass flow controllers were used to
determine the number of moles of NH3, N2, and H2 introduced into the chamber.
A Lepel 7.5 kW (maximum), 200 kHz (maximum) RF generator with a water cooled
copper circular coil was used to inductively couple with the susceptor, i.e. heat the sample during
growth. This allowed for growth temperatures of 100 – 1050 °C. The susceptor material
consisted of graphite that was coated with a 5 mil SiC coating to protect the surface from NH3
and H2 reactive degradation. A square 1.5 X 1.5 cm2 recess was centered on top of the susceptor
so that a cleaved square piece of sapphire could be loaded for growth.

The susceptor

dimensions were as follows: a 1.075” truncated cone where the diameter at the top was ~1.76”
with ~2.8” in diameter at the bottom, and was hollowed out underneath. The susceptor
temperature was controlled using a Eurotherm temperature controller, using a type K (NickelChromium vs. Nickel-Alumel) thermocouple, with a 200 °C to 1250 °C temperature range. The
susceptor (i.e. sample) was rotated during growth for film thickness uniformity at a rate of 30 to
75 rpm. Rotation was accomplished by supporting the susceptor with three ceramic rods that
were connected to a stepping motor (outside the chamber) for rotational motion. The susceptor
was also connected through these rods to a stepping motor that controlled vertical motion for
raising and lowering, via a multi-motion feed through and bellows assembly.
Sapphire substrates were prepared by cleaving a 2” into several 1.4 X 1.4 cm2 square
pieces with a diamond scribe.

The substrates were then cleaned in hexane, acetone, and

methanol for 10 minutes each, followed by boiling in methanol for an additional 10 minutes,
after which the samples were dried with a filtered N2 gun. The sapphire substrates were
immediately loaded into a N2 purged chamber for storage, until used for growth. Before growth
was initiated, the metal-organic bubblers were set to the desired temperatures. Upon loading a
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sapphire substrate onto the susceptor the system chamber was cycle purged between 10 and 150
Torr in an N2 environment to remove any air from the chamber. This was achieved by opening
and closing the throttle valve over 10 cycles. Upon completing this step, the susceptor was
rotated at 30 rpm and the system pressure was raised to 750 Torr. The temperature was
increased to 1000 °C to 1050 °C at a ramp rate of 75 °C/minute under N2. The sapphire
substrate was held at this temperature for 16 minutes, where during the first 10 minutes of this
step N2 was flowed, to remove any water vapor and any residual hydrocarbons, and during the
last six minutes H2 and N2 were flowed to completely clean both the substrate and the susceptor.
With exactly two minutes left in this step, the TMGa bubbler was flushed (through the vent line)
so that a steady state TMGa flux could be achieved prior to initiating growth. The TMGa
bubbler temperature used in these experiments ranged from -10 °C to -14 °C, depending on the
application.

Upon completing this cleaning step, the sapphire substrate was nitridated by

introducing a 1.25 (L/m) flow of NH3, which required a reduction of N2 flow in the column V
line to equalize column III and column V flows. After the nitridation step, the temperature was
lowered to 450 – 500 °C at a ramp rate of 75 °C/minute in order to grow the GaN buffer layer.
The system was held for one minute at the growth temperature to establish stability, after which
the GaN buffer layer was grown with a TMG flow rate of 3.5 to 5.0 sccm (2 – 7 µmol/minute
depending on the bubbler temperature). This was accomplished by redirecting the TMGa flow
from the vent to the run line during the GaN buffer layer. The V/III molar ratios ranged from
approximately 5,000 to 7,400 for the flow conditions stated above. The purpose of the GaN
buffer layer is to provide a template for growing single crystal GaN materials at high
temperatures. Since a large lattice mismatch is present between the GaN and sapphire substrate
(as stated in previous chapters), and the growth temperature is low, the resulting buffer layer is
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amorphous. Once growth of the buffer layer is complete, the TMGa flow is redirected back to
the vent line, and the temperature is raised to 1000 °C to 1050 °C at a ramp rate of 75
°C/minute, and is annealed at this temperature 30 seconds prior to high temperature GaN
growth. High temperature GaN growth was initiated by switching the TMGa flow from vent to
run, where the TMGa flow ranged from 1 to 4 sccm (2 – 6 µmol/minute depending on the
bubbler temperature). This provided a V/III ratio ranging from 6400 to 25,700. This high
temperature GaN layer provided the template for all films grown in these experiments. The
details for those growth conditions are given in the appropriate sections. The susceptor was
baked at GaN growth temperatures under H2 in attempts to remove any deposition on the
susceptor between runs. This step was experimentally determined to be crucial for obtaining a
smoother surface morphology and a higher electrical mobility for GaN films grown in this lab.

3.3.1 MOCVD Growth of Mn:GaN and Mn:InGaN
Mn:GaN films were grown by MOCVD on c-plane sapphire substrates in a radio
frequency

inductively

heated

vertical

chamber.

Trimethylgallium

(TMGa),

bisethylcylopentadienyl manganese (EtCp)2Mn, and NH3 were used as precursors. The low
temperature GaN buffer layer was grown at 500 ºC with a TMGa flow rate of 4.4 sccm (~6.8
µmol/minute), and was ~40 nm thick. An undoped GaN epitaxial layer ~0.1 µm was grown at
1040 ºC with a TMGa flow rate of 2.5 to 3.8 sccm (3.9 – 5.9 µmol/minute) to serve as a
template for Mn:GaN. The growth temperatures and pressures used for Mn:GaN varied from
850 °C to 1040 °C, and from 100-760 Torr, respectively. The (EtCp)2Mn flow rates used in this
study ranged from 10 sccm to 450 sccm (0.005 – 0.225 µmol/minute) in order to determine the
solid solubility limit of Mn in GaN and to optimize the magnetic properties. The Mn:GaN film
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thickness ranged from 0.6 – 1.4 µm for this study. The (EtCp)2Mn bubbler was flushed
(through the vent line) 20 minutes prior to growth of Mn:GaN to established a steady state flux.
Equations (50) in Appendix E were used as a guideline for selecting the growth conditions of
the films.
Mn:InGaN films were also grown in the MOCVD system on c-plane sapphire
substrates.

Trimethylgallium (TMGa), Trimethylindium (TMIn), bisethylcylopentadienyl

manganese (EtCp)2Mn, and NH3 were used as precursors for this study. The same GaN
template layer was used to serve as a template for Mn:InGaN. Where TMGa flow of ~0.3 sccm
(0.468 µmol/min) was utilized during growth. The TMIn flux used ranged from 10 to 200 sccm
(0.9 – 18 µmol/min), where the Mn flow changed from10 sccm to 450 sccm (0.005 – 0.225
µmol/min). The growth temperature was lowered and Mn:InGaN was grown from 750 °C to
836 °C, at atmospheric pressure. The Mn:InGaN film thickness ranged from 30-80 nm for this
study. The (EtCp)2Mn/TMIn flux ratio was varied to determine the effect of Mn on the
incorporation of In, strain and magnetic properties in Mn:InGaN. Vapor pressure charts for all
bubblers used in this dissertation are given in Appendix E.

3.3.2 Mn-doped MOCVD LED Devices via diffusion
Light emitting diodes (LED) were grown via MOCVD in order to study spin polarized
transport. We are currently in the process of measuring the spin polarized transport for these
devices; therefore, background information regarding growth, device processing, and structural
information, optical and electrical properties will be discussed for this dissertation.

Spin

dependent transport properties will be discussed in future work.
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LED devices were grown via MOCVD were grown on c-plane sapphire substrates.
Trimethylgallium (TMGa), Trimethylindium (TMIn), bisethylcylopentadienyl manganese
(EtCp)2Mn, bis(cyclopentadienyl) magnesium (Cp2Mg), Trimethylaluminum (TMAl), SiH4 and
NH3 were used as precursors. A similar GaN buffer layer was deposited as was stated in
previous discussion. A Si doped n-GaN layer ~1.5 µm was grown at ~1050 °C with a TMGa
flow rate of 2.5 to 3.8 sccm ( 3.9 – 5.9 µmol/minute), where n = 3 X 1017/cm3. Typically the
InGaN/GaN MQW were grown between 750 – 770 °C using a TMIn flow rate of 150 to 200
sccm (13.5 – 18 µmol/minute) and a TMGa flow of 0.2 to 0.3 sccm (0.312 – 0.468
µmol/minute); where the barrier and well layers are 80 – 200 Å and 20 – 35 Å respectively. This
was the typical template used for growing multiple quantum wells (MQW) LED devices in this
study. Two types of structures were grown on top of these templates for characterization: (1)

n-GaN/InGaN MQW/GaN heterostructures. Mn doping was performed via PLD and
diffusion; and (2) n-GaN/ InGaN MQW/ AlGaN MQW/i-GaN/ (Mn,Mg):GaN device
structure, where the AlGaN MQW were grown using a TMAl flux of 0.35 – 0.4 sccm with a
TMGa flux of 0.3 to 1 sccm (0.468 – 2 µmol/minute), i-GaN layer ~ 1000 Å was grown at 1000

°C, followed by a 400 – 600 Å Mg doped p-GaN layer, where the Cp2Mg flux was 16 to 22 sccm
(0.48 – 0.67 µmol/minute). Mn doping was performed during post growth diffusion via PLD
for both general structure types. Test structure #1 was created to determine the effect of Mn
doping on the quantum wells and barrier layers for optimization purposes and therefore were
not processed for device characterization. However, optical experiments were performed on
these samples for further understanding. Test structure #2 was created explicitly for device
processing and characterization.

Therefore, the following discussion describes the device

processing for these structures.
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Device processing was performed at the North Carolina State University. Three Ruby
lithography masks were used to process these devices. The samples were cleaned for one
minute each in acetone then methanol and dehydrated on a hot plate at 115 °C for 5 minutes to
remove any water vapor. Next, AZ5214E photo resist (PR) was spun on the samples at 4000
rpm for 40 seconds (in preparation for etching the mesa). This was followed by a soft bake at
90 °C for two minutes. The samples were exposed using a Karl Suss MBJ3 aligner for 12
seconds at 15 mW/cm2, followed by a reverse bake at 115 °C for 1.5 minutes. A flood exposure
for 1.5 minutes was performed after which the PR was developed in undiluted MF319 for 25
seconds. The purpose of this step is to create a mesa (i.e. contour the sample as to allow for n
and p-type contacts). The samples were then etched using a reactive ion etch with 20 cc Cl2, 0.6
cc O2 at 150 W for a sufficient period of time to etch to the n-GaN. To insure that the proper
etch depth was achieved; thickness measurements utilizing a DEKTAK were performed.
The same cleaning procedure and PR deposition process was performed for the n-type
metallization mask (which is a 11 by 11 array of 200 µm square ring with a 340 µm opening). ntype contacts were made using an e-beam evaporator, where 300 Å of Ti was deposited first
followed by 1500 Å of Al. The evaporation rate was monitored using Syon crystals, which
allowed for close measurement of the metal thickness. The same PR process was repeated for
the p-type contacts using the appropriate mask. p-type contacts were also created using the ebeam evaporator, and consisted of 100 Å Ni and 2500 Å Au. Rapid thermal annealing was
performed on the samples at 800 °C for one minute in a N2 ambient to improve the p-type
contacts.
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4

CHARACTERIZATION TECHNIQUES

In-situ reflective high energy electron diffraction (RHEED) characterization was
performed only on films doped by PLD. All other characterization techniques described are
applicable for all specimens unless otherwise noted. Optical characterization of the film surface
was carried out using a Nomarski microscope. X-ray diffraction (XRD) θ-2θ was performed to
determine crystalline quality of the material and if secondary magnetic phases were present.
Secondary Ion Mass Spectrometry (SIMS) was used to quantify and qualify the Mn
concentration in the films. Transmission electron microscopy (TEM) was performed to observe
the crystalline quality of the films with respect to crystal defects, and validate the existence or
absence of any resulting secondary ferromagnetic phases. Magnetic properties were measured
using Vibrating Sample Magnetometer (VSM) and Superconducting Quantum Interference
Device (SQUID)for both in-plane and out-of-plane orientations of the film.
measurements were performed to determine electrical properties.

Hall Effect

Double crystal X-ray

(DCXRD) was performed on some samples to determine crystalline quality, strain state and
composition. Scanning electron microscopy (SEM) was performed on specimens that were
etched to confirm that all Mn had been removed from the surface. Photoluminescence (PL) was
used to determine the emission spectra of the films and to correlate this with the composition,
where applicable. Photoluminescence emission (PLE) was performed on some samples to
determine changes in the band edge due to Mn-doping.

Electroluminescence (EL) and I-V

characterization of Mn-doped heterostructures was carried out to determine device quality.
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4.1

STRUCTURAL CHARACTERIZATION

4.1.1 Reflective High Energy Electron Diffraction (RHEED)
Reflective High Energy Electron Diffraction (RHEED) was performed in-situ
immediately after growth. A Fisons high energy (15 kV) electron gun was used to emit high
energy electrons at a 1° to 3° grazing angle incident with the sample surface. The incident beam
typically only penetrates a few angstroms below the surface, creating a diffraction pattern that
can be observed on a phosphorus screen. The diffraction pattern generated by the substrates
was an indication of surface cleanliness. It was also useful for determining removal of oxides as
in the case of Si and GaAs, where surface reconstruction was observed when this occurred.
Also the presence of kikuchi lines in the pattern indicated a good, clean, high quality material
with a periodic structure.

Regarding thin films, this technique was useful in determining

crystalline properties, where: single crystal two dimensional growth results in a streaky smooth
pattern; single crystal three dimensional growth has a spotted diffraction pattern; diffraction
patterns for polycrystalline material appears as rings; and amorphous materials exhibit no
diffraction pattern.

4.1.2 X-ray Diffraction (XRD)
X-ray diffraction was used to characterize the crystalline quality of the films, and was
also used to determine if any secondary ferromagnetic phases were present in the films. A
Rigaku x-ray diffractometer with Cu radiation (λ = 1.54058) was used for θ – 2θ measurements.
Samples were scanned from 15 < 2θ < 80 at 0.02 degrees per second. The samples were
calibrated to the c-plane (0006) sapphire peak located at 2θ = 41.685°. XRD scans were done
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on samples before and after Mn doping for specimens grown by PLD and Ion Implantation.
Vegard’s Law115 was utilized for the InGaN films in order to calculate the In composition within
the films. Pearson’s Handbook of Crystallographic Data was used in conjunction with Carine
software to generate diffraction patterns for all possible phases resulting from growth. A list of
all the possible secondary magnetic phases is given in Table 2.4.1.

θ - 2θ

measurements were also used to characterize the LED devices studied in this

work. From x-ray diffraction we can determine the indium composition and the thickness of the
GaN barrier layer (LB) and InGaN Quantum well layer (LW) using the Pendellosung fringes from
XRD by:2,28

2Sin(θ n ) − 2Sin(θ SL ) =

nλ
(L B + L W )

(21)

where n is the order of the satellite peaks, θn is their diffraction angle, and θSL corresponds to the
Bragg angle of the zero order peak.

4.1.3

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

concentration as a function of depth. This is a mass spectrometry technique that involves
sputtering material by bombarding the surface with energetic particles, then measuring the
number of atoms for a specific element as a function of sputtering depth. Standards are
required to correctly measure the concentration profile of an element within a matrix, since the
sputtering yields will be different depending on the crystal structure, defects, strain, etc.
Nevertheless, SIMS is applicable to all materials and is also capable of detecting isotopes and
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molecules. Additionally, it has the capability of characterizing concentrations as low as 1015
atoms/cm3 or 10-6%, which makes this analytical technique ideal for dopant profiling.29 For the
films studied in this work, a Mn doped GaN standard was created. The Mn ions were implanted
at energy of 180 keV into GaN samples at a dose of 5 X 1014/cm2 at room temperature. SIMS
profiles of the as-implanted material shows Mn concentrations ranging from 4 – 6 X 1019/cm3
over a depth of ~2000 Å, which is shown in figure 4.1.1. These standards were also used for
Mn-doped InGaN specimens. Therefore, it should be noted that the measured Mn composition
in the InGaN films may be higher than actual since In, similar to Al, is expected to enhance
secondary ion yields (enhancement expected to be less than one order of magnitude).

As-im planted

3

Mn Concentration (atoms/cm )

1E+20

1E+19

1E+18

1E+17

1E+16
0.02

0.22

0.42

0.62

depth (µm)

Figure 4.1.1. SIMS profile for the Mn-doped GaN standard.
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4.1.4 Transmission Electron Microscopy (TEM)
Transmission Electron Microscopy (TEM) was used to characterize the structural quality
of the films via high-resolution imaging and the crystallographic information through selected
area diffraction (SAD) patterns. This requires that the films are prepared thin enough to
transmit electrons.

Electrons emitted from the filament are accelerated to 200 keV and

projected into the sample via the condenser lens. The scattering processes experienced by the
electrons through the sample dictate the kind of information obtained about the sample. Elastic
scattering (no energy loss) gives rise to diffraction patterns, i.e. SAD patterns. Inelastic scattering
(loses energy) results in spatial variations in the intensity of the transmitted beam, which is due
to interactions with grain boundaries, crystal defects, secondary phases, etc.,29 and provides an
image. Images may be collected using bright-field or dark-field imaging techniques. Bright-field
imaging is performed by collecting information only from the central beam by use of the
objective aperture. Dark-field imaging involves selecting one of the diffracted beams as the
transmitted beam by using the objective aperture. For high resolution TEM (HRTEM), the
primary beam is recombined with a diffracted beam, allowing for distinction between the
diffracting planes.

4.1.5 Scanning Electron Microscopy/Energy Dispersive X-ray
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) are analytical
techniques that can provide quantitative and qualitative information regarding thin films. SEM
can provide information such as surface topography and morphology, voids, existence of
compounds, completeness of etching, coverage, uniformity, etc. In this study, SEM was used to
characterize the surface of Mn-doped films, where the Mn was etched.

The maximum
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resolution limits for a commercially available SEM are on the order of 2 – 5 nm, while 1 nm
resolution is capable on advanced machines.116 This machine also has an excellent depth of field,
thus easily maintaining the three dimensional appearance of the specimen image. Basically,
electrons emitted from a filament are focused onto the sample surface (electron beams typically
have energies ranging from a few thousand to 50 keV). Upon impinging the sample surface, the
electrons lose or transfer energy through interactions with atoms in the lattice over a certain
depth called the interaction volume. The size of the interaction volume depends on the atomic
number of the atoms in the lattice as well as the acceleration voltage. See references95,116 for a
more detailed explanation on SEM operations. These interactions cause electrons to leave the
sample, having a specific energy distribution which allows them to be classified into the
following groups: secondary electrons, backscattered electrons, auger electrons, and X-rays.
Secondary electrons are typically used for imaging the surface, are low in energy and have a
depth resolution of a several angstroms (result from inelastic scattering events). Backscattered
electrons are elastically scattered and therefore higher in energy, and are often used for Z
(atomic number) contrast analysis (can observe different phases with this technique). In this
work both backscattered and secondary electron techniques were used to characterize the
surface.

The EDX analysis characterizes X-rays that are generated due to these electron

interactions. Basically, by analyzing the X-ray energies, the atoms can be identified and by a
count of the number of X-rays emitted the concentration of atoms can be determined. This
technique was used in conjunction with SEM to verify the absence of a Mn film on the surface.
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4.2

MAGNETIC, ELECTRIC, AND OPTICAL CHARACTERIZATION

4.2.1 Vibrating Sample Magnetometry (VSM)
Vibrating Sample Magnetometry (VSM) is a technique used to characterize the magnetic
properties of materials. The experiment operates by placing a sample within a uniform magnetic
field which induces a magnetic moment M within the sample (see figure 4.2.1). The sample is
suitably placed between the pickup coils while undergoing sinusoidal motion (i.e. mechanical
vibration) at a given frequency. The changes in magnetic flux of the sample induces a voltage in
the pickup coils that is proportional to the magnetic moment of the sample. Therefore, for
proper analysis, the vibrational frequency of the sample as well as the applied field itself must be
consistent and free from non-uniformity.

A hysteresis loop is obtained by varying the field

from a maximum positive value to a maximum negative value and back.

Figure 4.2.1. VSM setup for measuring the magnetic moment.
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The hysteresis loop expresses the magnetic properties of a material, by plotting the
measured flux density (B) vs. the applied field (H) (figure 4.2.2). In an original curve (initial) (B)
rises rapidly then levels off at the saturation induction Bs. As the field is reduced to zero, the
flux is reduced to the remnant magnetization or residual induction (Br). To lower the flux value
to zero a negative applied field, HC, is needed. This HC is the coercive magnetic force of the
material. The B-H curve traces a hysteresis loop which is an index of the energy lost in a
complete cycle of magnetization. See Appendix A for a description on the different types of
magnetic behavior in materials.

B

Figure 4.2.2. Hysteresis curve for typical ferromagnetic and ferrimagnetic materials.141

The Lake Shore Model 7300 VSM system was used to perform magnetic measurements
on the samples at room temperature.117 The magnetic moment was measured in emu units,
where the sensitivity of the equipment is in the range of 10-5 emu. From a hysteresis curve one
can calculate the magnetic susceptibility, coercivity, saturation magnetization, remnant
magnetization, and Bohr magnetons per magnetic ion. Temperature dependent measurements
can provide information about the ordering temperature; validate observed magnetic behavior;
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total angular moment J; etc. However, variable temperature capabilities were unavailable on the
VSM at the time this work was performed, so most of the temperature dependent information
was derived from the extraordinary Hall Effect (EHE) discussed in the next section. As an
example of how to calculate the number of Bohr magnetons per magnetic atom, consider the
following example: the saturation magnetization MS for Ni ≅ 7.03 emu, where the mass of Ni
WNi = 0.126 grams (density of Ni is ρNi = 8.092 g/cm3). This gives an MS = 498.5 emu/cm3 or
= 0.626 Wb/m2 (where 1 emu/cm3 = 12.57 X 10-4 Wb/m2) for Ni. The number of Ni atoms
present (NNi) in 0.126 grams of Ni = 1.29 X 1021 atoms. Solving for saturation magnetization in
terms of Wb-m gives MS = 8.83 X 10-9 Wb-m. This can be converted into the number of Bohr
magnetons using 1µB = 1.16530 X 10-29 Wb-m, which can be used to calculate µB/Ni atom by
the following equation:

µB
7.58 × 10 20 µB
=
= 0.568 µB/atom
N Ni 1.29 × 10 21 atoms

(22)

This value is consistent with predicted and experimental values for Ni15,16.

4.2.2 Superconducting Quantum Interference Device (SQUID)
Superconducting quantum interference device (SQUID) was performed for Mn doped
III-Nitrides to measure the magnetic properties of the films.

SQUID measurements is a

magnetic sensing device that can measure magnetic moments as small as 10-9 emu, making this
tool a necessity when characterizing thin films or materials with small moments. The sensing
device works according to the Josephson Effect, essentially monitoring the current across a very
narrow insulating gap between two superconductors. The SQUID is comprised of two (dc) and
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one (rf) Josephson junctions within the loop of the superconducting materials. This device is
extremely sensitive to changes in the current. When a ferromagnetic material is placed between
the superconductors in the presence of an applied field, the change in flux associated with the
magnetization process induces an electromagnetic force thus altering the current, or super
currents. Variations in these super currents allow for the detection of such small moments.
SQUID measurements were performed to determine the magnetic character of the film at a
given temperature.

Curie temperature measurements were performed by measuring the

saturation magnetization as a function of temperature, where the temperature was varied from 5
to 400 K. SQUID measurements were taken at different temperatures so that a measure of
saturation magnetization as a function of H/T could be performed.

Performing these

measurements allows for the determination of superparamagnetism within the film.
Determining the origin of the ferromagnetic properties is extremely important since phase
separated particles or precipitates with small volumes typically exhibit superparamagnetic
behavior, giving a false sense of magnetic behavior resulting from a solid solution.

The

existence of superparamagnetic behavior can be determined by the following criteria:
1. Magnetization curves measured at different temperatures superimpose when plotting M
as a function of H/T.
2. Coercivity and retentivity are zero: i.e. No hysteresis.
See Appendix B for a more detailed discussion on the magnetic properties of materials.

4.2.3 Electrical Characterization
Electrical characterization was performed to measure the resistivity, Hall Effect, and the
extraordinary Hall Effect of the Mn-doped films. The measurements were made according to
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the Van der Pauw118 method, which allows for arbitrarily shaped samples and is particularly
useful for thin films applications.

This technique requires small contacts made at the

circumference of the sample and a uniformly thick film with no isolated holes present.
The electrical characterization setup is computer integrated, capable of performing
measurements in the temperature range of 77 < T < 400 K, with a maximum applied field of 1.5
Tesla. The magnetic field was measured using a Walker Magnemetrics Gauss meter with a thin
probe inserted between the magnetic poles near the sample dewar. The instruments utilized for
manipulating the voltage and current are: a Keithley 705 scanner; a Keithley 220 current source;
and a Keithley DMM 199, which are connected to a computer by a National Instruments GPIB
card. The software is written in HTB Basic for windows which are capable of performing all
three types of measurements. Samples were cleaved into 5 X 5 mm2 square pieces, and then In
dots were placed on the four corners for electrical contacts. The In dots were pre-etched for 30
seconds in HCl acid, rinsed, and stored in a beaker filled with methanol to minimize oxidation.
Samples were loaded into the MMR dewar for testing, where the dewar provided the electrical
connections as well as providing temperature control. The MMR K-20 temperature controller is
used to alter the temperature in the MMR R-2500 refrigerator/dewar. The cooling mechanism
in the refrigerator works according to the Joule-Thompson effect, which requires a supply of
high purity N2. This step also requires a thermal barrier surrounding the sample in the dewar,
which is created by evacuating the chamber to ~ 5 mTorr.
Hall Effect measurements were performed to determine the carrier type, concentration,
mobility, and resistivity of the films. The Hall Effect is a conduction phenomenon that varies
depending on the charge of the carriers.

To describe this effect consider an n-type
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semiconductor, where the magnetic field (of magnetic induction Bz) is applied perpendicular to
the direction of electric current Ix (see figure 4.2.3).

ε

Figure 4.2.3. Hall setup.

Each electron is subjected to a Lorentz force FL=qvxBz, where q is negative or positive charge
of an electron or hole and vx is the velocity of the electrons, which also can be positive or
negative depending on the carrier type. The Lorentz force pushes majority carriers in the
negative y direction, which for this scenario are the electrons. As a result, an electric field εy is
created to balance the effect of vxBz. For this scenario εy is in the negative y direction, allowing a
steady state flow of electrons down the length of the bar. The creation of the electric field εy is
called the Hall Effect, which results in a voltage VAB = εy d, called the Hall voltage, where εy is
negative in this case resulting in a negative value for VAB. Using the equations for the drift
velocity (Ix = -qn v x), εy becomes:

εy =

Ix
B z = RH I x B z
- qn

(23)
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where RH is the Hall coefficient, n is the electron carrier concentration. From these equations
the carrier concentration for electrons is given by:

n=

IxBz
− qdVAB

(24)

where d is the thickness of the film (use +q and p for holes). The signs of the Hall voltage and
the Hall coefficient are used to determine the carrier type in a semiconductor type and are
positive for holes and negative for electrons.
Experimentally, the electrical properties of DMS are similar to those of nonmagnetic
semiconductors only in the temperature range T >> TC.119 The Extraordinary Hall Effect
(EHE) was used to measure the magneto transport properties of the films. The experimental
setup for this measurement is shown in figure 4.2.4(a). The EHE setup is a variation of the Hall
Effect, where the Hall voltage (or resistance) is measured as the field is varied from a positive
maximum to a negative maximum as one would do in a hysteresis measurement. EHE
measurements as a function of temperature and field have provided detailed information
regarding the magnetic ordering in the Mn-doped GaN and InGaN materials.

The Hall

resistance in ferromagnetic materials can be expressed by:

R Hall =

R 0 B R SM
+
d
d

(25)

where R0 is the ordinary Hall coefficient, RS is the anomalous Hall coefficient, d is sample
thickness and M the magnetization of the film. We were able to determine the magnetic
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properties from these measurements due to the strong contribution of the anomalous Hall
Effect in our samples, which is shown in figure 4.2.4(b).
(a)

1

(b)

•
I+

•
V+

V•

I•

3

2

4

H

1

•
I+

•
I-

V+
•

2

V•

3

4

H

Figure 4.2.4. Setup for (a) Extraordinary Hall Effect measurement and (b) for Sheet Resistance setup
with field applied perpendicular to the plane of the film.

Unintentionally doped GaN films grown in our lab with very thin buffer layers that had
hexagonal surface features were n-type and exhibited carrier concentrations greater than 1.1 X
1018 cm-3 and mobility’s lower than 200 cm2/V/sec. The best carrier concentration and room
temperature mobility for an optimized GaN film grown under N2 flows only and with an
optimum GaN buffer layer thickness, were n = 2 X 10 17 cm-3 and 270 cm2/V-sec, respectively.

4.2.4 Photoluminescence (PL)
Photoluminescence (PL) is an optical characterization technique that can provide a
wealth of information about the material system of interest. When a photon of energy hν ≥ Eg
of a direct band gap semiconductor, electron hole pairs (EHP) are generated in the material and
this is typically referred to as absorption (figure 4.2.5(a)). When EHP recombine in a direct
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band gap material, a photon is emitted with an energy representative of the transition (figure
4.2.5(b)).

In the case where hν

< Eg, absorption does not occur since the photon has

insufficient energy for creating an EHP. PL can be used to determine the following properties
from a film possessing a direct band gap: band gap; the activation energy of a dopant such as in
the case of Mg; correlated with other data regarding the sample to confirm the composition of
an alloy; or give an indication of the strain state of the film due to piezoelectric effects.

Figure 4.2.5. Shows a photon with (a) energy hv > Eg being absorbed and (b) being emitted.141

Emission intensity is reduced when there are defects (i.e. deep levels) present in the
material. In GaN, this typically results in a broad PL energy spectrum since the defects and
unwanted impurities usually create broad energy levels within the material. PL measurements
were performed on the Mn –doped samples using an Omnichrome 35 mW He-Cd laser (325
nm), 0.5 m monochromator, photomultiplier tube and a standard lock-in amplifier. The energy
of this laser is efficient since Eg for GaN is ~3.4 eV or 365 nm, while Eg for all compositions of
InxGa1-xN have are lower in energy.
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4.2.5 Electroluminescence and I-V Characterization
Electroluminescence (EL) was performed on the LED devices to determine the
emission wavelength and intensity of the devices.

Basically, probes were used to make

connections to the p and n-type contact pads. An electric current of 20 mAmps, with a voltage
compliance of 8 Volts was used to cause emission. Since sapphire is transparent in the visible
wavelength spectrum, the emission characteristics were measured from the backside of the
device. The emitted light was collected using the same equipment as stated above over the
appropriate wavelength range. In some cases the electric current was varied to determine its
affect on the emission wavelength. This was part of a preliminary investigation for devices that
will be tested for spin injection.
The basic concept for this experiment is to inject electrons into the n-type layer by
forward biasing the device. These electrons migrate to the conduction band of the InGaN
quantum well and recombine with holes that are provided from the p-type GaN layer. When
recombination occurs, photons having energies associated with recombination are emitted. If
the material is of high quality, then emission intensity will be proportional to the injected
current. However, if the material has many defects, such as deep level traps, then the emission
wavelength range could be broadened or the intensity could be diminished.
Current-voltage characterization (I-V) is performed to determine various electrical
properties of devices and thin films. Of particular interest for this study are the turn on voltage
VT, current required for emission, and how dI/dV varies once VT is achieved. Ideally, VT should
correlate with the band gap of the material, and the input current should be as minimal as
possible.
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5

Mn-DOPING OF GaN

The discovery of carrier induced ferromagnetism9,13,120 in Mn-based dilute magnetic
semiconductors (DMS) has received much attention because of the potential device applications
that utilize both information processing and data storage within one material system. Until
recently, the highest Curie temperature reported for an Mn-based III-V DMS was 110 K, this
(Ga,Mn)As which was realized by the advancement of low temperature molecular beam epitaxy
(MBE) by Ohno.9 This low magnetic ordering temperature limits the potential device
applications at room temperature. Recently, we have succeeded in growing a new Mn-based
DMS that can be engineered to maintain magnetic ordering above room temperature.51,52

A

theoretical model considering ferromagnetic behavior of various Mn-doped p-type
semiconductors predicted that DMS Mn:GaN will have a Curie temperature above room
temperature.77 However, we will show that although this model has predicted that Mn:GaN
would have a Curie temperature above 300 K, it does not describe the mechanism or origin of
the ferromagnetic properties in this material. In this work we will report on the structural and
magnetic behavior of Mn:GaN grown by three different techniques, which include Mn-doped
GaN by: diffusion, ion implantation, and MOCVD.

This chapter is broken up into the

following four main sections: section 5.1 discusses the results for Mn-doped GaN by diffusion;
section 5.2 discusses the results for Mn ion implantation into GaN; section 5.3 discusses the
results for MOCVD grown Mn:GaN; section 5.4 gives the conclusions for the three growth
methods used for fabricating Mn:GaN. Details of previous work performed on this material will
be discussed where relevant in the following sections. However, the reader can refer to section
2.3 above for a more detailed discussion for ongoing work in this field. It is expected that our
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finding will impact the spintronic field that is based on III-Nitride device performance and its
application to opto-electronic devices operating at room temperature.
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5.1

RESULTS AND DISCUSSION FOR Mn:GaN BY DIFFUSION
In-situ reflective high energy electron diffraction (RHEED) was performed to determine

the crystalline quality of the films during growth. Secondary ion mass spectroscopy (SIMS) was
used to determine the Mn concentration in the Mn-doped GaN films grown by diffusion. X-ray
diffraction (XRD) and transmission electron microscopy (TEM) were performed to determine
crystalline quality of the films, as well as identify any secondary phases if present.

Vibrating

sample magnetometry (VSM) and superconducting quantum interference device (SQUID) were
used to determine the magnetic properties of the Mn:GaN films. Hall Effect measurements
were performed to determine the effect of Mn-doping on the electrical properties of GaN.

5.1.1 RHEED Analysis of Mn:GaN by Diffusion
In-situ RHEED patterns were taken to determine the crystalline quality of the films
during growth. Figure 5.1.1(a) shows the RHEED pattern for GaN along the [11 20] azimuth
prior to Mn deposition, and figure 5.1.1(b) shows the crystalline quality of ferromagnetic
Mn:GaN after deposition, along [11 20] azimuth. This RHEED pattern is typical for samples
grown and annealed at substrate temperatures ranging from 550 – 600 °C. The RHEED
patterns shown in figure 5.1.1 are streaky indicating smooth single crystalline materials showing
two-dimensional growth, indicative of the wurtzite crystal structure for GaN. These results are
similar to RHEED patterns reported by several authors where two dimensional growth of
Mn:GaN was achieved by molecular beam epitaxy (MBE).81,82,86,88

The substrate temperatures

for these studies ranged from 600 – 720 °C, with Mn concentrations varying from 3% –
5%.81,82,86,88 Although two dimensional growth of Mn:GaN occurred in all cases, the magnetic
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properties of these films varied with Curie temperature ranging from 20 K – 940 K, appears to
depend upon the flux of Ga and Mn, as well as the V/III ratio during MBE growth.

(a)

(b)

Figure 5.1.1. RHEED pattern for (a) GaN along the [11 20] direction prior to Mn deposition; (b)
showing epitaxial Mn:GaN after deposition, along [11 2 0] azimuth (addition of Mn causes the GaN
lattice to contract).

The RHEED pattern for Mn:GaN in figure 5.1.1(b) also shows an increase in the
separation distance between the streaks as compared to the as grown GaN film in figure 5.1.1(a).
Since RHEED patterns can be explained in terms of reciprocal space, an increase in the
separation distance represents a decrease in distance between the atoms in the lattice, i.e. the
addition of Mn causes the GaN lattice to contract. This is consistent with lattice constant
calculations for Mn:GaN based on a bond length model proposed here. By considering the
bond length, b, between the Ga and N atoms along the c axis, allows for predicting the lattice
constant corresponding to a specific Mn concentration (figure 5.1.2 shows a schematic of the c
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axis for the GaN wurtzite crystal structure). The bond length b can be calculated for the
wurtzite structure along the c axis by the following equation:

b=

cGaN
r +r 
−  Ga N 
2(1 + sin(19°) )  2 

(26)

where rGa and rN are the atomic radii for Ga and N respectively, which give b = 0.9698 Å. Next
we assume that 100% MnN has the same crystal structure as GaN so that we can set an upper
boundary for the model (of course this is not the case, but should be sufficient for low
concentrations of Mn-doped GaN). We then substitute the atomic radii for Mn into equation
(26) and assume that the b is the same as in GaN to predict the lattice constant for 100% MnN
with a wurtzite crystal structure, this theoretical value is cMnN = 5.05 Å. Vegard’s Law can then
be applied to estimate the Mn concentration at low doses. The atomic radii for Ga, N, and Mn
are rGa =1.218 Å, rN = 0.75 Å, and rMn = 1.12 Å, respectively.

Therefore, since rGa > rMn it is

expected that the lattice would contract when Mn substitutes for Ga in the GaN lattice. This
behavior was observed in our Mn:GaN films grown by diffusion.

Ga
N
b = 0.9698 Å
cGaN = 5.18 Å

Ga
N
9
10

°

Ga

Figure 5.1.2. Shows the atomic arrangement of the Ga and N atoms along the c axis in the GaN wurzite
crystal structure.
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5.1.2 SIMS Analysis of Mn:GaN by Diffusion
Secondary ion mass spectroscopy (SIMS) was performed to determine the Mn
concentration in GaN films doped by diffusion. SIMS analysis verified that the Mn diffusion
process used was sufficient for doping GaN51,52 as shown in figure 5.1.3.
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Figure 5.1.3. SIMS profile showing the relative Mn diffusion profile given in counts per second as a
function of sputtering rate. The thickness was determined by measuring the crater depth after SIMS
analysis.

Figure 5.1.4 shows Mn diffusion profile in undoped and n-type samples, indicating that the
diffusion rate of Mn in n-type GaN occurs more rapidly than in undoped GaN films. The units
for these SIMS measurements are given as counts per second as a function of sputtering rate,
where the thickness (depth) was determined by measuring the crater depth after the analysis.
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Figure 5.1.4. SIMS profile for various samples showing the general trend for the diffusion rate of Mn into
n-type and undoped material. The Mn profile is shown as counts per second versus sputtering time and
depth.

To better understand the Mn diffusion profile a Mn doped GaN standard was made by
implanting Mn ions into GaN with an energy of 180 keV at a dose of 5 X 1014/cm2 at room
temperature (As-implanted standard profile shown in figure 4.1.1). Figure 5.1.5 shows the Mn
concentration profile for samples MR079 and MR080 showing a 500 Å layer with an average Mn
concentration of 1.44 X 1021/cm3 (~3.5 %) in the GaN, and a 300 Å layer with and average Mn
concentration of 4.12 X 1020/cm3 (~1 %) in GaN, respectively.
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Figure 5.1.5. SIMS data for samples MR079 and MR080 showing a 500 Å layer with an average of 3.5 %
Mn in the GaN, and a 300 Å layer with and average of 1 % Mn in GaN, respectively.

The Mn concentration was determined by considering the number of Mn atoms/cm3
relative to the number of Ga atoms/cm3 in the wurtzite crystal structure. The total number of
Ga atoms in a cm3 of GaN based on the wurtzite unit cell is given by:

Ga( atoms cm3 ) =

2
= 4.42 × 10 22 ( atoms cm3 )
( a ) ( c )cos(30°)
2

(27)

where a = 3.18 Å and c = 5.19 Å for wurtzite GaN. These calculations are based on Mn
substituting for Ga in the GaN lattice, which was demonstrated by Soo84 et al. using x-ray
absorption fine structure (XAFS) analysis.
Mn-doping conditions via diffusion are the same for both films; however, the Curie
temperatures differ between the two films, where TC > 380 K and TC = 264 K for MR079 and
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MR080, respectively. Undoped GaN substrates were used for both films. The explanation for
this difference lies in the fact that more Mn has been incorporated in sample MR079 than in
MR080. Further analysis of Table 5.1.1, identifies several samples grown under the same Mndoping conditions with a variety of Curie temperatures.

This clearly indicates that Mn

incorporation depends on the growth conditions of the GaN substrate material, which will not
be discussed here due to a pending patent.
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Table 5.1.1: Mn deposition temperatures, annealing temperatures, and annealing times for Mndoping of undoped GaN via PLD and diffusion. This table also lists the magnetic response, and
Curie temperature of the ferromagnetic films (FM = ferromagnetic behavior, PM = paramagnetism,
and DM = diamagnetism in the films).
Sample
ID

GaN
Substrate

Tg°C
(Mndoping)

Annealin
g Temp.
°C

Ann Time
min

Magnetic
Response

TC °K

MR037

N112-00

280

700

123

PM

-----

MR051

N272-00

320

350

360

PM

-----

MR049

N262-00

460

N/A

N/A

PM

-----

MR050-01

N267-00

460

430

60

PM

-----

MR059

N063-01

500

n/A

n/A

DM

-----

MR054

N010-01

500

500

60

DM

-----

MR053

N003-01

500

500

77

PM

-----

MR062

N049-01

550-600

550-600

60

PM

-----

MR067

N260-00

550-600

550-600

60

FM

298

MR068

N253-00

550-600

550-600

60

PM

-----

MR077

N263-00

550-600

550-600

60

FM

264

MR079

N007-01

550-600

550-600

60

FM

> 380

MR080

N024-01

550-600

550-600

60

FM

264.1

MR082

N008-01

550-600

550-600

60

FM

> 363

MR087

N009-01

550-600

550-600

60

PM

-----

MR088

N110-01

550-600

550-600

60

FM

> 363

MR095

N191-01

550-600

550-600

60

FM

330

MR044

N018-02F

550-600

550-600

60

FM

357

MR048

N258-00

550-600

550-600

60

FM

228

MR105

N122-01

550-600

550-600

80

PM

-----

MR102

N192-01

550-600

550-600

100

PM

-----

MR098

N193-01

550-600

550-600

145

FM

350

MR052

N006-01

550-600

550-600

180

PM

-----

MR034

N101-00

680

680

174

FM

> 300
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From figure 5.1.5 the Mn diffusion coefficient for undoped GaN can be determined.
Fick’s second law allows us to model the Mn concentration gradient in these films as a function
of time and distance, given by the following equation:

cs − c x
 x 
= erf 

cs − co
 2 Dt 

(28)

where cs is the concentration of Mn on the surface, which is 100%; co is the initial concentration
of Mn within the substrate material; cx is the concentration of Mn atoms at some depth x below
the surface after some time t; and D is the diffusion coefficient of Mn in the substrate material.
Mn diffusion into the GaN is initiated from 100% Mn on the surface; therefore cs can be derived
from the lattice parameter and crystal structure for pure Mn. Mn is a cubic material with 1
atom/unit cell and a = 8.9131 Å. Using a variation of equation (27) gives 1.404 X 1021 Mn
atoms/cm3 for 100 % Mn, which is also equal to cs. Since no Mn is present in the GaN material
prior to deposition, co = 0. Using cx = 2.34 X 1019 atoms/cm3, at a depth of x = 4.04 X 10-5 cm
for a total annealing time of 7200 seconds gives D = 9.13 X 10-7cm2/s for Mn diffusion into
GaN for sample MR079 at T = 550 – 600 °C. This is slightly faster than Mn diffusion into ntype GaAs measured by Skoryatina121 et al., where it was determined that D = 4.3 X 10-10cm2/s.
This methodology for determining the diffusion coefficient does not take into account diffusion
along dislocations within the GaN material. Since Mn is similar in size to the Ga atom, atom is
expected to diffuse through the material by a substitutional or vacancy mechanism.
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5.1.3 TEM & XRD Characterization of Mn:GaN by Diffusion
X-ray diffraction (XRD) was performed to determine the crystalline quality of Mn:GaN
films.

Measurements were calibrated using the (0006) peak from the Al2O3 substrate. It is

known that binary Mn-Ga phases and cubic perovskite Mn3GaN are structurally compatible with
the wurtzite structure of GaN. Mn3GaN has been shown to form by the direct reaction of Mn
with GaN, where Mn can replace Ga in Mn3GaN up to Mn4N.109 These are ferrimagnetic phases
that can form either epitaxially, as clusters, or platelets within a GaN film. We have observed the
formation of Mn3GaN in our samples when they were doped at high temperatures and annealed
for longer times (in excess of 24 hours). The XRD pattern showing the presence of this
secondary Mn3GaN phase is shown in figure 5.1.6.
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Figure 5.1.6. XRD for sample MR038 showing the (111) Mn3GaN reflection, this sample was doped at
high temperatures and annealed for long times (in excess of 24 hours). Mn3GaN is a ferrimagnetic phase
that has a Curie temperature of 20 K.
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In these samples the (111) reflection for Mn3GaN was observed by means of x-ray
diffraction. The Curie temperature for Mn3GaN is ~ 20K, thus it would not result in a magnetic
moment at room temperature.
Figure 5.1.7 is a typical XRD pattern for undoped GaN grown by MOCVD on sapphire,
showing the (0002) and (0004) peaks associated with single crystal GaN.
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Figure 5.1.7. Typical XRD pattern for undoped GaN grown by MOCVD on sapphire.

Figure 5.1.8 shows an XRD pattern for Mn-doped GaN prepared by post Mn diffusion.

By

comparing the x-ray information from the Mn-doped and undoped GaN we observed a
broadening in the (0002) and (0004) GaN reflections. One interesting observation in these films
was the appearance of a very weak forbidden peak of (0001) GaN in some of the x-ray
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diffraction patterns; see the inset in figure 5.1.8.

This peak does not result from a half

wavelength (λ/2) and is attributed to structural faulting in the GaN films.
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Figure 5.1.8. XRD for Mn-doped GaN via PLD and diffusion. In some samples, only peak broadening
of the (0002) and (0004) GaN reflections were observed after Mn-doping. Observed a very weak
forbidden peak of (0001) GaN in some samples (inset in upper figure). This peak does not result from a
half wavelength (λ/2) and is attributed to structural faulting in the GaN films.

In the selected area electron diffraction pattern shown in figure 5.1.9, the Mn-doped GaN film
showed additional reflections (indexed in italics on the figure) that were identified as resulting
from a single twin orientation of the closed packed hexagonal (CPH) GaN matrix.122 The twin
spots observed in figure 5.1.9 are from (011 2) twinning in the [011 0] matrix. Figure 5.1.10 is
a HRTEM image of Mn-doped GaN where no secondary phases of Mn segregation were
observed, indicating single crystal Mn:GaN.

No other apparent changes in the images of the

Mn-doped samples under low or high resolution imaging conditions were identified. Thus we to
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emphasize that the magnetic properties reported in this work are not a result of secondary
magnetic phases (see table 2.4.1 above), but rather due to solid solution Mn:GaN structure.
-1 214
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-1 2-14

0002

-1 212

0-110
-1 210

1-100

-1100
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[-1010]

-1 2-10

01-110
-1 2-1-2

-1 21-2

-1 21-4

-1 2-12

000-4

-1 2-1-4

Figure 5.1.9. Electron diffraction pattern of Mn-doped GaN with (0 11 0) zone axis. The italic
indexing indicates the twin spots of (0 11 2) twinning in the [0 11 0] matrix.

Figure 5.1.10. HRTEM image of a typical single crystal Mn:(GaN) sample prepared by PLD and
diffusion. Note the absence of any secondary phases.
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Twinning (or structural faulting) can occur during growth, from the vapor, solid or
liquid, and is a result of an error in the stacking sequence of the basal planes within a material
where the stacking sequence is altered. Interestingly enough, the nearest neighbor relations at
the twin plane interface are preserved in light of the change in the stacking sequence.

The

formation of these twins is critically dependent upon the growth conditions of the material.
Thus, the origin of the structural faulting in the Mn:GaN films can result from the Mn doping
process or the GaN growth on Al2O3 substrates. As mentioned in section 2.2, GaN growth on
Al2O3 substrates is given by:
(0001) GaN //(0001) Al2O3 ,

[0 1 10]GaN //[112 0]Al2O3

(29)

where a 30 ° rotation between the two crystals occurs in the c-face as a result of the alignment
between the GaN and Al2O3 unit cells. The lattice mismatch between sapphire and GaN is about
13% – 16%,2,28,30 which allows for the introduction of defects into the GaN film during growth
in an effort to relieve stress. Structural faulting during MOCVD GaN growth on Al2O3 has
been previously been reported by several authors.

However, this type of defect was not

observed previously in undoped GaN samples grown in our laboratory. Therefore, to determine
origin of these defects more HRTEM studies on Mn-doped and undoped GaN samples are
needed. This study was not conducted for this dissertation since it was not the main objective of
the research.

5.1.4 VSM & SQUID Characterization of Mn:GaN by Diffusion
Room temperature VSM measurements were performed on all samples for magnetic
characterization of the Mn:GaN prepared using solid state diffusion. To determine the easy axis
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of the films the field was applied parallel and perpendicular to the plane of the film. Samples
were etched in 30% H2O2 to remove the Mn metal from the surface prior to testing. To confirm
that Mn was completely removed from the surface SEM/EDX analysis was performed and is
shown in figure 5.1.11. The spectrum was taken using an accelerating voltage of 5 kV at 30°
inclination angle relative to the film surface. Note the absence of a Mn peak in the spectrum
indicating the absence of a Mn layer on the surface. Therefore, it is our belief that the Mn film
was completely removed by the 30% H2O2 etching process.

Figure 5.1.11. SEM/EDXS analysis of an etched Mn-doped GaN surface grown by diffusion. Note that
Ga is the only peak present in the spectra, where no Mn peaks were observed. This indicates that the Mn
metal has been completely removed from the surface.
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Figure 5.1.12 demonstrates room temperature ferromagnetic behavior measured by VSM
for an etched sample, MR079. Table 5.1.1 lists the growth conditions for Mn-doping of
undoped GaN films. Mn deposition for this sample was performed at 560 -600 °C, where the
sample was annealed for 60 minutes (total annealing time is 2 hrs). This sample exhibited
ferromagnetism only when the field was applied perpendicular to the plane of the film, which is
along the c-direction of the Mn:GaN films. The inset of figure 5.1.12 shows ferromagnetic
behavior at 323 K for this sample as measured by EHE and will be discussed in the following
section.
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Figure 5.1.12. VSM curve showing out-of-plane ferromagnetic behavior for Mn:GaN, where the Mn
metal was etched from the surface. This sample was grown by the PLD and diffusion process. Lower
inset shows ferromagnetic behavior for this sample by EHE.

Figure 5.1.13 shows the in-plane magnetization curve for sample MR079 at room
temperature which does not exhibit hysteresis, but behaves paramagnetically. This type of
behavior was observed for all ferromagnetic Mn:GaN films grown by post Mn diffusion,
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suggesting that the hexagonal c-axis is the easy axis for these films. This type of hexagonal
anisotropy has been observed in HCP cobalt, where the anisotropy energy was found to depend
on the angle between the MS vector and the c-axis.15,16 The coercivity of this sample along the
easy axis is ~500 Oe. As stated previously, the average Mn concentration for this sample is ~
3.5 %, which gives a saturation magnetization of 45 emu/cm3 and ~3.33 µB/Mn atom.
Assuming that Mn2+ atom substitutes for Ga site in the GaN lattice so that S = 5/2, the Mn
concentration [Mn] calculated from the magnetization curves using MS = [Mn]gLµBS gives 9.7 X
1020 atoms/cm3, where MS is the saturation magnetization and the gL-factor is 2. This indicates a
25% difference in Mn concentration when compared with values obtained from SIMS, which

Magnetization, E- 4 emu

suggests that not all of the Mn ions are contributing to ferromagnetic coupling.
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Figure 5.1.13. In-plane VSM curve for Mn:GaN showing paramagnetic behavior, where the Mn metal
was etched from the surface. This sample was grown by the PLD and diffusion process.

From the SIMS results, we believe that the magnetic Mn:GaN layer is fairly thin (15-50
nm) relative to the diamagnetic background contribution of the 2 µm GaN substrate. Figure
5.1.14 shows a typical VSM magnetization curve for as grown undoped and n-type GaN
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materials performed at room temperature (see Table 5.1.2 for growth conditions).

These

materials demonstrated diamagnetic behavior regardless of their orientation in the field.
Table 5.1.2. Mn deposition temperatures, annealing temperatures and annealing times for Mndoping into n-type GaN via PLD and diffusion. DM indicates diamagnetism in the films.
Sample
ID

GaN Substrate

Tg°C (Mndoping)

Annealing
Temp. °C

Ann Time
min

Magnetic
Response

MR038

N135-00

28

680

1320

DM

MR039

N130-00

28

680

360

DM

MR058

N037-01

500

500

60

DM

MR055

N148-00

500

500

80

DM

MR063

N050-01

550

550

60

DM

MR045
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Figure 5.1.14. Typical VSM magnetization curves for undoped and n-type GaN showing diamagnetic
behavior.
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The magnetization for these samples is typically in the range of 10-5 emu as measured by the
VSM. Some Mn-doped samples demonstrated diamagnetic behavior regardless of substrate
growth conditions.

In these situations it is believed that the Mn-doping concentration is too

low to enable ferromagnetic coupling between the Mn atoms, thus the resulting moment is
provided solely from the diamagnetic GaN film. In other cases, ferromagnetic behavior was
observed with more sensitive characterization techniques such as SQUID or the extraordinary
Hall Effect (EHE). Diamagnetic behavior was observed for all Mn-doped n-type substrates
regardless of the growth conditions. Paramagnetic behavior was observed in most of the Mndoped p-type samples grown for this study, which was also independent of Mn doping
conditions. Table 5.1.3 lists the growth conditions and magnetic properties of Mn-doped pGaN films.
Table 5.1.3. Mn deposition temperatures, annealing temperatures and annealing times for Mndoping of p-type GaN via PLD and diffusion. PM indicates paramagnetism & DM indicates
diamagnetic behavior in these films.

Sample
ID

GaN
Substrate

Tg°C (Mndoping)

Annealing
Temp. °C

Ann Time
min

Magnetic
Response

MR103

N148-01

---

----

----

DM

MR106

N045-01

---

----

----

PM

MR078

KHS

550

360

60

PM

MR069

N078-01

550

360

60

PM

MR070

N076-01

550

360

60

PM

MR057

N209-99

500

500

60

DM

MR056

N266-00

550

550

100

PM

100

Superconducting quantum interference device (SQUID) was performed for Mn
diffusion into an undoped GaN film to measure the magnetic properties of the material. Figure
5.1.15 is a room temperature SQUID measurement showing ferromagnetic behavior where the
applied field is perpendicular to the plane of the film. Based on the relative Mn concentration of
2 % the sample was determined to have 2.8 µB/Mn atoms. The coercivity was ~100 Oe where
MS = 20 – 25 emu/cm3 at 300 K.
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T = 300 K
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Figure 5.1.15. SQUID measurement showing perpendicular magnetization curves for sample Mn-doped
GaN at 300 K. Sample determined to have 2 µB/Mn atom based on its physical dimensions and
composition.

Figure 5.1.16 shows temperature dependent SQUID measurement for this sample where
the Curie temperature is estimated to be ~ 520 K. The magnetization is given by:

M S = [Mn]g L Jµ B BJ ( x )

(30)

where x = JgLµBH/kBT and BJ(x) is called the Brillouin function, which is described by the
following relationship:
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2J + 1
σ
 (2J + 1) x  1
 x 
=
coth
 − coth 
σ
2J
 2J 
 2J  2J

(31)

0

where specific magnetization (σ) are the magnetic moment per gram and is typically used to
calculate the magnetic properties when dealing with the magnetization as a function of
temperature. σS and σ0 are the saturation magnetizations in emu/g at some temperature T and
at 0 K respectively (mass for volume of interest ≅ 4.05 X 10– 6g), which can be correlated with
the Curie temperature according to the following relationship:
σ
 (J + 1)  T
x
=

σ
 3J  TC
0

(32)

Solving for x from equation 30 and substituting into equation 31, gives we can correlating the
total angular momentum J to the Curie temperature. By using the Brillouin function fitting
parameters for J = 5/2, the Curie temperature of 520 K was determined to be the best fit for
this sample.
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Figure 5.1.16. Temperature dependent SQUID measurement showing a Curie temperature of ~520 K
for Mn-doped GaN via diffusion. The Curie temperature was determined using the Brillouin function.
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5.1.5 Electrical Characterization of Mn:GaN by Diffusion
Electrical transport measurements as a function of temperature and field have provided
detailed information regarding the magnetic ordering in the Mn-doped GaN material via
diffusion. In particular, Extraordinary Hall Effect (EHE) measurements were performed using
the Van der Pauw setup for magnetic characterization of these films. The Hall resistance in
ferromagnetic materials can be expressed by:

R Hall =

R 0 B R SM
+
d
d

(33)

where R0 is the ordinary Hall coefficient, RS is the anomalous Hall coefficient, d is sample
thickness and M the magnetization of the film.

From this equation it is clear that the

magnetization of the film is proportional to the measured Hall resistance.

Measurements

performed on ferromagnetic DMS materials in the temperature range of T » TC have similar
behavior to those of nonmagnetic semiconductors and determination of the carrier type and
concentration should be relatively straight forward. However, in the temperature range of T ≤
TC separating contributions to the Hall voltage from the anomalous and ordinary Hall Effect is
somewhat difficult. To determine the carrier type and concentration in this regime usually
requires working at magnetic fields significantly larger than the saturation field, so that only the
ordinary Hall voltage is contributing to the signal. For our experimental setup, the maximum
applied field achieved is ~ 1.5 T.
The Mn-doped layers have an easy axis normal to the film plane as stated above,
enabling the use of EHE measurements. Electrical measurements were performed prior to Mn
etching, since in most cases the etched samples were too resistive to measure. However, the
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magnetic properties obtained from the EHE experiments, such as coercivity and saturation field,
are consistent with VSM measurements performed on etched samples. Therefore, we believe
that having a nonmagnetic metal on the surface such as Mn allows us to probe the ferromagnetic
Mn:GaN layer. This Mn layer was typically a few hundred angstroms thick. The dominant
contribution from the anomalous Hall Effect in these samples made it possible to determine
magnetic properties from these measurements. Figures 5.1.17 and 5.1.18 shows hysteresis
curves for Mn-doped magnetic GaN measured at room temperature (for samples MR044 and
MR079). The coercive fields of these DMS Mn:GaN vary between 0.01 and 0.05 Tesla (100 and
500 Oe), which is consistent with the observed coercivity for sample MR079 as measured by
VSM.
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Figure 5.1.17. EHE for sample MR044 measured at 300 K. The EHE response of this film indicates
ferromagnetic behavior at room temperature.
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Figure 5.1.18. EHE for sample MR079 at T = 323 K showing ferromagnetic behavior. This sample has
a Curie temperature > 380 K.

A control measurement on the as grown GaN indicates these types of films are
diamagnetic prior to Mn-doping; and is shown in figure 5.1.19.
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Figure 5.1.19. Typical response for as grown GaN with no Mn doping, and for n-type GaN doped with
Mn (note its diamagnetic).
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Mn doping was performed on both n and p type GaN (Si and Mg doped GaN
respectively). Paramagnetic behavior was observed in the Mn co-doped p-type GaN (see figure
5.1.20), and diamagnetism was only observed in the Mn co-doped n-type GaN.
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Figure 5.1.20. Paramagnetic response was observed for p-type GaN doped with Mn. This response was
also observed when doping Mn into undoped GaN, depending on both the GaN and Mn growth
conditions.

However, some have reported ferromagnetic properties from n-type Mn:GaN53,54,85-88,90
grown by MBE. All have claimed that the n-type behavior results from the Mn:GaN films, and
not from the underlying buffer layer.
Several Hall effect measurements were made at different temperatures to show the
transition from paramagnetic to ferromagnetic behavior of the Mn:GaN samples doped by
diffusion. Figures 5.1.21 and 5.1.22 demonstrate the effect of temperature on the shape of the
magnetization curves for Samples MR048 and MR079 respectively.
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Figure 5.1.21. Shows the temperature dependence of the EHE for sample MR048-00. Note how the
magnetization curves undergo a transition from a linear behavior to a typical S shape curve by lowering
the measuring temperatures. TC = 248 K.

The figures show that the magnetization curves undergo a transition from a linear
behavior, under the increased applied magnetic field, to a typical S shape curve when the
measuring temperatures of the EHE measurements are lowered. This systematic approach
provides one method for determining the magnetic ordering temperature, which was found to
be 228K for sample MR048-00 in figure 5.1.21. The Curie temperature for MR079 could not be
determined from these measurements as the maximum achievable temperature for our Hall
setup is 380 – 400 K. Therefore, the Curie temperature for MR079 is > 380 K.
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Figure 5.1.22. Shows the temperature dependence of the EHE for sample MR079. Note how the
magnetization curves undergo a transition from a linear behavior to a typical S shape curve by lowering
the measuring temperatures. The Curie temperature for this sample was beyond our temperature range,
TC > 380K.

The zero-field sheet resistance (Rsheet) as a function of temperature119 was also used to
identify the Curie temperature in the Mn:GaN samples, where the temperatures were varied
from liquid nitrogen up to 380 K. Figure 5.1.23 shows the temperature dependence of the sheet
resistance (Rsheet) at zero applied field for Mn:GaN samples MR048, MR067, and MR077,
MR079, MR088 and an undoped GaN film. From the figure, the resistivity response for MR079
and MR088 exhibit metallic behavior, but samples MR067, MR077, and MR048 exhibit a semi108

insulating behavior similar to that of GaN. As mentioned above, the Mn metal was not removed
from the surface which should force all temperature dependent measurements to have metallic
behavior.

However, this is clearly not the case as some samples exhibit insulating behavior

indicating that having a nonmagnetic metal on the surface provides an avenue for probing the
magnetic properties of the Mn:GaN films. The humps in the curves (indicating the Curie
temperature values) are located between 228 to temperatures exceeding 380 K. The temperature
dependence of the sheet resistance measured on an undoped GaN sample verified the absence
of this hump, concluding that it is not an inherent materials property of GaN.
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Figure 5.1.23. Shows the temperature dependence of RSheet at zero applied field, for three different
samples: Mn-doped GaN (samples MR048-00, MR067-01, and MR077, MR079, MR088, and an as grown
GaN sample. Samples with higher Curie temperatures are on the
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According to Nagaev119 an explanation for the presence of this hump or rise in Rsheet is a
change in the dominant carrier scattering mechanism in the vicinity of TC. In some materials
the mobility of the dominant carrier is significantly larger than that of the magnetic carrier and
no change in resistivity in the region of TC was observed, as in the case of p-CdCr2Se4 123and pEuO.124 In other DMS systems where the magnetic dopant also functions as the dominant
carrier, as in the case of p-(Ga,Mn)As,65,67,106 the zero-field Rsheet temperature dependent
measurements exhibit a hump near the transition temperature, where TC = 110 K. For the p(Ga,Mn)As films metallic or semi-insulating behavior was observed in the films depending upon
the carrier concentration, where higher Mn concentrations resulted in metallic behavior.
However, there have not been any reports on the temperature dependent magneto transport
measurements for Mn:GaN.
The Hall resistance (RHall) versus temperature was measured for some of the magnetic
samples using an applied magnetic field of 8 kOe.
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Figure 5.1.24. Shows the Hall resistance as a function of temperature for Mn-doped GaN via diffusion,
sample MR044 where TC > 330 K.
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The data for these measurements also demonstrated a hump or change in the Hall resistance in
the vicinity of the Curie temperature. We cannot explain this similarity in the measurement of
the Curie temperature; however, it was a welcome confirmation for the value of TC. Figure
5.1.24 shows the RHall versus temperature measured under an applied magnetic field of 8 kOe for
the same sample MR044. Thus far we have measured Curie temperatures using sheet resistance
and Hall resistance as a function of temperature ranging from 228 to 370 K, where all samples
have shown a hump near TC with semi-insulating or metallic behavior depending upon the
doping concentration.
These TC’s (280 to 520 K) are reasonable when compared with reported Curie
temperatures in the literature. Sonada54,86 et al. have demonstrated a Curie temperature of 940K
for Mn:GaN with 9% Mn grown by MBE at 720 °C. A Curie temperature 0f ~ 20 K for
Mn:GaN with Mn concentrations ranging from 2% – 11% Mn grown by MBE between 600 –
800 °C was reported by Kuwabara81,83 et al.. Overberg53 et al. reported a Curie temperature >
320 K for this material with 3% Mn that was grown by MBE at 700 °C.

In all of these studies,

it is reported that the magnetic properties are a result of a solid solution of Mn in the GaN
lattice, since no secondary magnetic phases or precipitates were identified in the films by
structural or magnetic characterization by any of these authors. However, it is interesting to
note that the Curie temperatures depend on the growth conditions, since there is no observable
trend between the reported transition temperatures and Mn concentrations when analyzing the
data from various groups.
Although little information exists for superparamagnetic behavior in Mn particles since
coupling between Mn atoms results in antiferromagnetic alignment of the spins, there is always
the possibility of superparamagnetic behavior resulting from particle size secondary phases
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within the film. Substantial effort has been made to identify the presence of any secondary
phases within the film (XRD, HRTEM, EDP, etc.), but all experimental data so far confirms
their absence.

Claims have been made by several authors53,81,86 that secondary phases or

precipitates can exist within the material that are undetectable by any known high resolution
characterization technique. This clearly indicates that the volume of these secondary phases or
precipitates would have to be relatively small since they are “undetectable”.

The magnetic

moment per unit volume (emu/cm3) is calculated solely from the total volume contributing to
the magnetic moment, i.e. the volume of material that is not contributing cannot be included in
the calculation. This would obviously result in a magnetic moment ranging from 100’s to 1,000’s
of Bohr magnetons per magnetic atom, which far exceeds the typical response of a few Bohr
magnetons per atom. This type of response is called superparamagnetic behavior. If these so
called “undetectable” particles exist, temperature dependent magnetic measurements can be used
to determine their presence. Currently, there is only one physical explanation for having particle
size secondary phases or precipitates present with such an enormous moment per atom and that
is superparamagnetism.

As discussed in Appendix B, the criteria for superparamagnetic

behavior are as follows:
1. Magnetization curves measured at different temperatures superimpose when plotting M
as a function of H/T.
2. Coercivity and retentivity are zero: i.e. No hysteresis.
In an effort to rule out superparamagnetic behavior in our samples, temperature dependent Hall
measurements were performed. Since the Hall resistance is proportional to the magnetization M
of a ferromagnetic material, RHall as a function of H/T for sample MR048 (figure 5.1.25) was
plotted to demonstrate that superparamagnetic behavior does not exist in these samples.
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Therefore, we would like to emphasize that the ferromagnetic properties reported here results
from a solid solution of Mn in GaN.
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Figure 5.1.25. RHall as a function of H/T for Mn-doped GaN by diffusion (sample MR048). This
clearly demonstrates the absence of superparamagnetism within the film. (Note RHall is proportional to
the magnetization of a ferromagnetic material).

We have observed that the Mn-doping conditions for sample MR044, MR067, and
MR079 are the same; however, the GaN growth conditions are different. This indicates that the
magnetic properties of Mn-doped GaN are influenced by the GaN substrate properties.
Currently we are studying the correlation between the ferromagnetic properties of Mn:GaN with
the properties of as grown GaN films. Table 5.1.4 summarizes the electrical characterization
results for some samples used for the Mn-doped GaN films via diffusion (samples highlighted in
blue are ferromagnetic). These measurements were made after the Mn metal was etched from
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the surface in order to accurately measure the resistance of the Mn:GaN film.

The following

trends were observed depending on the electrical properties of the Mn:GaN films: diamagnetic
behavior was observed for Mn:GaN films co-doped with Si (n-type); Mn:GaN films co-doped
with Mg (p-type) resulted in paramagnetic behavior; and Mn-doped i-GaN produced
ferromagnetic films depending upon the growth and annealing conditions. Upon the addition of
Mn most of the films became more resistive making it difficult to measure the carrier type and
concentration. This type of behavior is expected since Mn has been experimentally shown12,89,97
and predicted11 to create a deep level acceptor at 1.4 eV above the valence band in GaN. This
indicates that the addition of Mn would have a tendency to trap carriers. Such a large activation
energy would require T = 16,147 K to ionize all of the Mn ions, according to the relationship EA
= kBT. This would explain the decrease in resistivity of the films.
Table 5.1.4: Electrical characteristics for the Mn:GaN films doped by solid state diffusion.

Sample
ID

Meas. Temp.
(K)

Pre Mn
Layer Type

Hall Measurements
Pre- Mn
Post- Mn
µ

MR056

300

p

Und

18.96

Und.

MR103

300

p

Und

9.77E-02

Und

MR035

300

n

n

MR044

300

U

Und

Resistive

Und

Resistive

MR079
MR108

300
300

U
U

Und
Und

Resistive
Resistive

Und
Und

Resistive
Resistive

-3

Type cm

ρ
(Ω*cm)

5.8E+18 1.14E-02

2

(cm /
V*sec)

94.4

-3

Type cm

n

ρ
(Ω*cm)

µ
2

(cm /
V*sec)

5.10E-02
9.7E+18 8.70E-03

73.8
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5.2

RESULTS & DISCUSSION OF ION IMPLANTED Mn:GaN
Secondary ion mass spectroscopy (SIMS) was used to determine the Mn concentration in

the Mn implanted GaN films. X-ray diffraction (XRD) and transmission electron microscopy
(TEM) were performed to determine crystalline quality of the films, as well as identify any
secondary phases if present. Vibrating sample magnetometry (VSM) was used to determine the
magnetic properties of the Mn:GaN films.

5.2.1 SIMS Analysis for Ion Implanted Mn:GaN Films
Mn ions were implanted at an energy of 180 keV into GaN samples at a dose of 5 X
1014/cm2 at room temperature.

Annealing was performed on the samples at 1000 °C under

NH3 and at 850 °C under N2 for annealing times ranging from 12 to 30 minutes in the MOCVD
chamber. N2 dissociation from GaN is a concern when annealing at temperatures above 600 °C,
loss of nitrogen will result in Ga metal on the surface of the film, or completely destroy the film.
The N2 dissociation rate is known to increases with increasing temperatures.

Therefore, we

flow N2 or NH3 to create an overpressure of N2 in the chamber in an effort to prevent N2
dissociation from GaN. During annealing an undoped GaN film was placed film side down on
top of the Mn doped GaN film to prevent any further damage to the samples, as well as N2
dissociation. Table 5.2.1 provides the growth and annealing conditions and the type of magnetic
response for each sample used in this study. Figure 5.2.1 shows the SIMS profile for the Mn
concentration of as-implanted and annealed samples. In the case of the as-implanted sample,
the peak concentration is ~5 X 1019/cm3 (approximately 0.12%), while annealed samples MR114
and MR115 both show a peak concentration of 4.1 X 10 19/cm3 (~0.09%). The data shows that
Mn out diffusion did not occur during annealing.
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Figure 5.2.1. SIMS plot showing the Mn concentration profile for as-implanted sample and two different
samples annealed at 1000 ºC in N2 for 12 minutes. The two samples are MR114 (grown at 760 Torr)
and MR115 (grown at low pressure).

These two samples were annealed at 1000 ºC in N2 for 12 minutes in the MOCVD
chamber. In this figure we can see that the diffusion rate is slightly higher for samples grown at
760 Torr than for samples grown at 100 Torr. It is also evident that transient enhanced
diffusion has occurred in the annealed samples, pushing the Mn atoms deeper into the GaN
lattice. These differences in diffusion rates could be a result of variations of the Fermi energy
with growth pressure. GaN films grown at lower pressures are more semi-insulating, while
those grown at atmospheric pressure tend to have Fermi energy’s greater than ½Eg which allows
for the formation of Ga vacancies.125 The increased concentration of Ga vacancies increases the
diffusion coefficient of Mn in GaN; assuming Mn transport via vacant Ga sites.
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Table 5.2.1: Growth and annealing conditions of Mn ion implanted samples and their room
temperature magnetic properties. (FM indicates room temperature ferromagnetic response, NM
indicates nonmagnetic).

Annealing Conditions
Sample

Ambient

Temp. (°C)

Magnetic
Response

GaN
Growth
(Torr)

Room Temp.

Time
(min.)

MR092

As-implanted

FM

760

MR112

As-implanted

NM

100

MR093

NH3

1000

30

FM

760

MR111

NH3

1000

30

NM

100

MR115

N2

1000

12

FM

760

MR114

N2

1000

12

FM

100

MR094

N2

850

30

FM

760

MR113

N2

850

30

FM

100

5.2.2 XRD Characterization of Ion Implanted Mn:GaN Films
Figure 5.2.2 shows a typical XRD patterns for as-implanted Mn doped GaN films grown
at 100 or 760 Torr. XRD patterns for these as-implanted samples show the cubic zinc blende
(111) and (222) peaks for GaN, as well as the typical hexagonal (0002) and (0004) GaN peaks.
The presence of these highly oriented peaks suggests the GaN did not suffer major
amorphization during ion implantation. This is a reasonable conclusion since low doses and
implantation energy’s were used for the Mn-implantation. This resistance to damage is attributed
to the strong ionic nature of bonding within the GaN.101,126,127 Tan128 et al. have shown that low
dose implants, 1016 atoms/cm2 down to 1013 atoms/cm2 of Si and Te in GaN, are not amorphous
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but defective after implantation, which upon annealing still contains a coarse network of
extended defects.
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Figure 5.2.2. (a) Typical XRD pattern for as-implanted Mn doped GaN films grown between 100 – 760
Torr, showing the cubic (111) and (222) peaks for GaN, and the hexagonal (0002) and (0004) GaN peaks.
Inset shows presence of very weak forbidden (0001) peak attributed to structural faulting in the GaN
films. (b) XRD pattern comparing the as-implanted and annealed samples. This figure clearly shows that
cubic GaN peaks disappeared and the (0002) and (0004) peaks narrowed upon annealing.
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The XRD patterns for the ion implanted samples also show a very weak forbidden (0001) peak
as shown in the inset of figure 5.2.2(a), which we have also observed in some of our GaN
samples doped with Mn by solid state diffusion process.51,52 This peak does not result from a
half wavelength (λ/2) or secondary magnetic phases, and is attributed to structural faulting in the
GaN films, and is discussed in detail in our previous work.51,52 XRD diffraction patterns for the
annealed samples are shown in figure 5.2.2(b). When compared to their as-implanted state, one
can see the disappearance of the cubic zinc blende GaN peaks, indicating that damage has been
removed. The creation of the zinc blende GaN structure is an indication that damage incurred
by the lattice resulted in a change in stacking sequence of the wurtzite structure, going from
ABABAB (hexagonal) to ABCABC (cubic). However, it is known that the cubic zinc blende
GaN is thermodynamically unstable. Thus, when energy was applied in the form of heat the
system went to its equilibrium state, that of the hexagonal wurtzite structure. It is also evident
that (0002) and (0004) peaks narrowed upon annealing, indicating an improvement in the
crystalline quality of the films. No secondary magnetic phases were observed in the pre or post
annealed samples.
Studies of Mn-implantation in p-GaN by Baik129 et al. were carried out using an energy of
180 keV at a dose of 5 X1016/cm2. The samples in this study were heated to 350 °C during
implantation and annealed between 800 and 900 °C for 30 seconds under N2. For the asimplanted samples, no secondary phases were identified by XRD. However, annealing at 800

°C produced Mn-N compounds of Mn6N2.58, of which increased in intensity as the annealing
temperature was raised and ultimately resulted in Mn3N2. These phases are antiferromagnetic
with a Néel temperature greater than 300 K, where the 2θ peaks ranged from 38° to
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40°depending on the Mn content.129 They also identified the presence of a ferromagnetic MnGa
phase for samples that were annealed below 900 °C, above which this phase disappeared. Other
authors99,102,130,131 have reported the absence of secondary magnetic phases in their XRD
spectrums when Mn was implanted in p-GaN at similar doses and energies, making it difficult to
identify a solid solubility limit of Mn in GaN.

5.2.3 TEM Analysis for Ion Implanted Mn:GaN Films
TEM analysis was performed to characterize the crystalline quality of the implanted
material. Figures 5.2.3 and 5.2.4 shows the high resolution TEM image for the as-implanted
GaN sample, and sample MR094 which was annealed at 850 °C for 30 minutes under N2 where
the GaN film was grown at 760 Torr.

Figure 5.2.3. HRTEM image of the as-implanted Mn:GaN film.
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Both samples show high quality single crystal Mn:GaN, where no grain boundaries, platelets, or
Moiré fringes were observed.

The inset of figure 5.2.4 shows the selected area electron

diffraction pattern of the film along the (011 0) zone axis indicating the absence of secondary
magnetic phases for sample MR094. These results are similar to that of the as-implanted case
and do not show the presence of any secondary magnetic phases, which would result in extra
spots or rings in the electron diffraction pattern.

However, TEM studies performed by

Theodoropoulou99 et al. where the Mn ions were implanted at energy of 250 keV at a doses
ranging from 1015 – 5 X 1016/cm2 exhibited these types of characteristics, i.e. the material was
polycrystalline. Nonetheless, secondary phases were not identified within their Mn:GaN films
which turned out to be ferromagnetic with a Curie temperature of 250 K.
-1 214

0004

-1 2-14

-1 212

0002

-1 2-12

-1 210

Zone

-1 2-10

[-1010]

-1 21-2
-1 21-4

000-2

000-4

-1 2-1-2

-1 2-1-4

Ann. 850 ºC
N2, 30 min.

Figure 5.2.4. High resolution TEM image for sample MR094 grown at atmospheric pressure and
annealed at 850 °C for 30 min under N2 after Mn implantation, showing high crystalline quality of
Mn:GaN. Inset shows the electron diffraction pattern indicating the absence of secondary magnetic
phases.
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Prior to annealing the as-implanted samples had a slight grayish tint color which was
disappeared upon annealing the Mn:GaN films.

Samples were observed using a Nomarski

microscope before and after annealing to insure that the GaN film did not suffer any
incongruent evaporation.

Most of the annealed sample surfaces appeared the same after

annealing with the exception of the samples that were annealed at 1000 ºC under NH3 for 30
minutes. In these samples slight etching at the surface was observed in isolated areas, however,
the vast majority of the sample revealed typical GaN similar to that of the preliminary material.

5.2.4 VSM Characterization of Ion Implanted Mn:GaN Films
VSM measurements were performed at room temperature for the as-implanted and
annealed samples. These results indicate an easy axis out of plane for these samples, which is
consistent with results observed in our diffusion studies of Mn:GaN.51,52 Figure 5.2.5 shows the
magnetic behavior for samples MR092, MR093, and MR094, where the MOCVD grown GaN
starting material was grown at 760 Torr. Table 5.2.2 lists the ferromagnetic properties associated
with each sample for this study. The saturation magnetization for sample MR093 (annealed
under NH3 at 1000 ºC for 30 minutes) is ~ 10 emu/cm3, which is slightly stronger that sample
MR094 (annealed under N2 at 850 ºC for 30 minutes) where MS = 7 emu/cm3. Given the fact
that the Mn concentration within all of these films is essentially the same and no significant
implantation damage was created during implantation one would expect to see similar magnetic
properties between the films.
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Figure 5.2.5. Out of plane room temperature VSM measurements for ion implanted Mn:GaN films that
were grown atmospheric pressure. (a) As-implanted sample MR092; (b) MR094, annealed at 850 ºC in N2
for 30 minutes; (c) MR093, annealed at 1000 ºC in NH3 for 30 minutes.
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Figure 5.2.6 shows the magnetic properties for samples MR113 and MR114 where the
GaN starting material was grown at 100 Torr. These samples exhibit ferromagnetic behavior
only after the samples have been annealed at temperatures greater than 850 ºC and under an N2
ambient. The saturation magnetization for sample MR114 (annealed under N2 at 1000 ºC for 12
minutes) is ~ 14 emu/cm3, which is slightly stronger that sample MR113 (annealed under N2 at
850 ºC for 30 minutes) where MS = 9 emu/cm3. Again we see nearly identical results for the
saturation magnetization of the Mn:GaN films doped by implantation. However, it is interesting
that the as-implanted GaN (grown at 100 Torr) sample MR112 does not exhibit ferromagnetic
behavior at room temperature, whereas ferromagnetism is observed in the as-implanted GaN
(grown at 760 Torr) sample MR092.

This could be a function of the different types of

impurities incorporated, strain in the film, and the growth kinetics associated with the GaN
growth pressure. Also from Table 5.2.2, it is apparent that the coercivity varies depending upon
the annealing conditions and growth pressure during MOCVD GaN growth. The differences
between the coercivity of each sample can also be affected by the condition of the GaN starting
material. Generally, the coercivity of a material is a function of the domain wall volume, which
will be affected by condition of the crystal structure and atomic makeup in a ferromagnetic
material.
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Figure 5.2.6. Out of plane room temperature VSM measurements for ion implanted Mn:GaN films
grown at low pressure. (a) MR113, annealed at 850 ºC in N2 for 30 minutes; (b) MR114, annealed at
1000 ºC in N2 for 12 minutes.
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Temperature dependent VSM or EHE measurements were not performed on these
samples due to equipment availability and the highly resistive nature of these films. Therefore,
we were unable to determine the Curie temperatures or rule out superparamagnetism as the
origin for the ferromagnetic behavior in these Mn:GaN films doped by ion implantation.

In

addition to the high resistivity, the optical properties were significantly decreased upon Mnimplantation into the GaN films. Point defects created during dopant implantation into GaN is
known to reduce the optical properties of the films. This indicates that the annealing processes
used in this study were insufficient for removing or avoiding the formation of these point
defects in the films. Even though the TEM images showed single crystal Mn:GaN films, point
defects are difficult to observe in thin films.
Dietl77 et al. predicted that a Mn concentration of 3.5 X 1020 atoms/cm 3 (~5% Mn) in
GaN is needed to produce a Curie temperature above room temperature. Our doping
concentration (0.09- 0.12% Mn) is significantly lower than this predicted concentration and yet
we still see ferromagnetic behavior at room temperature. Theodoropoulou100 et al. also observed
a deviation from theory when performing ion implantation of magnetic impurities into GaN.
They reported that the Curie temperature appeared to decrease as the impurity concentrations
approached 5%, and had a maximum at lower concentrations. This was attributed to damage
due to higher dose rates.

One possible explanation as to why there is a deviation between

theory and our experimental results are due to the fact that theory is based on holes originating
from a shallow acceptor, whereas it has been predicted and experimentally observed by several
authors11 that Mn in GaN does not create a shallow acceptor. Instead it creates a deep acceptor
lying approximately 1.4 eV above the valence band.

126

Table 5.2.2: Room temperature magnetic properties associated with the growth and annealing
conditions of Mn ion implanted samples.

Annealing Conditions
Sample

Ambient

Temp. (°C)

Time
(min.)

Asimplanted

MR092

GaN Growth
(Torr)

MS
emu/cm3

HC
(Oe)

12

870

760

MR094

N2

850

30

7

265

760

MR115

N2

1000

12

Weak

Weak

760

MR093

NH3

1000

30

10

270

760

-

-

100

Asimplanted

MR112
MR113

N2

850

30

9

350

100

MR114

N2

1000

12

14

1500

100

MR111

NH3

1000

30

-

-

100
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5.3

RESULTS AND DISCUSSION FOR MOCVD GROWN Mn:GaN
Secondary ion mass spectroscopy (SIMS) was used to determine the Mn concentration in

the MOCVD grown Mn:GaN films.

X-ray diffraction (XRD) and transmission electron

microscopy (TEM) were performed to determine crystalline quality of the films, as well as
identify any secondary phases, if present.

Vibrating sample magnetometry (VSM) and

superconducting quantum interference device (SQUID) were used to determine the magnetic
properties of the Mn:GaN films. Hall Effect and photoluminescence (PL) measurements were
performed to determine the effect of Mn-doping on the electrical and optical properties of GaN.

5.3.1 SIMS Analysis of MOCVD Grown Mn:GaN
SIMS analysis was performed to determine the Mn concentration profile in MOCVD
grown Mn:GaN.

Figure 5.3.1 shows the Mn concentration profile as a function of depth for

sample N174-02, which showed ferromagnetic properties at room temperature (discussed in
subsequent sections). The secondary Mn ion count was first calibrated using an ion implanted
Mn-doped GaN standard and are reported in atoms/cm3, whereas the Ga compositions are
reported in counts per second. The Mn:GaN standard was made by implanting Mn ions at an
energy of 180 keV into GaN samples at a dose of 5 X 1014/cm2 at room temperature (asimplanted standard profile shown in figure 4.1.1). The Mn concentration was determined by
considering the number of Mn atoms/cm3 relative to the number of Ga atoms/cm3 in the
wurtzite crystal structure, assuming substitution of Mn on the Ga sites in the GaN lattice. This
assumption has been confirmed by Soo84 et al. where it was demonstrated that Mn substitutes for
Ga in the GaN lattice by x-ray absorption fine structure (XAFS) analysis. The total number of
Ga atoms in the GaN wurtzite unit cell is given by equation (35) in section 5.2.2. The thickness
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of the Mn:GaN film is ~ 0.78 µm, and the Mn concentration was determined to be
approximately 2.5 X 1020 atoms/cm3 of Mn, corresponding to ~0.6% in GaxMn1-xN. This film
was grown using a (EtCp)2Mn/TMGa partial pressure ratio of 0.0192 with a growth temperature
of 1040 °C. The data for MOCVD growth of Mn:GaN at 1060 °C provided by Korotkov12,89,97
et al. did not include any information regarding the Mn concentration within the films or their
magnetic characteristics. However, Mn:GaN films grown by gas source MBE show a variety of
Curie temperatures depending upon the growth conditions and Mn concentrations, where the
highest transition temperature of 940K is reported by Sonoda85-87 et al. with 9% Mn.
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Figure 5.3.1. SIMS profile of MOCVD Mn:GaN showing a uniform Mn concentration of 2.5 X 1020
atoms/cm3 over a depth of 0.78 µm (sample N174-02). Film was grown 1040 °C at a pressure of 500
Torr. Mn:GaN/GaN interface denoted by arrows.
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5.3.2 XRD & TEM Characterization of MOCVD Grown Mn:GaN
X-ray diffraction (XRD) was performed to determine the crystalline quality of Mn:GaN
films.

Measurements were calibrated using the (0006) peak from the Al2O3 substrate. Figure

5.3.2(a) shows the XRD pattern for sample N174-02 showing the typical (0002) and (0004) GaN
reflections; no secondary phases were observed. The lattice parameter measured from the XRD
pattern for this film is c = 5.186 Å, which should result in ~1% Mn concentration according to
the bond length model proposed in section 5.2.1.

However, as mentioned in the previous

section, the Mn concentration for this sample as measured by SIMS is ~ 0.6%, indicating that
some adjustments to the model are required to account for the presence of both ionic and
covalent bonding in GaN. For comparison, figure 5.3.2(b) shows the XRD pattern for a sample
showing secondary phases with peaks at 2θ = 20.48° and 64.48°, where these peaks correspond
to a hexagonal GaMn2 phase.
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Figure 5.3.2. (a) XRD pattern for sample N174-02 showing single crystal Mn:GaN, i.e. no secondary
phases present; (b) XRD pattern for sample with peaks at 2θ = 20.48º and 64.48 º, where these peaks
correspond to a hexagonal GaMn2 phase.
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TEM analysis was performed on these samples to determine the crystalline quality of
these films. Figure 5.3.3 shows the selected area electron diffraction pattern (EDP) taken from
the Mn:GaN layer for sample N153-02 along the (011 0) zone axis, which also exhibited
ferromagnetic behavior at room temperature. Note the absence of extra diffraction spots in the
EDP indicating the absence of secondary phases such as Mn3GaN, Mn4N, etc. in the film.
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[-1010]
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000-2
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Figure 5.3.3. Electron diffraction pattern of MOCVD grown Mn:GaN with (011 0) zone axis. Note
the absence of extra spots or streaks in the film, indicating that the film is single crystal.

Figure 5.3.4 shows the TEM image taken under bright field conditions at 59,000 X,
showing the Mn:GaN layer with a thickness of ~ 0.6 µm. This film was also grown using a
(EtCp)2Mn/TMGa partial pressure ratio of 0.0192 with a growth temperature of 1040 °C, but
was grown at 500 Torr instead of atmospheric pressure. The EDP, exhibiting no extra spots or
streaks in the pattern, indicating no secondary phases are present in the film.
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Figure 5.3.4. TEM image of Mn:GaN grown by MOCVD at 59 kX, showing a Mn:GaN thickness of ~
0.6 µm for sample N153-02.

Based on XRD data the range of solid solubility of Mn in GaN as a function of
(EtCp)2Mn flux, TMGa flux, growth temperature, and growth pressure were studied. Growth
conditions resulting in either single crystal Mn:GaN films or films containing separated
secondary phases are show in figure 5.3.5 (a), (b), and figure 5.3.6. Figure 5.3.5(a) shows that the
formation of secondary phases is independent of growth pressure, but is critically dependent on
the (EtCp)2Mn flux for a given TMGa flux and growth temperature, and that single crystal
Mn:GaN only occurs for (EtCp)2Mn less than 0.1 µmole. However, it appears that the Ga flux
(i.e. growth rate) and the EtCp)2Mn/TMGa partial pressure ratio also affect the occurrence of
secondary phases at a given growth temperature, as shown in figure 5.3.5(b). Even for a fairly
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low Mn flux (as low as 0.01 µmole) secondary phases occur readily at lower growth rates
indicating that secondary phase formation depends on growth kinetics as well as thermodynamic
considerations. Figure 5.3.6 shows the effect of growth temperature on the formation of
secondary phases. At high growth temperatures it is possible for kinetics to dominate where the
Mn diffusivity is increased due to an increase in the total number of Ga vacancies which can
enhance the formation of secondary phases. Thus, from figures 5.3.5 and 5.3.6 single crystal
Mn:GaN can only be achieved under fairly strict conditions that depend on growth rate, growth
temperature and the (EtCp)2Mn flux in the gas phase. It should be mentioned that the boundary
between single crystal and multi-phase region shown in figures 5.3.5 and 5.3.6 is an
approximation of the Mn solubility limit in GaN and are shown as a general guide line.
Therefore, more experimental data and modeling are needed to explain the trends in growth.
Based on these results and SIMS data, the range of Mn that can be incorporated without
secondary phase formation is [Mn] ≤ 2.5 X 1020 atoms/cm3 (~0.6%) at Tg = 1040 ºC and ~1 X
1021 atoms/cm3 (~2.3%) at Tg = 850 ºC. Current results are similar to results obtained by
Kuwabara81 et al. as stated above.
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Figure 5.3.5. (a) Shows the growth pressure (Torr) as a function of Mn flux (µmol) for films grown at
1040 °C, indicating that the crystalline quality is independent of growth pressure; (b) Shows the
dependence of the crystalline quality on the Mn/Ga ratio.
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Figure 5.3.6. Shows crystalline quality as a function of growth temperature and Mn/Ga ratio.
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5.3.3 VSM and SQUID Characterization of MOCVD Grown Mn:GaN
Most of the Mn:GaN in the single crystal region are ferromagnetic; Table 5.3.1 lists their
growth conditions and room temperature magnetic properties for these films. VSM
measurements were performed at room temperature to study the magnetic properties of the
Mn:GaN films. Magnetic fields up to 1.5 T were applied parallel and perpendicular to the film
plane. The background diamagnetic contributions from the sapphire substrate and GaN buffer
layer were subtracted from the data. Samples N151-02, 169-02, and N153-02 were determined
to be ferromagnetic at room temperature, where a maximum moment of 3.4 µB/Mn atom was
achieved for sample N151-02. This indicates most of the Mn atoms within the film are
participating ferromagnetically, since this value approaches the maximum moment for Mn which
is 4 µB/Mn atom. These results are comparable with moments reported in the literature.
Theodoropoulou99 et al. reported a magnetization of 3.8 µB/Mn atom at 300 K having 3% Mn,
while Overberg53 et al. found 0.3 µB/Mn atom at 25 K in films containing 7% Mn. The variation
amongst these results suggests that the magnetic properties are not only a function of the Mn
concentration within the Mn:GaN films but are also extremely dependent on the growth
conditions. Most of the magnetic data cited for comparison of magnetic results in this study
were grown by MBE or ion implantation. Clearly, these different types of growth techniques
used for creating Mn:GaN have different limitations in their ability for thin film growth (i.e.
growth temperature, carrier gases, elemental sources, solid solubility limits, chamber design, etc.).
These differences in growth techniques are most likely the origin for the differences amongst the
magnetic properties reported in the literature.
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Table 5.3.1. Electrical characteristics and magnetic properties from VSM measurements are
shown as function of growth conditions for MOCVD grown Mn:GaN.

N151-02

N169-02

N174-02

T g °C

1040

850

1040

Mn flow
(sccm)

50

60

150

µB/Mn atom

3.4

2.94

1.3

Mn%
Ga1-x Mnx N

0.18%

0.60%

0.60%

ρ (Ω*cm)

0.073

0.081

0.107

carrier type

n ≅ 4 X 10 /cm

17

3

17

3

n ≅ 6 X 10 /cm

Undetermined

Figure 5.3.7 shows the ferromagnetic properties for sample N174-02, showing
perpendicular magnetization. The saturation moment of this sample is ~1.3 µB/Mn atom with a
coercivity of ~ 130 Oe. Assuming that Mn2+ atom substitutes on Ga sites in the GaN lattice so
that J = 5/2, the Mn concentration [Mn] calculated from the magnetization curves using MS =
[Mn]gLµBS gives 6.03 X 1019 atoms/cm3, where MS is the saturation magnetization and the gLfactor is 2. This calculated Mn concentration is significantly less than what was measured from
the SIMS data, indicating that ~24% of the Mn ions in the GaN are contributing to
ferromagnetic coupling.
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Figure 5.3.7. VSM curve showing the room temperature ferromagnetic properties for sample N174-02,
with a saturation moment of 1.2 µB/Mn atom.

Figure 5.3.8 shows the room temperature SQUID measurement for sample N153-02 which is
estimated to have ~ 1 µB/Mn atom, and a coercivity of ~ 100 Oe. Using the same analogy as
for sample N174-02, we estimate that [Mn] = 4.313 X 1019 atoms/cm3 for sample N153-02
based on the magnetic properties. Growth conditions for sample N153-02 and N174-02 are
nearly identical with the exception of the growth pressure.

The fact that their magnetic

properties are also very similar indicates that the growth pressure does not play a critical role for
controlling the magnetic properties of the Mn:GaN films. Figure 5.3.9 shows the saturation
magnetization MS as a function of temperature for N153-02, where the Curie temperature was
determined to be ~ 400 K. Efforts to grow Mn:GaN by MOCVD have produced much
information on the optical properties of the films. Korotkov12,89,97 et al. shows that Mn forms a
deep acceptor level with optical transitions at 1.4 and 2.06 eV Mn:GaN grown by MOCVD. In
the same study photoluminescence measurements of Mn-doped films indicated the presence of
an intra 3d-shell transition of the Mn ion. However, there were no reports on the magnetic
properties or crystalline quality of this material system grown by MOCVD.
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Figure 5.3.8. Room temperature SQUID measurement showing perpendicular magnetization for
MOCVD grown Mn:GaN sample N153-02. Based on the growth conditions and sample dimensions this
sample is estimated to have ~1 µB/Mn atom.
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Figure 5.3.9. Temperature dependent SQUID measurement showing a Curie temperature of ~400 K for
Mn:GaN grown by MOCVD.

In an effort to rule out superparamagnetic behavior in our samples temperature
dependent SQUID measurements were performed. Figure 5.3.10 (a) and (b) shows MS as
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function of H/T for sample N153-02, clearly showing that superparamagnetic behavior does
not exist in these samples. This is expected since the magnetic moment per Mn atom is only a
few Bohr magnetons, whereas one would expect several hundreds to thousands of Bohr
magnetons when a material is superparamagnetic. Therefore, we would like to emphasize that
the ferromagnetic properties reported here results from a solid solution of Mn in GaN.
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Figure 5.3.10. (a) Magnetization as a function of H/T for Mn:GaN grown by MOCVD (sample N15302); (b) shows a zoomed in view of the data to demonstrate that the curves do not superimpose at lower
temperatures. This clearly demonstrates the absence of superparamagnetism within the film.
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5.3.4 Electrical Characterization of MOCVD Grown Mn:GaN
The electrical properties obtained from room temperature Hall measurements using the
Van der Pauw setup are summarized in Table 5.3.1.

In most samples the ferromagnetic

Mn:GaN material was too resistive to measure the electrical properties, however, some
ferromagnetic samples showed n-type behavior. Undoped, as grown GaN films produced in
our lab typically show n-type conduction with a typical carrier concentration in the mid 1017/cm3
range under the current growth conditions. However, we believe that the n-type behavior in
ferromagnetic samples results from the Mn:GaN layers and not from the underlying undoped
GaN template layer since the thickness of the Mn doped layer ranges from 0.6 – 1.4 µm,
whereas the template layer is ≤ 0.1 µm. Therefore, it seems that from Table 5.3.1 there exists
the possibility that the magnetic properties can be improved if the background doping is n-type,
as the magnetic moment is increased with decreasing resistivity of the films. However, n-type
background behavior is unexpected since Mn has been shown to form a deep level acceptor.11

n-type behavior has been reported by several authors53,54,90 for Mn:GaN and has not been
explained.

This behavior is in conflict with current theories stating ferromagnetism in

semiconductors is carrier induced and that p-type behavior is necessary.
Extraordinary Hall Effect measurements were performed on these MOCVD grown
Mn:GaN samples to further characterize the magnetic properties of the films. However, films
determined to be ferromagnetic by VSM having a solid solution of Mn in the GaN lattice did
not exhibit the anomalous Hall Effect. This could be explained by considering the mobility of
the dominant carrier type in relation magnetic dopant carrier type within ferromagnetic films.
In some materials the mobility of the dominant carrier is significantly larger than that of the
magnetic carrier and the anomalous Hall effect is not observed, as in the case of p-CdCr2Se4
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and p-EuO.124 In other DMS systems where the magnetic dopant also functions as the

dominant carrier as in the case of p-(Ga,Mn)As,65,67,106 the anomalous Hall effect can observed.
According to Nagaev119 this can be associated with a weak spin-orbit coupling within the dilute
magnetic semiconductor. However, since we demonstrated previously by Mn diffusion into
GaN, where the resistivity was significantly larger than the MOCVD grown Mn:GaN films, the
absence of the anomalous Hall effect is most likely associated with the large mobility of intrinsic

n-type carriers relative to that of Mn.

5.3.5 Photoluminescence of MOCVD Grown Mn:GaN
Photoluminescence experiments were performed to determine the optical properties of
the samples. Figure 5.3.11 shows the PL data for sample N153-02, which is ferromagnetic at
room temperature. The emission peak associated with an undoped GaN band gap is located at
366 nm, where an additional peak at 381 nm is observed when Mn is added to the GaN. Similar
behavior was observed for sample N174-02. However, we were unable to detect the Mn energy
level as predicted by Schilfgaarde11 et al. and experimentally shown by Korotkov89 et al. where the
films were also grown by MOCVD. This could be a result of low Mn doping concentrations or
by the types of defect levels present within the film. This will have to be explored in future
work.
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Figure 5.3.11. PL for sample N153-02 showing similar behavior typical of undoped GaN films
(MOCVD grown Mn:GaN film). Additional peak at 381 nm is present in this sample.
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5.4

SUMARRIZED RESULTS FOR Mn-DOPED GaN
Dilute magnetic semiconducting Mn:GaN has been achieved using three different

growth methods: Mn diffusion into GaN substrate; Ion implantation of Mn into GaN substrate;
MOCVD growth of Mn:GaN using (Et,Cp)2Mn as a Mn-precursor. All growth methods have
produced ferromagnetic behavior at room temperature or above.
We were able to achieve ferromagnetic Mn:GaN by diffusion doping with Mn. The
extraordinary Hall Effect (EHE), VSM and SQUID measurements verified ferromagnetic
behavior for this material at room temperature and above.

The Curie temperature was

confirmed by performing a systematic study of the extraordinary Hall Effect as a function of
temperature and by measuring the temperature dependence of the sheet resistance at zero
applied fields. Temperature dependent SQUID measurements were also performed which
demonstrated a TC as high as 520 K for a sample estimated to have about 2% Mn in the GaN.
A TC higher than 520K is expected for MR079 which has ~ 3.5 % Mn in the GaN, but we were
unable to confirm this due to the temperature limitation of the Hall setup of 400 K. Films
doped by Mn-diffusion were found to have Curie temperatures ranging from 220 K to 520 K.
Ferromagnetic properties were achieved when the Mn deposition and annealing were performed
at temperatures ranging from 550 – 600 °C with an annealing time of 1 hour on undoped GaN
films.

Films doped under these conditions had varying Curie temperatures, indicating a

dependence on the MOCVD growth of undoped GaN. From these diffusion experiments the
diffusion coefficient D = 9.13 X 10-7cm2/s for Mn into GaN at T = 550 – 600 °C. From the
EHE measurements for the Curie temperatures (see figure 5.1.23) we see a transition from semiinsulating to metallic behavior as the Mn concentration is increased, which also corresponds to
an increase in the Curie temperature.

X-ray and electron diffraction did not identify the
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presence of any secondary magnetic phases such as Mn4N, Mn3GaN, etc., in the films were term
ferromagnetic Mn:GaN concluding that the magnetic properties are due to a solid solution of
Mn in the GaN lattice.
Ferromagnetic behavior at room temperature was also observed for ion implanted
Mn:GaN.

Single crystal Mn:GaN was achieved using a Mn peak concentration of 4 - 6 X

1019/cm3 over a depth of ~2000 Å. The magnetic and structural properties are affected by the
GaN growth pressure and the post Mn-implantation annealing conditions. Room temperature
ferromagnetic properties were not observed for the as-implanted sample where the GaN starting
material was grown at 100 Torr. These samples exhibit ferromagnetic behavior only after the
samples have been annealed at temperatures greater than 850 ºC and under N2 ambient; Mn
implanted GaN films grown at 760 Torr show room temperature ferromagnetism as-implanted
and under the full range of post implantation annealing conditions. Differences in the magnetic
response between samples grown at 100 and 760 Torr are most likely a result of the differing
impurity concentrations and crystal quality of MOCVD GaN films grown under these disparate
conditions. Samples grown at both atmospheric and lower pressures show improved crystalline
quality after annealing at higher temperatures. This is verified by observing narrowing of the
0002 and the 0004 GaN peaks as well as the disappearance of the cubic (111) and (222) peaks.
When GaN films grown at lower pressures are ion implanted with Mn we only observe
ferromagnetic behavior when the samples are annealed under an N2 ambient at higher
temperatures. However, the use of GaN films grown at atmospheric pressure showed a room
temperature ferromagnetic response for all conditions. Differences between the results are
attributed to the impurity incorporation during the GaN growth, which, among other things, is
significantly affected by growth pressure. The SIMS profile shows enhanced diffusion for
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samples grown at atmospheric pressure, which is most likely associated with the formation of
Ga vacancies due to the Fermi energy. We were unable to measure the electrical properties of
these films due to the highly resistive nature of these films.
Room temperature ferromagnetic behavior was observed in single crystal Mn:GaN
grown by MOCVD. XRD and SIMS analysis indicated that single phase Mn:GaN can only be
achieved under fairly strict growth conditions that depend on growth rate, growth temperature
and the (EtCp)2Mn flux in the gas phase. The growth window for single phase GaxMn1-xN exists
in the range where [Mn] ≤ 2.5 X 1020 atoms/cm3 (~0.6%) at Tg = 1040 ºC and ~1 X 1021
atoms/cm3 (~2.3%) at Tg = 850 ºC. Thus we would like to emphasize that the magnetic
properties reported in this work are not a result of secondary magnetic phases, but rather a solid
solution of Mn:GaN structure. VSM measurements showed room temperature ferromagnetic
behavior with a moment ~3.64 µB/Mn atom observed in some samples. The Curie temperature
of 400 K was determined from the temperature dependent SQUID measurements. Hall Effect
measurements showed that magnetic properties exist in both n-type and insulating films, while
showing an improvement in magnetic properties with increasing conductivity.
Superparamagnetism was ruled out as the origin of ferromagnetic behavior for the
Mn:GaN films used in this work.

As discussed in Appendix B, the criteria for

superparamagnetic behavior are as follows:
1. Magnetization curves measured at different temperatures superimpose when plotting M as a
function of H/T.
2. Coercivity and retentivity are zero: i.e. No hysteresis.
In an effort to rule out superparamagnetic behavior in our samples, temperature dependent Hall
and SQUID measurements were performed. Figure 5.1.25 shows RHall versus H/T as measured
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from the EHE experiments for sample MR048 doped by diffusion. Figure 5.3.10 shows the M
versus H/T measured by SQUID for sample N153-02 grown by MOCVD. These figures clearly
demonstrate that superparamagnetic behavior does not exist in these samples regardless of
growth technique used.

Therefore, we would like to emphasize that the ferromagnetic

properties reported here results from a solid solution of Mn in GaN.
Regarding arguments about the ferromagnetic behavior resulting from some other
source than a solid solution of Mn in the GaN matrix, another plausible explanation can result
from clustering of the magnetic atoms. However, clustering is not to be confused with particles,
secondary phases, precipitates, etc. because clustering results from magnetic atoms which sit at
normal atomic positions but are unevenly distributed throughout the lattice. This does not
result in the formation of another crystal structure but results from magnetic atoms located
closer together (clustered) to form trimers, dimers, etc.. Schilfgaarde11 et al. proposed that the
magnetism due the addition of Mn in GaN is due to an anomalously strong and attractive alloy
Hamiltonian (coupling between Mn and cation nuclei), thereby inducing a strong driving force
for the Mn to group together in small nanoclusters of a few atoms. From the electrical results, it
is obvious that the origin of the ferromagnetic properties do not result from carrier induced
ferromagnetism as proposed by Dietl77 et al.. Our doping concentrations range from 0.09 - 3.5%
Mn depending on the growth technique used which is significantly lower than this predicted
concentration, and this is unlikely the explanation for the ferromagnetic origin in our films.
Another proposed theory by Van Esch132 et al. suggests that Mn-hole complexes form which
couple antiferromagnetically, thus allowing for long ferromagnetic coupling between the Mn
atoms, and was offered as an explanation for ferromagnetic origins in (Ga,Mn)As. However,
with such large activation energy for Mn in GaN,11,12,89,97 it is unlikely that a significant amount of
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holes will be created for this mechanism to work. Although these theory’s are interesting, it is
this author’s opinion that it does not fully explain the origins of the ferromagnetic behavior
within the Mn:GaN films. Chapter 7 discusses a proposed theory by this author regarding the
origins of ferromagnetic behavior in these films.
Based on these findings above we have achieved above room temperature
ferromagnetic properties from single crystal Mn:GaN regardless of the growth technique used.
Table 5.4.1 summarizes the results of the three different growth techniques used and their
magnetic properties. The Curie temperature for Mn:GaN ranged from 270 K to 520 K for the
samples in this study. The easy axis for this material was determined to be along the c axis. The
Mn composition ranged from 0.1% to 3.5% depending on the growth technique. The origin of
the ferromagnetic behavior is still under investigation. However, we have demonstrated that the
ferromagnetic properties were determined to be a result of a solid solution of Mn in the GaN
lattice, as no secondary phases were identified by structural or magnetic characterization.
Table 5.4.1: Summarizes the results for the three different growth techniques used to achieve
ferromagnetic Mn:GaN.

Growth
Technique

%Mn

MS
emu/cm3

HC (0e)

TC (K)

MOCVD

0.6 – 2.3 %

2 – 20

100 – 500

400

Diffusion

1 – 3.5%

5 - 45

100 – 500

270 – 520

Ion
Implantation

0.09 – 0.12%

7 – 14

265 – 1500

>300 K
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6

Mn- DOPING OF InGaN

Recent interest in spin polarization and spin injection into electronic devices has resulted
in the development of new dilute magnetic semiconductor materials (DMS).9,13,55

These

materials are of interest due to their potential device applications combining both data storage
and data processing. DMS research has mainly focused on II-VI and III-V materials studied at
cryogenic temperatures. However, we have recently reported DMS with Curie temperatures
exceeding 300 K in Mn doped GaN.51,52 Most of the work reported in DMS was mainly in
binary alloys, very little work have been reported in ternary compounds.

Achieving

ferromagnetic properties in ternary compounds, such as InGaN allows the investigation of the
effect of strain on the spin polarization properties and also allows the presence of spin polarized
carriers in the wells where the recombination process takes place.
The InxGa1-xN material system has been a key component in the development of several
optoelectronic devices, such as blue and green light emitting diodes and blue semiconductor
lasers. These devices rely on GaN/InGaN double heterostructures and quantum wells (QWs),
where the InxGa1-xN is under compressive strain due to its lattice mismatch with GaN. The
compressive strain in these films greatly affects their electrical and optical properties. As we will
show in this discussion, the stress state of the Mn doped InxGa1-xN films also affects the
magnetic properties of these films. The effect of strain on the magnetic properties can be a
result of the magnetoelastic effect and was previously reported by Matsukura33,63,133 et al. They
found that the easy axis of magnetization for (Ga,Mn)As and (In,Mn,Ga)As can be altered by
changing the stress state in the film. (In,Mn,Ga)As films have an in-plane easy axis when under
compression and out of plane when under tension. In the current study we will show a similar
effect as the strain state of the InxGa1-xN films is altered.40-42 It should also be mentioned that
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the values of critical layer thickness (CLT) in InGaN40-42 are more than an order of magnitude
higher than previously reported for arsenide and phosphide compounds.

Hence, thicker

strained films can be studied in the InGaN materials system as compared to InGaAs.
In this discussion we report on Mn doping of InxGa1-xN films with 0< x <0.15 for films
grown using Mn-doping via PLD and MOCVD. We show that ferromagnetic behavior resulting
from a solid solution with TC’s exceeding room temperature can be accomplished using both
techniques. This study is limited to the stated composition range to avoid any complications due
to ordering, spinoidal decomposition, and/or phase separation134,135 that have been observed for
values of x larger than 0.2. The resulting films exhibit room temperature ferromagnetism whose
orientation is dictated by the strain state of the film. To this author’s knowledge, this will be the
first report on ferromagnetic Mn:InGaN.
This chapter is broken up into the following three main sections: section 6.1 discusses
the results for Mn-doped InGaN by diffusion; section 6.2 discusses the results for MOCVD
grown Mn:InGaN; section 6.3 gives the conclusions for the two growth methods used for
fabricating Mn:InGaN. Since this is the first time ferromagnetic properties have been reported
for this materials system, we refer the reader to section 2.3 above for a discussion regarding the
ongoing work in the field of spintronics.
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6.1

RESULTS AND DISCUSSION OF Mn:InGaN BY DIFFUSION
In-situ reflective high energy electron diffraction (RHEED) was performed to determine

the crystalline quality of the Mn:InGaN films during growth. Secondary ion mass spectrometry
(SIMS) was used to determine the concentration of Mn in the InxGa1-xN layers.

X-ray

diffraction (XRD) θ-2θ and double crystal X-ray (DCXRD) on the (0004) axis and the off axis
(112 4) reflection, were performed on the as grown InxGa1-xN. Photoluminescence (PL) was
used to determine the emission spectra of the films and to correlate this with the %InN. A
methodology combining the use of PL and XRD was used to determine the strain state of the
InxGa1-xN films, and is described elsewhere.40-42

The magnetic behavior was examined by

vibrating sample magnetometry (VSM) for both the in-plane and out of plane orientations. Hall
measurements were performed to characterize the carrier type and concentration before and
after Mn doping. Several InGaN films with compositions from x = 4.4 to 15 % were used in
this study.

6.1.1 RHEED Analysis of Mn:InGaN by Diffusion
In-situ RHEED patterns were taken to determine the crystalline quality of the films
during growth. Figure 6.1.1(a) shows the RHEED pattern for the InGaN (5% InN) along the
[11 20] azimuth prior to Mn deposition, and figure 6.1.1(b) shows the crystalline quality of
ferromagnetic Mn:InGaN after deposition, along the [11 20] azimuth. The RHEED patterns
shown in figure 6.1.1 are streaky indicating smooth single crystalline materials. The RHEED
pattern for Mn:InGaN in figure 6.1.1(b) does not show an significant change in the RHEED
pattern upon Mn-doping (figure 6.1.1(a)). However, since the atomic radii of Mn (rMn = 1.12 Å)
compared to both In and Ga (rIn = 1.35 Å and rGa = 1.218 Å), the lattice is expected to contract
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upon the addition of Mn to the InGaN lattice. This contraction in the lattice would result in an
increase in the separation distance between streaks in the RHEED pattern, depending upon the
Mn composition. It is expected that the lattice would contract when Mn substitutes for Ga or
In in the InGaN lattice.

Figure 6.1.1. RHEED pattern for (a) InGaN along the [11 20] direction prior to Mn deposition, (b)
showing epitaxial Mn:InGaN after deposition, along [11 20] azimuth (addition of Mn causes the InGaN
lattice to slightly contract).
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6.1.2 XRD and TEM Characterization of Mn:InGaN by Diffusion
Compositions of relaxed InxGa1-xN films of t > 0.3 µm thick having various indium
concentrations were determined using θ-2θ scans of the (0002) and (0004) reflection.

These

thicker InxGa1-xN films were determined to be unstrained since the measured a and c spacing by
DCXRD were independent of film thickness, and the aInGaN spacing was larger than that of aGaN.
We have used the (0004) reflection to calculate values of x for thick InxGa1-xN films in
accordance with Vegard’s law. Thinner films grown under identical growth conditions as the
thick films are assumed to have the same indium content. Table 6.1.1 provides the indium
composition and strain state of the InGaN films used for Mn diffusion in this work. Indium
compositions up to 15 % InN were studied as higher indium compositions typically resulted in
phase separation or spinoidal decomposition.
X-ray diffraction was used to determine the crystalline quality of the Mn-doped InGaN
films and identify any secondary phases if present. Figure 6.1.2 shows an XRD pattern for
sample MR124 for both the as grown and Mn doped InxGa1-xN, where x = 0.154. We have
observed no change in the indium composition for this sample or any other film studied as a
result of Mn doping. Also XRD did not show changes in the lattice constant of the InGaN as a
result of the Mn diffusion, keeping in mind that the XRD peaks in InGaN are fairly broad due
to the high density of defects in this material system.

Thus within the accuracy of our

measurements we cannot conclude the absence of any additional strain resulting from the
diffusion process. No secondary magnetic MnGa or Mn4N, or Mn3GaN phases were identified
in any of these films.
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Figure 6.1.2. XRD pattern for sample MR124, showing the InxGa1-xN (0004) peak for the (a) as grown
and (b) Mn doped InxGa1-xN films, where x = 0.154, and t = 840 nm. No secondary magnetic phases
were observed. No change indium composition occurred due to Mn-doping.

TEM analysis was performed on these samples to determine the crystalline quality of these films
and to confirm the absence of these secondary phases that could form during growth. Figure
6.1.3 shows the electron diffraction pattern (EDP) taken from the Mn:InGaN layer for sample
RIT02, which exhibited ferromagnetic behavior at room temperature (See Table 6.1.3 for
magnetic properties). Note the absence of extra diffraction spots in the EDP indicating the
absence of secondary phases such as Mn3GaN, Mn4N, etc. in the film.

Therefore, the
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ferromagnetic properties reported here are mainly a result of the Mn diffusion forming
Mn:InGaN solid solution.
-1 214
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-1 212
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[-1010]
-1 21-2

000-2

-1 2-1-2

Figure 6.1.3. Electron diffraction pattern of Mn-doped InGaN by diffusion showing the (011 0) zone
axis. Note the absence of extra spots or streaks in the film, indicating that the film is single crystal.

Table 6.1.1: Indium composition and strain state for the samples used for Mn-doped InxGa1-xN
films.

Sample ID
MR122
RIT03
MR125
MR124
MR123
RIT01
RIT02
RIT06

x
0.15
0.15
0.15
0.15
0.15
0.05
0.06
0.05

tInx Ga1-x N
Stress
State
(nm)
35
Strained
105
Transitional
420
Relaxed
630
Relaxed
Relaxed
Strained
Transitional
Relaxed

840
157
175
315
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We can estimate the amount of strain for samples MR122 and RIT01 by calculating the
amount of lattice mismatch between the GaN and InGaN films using equation (9) in section 2.2
above. This gives a lattice mismatch f or strain in the InGaN films of -1.54% and -0.5628% for
samples MR122 and RIT01, respectively. Since the values of f are negative the a spacing of the
films are under compression.29

This clearly demonstrates that the strain in the films increases

with increasing In composition in the films. We cannot accurately estimate the amount of strain
still present in the “transitional” range, but we can say that films with more In present will have
more strain energy within the films as compared with films with lower In content.

6.1.3 Photoluminescence of Mn:InGaN by Diffusion
Photoluminescence measurements using a 325 nm HeCd pump were performed on the
as-grown and Mn doped InxGa1-xN films.

The strain state of the InxGa1-xN films was

determined using an optical approach in conjunction with XRD.42 From these experiments the
variation of the critical layer thickness (CLT) as a function of x was determined and is shown in
figure 6.1.4. From this analysis the stress state of the InxGa1-xN films can be characterized by
three regions, i.e., strained, transitional, and relaxed. According to XRD, films with thickness
corresponding to the transitional region or relaxed region showed that the InxGa1-xN layer was
not pseudomorphically strained to the GaN layer (aInGaN > aGaN). In the case of the strained
films, this was difficult to verify since the diffraction peaks were severely broadened. The
transitional region occurs when the film thickness starts to exceed the CLT and the strained
InxGa1-xN film undergoes partial relaxation.

In this regime, structural defects or three

dimensional nucleation at the InGaN/GaN interface usually occurs136 which gives rise to deep
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Figure 6.1.4. Variation of CLT in the InxGa1-xN/GaN heterostructures with x. Bars in this figure
represents the uncertainty in the values of CLT as determined from the boundary between the strained
and transition regions. See Reference for Parker et al.41,42

levels that dominate the PL emissions from these films. The relaxation process was explained
based on the formation of hexagonally facetted pinholes137 and growth on the side facets, or the
coexistence of both the strained and relaxed regions either as separate layers or regions within
the growing films.138 It is interesting to show that the ferromagnetic properties of this InGaN
DMS also indicate the coexistence of strained and relaxed regions, as we will show below.
Parker40-42 et al. determined the variation of CLT in the InxGa1-xN/GaN heterostructures with x
(concentration) and is shown in figure 6.1.4. The bars in this figure represent the uncertainty in
the values of CLT as determined from the boundary between the strained and transition regions.
Samples MR122 and RIT01 were determined to be strained based on their optical and
crystalline properties according to references 40-42. Samples MR123, MR124, MR125, and
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RIT06 were determined to be relaxed based on the same analogy, whereas Samples RIT02 and
RIT03 are determined to be in a state of transitional stress. Figure 6.1.5 shows the PL spectra
for Sample MR125 before and after Mn doping, where x = 0.154, t = 420 nm.
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Figure 6.1.5. PL spectra for sample MR125 before and after Mn doping, where the dominant emission
peak is located at 467 nm (Eg = 2.66 eV) for the as grown In0.154Ga0.846N (4200 Å thick) layer and shows a
slight red shift of 0.02 eV upon Mn-doping via diffusion, located at 462 nm (Eg=2.68 eV).

The dominant emission peak appears at 462 nm (Eg = 2.68 eV) for the Mn doped film. This
sample shows a slight red shift of 0.02eV when compared to the as grown sample. Figure 6.1.6
shows the PL emission from sample RIT03 before and after Mn doping, where x = 0.15, and t
= 157 nm; this film has been identified as being in a transitional state of stress. The dominant
emission peak is located at 461 nm (Eg = 2.6 eV) for the as grown InxGa1-xN and shows a blue
shift of 0.15 eV for the Mn doped layers, located at 437 nm (Eg = 2.8 eV). It is not clear as to
why this blue shift is occurring, but is most likely associated with a change in stress state due the
Mn in the lattice since no change in composition was observed in the XRD before and after Mn
doping. Table 6.1.2 also shows the summarized results for the optical properties for samples
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studied in this work. It is interesting to note that only films with a large percentage of In show a
shift in the PL data.
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Figure 6.1.6. PL emission from sample RIT03 before and after Mn doping, where the dominant emission
peak is located at 461 nm (Eg = 2.6 eV) for the as grown In0.15Ga0.85N (1050 Å thick) layer and shows a
blue shift of 0.2 eV upon Mn-doping via diffusion, located at 437 nm (Eg = 2.8 eV).

Table 6.1.2: Indium composition, strain state and optical properties for the samples used for
Mn-doped InxGa1-xN films.

Sample ID
MR122
RIT03
MR125
MR124
MR123
RIT01
RIT02
RIT06

x
0.15
0.15
0.15
0.15
0.15
0.05
0.06
0.05

Pre Mn Post Mn
tInx Ga1-x N
Stress
State
(nm) Eg (eV) Eg (eV)
35
Strained
2.82
2.87
105
Transitional
2.69
2.84
420
Relaxed
2.68
2.66
630
Relaxed
2.7
2.64
Relaxed
840
2.64
2.64
Strained
157
3.24
3.24
Transitional
175
3.09
3.09
Relaxed
315
3.16
3.16

∆ Eg
(eV)
-0.05
-0.15
0.02
0.06
0
0
0
0

PL
Shift
Blue
Blue
Red
Red
None
None
None
None
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For a given InN% the InGaN films is strained to the thick GaN (1µm) if its thickness is
less than a given critical layer thickness, CLT. We have previously reported the values of these
CLT in the InGaN/GaN single heterostructures and CLT values in the range of 160 nm to 60
nm for 5% and 20% InN are estimated in the ternary InGaN films respectively. These studies
were based on both XRD and PL data. InGaN films can no longer be pseudomorphically
strained to the GaN if the film thickness exceeds the CLT. In this case, according to XRD, the
film is relaxed with an in-plane lattice constant larger than that of GaN. Transition from
strained state to the relaxed one can be achieved either by increasing the values of x and or the
InxGa1-xN film thickness.

6.1.4 SIMS Analysis of Mn:InGaN by Diffusion
SIMS was performed to show the Mn concentration profile in Mn:InxGa1-xN diffusion
samples. The Mn compositions were determined by using an ion implanted Mn-doped GaN
standard and are reported in atoms/cm3, whereas the Ga and the In compositions are reported
in counts per second. Figure 6.1.7 shows the Mn concentration profile as a function of depth
for Mn:InxGa1-xN for sample RIT02 where x = 0.063. The thickness of the In0.063Ga0.937N film is
calculated to be ~180 nm, after which the In content drops off rapidly, which is indicated by the
arrows in figure 6.1.7. These results indicate that the average Mn concentration in this film is
approximately 3.7 X 1021 atoms/cm3 (8-9%) in the In0.063Ga0.937N layer. These values are based
on a Mn:GaN standard due to the lack of availability of Mn:InGaN standards for different
values of %InN. This large Mn concentration is in contradiction with the XRD measurements,
as one might expect to see a change in the lattice parameter associated with such a large Mn
incorporation. Also the measured Mn compositions in the InGaN films may be higher than the
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actual values since In, which is similar to Al, is expected to enhance secondary ion yields
(enhancement expected to be less than one order of magnitude). However, as was mentioned
earlier, the shift may be embedded in the broad XRD spectrum of the InGaN.
Mn:InGaN
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Figure 6.1.7. SIMS profile showing Mn concentration as a function of depth in a 180 nm thick
In0.06Ga0.94N layer (sample RIT02). Average Mn concentration was ~8% over the thickness of this film.
InGaN/GaN interface denoted by arrows.

Figure 6.1.8 shows the Mn concentration profile as a function of depth for sample
RIT03, where x = 0.154. The calculated thickness of the In0.154Ga0.846N layer is ~100 nm
(indicated by the arrows in figure 6.1.8), with an average Mn concentration of 9.64 X 1020
atoms/cm3 (1.8-2%) in the InGaN layer. The concentration gradient in this sample is broader,
and contains a more constant Mn concentration over the thickness of the In0.154Ga0.846N layer as
opposed to that of In0.063Ga0.937N.

This information suggests that Mn may have a higher

solubility limit in InxGa1-xN having a smaller In concentration (x).
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Figure 6.1.8. SIMS profile showing Mn concentration as a function of depth in a 100 nm thick
In0.15Ga0.85N layer (sample RIT03). Average Mn concentration was ~2% over the thickness of this film.
InGaN/GaN interface denoted by arrows.

The Mn diffusion coefficient for InGaN can be determined for the two In compositions.
Fick’s second law allows us to model the Mn concentration gradient in these films as a function
of time and distance, using equation (17) in section 2.4.2. Mn diffusion into the InGaN is
initiated from 100% Mn on the surface; therefore cs can be derived from the lattice parameter
and crystal structure for pure Mn. Mn is a cubic material with 1 atom/unit cell and a = 8.9131
Å. Using a variation of equation (27) gives 1.404 X 1021 Mn atoms/cm3 for 100 % Mn, which is
also equal to cs. Since no Mn is present in the InGaN material prior to deposition, co = 0. Using
cx = 2.3 X 1017 atoms/cm3, at a depth of x = 2.02 X 10-5 cm for a total annealing time of 7200
seconds gives D = 1.03 X 10-6 cm2/s for Mn diffusion into In0.063Ga0.937N for sample RIT02 at T
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= 550 – 600 °C. Using the same analogy for RIT03 where cx = 8.47 X 1018 atoms/cm3, at a
depth of x = 1.0 X 10-5 cm for a total annealing time of 7200 seconds gives D = 4.72 X 10-8
cm2/s for Mn diffusion into In0.15Ga0.85N at T = 550 – 600 °C. These diffusion coefficients also
indicate that Mn diffusion is faster in InGaN films containing with lower In compositions. This
difference in diffusion coefficients could be associated with the amount of strain that may still
be present in these films since both films are determined to be in a state of transitional stress.
The amount of strain can affect the lattice parameter of the films associated with the In content.
When compared with data from the Mn:GaN grown by diffusion where the D = 9.13 X
10-7cm2/s, it appears that Mn diffusion occurs more rapidly when a small amount of In is
present in a film that is partially relaxed. This methodology for determining the diffusion
coefficient does not take into account diffusion along dislocations within the InGaN material.
Since Mn is similar in size to the Ga or In atoms, the Mn atom is expected to diffuse through
the material by a substitutional or vacancy mechanism.

6.1.5 VSM Characterization of Mn:InGaN by Diffusion
VSM measurements were performed at room temperature for the Mn doped InxGa1-xN
with varying x. The results indicate an easy axis, in-plane or out of plane, depending on the
stress state of the InxGa1-xN film. Figure 6.1.9 shows the room temperature VSM curves for
sample RIT01, which is a Mn-doped In0.051Ga0.949N film. The film is determined to be under
compressive strain, where the as grown In0.051Ga0.949N layer is 157 nm thick. This film shows an
easy axis when the field is applied parallel to the plane of the film with a coercive field, HC = 420
Oe and a saturation field, HS = 3.75 kOe.
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Figure 6.1.9. Room temperature VSM curves for Mn-doped In0.051Ga0.949N via diffusion (sample RIT01),
with an in-plane easy axis. The film is determined to be under compressive strain, where the as grown
In0.051Ga0.949N layer is 157 nm thick.

Some samples showed hysteresis at room temperature when the field was applied in and
out of the plane of the film, as can be seen in figure 6.1.10, where HC = 555 Oe and HS = 2.7
kOe for sample RIT03-01. Sample RIT03 is determined to be in a transitional state of stress,
where the as grown In0.15Ga0.85N layer is 105 nm thick.
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Figure 6.1.10. Room temperature VSM curves for Mn-doped In0.15Ga0.85N via diffusion (sample RIT03),
showing isotropic magnetic properties. The film is determined to be in a transitional state of stress,
where the as grown In0.15Ga0.85N layer is 105 nm thick.
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Figure 6.1.11 shows the hysteresis curves for a relaxed sample, MR125, where as grown
In0.154Ga0.846N layer is 154 nm thick. Note that the easy axis for this films is out of plane with HC
= 60 Oe and HS = 2.5 kOe. Table 6.1.3 summarizes the magnetic and electrical properties of
the Mn-doped InGaN films via diffusion. Similar behavior has been reported in (Ga,Mn)As by
Matsukura63,120 et al. where the magnetic properties were found to be dependent on the stress
state of the film. In their study the easy axis of magnetization is in plane when the film is under
compression and out of plane when under tension, which is consistent with our results and is
explained in terms of the magnetoelastic effect. The magnetic anisotropy depends on the crystal
symmetry of the material; its affect is determined by the interaction between the orbital state of a
magnetic ion and the surrounding crystalline field (which has the symmetry of the lattice).

The

crystalline field within a material can be altered by the amount of strain present in the film. InGaN
films grown on GaN template below the CLT for a given In composition, will be under a
compressive strain, thus altering the crystalline field within the films. This indicates that the spinorbit coupling along the a direction within the Mn:InGaN films is strong when the films are under
compressive strain, and upon relaxation exhibit an easy axis along the c-direction of the films
which is typical for a hexagonal material.
In our previous studies40-42 on the relaxation process for wurtzite InGaN films as a result
of varying film thickness, we reported that the transition from the strain region to the relaxed
one does not occur abruptly as in the case of the arsenide compounds with zinc blende
structures. We observed a transition thickness range where the optical properties are dominated
by deep levels or have optical properties characteristic of both the strained and the relaxed
regions. The transitional region occurs as the strained InGaN films undergo partial relaxation
as the film thickness starts to exceed the CLT. A possible explanation for this occurrence in the
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nitride wurtzite structure is the formation of misfit dislocations required to relieve lattice
mismatch can be more difficult than in the more conventional zinc blende III-V compounds.
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Figure 6.1.11. Room temperature VSM curves for Mn-doped In0.154Ga0.846N via diffusion (sample
MR125), with an out-of-plane easy axis. The film is determined to be relaxed, where the as grown
In0.154Ga0.846N layer is 154 nm thick.

The relaxation process was explained based on the formation of hexagonally facetted pinholes137
and growth on the side facets, or the coexistence of both the strained and relaxed regions either
as separate layers or regions within the growing films.138 It is interesting to show that the
ferromagnetic properties of this InGaN DMS also indicate the coexistence of strained and
relaxed regions. Samples RIT02 and RIT03 have been determined to be in a transitional state of
stress. As a result of being in a transitional state of stress, these films exhibited ferromagnetic
behavior both in and out plane of the film. Both samples show fairly similar magnetization
curves at room temperature. Samples RIT02 and RIT03 have a moment of 0.392 µB/Mn atom
([Mn] = 3.7 X 1021 atoms/cm3) and 3.43 µB/Mn atom ([Mn] = 9.64 X 1020 atoms/cm3)
respectively. Observing a larger moment per Mn atom in the film with lower [Mn] is to be
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expected, since larger concentrations would decrease the distance between Mn atoms forcing
direct exchange (antiferromagnetic) coupling. Table 6.1.3 shows the summary of results for the
Mn-doped InGaN study.

6.1.6 Electrical Characterization of Mn:InGaN by Diffusion
Hall measurements using the Van der Pauw configuration were performed on these
samples before and after Mn doping. Table 6.1.3 summarizes these properties. The as grown
InGaN films studied are n-type with background carrier concentrations in the mid 10 17/cm3
range as obtained from Hall measurements. One interesting thing to note is that the resistivity
was reduced upon Mn-doping. Since all samples were etched prior to measurement, this
suggests that the decrease in the resistivity is associated with Mn in the InGaN lattice. Carrier
types for each of the samples did not change upon Mn diffusion.
The extraordinary Hall effect was not observed in these samples. This could be
explained by considering the mobility of the dominant carrier type in relation magnetic dopant
carrier type within ferromagnetic films. In some materials the mobility of the dominant carrier
is significantly larger than that of the magnetic carrier and the anomalous Hall effect is not
observed, as in the case of p-CdCr2Se4

123

and p-EuO.124 In other DMS systems where the

magnetic dopant also functions as the dominant carrier as in the case of p-(Ga,Mn)As,65,67,106 the
anomalous Hall effect can observed.
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Table 6.1.3. Summarized results for the electrical and magnetic properties for samples studied
in this work.
In-Plane Out-of-Plane

x

Stress State

tInx Ga1-x N
(nm)

Hall Measurements

HS
(Oe)

MR122

0.154

Strained

35

None

None

Res.

N/A

>100

N/A

N/A

>100

RIT03

0.154

Transitional

105

2700

3200

U

N/A

4.64

U

N/A

2.13

MR125

0.154

Relaxed

420

None

2000

n

MR124

0.154

Relaxed

630

None

5100

N/A

N/A

N/A

N/A

MR123

0.154

Relaxed

840

None

None

N/A

N/A

N/A

n

RIT01

0.051

Strained

157

3750

None

U

N/A

11.1

U

RIT02

0.063

Transitional

175

1000

2190

n

RIT06

0.048

Relaxed

315

None

2700

n

Sample
ID

Pre- Mn
HS
(Oe)

Type

Post Mn

cm-3

ρ
(Ω*cm)

Type

cm-3

ρ
(Ω*cm)

1.75E+18 6.03E-01

7.68E+17 4.50E-02

N/A

N/A

n

n

n

3.51E+18 4.31E-01

N/A

N/A

1.93E+18 6.75E-01

N/A

9.32

3.17E+18 3.34E-02

N/A

4.43E-02
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6.2

RESULTS AND DISCUSSION FOR MOCVD GROWN Mn:InGaN
Secondary ion mass spectroscopy (SIMS) was used to determine the Mn concentration in

the MOCVD grown Mn:InGaN films. X-ray diffraction (XRD) and transmission electron
microscopy (TEM) were performed to determine crystalline quality of the films, as well as
identify any secondary phases if present.

Vibrating sample magnetometry (VSM) and

superconducting quantum interference device (SQUID) were used to determine the magnetic
properties of the Mn:InGaN films.

Temperature dependent SQUID measurements were

performed to determine the Curie temperature of the films. Hall Effect and photoluminescence
(PL) measurements were performed to determine the effect of Mn-doping on the electrical and
optical properties of Mn:InGaN films.

6.2.1 SIMS Analysis of MOCVD Grown Mn:InGaN
SIMS was used to determine the Mn concentration in the MOCVD grown Mn:InGaN
films. Figure 6.2.1 shows the Mn concentration profile as a function of depth for sample N17302, which has a Curie temperature above 300 K. The Mn:InGaN/GaN interface is denoted by
the arrows in figure 6.2.1. Table 6.2.1 lists the magnetic and optical properties of the films as a
function of the growth conditions for the ferromagnetic Mn:InGaN films grown by MOCVD.
The secondary Mn ion count was first calibrated using an ion implanted Mn-doped GaN
standard and are reported in atoms/cm3, whereas the Ga compositions are reported in counts
per second.

The Mn concentration was determined by considering the number of Mn

atoms/cm3 relative to the number of Ga atoms/cm3 in the wurtzite crystal structure. The total
number of Ga atoms in the GaN wurtzite unit cell is given by equation (27). However, we must
consider the Mn concentration based on the In composition within the film, since In also
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substitutes for Ga in GaN. The thickness of the Mn:InGaN film is ~75 nm, and the Mn
concentration is approximately 4 – 5 X 1019 atoms/cm3 of Mn, corresponding to ~0.12% in
InGaxMn1-xN, for (EtCp)2Mn/TMIn partial pressure ratio of 0.006 with a TMGa partial pressure
of 0.47 µmol. SIMS performed on other samples indicated that Mn incorporation and growth
rate increased as the (EtCp)2Mn/TMIn increased.

Mn:InGaN GaN
Ga

1E+21

Mn
Ga
In

Mn

1E+19

1E+7

1E+5

In

1E+17

1E+3

Ga, In, Counts per second

3

M n concentration (atom s/cm )

1E+9

N173-02
1E+15

1E+1
0.0

0.2

Depth, um
Figure 6.2.1. SIMS profile showing a uniform Mn concentration of 4 - 5 X 1019 atoms/cm3 over a depth
of 75 nm for MOCVD grown Mn:InGaN sample N173-02. This corresponds to ~0.12% Mn in
Mn:InGaN. Mn:InGaN/GaN interface denoted by arrows.
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Table 6.2.1. Magnetic and optical properties of MOCVD grown Mn:InGaN. (FM indicates room
temperature ferromagnetic response, NM indicates nonmagnetic).

Sample ID

N156-02

N176-02

N160-02

N173-02

Mn (cc) Flow

20

20

50

50

In (cc) Flow

200

100

100

50

%In

4.29%

9.4%

11.7%

14.7%

Eg (eV)

3.25

3.12

2.97

2.88

λ (nm)

382

397

417

431

Magnetic
Response

FM

FM

FM

FM

Ms (emu/cm3)

15

28

20

~3

HS (Oe)

2430

3000

3000

3330

HC (Oe)

800

100

100

540

6.2.2 XRD and TEM Characterization of MOCVD Grown Mn:InGaN
The In compositions within the films were determined by XRD and PL measurements.
In our previous studies40-42 on the relaxation process for wurtzite InGaN films as a result of
varying film thickness, we reported that the transition from the strain region to the relaxed one
does not occur abruptly as in the case of the arsenide compounds with zinc blende structures.
Samples used in this study are determined to be strained since the film thickness and In
compositions are within the CLT thickness range, as determined in previous studies. Therefore,
utilizing both XRD and PL measurements the strain state and the In composition within the
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films were determined. Figure 6.2.2 shows the XRD pattern for sample N173-02, showing the
typical (0002) and (0004) peaks for GaN and Mn doped InGaN layers. No secondary magnetic
phases such as MnGa of Mn4N or any other phases listed in Table 2.4.1 were identified in any of
these films. Therefore, the ferromagnetic properties reported here are a result of Mn:InGaN
solid solution. The photoluminescence data for sample N173-02 is shown figure 6.2.3, showing
an InGaN peak at 4310 Å, with a deep level at 4995Å. The In concentration for N173-02 was
determined to be ~14% using the PL and XRD data from figures 6.2.2 and 6.2.3.

7000

Intensity (cps)

6000

N173-02

5000

GaN (0004)
kα 1 kα 2

4000
3000

In0.14Ga0.86N
kα 1 kα 2

2000
1000
0

71

72

73

74

Bragg Angle 2θ
Figure 6.2.2. XRD pattern for N173-02, an Mn:InGaN MOCVD film grown at 750 ºC, 760 Torr. %InN
= 0.14 for this sample, as determined using Vegard’s Law. Sample is ferromagnetic and does not exhibit
any secondary magnetic phases.
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Figure 6.2.3. PL for MOCVD grown Mn:InGaN sample N173-02, showing an InGaN peak at 4310 Å,
with a deep level at 4995Å.

TEM analysis was performed on these samples to determine the crystalline quality of these
materials. Figure 6.2.4 shows the electron diffraction pattern taken from the Mn:InGaN layer
for sample N176-02.
-1 214

0004

-1 2-14

-1 212

0002

-1 2-12

-1 210

Zone

-1 2-10

[-1010]
-1 21-2

000-2

-1 2-1-2

Figure 6.2.4. Electron diffraction pattern of MOCVD grown Mn:InGaN with (011 0) zone axis. Note
the absence of extra spots or streaks in the film, indicating that the film is single crystal.
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The EDP shows the (011 0) zone axis, exhibiting no extra spots or streaks in the pattern
indicating no secondary phases are present in the film. Thus we would like to emphasize that
the ferromagnetic properties result from a solid solution of Mn in the InGaN lattice.

6.2.3 VSM and SQUID Characterization of MOCVD Grown Mn:InGaN
VSM measurements were performed at room temperature to study the magnetic
properties of the Mn:InGaN films. Magnetic fields up to 1.5 T were applied parallel and
perpendicular to the plane of the film. The background diamagnetic contributions from the
sapphire substrate and GaN buffer layer were subtracted from the data. Figure 6.2.5 is a VSM
measurement showing room temperature ferromagnetic properties for sample N176-02. The
saturation magnetization for this sample is ~30 emu/cm3. Superconducting quantum
interference device (SQUID) was performed on the MOCVD Mn:InGaN grown films to
measure the magnetic properties of the material.

Magnetization, emu/cm3

40

20

0
-8000

N176-02
% InN = 9.4%

-6000

-4000

-2000

0

2000

4000

6000

8000

-20
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Applied Magnetic Field, kOe
Figure 6.2.5. Room temperature magnetization curve for N176-02 showing ferromagnetic behavior.
This is a Mn:InGaN film grown by MOCVD with %InN = 9.4%.
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Figure 6.2.6 shows the room temperature SQUID measurement for sample N173-02,
showing a saturation magnetization of 2.8 emu/cm3. Sample N173-02 has 14% In while sample
N176-02 has ~ 9.4% In, where the coercivity for each film is 100 and 150 Oe respectively. The
magnetic properties appear to be stronger in the film with less In. The saturation moment of
sample N173-02 is ~3.7 µB/Mn atom, which is close to the theoretical maximum moment for
the Mn2+ ion. According to the relationship of MS = [Mn]gLµBS, where is J = 5/2 and gL = 2,
nearly 100 % of the Mn atoms are contributing to the magnetic moment of this sample. This
indicates high magnetic quality within this sample. The magnetic properties for samples of
interest in this study are given in Table 6.2.1.

Magnetization, emu/cm
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Figure 6.2.6. Room temperature SQUID measurement showing ferromagnetic behavior for MOCVD
grown Mn:InGaN sample N173-02. Based on the growth conditions and sample dimensions this sample
is estimated to have ~3.8 µB/Mn atom.

175

Figure 6.2.7 shows temperature dependent SQUID measurement for this sample where
the Curie temperature is estimated to be ~ 700 K. The magnetization is given by:

M S = [Mn]g L Jµ B BJ ( x )

(34)

where x = JgLµBH/kBT and BJ(x) is the Brillouin function, which is described by the following
relationship:
2J + 1
σ
 x 
 (2J + 1) x  1
=
coth
 − coth 
σ
2J
 2J 
 2J  2J

(35)

0

where specific magnetization (σ) is the magnetic moment per gram and is typically used to
calculate the magnetic properties when dealing with the magnetization as a function of
temperature. σS and σ0 are the saturation magnetizations in emu/g at some temperature T and
at 0 K respectively, which can be correlated with the Curie temperature according to the
following relationship:
σ
 (J + 1)  T
x
=

σ
3
J
T


C
0

(36)

Solving for x from equation 34 and substituting into equation 35, we can correlating the total
angular momentum J to the Curie temperature. By using the Brillouin function fitting
parameters for J = 5/2, a Curie temperature of 700 K was determined to be the best fit for this
sample.
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Figure 6.2.7. Temperature dependent SQUID measurement showing a Curie temperature of ~700 K for
Mn:InGaN grown by MOCVD.

In an effort to rule out superparamagnetic behavior as a mechanism for the observed
magnetic data temperature dependent SQUID measurements were performed. Figure 6.2.8
shows the magnetization as function of H/T for sample N173-02, clearly showing that
superparamagnetic behavior does not exist in these samples. Therefore, we would like to
emphasize that the ferromagnetic properties reported here result from a solid solution of Mn in
InGaN.
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(b) N173-02
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Figure 6.2.8. (a) Magnetization as a function of H/T for Mn:InGaN grown by MOCVD (sample N17302); (b) shows a zoomed in view of the data to demonstrate that the curves do not superimpose at lower
temperatures. This clearly demonstrates the absence of superparamagnetism within the film.
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6.2.4 Electrical Characteristics of MOCVD Grown Mn:InGaN
The electrical properties obtained from room temperature Hall measurements using the
Van der Pauw setup indicated that most samples were too resistive to measure, but few
exhibited n-type behavior. As grown InGaN films as well as undoped GaN template layers
grown under these conditions are typically resistive or exhibit n-type behavior. We believe that
the electrical properties arise from the Mn:InGaN layers and not from the underlying undoped
GaN template layer since some films are highly resistive and others are not. n-type behavior is
unexpected in these films, since Mn is predicted to be a deep level acceptor in similar materials
such as AlN and GaN.11 This behavior is in conflict with current theories stating ferromagnetism
in semiconductors is carrier induced and that p-type behavior is necessary.
The extraordinary Hall Effect was also not observed in these samples. This could be
explained by considering the mobility of the dominant carrier type in relation magnetic dopant
carrier type within ferromagnetic films. In some materials the mobility of the dominant carrier
is significantly larger than that of the magnetic carrier and the anomalous Hall effect is not
observed, as in the case of p-CdCr2Se4

123

and p-EuO.124 In other DMS systems where the

magnetic dopant also functions as the dominant carrier as in the case of p-(Ga,Mn)As,65,67,106 the
anomalous Hall effect can observed.

6.2.5 Photoluminescence of MOCVD Grown Mn:InGaN
Photoluminescence measurements indicated an improvement in emission with increasing
Mn/In ratio. Table 6.2.2 lists the optical and magnetic properties of MOCVD grown samples
N159-02, N160-02, N173-02 and N161-02.
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Table 6.2.2. Lists the optical and magnetic properties of MOCVD grown Mn:InGaN samples:
N159-02, N160-02, N173-02 and N161-02.

Sample ID

N159-02

N160-02

N173-02

N161-02

Mn (cc) Flow

50

50

50

50

In (cc) Flow

200

100

50

10

%In

9.80%

11.7%

14.7%

7.26%

Eg (eV)

3.02

2.97

2.88

3.12

λ (nm)

410

417

431

397

Magnetic
Response

NM

FM

FM

NM

HS (Oe)

NM

3000

3330

NM

HC (Oe)

NM

100

540

NM

Figure 6.2.9 shows the PL spectra for samples listed in Table 6.2.2, where an improvement in
optical properties is observed as the (EtCp)2Mn/TMIn partial pressure ratio is increased. The
signal intensity for sample N161-02 (%InN = 7.6%) is stronger than that of N173-02 (%InN =
14%). The general trend with the data is enhancement of PL intensity as the Mn/In ratio is
increased suggesting that Mn may also enhance the optical properties of InGaN.
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Figure 6.2.9. PL for multiple MOCVD grown Mn:InGaN samples, showing an improvement in the
optical properties as the Mn/In is increased.

Based on these results it was also determined that the In incorporation and the magnetic
properties are dependent upon the (EtCp)2Mn/TMIn partial pressure ratio, which is shown in
figures 6.2.10 and 6.2.11.

Figure 6.2.10 shows the In composition as a function of

(EtCp)2Mn/TMIn partial pressure, indicating In incorporation can be optimized by controlling
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the (EtCp)2Mn/TMIn ratio. This also suggests that Mn acts as a surfactant for In. When the
Mn/In ratio is large, In incorporation is diminished since too many Mn atoms are on the
surface, thus blocking In. As the ratio starts to decrease, In incorporation is enhanced since
relatively less Mn is present on the surface. From figure 6.2.10 this ratio can be optimized to
incorporate more In into the film.
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Figure 6.2.10. Shows the %InN incorporation as a function of the (EtCp)2Mn/TMIn partial pressure
ration.

0.05

(In,Mn,Ga)N Growth at 750ºC, with Ga = 0.47 µmol

0.045
0.04

Mn (µ mol)

0.035

Nonmagnetic

0.03
0.025
0.02
0.015

Ferromagnetic

0.01

Nonmagnetic

0.005
0
0

2

4

6

8

10

12

14

16

18

20

In (µ mol)

Figure 6.2.11. Shows the magnetic properties and %InN as a function of the Mn and In partial pressures.
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Figure 6.2.11 shows the magnetic dependence on the Mn/In ratio with increasing Mn µmol for a
given TMIn partial pressure. From this data a growth window for obtaining ferromagnetic
properties can be deduced. Non-magnetic behavior is observed when In flow is relatively large,
since too much In flowing blocks Mn incorporation. When the In flow is relatively smaller,
more Mn is incorporated and the magnetic properties are diminished due to antiferromagnetic
coupling between the Mn atoms in the lattice.

When the Mn/In flux ratio is optimized

ferromagnetic behavior is observed as well as an increase in the In incorporation.
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6.3

SUMMARIZED RESULTS FOR Mn-DOPED InGaN
A new ferromagnetic dilute magnetic semiconductor, Mn:InGaN, has been discovered

and it has ferromagnetic properties above room temperature. This material was achieved by
using two different growth methods: Mn diffusion into MOCVD grown InGaN and MOCVD
growth of Mn:InGaN using (Et,Cp)2Mn as a Mn precursor.
Studies performed on Mn:InGaN films doped by diffusion provided a wealth of
information regarding the magnetic and optical properties of the films.

Based on the above

analysis, the magnetic properties of Mn doped InxGa1-xN via diffusion demonstrate a
dependence on the thickness of the films, i.e. their state of stress. Compressively strained films
have in-plane easy axis whereas fully relaxed films have out of plane easy axis. Therefore, by
changing the InxGa1-xN film thickness, thus changing the strain in the film, the easy axis can be
rotated from in-plane to out of plane. This observed effect can be explained based on the
magnetoelastic effect. A transition region between the strain and relaxed region has also been
identified. The magnetizations for both in-plane and out of plane are equally strong for samples
characterized as being in the transitional relaxation regime, figure 6.3.1 summarizes these results.
X-ray diffraction and electron diffraction did not identify any secondary phases in these Mndoped InxGa1-xN films grown by diffusion. Hall measurements have shown some of these films
are either n-type or undetermined. These ferromagnetic results are consistent with our findings
deduced from both optical and structural studies of the relaxation process in this InGaN
material system.

The effect of strain on the magnetic properties can be a result of the

magnetoelastic effect and was previously reported in (Ga,Mn)As and (In,Mn,Ga)As.63,120 It was
shown that the easy axis of magnetization can be altered by changing the stress state in the film:
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in-plane when under compression and out of plane when under tension. Measurements on
several samples with x = 0.15 have red or blue shifts in the PL peak upon Mn doping via
diffusion, but this could not be correlated with a change in In concentration according to XRD.
More experiments are needed to determine the origin and nature of this blue shift; however, it is
suspected that it is due to strain or compositional fluctuations within the material. Based on the
above analysis, the magnetic properties of Mn doped InxGa1-xN demonstrate a dependence on
the state of stress. Ferromagnetic properties for Mn:InGaN films doped by diffusion were
achieved when the Mn deposition and annealing were performed at temperatures ranging from
500 – 600 °C with an annealing time of 1 hour on undoped GaN films. The Curie temperature
for these films was not determined due to experimental limitations, but is considered to be
greater than 300 K.
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Figure 6.3.1. Demonstrates how the magnetic properties for Mn-doped InGaN are affected by the strain
in the InGaN films, where the easy axis is: in-plane when the film is under strain, has no preferred
orientation in the transitional region, and is out of plane when the film is fully relaxed.
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Room temperature ferromagnetic behavior was observed in single crystal Mn:InGaN
grown by MOCVD. XRD and SIMS analysis indicated that single phase Mn:InGaN can only be
achieved under fairly strict growth conditions that depend on growth rate, growth temperature
and the (EtCp)2Mn flux in the gas phase. The Curie temperature was determined to be ~ 700 K
from temperature dependent SQUID measurements for a sample having a Mn concentration of
~0.12%.

VSM measurements showed room temperature ferromagnetic behavior with a

moment ~3.7 µB/Mn atom. Hall Effect measurements showed that magnetic properties exist in
both n-type and insulating films. The In incorporation for these films showed a dependence on
the Mn/In flux ratio, suggesting that Mn acts as a surfactant for In. The magnetic properties
also show a dependence on this ratio and a growth window for obtaining ferromagnetism has
been identified. Although, for the Mn:InGaN films grown in this study, we did not observed
the formation of any secondary phases within any of the films. Therefore, since no secondary
phases were observed, we cannot define a solubility range of Mn in InGaN. This will require
more experimental data and modeling are needed to explain the trends in achieving single crystal
Mn:InGaN grown by MOCVD with varying In and Mn compositions.

XRD and electron

diffraction did not identify any secondary phases; thus we would like to emphasize that the
magnetic properties reported in this work are not a result of secondary magnetic phases, but
rather a solid solution of Mn in the InGaN lattice. However, more experimental data and
modeling are needed to explain the trends in achieving single crystal Mn:InGaN, as well as its
ferromagnetic origins.
Superparamagnetism was ruled out as the origin of ferromagnetic results for the
Mn:InGaN films grown by MOCVD. The criteria for this type of behavior is discussed in
Appendix B. In an effort to rule out superparamagnetic behavior in our samples temperature
186

dependent Hall and SQUID measurements were performed. Figure 6.2.8 shows the M versus
H/T measured by SQUID for sample N173-02 grown by MOCVD. These figures clearly
demonstrate that superparamagnetic behavior does not exist in these samples regardless of
growth technique used.
The origin of ferromagnetic properties within these films is not fully understood.
Currently, no models predicting the Mn position within the InGaN band gap are available.
However, since InGaN has a smaller band gap it is expected that the activation energy of Mn in
InGaN would be lower than that of GaN, and should be dependent upon the In composition
within the films; the activation energy should decrease as the In concentration increases. It is
this author’s opinion that since both GaN and InGaN has the same crystal structure that the
origin of ferromagnetic behavior should be similar for the two materials.
Table 6.3.1: Summarizes the results for the two different growth techniques used to achieve
ferromagnetic Mn:InGaN.

Growth
Technique

%Mn

MS
emu/cm3

HC (0e)

TC (K)

MOCVD

0.12 – 1.0 %

3 – 28

100 – 800

700

Diffusion

1 – 8%

1 - 10

60 – 600

> 300

Based on the above findings, we have achieved above room temperature ferromagnetic
properties from single crystal Mn:InGaN regardless of the growth technique used. Table 6.3.1
summarizes the results for the two different growth techniques used in this study and their
magnetic properties. The Curie temperature for Mn:InGaN was found to be as high as 700 K
for the samples in this study. The easy axis for this material was found to depend on the strain
state of the films as stated above. The Mn composition ranged from 0.1% to 8% depending on
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the growth technique. Due to temperature limitations in our magnetometer, we were unable to
study the Curie temperature of these films and their dependence upon the Mn concentration in
the films. We have demonstrated that the ferromagnetic properties were determined to be a
result of a solid solution of Mn in the InGaN lattice, as no secondary phases were identified by
structural or magnetic characterization.
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7

PROPOSED MODEL FOR MAGNETISM IN Mn:III-N’s
Schilfgaarde11 et al. proposed that the magnetism due the addition of Mn in GaN is due

to an anomalously strong and attractive alloy Hamiltonian (coupling between Mn and cation
nuclei), thereby inducing a strong driving force for the Mn to group together in small
nanoclusters of a few atoms. The theory also predicts that the effective pair interactions
decrease with increasing dopant concentration, indicating that clustering is more likely for lower
Mn concentrations. The exchange interactions which contribute to the magnetic moment for
Mn in GaN would occur between the 12 nearest neighbor (NN) cations and 6 next nearest
neighbor (NNN) cations, while all other exchange interactions can be ignored.

The model

proposed by Schilfgaarde11 is based on the magnetic interactions between Mn NN and NNN
present and the separation distances between them, rNN and rNNN. Ferromagnetic behavior is
expected to occur for Mn NN dimers, NNN trimers, and for tetrahedron clusters of Mn:GaN.
The same analogy should be similar for Mn:InGaN films with low %InN. Since clustering is
undetectable by structural characterization and no magnetic criteria exists it is difficult to
determine if clustering is the mechanism for ferromagnetic behavior in the Mn:GaN films. In
addition to predicting the ferromagnetic interactions for Mn:GaN Schilfgaarde11 et al. predicted
that the t2g and the eg energy levels are 1.44 eV and 0.22 eV above the valence band maximum,
respectively (i.e. Mn forms a deep level acceptor, EA = 1.44 eV). According to Schilfgaarde,
these energy levels are spin split by ~2 eV with their minority states located in the conduction
band. This Mn deep acceptor energy level was verified in MOCVD grown wurtzite Mn:GaN by
Korotkov89 et al.. These calculations were based on the local-density functional calculations for
several transition metals in the zinc blende GaN.
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A model based on ab initio calculations by Sato47 et al. for solid solution Mn:GaN, found
that the valence bands consisted of N-2p states. They predicted that the impurity-d states lie
near the Fermi level in GaN, showing a large exchange splitting (i.e. high spin configuration of
the d electrons). They also predicted that energy levels associated with bonding (tb) , antibonding (ta) and non-bonding (e) states would lie at 1 eV, -4 eV, and just below the Fermi level,
respectively. They stated that electrons in the e states are less itinerant than those in the ta states,
implying that the ferromagnetic state is stabilized if there are carriers in the itinerant states.
Kronik80 et al. discuss the ferromagnetic behavior and it’s dependence on spin polarized
transport within Mn:GaN.

Their model is also based on ab initio pseudo potential-density

functional calculations for Mn:GaN. They predict that the impurity band makes the material
half metallic due to the hybridization of the Mn 3d and N 2p orbitals. The most important
finding from the model is the creation of a Mn-related, ideally spin-polarized impurity band [see
figure 7.1.1 ]80, which is 1.5 eV wide and starts 0.2 eV above the valence band maximum. The
Fermi energy is predicted to lie within the impurity band, therefore, if carriers with sufficient
mobility within the impurity band are present, then carriers injected from Mn:GaN should have
100% spin-polarization. All three models give a magnetic moment of 4 µB is expected for the
Mn-doping of GaN.
In some cases the Mn:GaN films were too resistive to measure the electrical properties,
which is most likely due to the Mn deep acceptor level lying 1.4 eV = EA, above the valence
band in GaN.11,89,97 At room temperature this would give a hole concentration associated with
Mn to be ~0.003 Mn holes/cm3 calculated by pMn = [Mn] exp(− ΕA k B T ) assuming [Mn] = 9.2
X 1020/cm3 (or ~2%). This indicates that essentially no holes associated with Mn are activated at
room temperature. In fact, such a large activation energy would require T = 16,147 K to ionize
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all of the Mn ions, according to the relationship EA = kBT, where kB = is Boltzman constant,
and T is the temperature in Kelvin. Thus the addition of more Mn will tend to compensate or
trap existing carriers within the film, increasing the resistivity. Due to the large activation energy
and the lack of activated carriers it is unlikely that carrier induced ferromagnetism proposed by
Dietl77 et al. is the mechanism at work in these films. Here the author offers a possible
explanation for the observed ferromagnetic properties within Mn:GaN, which is discussed in the
following section.
The model proposed here utilizes the predicted band structure for Mn:GaN calculated by
Kronik80 and Sato47 et al. Figure 7.1.1 shows the density of states for Mn-doped GaN as
predicted by Sato. The Mn2+ atom substituting on the Ga3+ site creates a site for an electron to
be captured or trapped to reduce the bonding energy of the system.

Figure 7.1.1. Shows the density of states for Mn-doped GaN as predicted by Kronik80 et al. using ab initio
calculations.
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It has been demonstrated by Soo84 et al. using x-ray absorption fine structure (XAFS) analysis
that Mn substitutes for Ga in the GaN lattice and that the effective valency is close to Mn2+ for
this materials system. For an acceptor type impurity, this electron traditionally comes from the
valence band by the creation of a hole. However, in this situation the activation energy is rather
large making this transition statistically unfavorable. The band diagram showing the Mn 3d
energy level in GaN is shown in figure 7.1.2. Hence it would be more likely that any electron
making a transition to this energy level would be one starting from a higher energy state, i.e. the
conduction band. In the case of highly insulating Mn:GaN the Fermi energy is predicted to be
located between the Mn energy level and the valence band, lying closer in energy to the Mn
energy level, in the absence of conduction band electrons.

In this situation ferromagnetic

behavior is not expected, since there are no carriers available for spin dependent transport within
the Mn energy level. The availability of these electrons within this energy level also allows for
the ferromagnetic coupling between the Mn atoms via the double exchange mechanism. As the
material becomes more conductive, i.e. as more intrinsic n-type dopants are present, the Fermi
energy increases towards the conduction band. This creates a two-fold dependence on the
magnetic properties, one being due to the Mn concentration in the lattice and the other being
due to the n-type carrier concentration. A critical Mn concentration is necessary to provide the
ferromagnetic coupling between the Mn ions in the host material, and a sufficient n carrier
concentration is required for conduction within the Mn 3d energy level to facilitate spin
polarized transport within the material. This indicates that the magnetic properties are strongly
affected by the s-d exchange interaction between the Mn 3d shell and s electrons from the
conduction band of GaN.
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(Mn,Ga)N
EC
Eg=3.4 eV
1.4 eV

Mn 3d

Ev
Figure 7.1.2. Band diagram of Mn:GaN showing the Mn 3d energy level at 1.4 eV above the top of the
valence band EV.

According to Sato47 et al., the density of states plotted in figure 7.1.1 shows only one spin
orientation for the Mn 3d energy levels within the GaN band gap, resulting from the 3d shells
being half filled. This is a result of spin-orbit coupling giving the lowest possible energy
configuration of the Mn 3d electrons, and is consistent with Hund’s rules. This creates a
magnetic moment of several Bohr magnetons associated with each Mn2+ atom resulting from the
spin alignment of the 3d electrons.

However, to facilitate long range ferromagnetic ordering

between the Mn atoms requires exchange interactions via carriers. We utilize these band models
to explain the data observed in our material. First we state that the occupancy of the Mn
acceptor level is required for antiferromagnetic coupling between the electron and Mn ion.
Antiferromagnetic coupling between the Mn ion and electron precludes antiferromagnetic
coupling between adjacent Mn ions. Therefore, ferromagnetic coupling between adjacent Mn
atoms can arise.
Mn acceptor state occupancy will be considered for three cases: n-type, insulating, and ptype Mn:GaN. In n-type material, conduction band electrons fall into and occupy the Mn
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acceptor state, leading to almost complete ionization of the Mn acceptor state in the case of ntype doping. In the case of insulating material, EF and the Mn energy level both lie near the
center of the band gap. Consideration of Fermion statistics shows that a substantial portion of
the Mn acceptor states will be occupied in this case, although to a lesser degree than in the case
of n-type material. Finally, in p-type material electrons from the valence band can reach the Mn
acceptor state through a two step hop. First, the Mg acceptor gains an electron from the valence
band; this electron can then be promoted to the Mn acceptor state. However, analysis reveals
that this means of occupancy is much less efficient than the two cases previously discussed.
This explanation is consistent with experimental findings from various groups, where most are
reporting ferromagnetic properties when the carrier type was determined to be n-type.53,86,90 This
also explains why an improvement in the magnetic properties is observed as the material
becomes more conductive (i.e. n-type).
A proposed LED device structure for measuring the spin dependent transport properties
of Mn:GaN is shown in figure 7.1.3. Electrons are injected from n-GaN into the Mn 3d band of
the Mn:GaN layer. It is in this energy band that the electrons can become spin polarized via
double exchange mechanism facilitated by conduction hopping. These spin polarized carriers
are injected into the MQW structure for recombination with holes.

The main considerations

for this device are: Fermi level within Mn:GaN layer must lie near Mn 3d energy band; use
undoped MQW to maintain spin polarized transport; or dope InGaN MQW with Mn for
enhanced performance.
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(a)

p-type GaN ~350 Å
p-type Al0.15Ga0.85N (600-800 Å)
MQW 2X GaN Barrier 90 Å/
In0.12Ga0.88N 35 Å
Mn:GaN, with background n-type
~ 1000 Å

n-GaN
Sapphire Substrate

(b)

(Mn,Ga)N
Light n-type
p-AlGaN
n-InGaN
n-InGaN

n-GaN

p-GaN
n-GaN

Figure 7.1.3. (a) Proposed LED device for measuring the spin dependent transport properties of
Mn:GaN and (b) its band structure.
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8

DEVICES

Light emitting diodes (LED) were grown via MOCVD in order to study spin polarized
transport within the device. LED devices were achieved by utilizing the ternary alloy InxGa1-xN
material system which has been the key component in the development of several optoelectronic
devices, such as blue and green light emitting diodes and blue semiconductor lasers.34 These
devices rely on GaN/InGaN double heterostructures and quantum wells (QW), where the
InxGa1-xN is under compressive strain due to its lattice mismatch with GaN. The compressive
strain in these films greatly affects their electrical and optical properties. This allows one to
engineer the band gap within these devices.
Recent advances in spin polarization came from the introduction of magnetic
semiconductors. Ohno106 and coworkers have reported polarized hole injection into a quantum
well from a p-type ferromagnetic semiconductor, (Ga,Mn)As grown by molecular beam epitaxy.
Spin polarization in the II-VI semiconductor BexMnyZn1-x-ySe has been reported by Fiederling46
et al. Compound semiconductor magnetic materials of the II-VI and III-V type tend to have low
magnetic ordering temperatures, so these materials systems are limited to potential applications
below room temperature.
In this study we propose to use a ferromagnetic Mn:GaN layer co-doped with
magnesium to inject spin polarized carriers into an InGaN quantum well. These spin polarized
holes recombine with electrons producing polarized light that is a measure of spin injection
efficiency. A very general case for the measurement of spin dependent transport properties is
shown in figure 2.3.1. Since polarization experiments were not completed in time for this
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dissertation, please see Appendix E for more information regarding polarization, definitions, and
experimental setup.
Since we are currently in the process of measuring the spin polarized transport for these
devices; background information regarding growth, device processing, and structural
information, along with optical and electrical properties will be discussed in this dissertation.
Spin dependent transport properties will be discussed in future work. As discussed in Chapter 3,
two types of test structures were created to study these properties and are described as follows:
1. Test structure type #1: n-GaN/InGaN MQW/GaN heterostructures. Mn doping was
performed via PLD and diffusion. These devices were created as test structure to determine
the effect of Mn doping on the quantum wells and barrier layers and a schematic is shown in
figure 8.1.1. Typically a 300 – 1200 Å undoped GaN layer was grown after the InGaN
MQW to prevent Mn diffusion from shorting the junction.

Mn:GaN 350 Å
MQW 9X
GaN Barrier 90 Å/
In0.12Ga0.88N 35 Å
GaN Barrier 150 Å

n-GaN n = 3 X 10 17 /cm3

Sapphire Substrate

Figure 8.1.1. Typical LED test structure for n-GaN/InGaN MQW/Mn:GaN, where LED structure was
grown by MOCVD and Mn doping is by diffusion.
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Test structure #1 was created to determine the effect of Mn doping on the quantum
wells and barrier layers for optimization purposes and therefore were not processed for device
characterization. However, optical experiments were performed on these samples for further
understanding.
2. Test structure type #2: n-GaN/ InGaN MQW/ AlGaN MQW/i-GaN/ (Mn,Mg):GaN
device structure shown in figure 8.1.2. Mn doping was also performed via PLD and
diffusion. This device was created for spin polarized injection which is currently being
investigated.

Using the stated template above, the AlGaN MQW were added at a

temperature only slightly higher than the InGaN MQW layers to form a dissociation barrier
for InGaN. The AlGaN dissociation barrier prevents destruction of the InGaN/GaN
MQW when the growth temperature was raised to 1000 °C for p-type doping.

Ni/Au
p-type contact

(Mn,Mg):GaN 450 Å
i-GaN 1000 Å

8 X SLS
AlGaN/GaN
MQW 4X
InGaN/GaN
GaN Barrier 150 Å

Ti/Al
n-type contact

n-GaN n = 3 X 10 17 /cm3
Sapphire Substrate

Figure 8.1.2. Typical LED device test structure for n-GaN/InGaN MQW/AlGaN MQW/iGaN/Mn:GaN; where the LED structure was grown by MOCVD and Mn doping is by diffusion.
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Test structure #2 was created explicitly for device processing and characterization. Therefore,
the following discussion describes the device processing for these structures. The Mn doping
for these device structures was performed by post Mn-diffusion via PLD, where the details are
discussed in Chapter 3. This chapter discusses the results and conclusions for the different types
of experiments performed on test structure #1 and #2.
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8.1

RESULTS & DISCUSSION FOR LED DEVICE STRUCTURES
X-ray diffraction (XRD) was performed to determine crystalline quality of the films, as

well as identify any secondary phases if present. XRD was also used to estimate the thickness of
the InGaN well and barrier layers within the device. Vibrating sample magnetometry (VSM) was
used to determine the magnetic properties of the Mn:GaN films. Samples were etched in 30 %
H2O2 to remove the Mn metal from the surface prior to testing and fabrication. SEM/EDX
analysis was performed on test structure #1 to confirm that Mn has been completely removed
from the surface by the H2O2 etching process. Photoluminescence and PLE were performed on
test structure #1 to determine the effect of Mn-doping in these types of devices. While I-V
characterization and electroluminescence were performed on test structure #2 to determine the
Mn contribution to a fabricated device.

8.1.1 SEM/EDX and XRD Analysis of Mn-doped Devices by Diffusion
Figure 8.1.1 shows the schematic for test structure #1 as described above. Prior to
testing the Mn was etched from the surface using H2O2 as stated previously. SEM/EDX analysis
confirmed that all Mn metal was removed from the surface; Mn is absent in the EDX spectra of
the device surface shown in figure 5.1.11. Figure 8.1.3 shows the XRD pattern for samples
N106-02 (pre-Mn) and MR119-02 (post-Mn) MOCVD grown GaN/InGaN/GaN LED,
showing the Pendellosung fringes associated with the InGaN MQW (test structure #1). The
thickness of the GaN barrier layer (LB) and InGaN Quantum well layer (LW) using the
Pendellosung fringes from XRD by equation (21), where a period (LB + LW) of ~124 Å was
calculated. By correlating the growth rate and time of each layer with this thickness of 124 Å we
estimate that LW = 35 Å and LB = 88 Å for this sample. VSM measurement for this sample is
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shown in figure 8.1.4, exhibiting ferromagnetic behavior at room temperature for sample
MR119-02 with Ms = 20 emu/cm3. No secondary magnetic phases were identified in the
sample, indicating that the ferromagnetic properties are a result of a solid solution of Mn in the
GaN lattice.
10

Intensity (cps)

1

34.37°

0.1

34.58°
GaN

35.04°

33.53°

0.01

MR119-02
N106-02

36.14°

32.78°
31.18

0.001

30.6°°

32.08°

0.0001
0.00001
30

32

34

36

38

2θ (degrees)

Figure 8.1.3. XRD for samples N106-02 (pre-Mn) and MR119-02 (post-Mn) GaN/InGaN/GaN test
structure #1, showing the Pendellosung fringes resulting from the InGaN MQW. A period (LB + LW) of
~124 Å was calculated, implying LW = 35 Å, and LB = 88 Å.
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Figure 8.1.4.
Room temperature VSM curve for etched sample MR119-02, which is a
GaN/InGaN/GaN LED device.
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8.1.2 PL and PLE Analysis of Mn-doped Devices by Diffusion
Optical experiments were performed to further understand the impact of Mn on the
device. Figure 8.1.5 shows the PL spectra for N106-02 and MR119-02 (test structure #1)
showing a 0.3 eV red shift in the InGaN peak after Mn-doping. The addition of Mn to the
barrier layer could alter the piezoelectric fields in the device resulting in this red shift. Since
adding Mn to GaN causes the lattice to contract as demonstrated earlier, this should increase the
strain between the Mn:GaN barrier layer and the InGaN QW. Such an increase in strain should
result in an enhancement of the piezoelectric effect and a red shift in the emission wavelength.

1.2

Normalized Intensity

1

4220 Å
FWHM = 136 meV

4513 Å
FWHM = 135.2 meV

0.8

4390 Å

0.6
0.4

MR119-02

0.2

N106-02
0
3400

3900

4400

4900

5400

5900

Wavelength (Å)
Figure 8.1.5. PL spectra for N106-02 (pre-Mn) and MR119-02 (post-Mn) showing a 0.3 eV red shift in
the InGaN peak after Mn-doping, for test structure #1.

Figure 8.1.6 shows the PLE data taken for this device before and after Mn doping. PLE data
shows a 0.2 eV shift upon doping with Mn. During a PLE measurement, the intensity variation
of a single emission wavelength from a sample is monitored as the excitation wavelength used to
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photo pump the sample is varied. In this manner it is possible to determine what excitation
energy makes the largest contribution to the photoemission wavelength under investigation.
This allows one to determine the band edge energies for quantum well structures. For these
experiments the detector was set at λ = 3.03 eV and 2.82 eV, while the incident laser energy was
varied from 2.8 – 4 eV. The 0.2 eV shift upon Mn-doping is interesting since it indicates that a
change in the InGaN band edge emission. This effect is believed to result from an interplay of
the electric field induced by the Mn and the piezoelectric field in the barriers.

Figure 8.1.6. PLE for device structure before and after Mn doping for MR119-02 and N106-02. Data
shows a 0.2 eV shift upon doping with Mn. This effect results from an interplay of the electric field
induced by the Mn and the piezoelectric field in the barriers.

PL spectra for a similar sample shown in figure 8.1.7 exhibited a large PL peak around 805 nm
with a broad feature on the lower energy side. This feature is intensity dependent and appears
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only at very strong pump intensity. This peak at 1.54 eV is consistent with Mn levels reported in
the literature Krotkov12 et al. where Mn-doped GaN was grown by MOCVD.

Figure 8.1.7. PL data for a similar sample showing a peak around 805 nm with broad feature on the
lower energy side.

8.1.3 I-V Characteristics and Electroluminescence
Test structure #2 was created to study the electrical, optical and magnetic properties
upon Mn-doping and is shown in figure 8.1.2. Prior to testing the device, Mn was etched from
the surface using H2O2 as stated earlier.

The electroluminescence for sample MR126-02 is

shown in figure 8.1.8.
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Figure 8.1.8. EL for sample MR126-02 showing a 0.55 eV red shift as the injected current is increased
from 70 mA to 200 mA.
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This shows a 0.55 eV red shift as the current is increased from 70 mA to 200 mA,
indicating that the emission wavelength of the InGaN quantum wells are changing due to
piezoelectric fields at the barriers and the induced field due to the increased current. It is known
that the semiconductor band gap decreases as the temperature increases within the material.
Therefore, this red shift could also be associated with heating, since we are driving the devices at
a significantly higher current. Figure 8.1.9 shows the I-V characteristics for sample MR126-02.
The turn on voltage for this device is ~ 2.9 eV, with an injection current of 70 mA.
In conclusion, we have demonstrated that ferromagnetic LED’s can operate even with
the addition of Mn by diffusion. We have also demonstrated that device functionality was not
affected by this diffusion process. As stated previously we are in the process of determining the
spin dependent transport properties of these devices which will be discussed in future
publications.
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Figure 8.1.9. I-V curves for MR126-02 showing a turn on voltage of 2.9 eV for this device.
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9

CONCLUSION

Dilute magnetic semiconductors Mn:GaN and Mn:InGaN showing ferromagnetic
behavior at room temperature and above were achieved. LED devices were also doped with Mn
via diffusion to study the spin transport properties of these DMS materials.
Mn:GaN films were grown by: Mn diffusion into MOCVD grown GaN; Ion
implantation of Mn into MOCVD grown GaN; MOCVD growth of Mn:GaN using (Et,Cp)2Mn
as a precursor.

Curie temperatures of these Mn:GaN films ranged from 228 to 520 K,

confirmed by temperature dependent SQUID and EHE measurements.

Ferromagnetic

properties were observed over a Mn concentration range of 0.09 – 3.5 % on the growth
technique used. The coercivity of Mn:GaN was found to range from 100-1500 Oe, where the
saturation magnetization varied from 2 to 45 emu/cm3. The easy axes for these films were
determined to be along the c direction (i.e. out of plane). The electrical properties of the
Mn:GaN films indicated that the films were n-type or highly resistive. Temperature dependent
SQUID and EHE measurements verified the absence of superparamagnetism in the films,
confirming the absence of small phase separated particles within the films. XRD and TEM
determined that no secondary phases were present in any of the films studies confirming that the
ferromagnetic properties result from a solid solution of Mn in the GaN lattice.
Mn:InGaN films were grown by: Mn diffusion into MOCVD grown InGaN and
MOCVD growth of Mn:InGaN using (Et,Cp)2Mn as a precursor.

We measured room

temperature ferromagnetic properties of Mn-doped InxGa1-xN with x < 0.15.

The Curie

temperatures for these Mn:InGaN films ranged from 300 to 700 K, which was confirmed by
temperature dependent EHE and SQUID measurements. The ferromagnetic properties were
observed in a Mn concentration range of 0.12 – 8 % depending on how the films were grown.
206

The coercivity of Mn:InGaN was found to range from 100 - 800 Oe, where the saturation
magnetization varied from 1 to 28 emu/cm3. The easy axis of magnetization depends on the
stress state of the InxGa1-xN film. The easy axis rotates from in-plane to out of plane by
changing the film thickness, thus going from strained to fully relaxed films. For intermediate
film thickness a transition region of partially relaxed film was identified with isotropic magnetic
behavior. These ferromagnetic results are consistent with the strained and the relaxation process
in this material system obtained from both optical and structural measurements. The electrical
properties of the Mn:InGaN films indicated that the films were n-type or highly resistive
depending on the growth conditions. Temperature dependent SQUID and EHE measurements
verified the absence of superparamagnetism in the films, confirming the absence of small phase
separated particles within the films. XRD and TEM determined that no secondary phases were
present in any of the films studies confirming that the ferromagnetic properties result from a
solid solution of Mn in the GaN lattice.
All reported results for DMS III-Nitride films doped with Mn are based on the
following: Special growth conditions are required to achieve DMS at room temperature and
above; films do not have to be p-type to exhibit ferromagnetic behavior; no secondary phases
were observed by XRD or TEM; VSM magnetic measurements were confirmed by using
SQUID measurements for selected samples. GaN/InGaN/GaN LED’s doped with Mn by
diffusion produced operational devices having ferromagnetic properties at room temperature.
Proposed future work for these materials systems include: determining the Curie temperature as
a function of Mn concentration; measuring the spin dependent properties to ascertain the
percentage of polarized spin injection of the Mn-doped LED devices discussed above; and
measure spin coherence length and lifetime produced by ferromagnetic Mn:III-Nitrides.
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APPENDICES
Appendix A: Principle Quantum Numbers
Electrons within an atom occupy discrete energy levels, where two electrons having the
same energy but opposite spin are allowed based on Pauli’s exclusion principle. The occupation
of the energy levels by electrons has significant impact on bonding, electrical properties and
magnetic characteristics in materials.

Understanding the electronic structure in terms of

quantum mechanics has been instrumental in describing ferromagnetism of transition elements
and their alloys. Therefore, it is useful to review some fundamental concepts for further
discussion. Four quantum numbers are used to describe the energy level of which the electron
occupies:
1. Principal quantum number “n” refers to the quantum shell to which the electron belongs.
The notation for Quantum shells is n = 1, 2, 3,…., of which a corresponding letters has
been assigned for convenience: K for n = 1; L for n = 2; M for n = 3.
2. Azimuthal quantum number “ℓ”, is written as ℓ = 0, 1, 2…. n-1. These can also be written
as shown in Table A.1:
Table A.1: Lists the quantum principal number and azimuthal quantum number
corresponding to the electronic configuration of atoms.
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3. Magnetic quantum number “mℓ ” provides the number of energy levels or orbitals for each
azimuthal quantum number.
mℓ = - ℓ, -ℓ + 1,….0, ℓ -1, ℓ; or 2ℓ + 1 values
Spin quantum number “mS” is a result of the Pauli Exclusion Principle; which allows two
electrons for each set of spatial quantum numbers (i.e. Spin "up" and Spin "down"). Since two
electrons occupying the same energy level have opposite spin they each have an intrinsic angular
momentum characterized mS = +½, -½.
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Appendix B: Magnetic Behavior and Definitions
Magnetic materials have an interesting beginning that originating the mineral magnetite
(Fe3O4)15,16. An abundance of magnetite was found in Magnesia, commonly known today as
Turkey. At some unknown date, it was determined that a shaped piece of magnetite floating in
water would turn and point in the direction of north and south. Iron also possesses this
property after being rubbed with magnetite, leading to its first use as a compass. The English
referred to this substance as the “lodestone”; meaning waystone since it points the way15,16,19.
Even though the powers of magnetism have been known for centuries before Christ, they were
not well understood until the 1500’s. In 1600 William Gilbert published the first scientific book
of magnetism based on his experiments with lodestones and iron magnets15,16,139. In 1820 Hans
Christian Oersted140 discovered that a magnetic field could be produced by passing and electric
current through a wire coil, leading to the first electromagnet in 182515,16. The discovery of the
electromagnet has stimulated research in ferromagnetic materials and applications.
Materials with high level of magnetic properties caused the growth of new devices such
as in tape recorders, refrigerator doors, memory cores in computers and permanent magnets in
motor controls. Historically these involved two groups of materials:
1.

Metallic material such as iron-base alloys, alnico, and cobalt samarium magnets.

2.

Ceramic materials “ferrites”.

This chapter is arranged in three sections: the first part of this chapter explains the fundamentals
necessary for describing magnetism; the second part defines and describes magnetic
characteristics and types of magnetism; and the last part discusses theories for ferromagnetic
behavior.
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Consider a coil having n turns and length l (m). When a current I (Amps) is passed
through the coil a magnetic field H is produced, the coil a magnetic field H is produced with
field strength given by (shown in figure B.1):
H = nI/l [A/m = 4π × 10-3 oersted]

(37)

↑H

Figure B.1. Magnetic field produced by from current I is passed through a coil of length l having n turns.

This magnetic field induces lines of magnetic flux. The number of lines of flux is called the flux
density or inductance B.
B = µοH [Tesla (wb/m2) = 104 Gauss (volt⋅sec/cm2)]

(38)

where B is the inductance and µο is the magnetic permeability of a vacuum and is equal to 1
gauss/oersted or 4π x 10

-7

Henry/m. When a material is placed within the magnetic field the

inductance is given by:
B = µH

(39)
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where µ is the permeability of the material in the field. If the magnetic moments enhance the
applied field, then µ > µο and more lines of flux capable of doing work are created and the field
is magnified. However, when the magnetic moment opposes the field µ < µο no magnification
occurs. The magnetization M (Oe or A/m) represents the increase in the inductance due to the
core material, hence:
B = µοH + µοM

(40)

for important magnetic materials the term µοM is greater than µοH ∴B ≅ µοM. The magnetic
susceptibility (χ =M/H), is the ratio between the magnetization and the applied magnetic field,
which gives the amplification of the field produced by the material. Magnetization M is a result
of the orbital motion of an e- around the nucleus and the spin of the electron about its own axis.
Magnetic Permeability
In a magnetic circuit (shown in figure B.2) the magnetic field across the gap is (H) the
flux in the gap is proportional to the permeability of the material in the gap (µ)

µ=

B
field density
=
H field strength or gradient

(41)

The permeability µ is the ratio of the flux density (B) developed when a magnetic field of
strength (H) is applied. In a magnetic field µ changes with the applied field H. The relative
permeability µr relates the material absolute permeability to the permeability of a vacuum,

µr =

µ
µo

(42)
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µo = vacuum permeability [4π X 10 -7 Henry/m].
Materials can be classified according to their permeability, where three general classifications are
shown in figure B.3 where (at ambient temperature):
1. If µ < µο (or µr ~0.9995), the material is diamagnetic.
2. If µ > µο (or if µr is between 1.0-1.01), the material is paramagnetic
3. If µ » µο (or if µr » 1 ( up to 10 6)), the material is ferromagnetic.

H
B

Figure B.2. Schematic showing how the permeability is defined.

Figure B.3. Different types of magnetism defined in terms of relative permeability.111
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Diamagnetism
In diamagnetic materials electrons that constitute a closed shell (i.e. J = S = L = 0) in an
atom usually have their spin and orbital moments so oriented that the atom as a whole has no
net moment. This type of behavior also occurs in some materials where the s and p orbitals are
partially filled as discussed above. Since these materials are composed of atoms with no magnetic
moment these materials behave in a particular and distinguishable manner in an applied field.
When an external magnetic field H is applied a magnetic dipole moment is created in the
opposite direction of H, which causes the magnetization to be less than zero. If the field is
non-uniform, the diamagnetic material is repelled from regions of greater magnetic field,
indicating a negative susceptibility. This magnetic behavior is called diamagnetism.
Since diamagnetic materials have closed shells (i.e. an equal number of electrons with
“spin-up” and “spin-down”) no net moment associated with the electrons spin is present.
Therefore, the observed magnetic moment arises from the electrons orbital momentum. The
motion of the electrons in its orbit = current in a loop, and as the field is increased from 0 to
some field H, (figure B.4) the change in flux through the loop induces and electromagnetic field
(emf) ε in the loop according to Faraday’s law:

ε = −10

−8 d φ
−8 d (HA)
= −10
volts
dt
dt

(43)

where A is the area of the loop, Φ = HA = magnetic flux. As the negative sign indicates the
emf opposes the change in flux (Lenz’s law). This is achieved by a decrease in the loop current
or in the electron velocity, which decreases the magnetic moment of the loop. It assumed that
the electron orbit acts as a current loop (Faraday’s Law) and that this current loop functions like
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a wire without resistance. Therefore, the magnetic moment is decreased as long as the field is
acting, resulting in small negative values for the magnetic moment and χ, both being
proportional to the applied field.

Figure B.4. The magnetic moment created by an electron orbiting the nucleus.141

Since this behavior is due to the orbit of the electron, it does not saturate and exhibits no
temperature dependence. This type of magnetic behavior is present in all materials but is usually
not observed since this effect is significantly weaker than all others. Examples: Bi, Cu, Si, Al2O3,
GaN, etc. Figures B.5(b) and B.6(c).

PM

DM

Figure B.5. The magnetic response (magnetization) as a function of the applied field for (a) paramagnetic
and (b) diamagnetic materials in the presence of an applied field.
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Figure B.6. Temperature dependence of the magnetic susceptibility for: (a) antiferromagnetic materials
where TN represents the Néel temperature; (b) paramagnetic materials; and (c) diamagnetic materials.

Paramagnetism
These materials have unpaired electrons so that a net magnetic moment due to the
electron spin is associated with each atom, but these dipole moments are randomly oriented. An
external magnetic field H can partially align the atomic dipole moments to give the material a net
magnetic dipole moment in the direction of H. If H is non uniform, the material is attracted to
regions of greater magnetic field. These materials only saturate at high magnetic fields (several
Tesla) since the moments associated with spin do not have enough energy to overcome the
randomizing effects of temperature. Basically, thermal agitation of atoms within the lattice
counteracts alignment of the spin, usually by randomizing their orientations. This occurs because
the spin-spin interaction (coupling) is either non-existent or very weak, and the orbital momentum
is quenched (L = 0). Therefore, the randomizing effects become more prominent as the
temperature of the system is increased, resulting in a reduction of observed magnetic moment.
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These types of materials are call paramagnetism, where the magnetic moment associated with spin
responds only to thermal fluctuations and an applied magnetic field.
In 1895, Pierre Curie was the first to report the susceptibility of several substances and
found that χ was independent of temperature for diamagnetic materials, but had an inverse
dependence with absolute temperature T for paramagnetic materials.

Most paramagnetic

materials follow the Curie-Weiss Law:

χ=

C
T −θ

(44)

where C is the Curie constant per gram, T is the absolute temperature, and θ is a constant with
dimensions of temperature, which varies depending upon the material. Some paramagnetic
materials will exhibit ferromagnetic behavior when the temperature of the system is lowered
below a critical point called the Curie temperature (to be discussed in more detail below).
Examples: Al, Ti and Cu alloys. See figures B.5(a) and B.6(b).
Antiferromagnetism
This type of magnetic behavior occurs when dipole moments oppose each other in an
applied field, thus canceling one another resulting in zero net magnetic. For this to occur, the
material must possess two sublattices within the crystal, each having an associated magnetic
moment that opposes the other, thus resulting in zero magnetic moment. These types of
materials are called antiferromagnetic. The physics describing the magnetic moment for each
sublattice are essentially the same for ferromagnetic materials (discussed below).

These

materials exhibit temperature dependence where above a critical temperature, called the Néel
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temperature, a transition from antiferromagnetic to paramagnetic behavior occurs. χ is small
and positive since zero magnetic moment results in this material. See figure B.6(a). Examples:
Mn, MnO, and NiO.
Ferromagnetism/Ferrimagnetism
Ferromagnetism is found in elements with partially filled 3d-electron shells and 4felectron shells such as Fe, Ni, Co, Gd, etc., and alloys containing these elements. The properties
of these elements are listed in Table B.1.
Table B.1. Shows the electronic configuration for the 3d transition elements. Also shows the
direction of the electron spins (arrows) within the energy level.

Both atomic and crystal structure governs the magnetic properties of ferromagnetic materials.
In the demagnetized state, several regions or domains exist in the material, each having a magnetic
moment, however the directions of all these magnetic moments sum to a zero moment. In a
single domain, the magnetic moments are magnetized or aligned in one direction. Adjacent
domains are magnetized in different directions, and are separated from each other by domain
walls. In the absence of H, orientations of the magnetic domains are randomly distributed,
causing the entire sample to have zero magnetization. When an external field H is applied the
domains align through domain wall motion to produce a strong net magnetic moment in the
224

direction of H. The magnetization process involves growth of the domains oriented in or near
the direction of H. As the field is removed, a remnant magnetization can exist due to the partial
rotation of the domains in the direction opposite H, i.e. hysteresis occurs.

This type of

behavior is called ferromagnetism, which always exhibits hysteresis. Exchange coupling disappears
when a sample's temperature exceeds its Curie temperature, above which the sample is
paramagnetic as shown in figure B.7(a).

Ferromagnetism results from unpaired electrons

residing in incomplete shells. The spins of these unpaired electrons in the atomic structure of a
ferromagnetic material contribute a magnetic moment of one Bohr magneton µB from equation
(5) above.

Figure B.7. Curie temperatures for (a) ferromagnetism and (b) ferrimagnetism. Plot shows saturation
magnetization MS as a function of temperature T.

Ferrimagnetic behavior is identical to ferromagnetism with the following exceptions. This
type of behavior occurs primarily in ceramic materials that have magnetic ions present at
different lattice positions within the crystal. Each of these magnetic ions produces a moment in
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a particular direction when H is present, such that these ions have unequal opposing magnetic
moments that sum to produce a net magnetic moment in the direction of H. Since each of
these magnetic ions has in a sense its own TC, the magnetization as function of temperature will
go through a compensation point prior to reaching the Curie temperature or becoming
paramagnetic (See figure B.7(b)). At the compensation point both magnetic ions have equal and
opposite magnetic moments due to thermal energy within the lattice. Eventually the thermal
energy overcomes the exchange energy for both magnetic ions and the material loses its
ferromagnetic behavior as a whole. Examples: NiOFe2O3, CoO Fe2O3, and other ferrites. Both
ferromagnetism and ferrimagnetism have large positive χ. More explanation for their origins
will be discussed in more detail below.
Superparamagnetism
This type of behavior occurs when fine particles consisting of magnetic ions are present
within a material. The observed behavior can be explained by When the particles are smaller
than a critical diameter Dp the coercivity is zero due to thermal effects which demagnetize the
particles in the sample. Superparamagnetism possess several defining characteristics, however,
two properties must be present for this type of behavior:
1. Magnetization curves measured at different temperatures superimpose when plotting M
as a function of H/T.
2. Coercivity and retentivity are zero: i.e. No hysteresis.
When particles of a certain size are cooled to a particular temperature, hysteresis appears and
superparamagnetism disappears. Each particle has a magnetic moment:
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µ = M sV

(45)

where V is the volume of the particle. When a field is applied, the moments of the particles will
align with the field. For a spherical particle of iron of ~ 50 Å in diameter (contains about 5,560
iron atoms/unit volume), a moment of (5560) X (2.20) = 12,000 µB is achieved. Hence, the
name superparamagnetism.
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Appendix C: Semiconductors
Semiconductor materials are generally distinguished by their electrical properties
associated with their band gap. These properties results from the formation of energy bands as
the atoms are pushed together to form a solid. Figure C.1 shows how these types of materials
differ from insulators and conductors (metals). Semiconductor materials exhibit temperature
dependence as they become more conductive as T is increased. Dopants are elements which are
added in to a semiconducting material to change the electrical and in some cases the optical
properties. Non degenerate doping levels are typically on the order 1015 -1016 /cm3. Dopants
are typically classified into two categories: n-type and p-type; shown in figure C.2. Dopant
atoms sitting on a substitutional site having one more electron than the host atom are referred to
as donors (as they can contribute the additional electron for conduction). The addition of these
donor atoms creates an energy level Ed within the band gap.

Figure C.1. Fermi energies: Insulator; Semiconductor; Metal.141
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Figure C.2. Band diagram showing n and p type transitions.141

This energy level sits below the bottom of the conduction band Ec by an energy equivalent to
the ionization energy. Dopant atoms having one less electron than the host are referred to as
acceptors. These also create an energy level Ea within the band gap lying close to the valence
band Ev; also separated by an energy equivalent to the ionization energy of the dopant.
The Fermi energy (EF) is an important parameter to understanding the band theory of
solids. For most materials the optical, electrical and magnetic properties critically depend upon
the location of EF within the energy band. The Fermi energy is useful in determining how
devices will function when dopants are added to the material and is derived from Fermi-Dirac
statistics.1,14,17 The probability that a certain energy level E is occupied by electrons is given by
the Fermi function, f(E):1,14,17

1
( E − EF )

f (E) =
1+ e

(46)

kBT
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energy level f(E) = 0 (see figure C.3). At T = 0, all levels having an energy less than EF are filled
with electrons, whereas higher energy states are empty. Electrons start to occupy the higher
energy levels as the temperature is increased which leads to a current in the conduction band.

Figure C.3. Shows the Fermi distribution function, f(E), versus energy, E for T = 0; and increasing T.141

When E is equal to EF the probability of finding an electron is ½. At high energies (E >> EF)
the upper end of the Fermi distribution function can be approximated using Boltzmann
distribution function:

(

− E − EF
kBT
f (E) = e

)

(47)

For an intrinsic material the concentration of holes in the valence band is equal to the
concentration of electrons in the conduction band, and EF lies in the middle of the band gap.
However, in n-type and p-type semiconductors the Fermi level is shifted due the addition of
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these impurities. The Fermi level is also referred to as the electron chemical potential, which is
the amount of energy associated with adding one electron to the system.
In n-type semiconductors a high concentration of electrons are in the conduction band
relative to the valence band; EF lies between Ed and Ec. This results in significantly less number
of holes in the valence band relative to the electrons. In p-type semiconductors EF lies between

Ea and Ev. As stated earlier the location of these energy levels depends on the ionization energy
or activation energy EA; which reduces to EA = kBT using Boltzmann statistics.

This

information can be substituted into equation (47) to determining the probability of activating
dopants/carriers to a certain energy level within the semiconductor material.

To have a

significant amount of carriers activated at room temperature EA ≤ 0.026 eV, and these are
typically referred to as shallow dopants. When EA » 0.026 eV the created energy level generally
referred to as a deep level.
Deep level acceptors or donors can act as a carrier trapping center or
recombination/generation centers within the band gap. The charge of the impurity atom will
determine its ability to act as a trap center. The activation energy determines the probability for
a captured carrier to be thermally re-excited into the band (when EA is small) or stay in the
center for a sufficient amount of time allowing for the opposite charge carrier to also be
captured. This can result in an electron trap or a hole trap. An electron trap is characterized by
a normally empty deep level that captures a conduction band electron, which upon occupation
emits the captured electron back into conduction band

A hole trap is characterized by a

normally occupied deep level that gives an electron to the valence band, then the vacated level
receives an electron from the valence band. Figure C.4 shows schematically how an electron
trap, Et functions within a semiconductor.
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Figure C.4. Shows electron trapping resulting from a deep level acceptor.

Another important parameter for semiconductors and in particular magnetic materials is
the density of states ρ(E), which is used to describe how many electrons exist within an energy
level or band. Note that the density of states for a semiconductor and a metal conductor are
different due to the band structure figure C.5.

The general relationship for the carrier

concentration of electrons n0 (electrons/cm-3) within an energy range dE is a function of
probability of occupancy f(E) and density of states ρ(E), for the conduction band is given by:

∞

n0 = ∫ f(E)ρ(E) d E

(48)

EC

where integration is performed over the entire conduction band to obtain the total electron
concentration. A similar analysis can be performed for p0 in the valence band using the
appropriate variables.
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Figure C.5. Shows the density of states for a semiconductor and a metal conductor.141
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Appendix D: Polarization
In spectral phenomena such as the Zeeman Effect, it is clear that not all transitions
between all pairs of energy levels are observed. This is because some transitions are forbidden
while others are allowed, which are governed by a set of selection rules for an electric dipole
moment: ∆l = ±1(not = 0) and ∆ml = 0 ,±1 . Another approach to the selection rules is to note
that any electron transition which involves the emission of a photon must involve a change of
one in the angular momentum. The photon has an intrinsic angular momentum or spin of one,
so that conservation of angular momentum requires a change of one in the atom's angular
momentum. The electron spin quantum number does not change in such transitions, so an
additional selection rule is: ∆ms = 0 and ∆J = 0,±1 . The total angular momentum cannot
have a transition from J = 0 to J = 0; i.e., since the vector angular momentum must change by
one unit in an electronic transition, J = 0 to J = 0 cannot happen because there is no total
angular momentum to re-orient to get a change of one.
Classification of Polarization
Light in the form of a plane wave in space is said to be linearly polarized. Typically, light is
unpolarized, i.e. propagating on all planes. Circularly polarized light is composed of two plane
waves of equal amplitude and out of phase with each other by 90°. Elliptically polarized light
results when two plane waves of differing amplitude are related in phase by 90°. (see figure
D.1).
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Figure D.1. Demonstrates different types of polarizations: linear, circular, and elliptical.141

Circular Polarization
Circularly polarized light consists of two perpendicular electromagnetic plane waves of equal
amplitude differing in phase by 90°. Rotation of the electric field vector of light clockwise
direction is said to be right-circularly polarized, and when counterclockwise, is said to be leftcircularly polarized light. Circularly polarized light may be produced by passing linearly polarized
light through a quarter-wave plate at an angle of 45° to the optic axis of the plate.
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Appendix E: Vapor Pressure Charts and Calculations for Bubblers
The following calculations were used to estimate the amount of Mn incorporated into
the films. The EtCp2Mn bubbler was purchased from Epichem and is of research grade.
Known Parameters


EtCp2Mn Vapor Pressure = 10-3 Torr at 5 °C, with 5 X 10-5 µmol/sccm (using known
Vapor pressure of TMGa at -10 ºC and the following equation):

2µmol
× 10 − 3 Torr (Mn)
40Torr

(

)



500 sccm MFC for EtCp2Mn



Assume EtCp2Mn Vapor Pressure = 10-2 Torr at 20 ºC, with 5 X 10-4 µmol/sccm



TMGa Vapor Pressure = 40 Torr at -10 ºC, with 2 µmol/sccm



TMGa Vapor Pressure = 31.329 Torr at -14 ºC, with 1.56 µmol/sccm

(49)

Calculated Values


Assuming Vapor Pressure for EtCp2Mn bubbler at 5 °C is 10 -3 Torr with a flow of 500
sccm, and using TMGA at -14 °C, with a flow of 3.8 sccm gives: ~0.4217%Mn.
Calculated using the following equations:
µmol for Ga = (3.8 sccm * 1.56 µmol/sccm) = 5.928 µmol
µmol for Mn = (500 sccm * 5 X 10-5 µmol/sccm) = 0.025 µmol
%Mn = Mnµmol/Gaµmol*100% = (0.025 µmol/5.928 µmol)*100%=0.4217%Mn.



Assuming Vapor Pressure for EtCp2Mn bubbler at 20 °C is 10-2 Torr with a flow of 500
sccm, and using TMGA at -14 ºC, with a flow of 3.8 sccm gives:~4.121 % Mn.



Assuming Vapor Pressure for EtCp2Mn bubbler at 20 °C is 10-2 Torr with a flow of 500
sccm, and using TMGA at -14 ºC, with a flow of 2 sccm gives:~8 % Mn.



Can use the following equation to calculate the EtCp2Mn flow (#of sccm’s) to attain the
desired Mn%:

%Mn =

R( Mn ) × P ( Mn )
× 100%
( R( Mn ) × P ( Mn )) + ( R(Ga ) × P (Ga ))

(50)

To attain ~2% Mn using the following conditions: EtCp2Mn bubbler at 20 ºC and
TMGa bubbler at -14 ºC flowing 3.8 sccm Ga, we must flow ~241.8 sccm Mn.
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Minimum flow through 500 sccm MFC is 4%, which requires a minimum of 20 sccm to flow
through the MFC (i.e. 500 sccm * 0.04 = 20 sccm).
The following information regarding the vapor pressures was provided by Epichem, the
manufacturer of the bubblers used in this dissertation.
Trimethylgallium (TMGa)

Figure E.1. Shows the vapor pressure as a function of temperature for the Epichem TMGa bubbler.

Ethyldimethylindium (EDMIn)

Figure E.2. Shows the vapor pressure as a function of temperature for Epichems EDMIn bubbler.
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Trimethylindium (TMIn)

Figure E.3. Shows the vapor pressure as a function of temperature for Epichems TMIn bubbler.

Bis(cyclopentadienyl)magnesium Mg(C5H5)2

Figure E.4. Shows the vapor pressure as a function of temperature for Epichems Cp2Mg bubbler.
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Trimethylaluminum (TMAl)

Figure E.5. Shows the vapor pressure as a function of temperature for Epichems TMAl bubbler.
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