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ABSTRACT
Over the past several years, there have been considerable interests in the
possibility of creating ferromagnetism in thin films of doped oxide materials. Several
systems have been identified to be ferromagnetic at room temperature but all of these
systems contain either a transition metal element or a rare earth metal element as a
dopant. Since in such systems the formation of second phase or clusters of magnetic
ions cannot be ruled out, the origin of ferromagnetism is still controversial. Our
interest is exploring the possibility of ferromagnetism existing in the oxide materials.
We have chosen to study whether doping alkali earth metal oxides with nitrogen yields
ferromagnetic oxides. There are several theoretical predictions that such systems will
be ferromagnetic, yet there is no conclusive experimental demonstration of such a
finding. In this dissertation, we demonstrate the ferromagnetism in the nitrogen-doped
magnesium oxide where the N-dopant does not induce structural defects, where the Ndopant is not a metal, and where oxide is an insulator. We find that as-deposited Ndoped MgO films are disordered and non-magnetic. These samples upon thermal
annealing undergo a significant structural transformation with doped N atoms moving
from interstitial/defect to substitutional sites within MgO lattice and the resulting films
are ferromagnetic. The largest magnetic moment measured corresponds to 0.35 µB/per
N for the 2.2 at% N-doped MgO film. XPS data indicate the presence of an unpaired
electron in 2p orbital of N. The long range spin-interaction of these unpaired N
electrons mediated by the valence band of MgO is ferromagnetic. NEXAFS data
support this conclusion as hole states are also observed in the O 2p state. These results
for first time prove the authenticity of prior theoretical predictions about the possible
ferromagnetism in N-doped alkali earth oxides.
The second part of this dissertation is focused on the resistive switching in Ndoped MgO for memory applications.

Resistive switching in thin layers is

demonstrated herein, in which the thin layer include MgO doped with a small amount
of N. The resistance change ratio (RHigh/RLow) can be varied between 1-4 orders of
magnitude by varying the N content with just a few percent. In addition, SET voltage
can be systematically lowered by varying the N content of the layer. The resistive
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switching properties of the N-doped MgO structures have several other attractive
features. In particular, resistive switching is demonstrated to occur by applying SET
and RESET voltage pulses from 1-100 nsec in duration and to exhibit low RESET
current (few tenths of μA). Multi-level resistive switching is also demonstrated.
These unique advantages of N-doped MgO are highly desirable for the next generation
nonvolatile memory.
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CHAPTER 1
INTRODUCTION: ELECTRON SPIN IN OXIDE SYSTEM

This chapter serves as an introduction of the origin of magnetic moment in
conventional ferromagnetic materials.

It presents an overview of the aspects of

ferromagnetism induced by the nitrogen substitution for oxygen and the concept of
resistive switching in the nitrogen-doped magnesium oxide.
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1.1

MAGNETIC MOMENT
All maters comprise atoms and atom is consisted of nucleus and electrons. As

well as the mass, the electron carrying the negative charge is constantly in the motion
around the nucleus. As the motion through a space, the electron has an intrinsic
property i.e., spin angular momentum. A magnetic field is produced whenever an
electron with the electrical charge is in motion. The strength of this magnetic field is
so-called magnetic moment. In a classical picture, electron spin can only point to up
or down along a magnetic field as shown in Fig. 1.1.

Fig. 1.1 Schematic illustration of spin-up and –down electrons as a small magnet.

The magnetic moment is associated with a vector quantity with direction
perpendicular to the current loop in the right-hand-rule direction. A constant arising
from these magnetic effects is called the Bohr magneton which is usually used to
express the strength of magnetic moment:

μB =

eh
= 0.927 × 10−23 ( J / T or A ⋅ m 2 ) = 0.927 × 10−20 ( erg / Oe ) (eq. 1.1)
2me

In most atoms, electrons bond in pairs so spin-up and -down electrons are equally
populated in an equilibrium state, leading to the angular momentum to cancel each
other. Namely, their opposite spins cause the magnetic fields to cancel out so that no
net magnetic moment exists.
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1.2

CONVENTIONAL FERROMAGNETIC MATERIALS
Some atoms with unpaired electrons, on the other hand, will have a net magnetic

moment and will react more to an external magnetic field. Due to the exchange
interaction the unpaired electron spins line up spontaneously, resulting in different
population of spin-up and -down electrons. This unique magnetic behavior is called
ferromagnetism. 3d transition metals of Fe, Co, Ni and their alloys and some of the
rare earths (Gd, Dy) are classified as ferromagnetic materials. Fig. 1.2 shows the band
structure of Co at absolute zero. The 3d ↑ band is filled; the 3d ↓ band is partially
filled with 3.3 electrons and contains 1.7 holes; 4s band has the equal populations of
spin-up and –down electrons. So Co has an excess of 1.7 electrons (μB) per atom
arising from the population of 3d ↑ band over 3d ↓ band [1].

Energy
0.35 0.35

Co
3.3

5

spinspindown
up
Density
of state

4s

3d

Fig. 1.2 Band structure for Co in 4s and 3d states at absolute zero.
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1.3

FERROMAGNETISM IN NITROGEN-DOPED MGO
In the conventional ferromagnetic materials, the magnetic moment is from the

partially filled d or f states. In the past few years, there has been increasing interest in
the new class of materials with d0 ferromagnetism. This subject of d0 ferromagnetism
has been given the name because their magnetic moment is induced in p states rather
than partially filled d states. Theoretical predictions have revealed the feasibility of
this type of d0 ferromagnetism at room temperature in several doped alkaline metal
earth oxides [2-9]. Here in this dissertation, we have selected the magnesium oxide
(MgO) with nitrogen doping to investigate the presence and origin of ferromagnetism.

Replace O by doping N
: Mg
:O

:N

Fig. 1.3 Crystal structure of MgO unit cell. The arrow indicates the substitution process of
nitrogen for oxygen atom.

The crystal structure of MgO unit cell is shown in Fig. 1.3. MgO has two fcc sublattice of magnesium and oxygen and forms the rocksalt type structure. Nitrogen has
less one electron compared to oxygen. If nitrogen atom replaces oxygen and becomes
substitutional on oxygen lattice site, it will remove one electron giving a N2- 2p5 state,
and thereby introduces a hole into MgO. Fig. 1.4 shows the motivation in this
research to characterize the contribution of this hole as well as N2- 2p5 states to the d0
ferromagnetism.
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E
2p

N on O

2s
1s

r
Fig. 1.4 Schematic illustration of electrons in 2p orbital with substitution of nitrogen for
oxygen atom.

1.4

RESISTIVE SWITCHING IN NITROGEN-DOPED MGO
Resistive switching in oxide thin films has been extensively explored as a

candidate for the next generation nonvolatile memory. The oxide layer is formed from
a dielectric material, normally a wide-bandgap semiconductor [10-16]. By contrast,
there is no experimental observation of such a switching in the alkali earth metal oxide
due to its strong ionic bonding which leads to a relatively low concentration of natural
defects such as oxygen vacancies. Therefore, these insulating oxides would not be
expected to exhibit resistive switching, and heretofore no convincing experimental
evidence is observed.
Nitrogen incorporation in MgO results in a lattice expansion which leads to an
increased number of defect states. In addition, N doping lowers the bandgap of MgO
films due to the formation of N 2p state. The combined effect of an increased defect
density and a lowered bandgap would allow us to realize the resistive switching in Ndoped MgO films with a tunable resistance state by varying the N content for the next
generation nonvolatile memory.
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The main part of this dissertation is focused on the understanding of the magnetic
characteristics of N-doped MgO and its application in the resistive switching device.
Chapter 2 presents the experimental background. In this chapter, observations of the
ferromagnetism in various oxide systems are summarized. In addition, theoretical
predictions of magnetic moment in alkaline earth metal oxides as well as the previous
reports of resistive switching in oxide films are reviewed in Chapter 2.

The

experimental principles and analysis techniques used in this dissertation are described
in Chapter 3. Chapter 4 covers experimental results for the ferromagnetism in Ndoped MgO films. The correlation of the magnetic moment with hole states and the
unpaired electron in 2p orbital is discussed in this chapter. Chapter 5 demonstrates an
ultra-fast and low power consuming resistive switching device in N-doped MgO with
tunable resistance states and multi-level programming. This dissertation is
summarized in Chapter 6.
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CHAPTER 2
EXPERIMENTAL BACKGROUND

This chapter introduces the experimental background. It begins with observations of
the ferromagnetism in various oxide materials including dilute magnetic
semiconductor with the traditional d orbital element doping. The oxygen vacancy
induced ferromagnetism as well as the d0 ferromagnetism are then presented.
Concepts of theoretical prediction for the ferromagnetism in alkaline earth metal
oxides and previous reports of resistive switching in various oxide films are also
covered in this chapter.
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2.1

FERROMAGNETISM IN OXIDE MATERIALS
As the rapid growth of the internet and multimedia, the demand for high

performance and small dimension information technology increases dramatically.
Nowadays, semiconductors for information processing and magnetic materials for data
storage have become two major pillars of the modern computer technology. The first
transistor of Ge was manufactured at Bell Labs in 1947, which ultimately developed
into the semiconductor electronics industry. In addition, magnetic nanostructures,
such as multilayers and granular solids, have been extensively studied because of the
observation of giant magnetoresistance (GMR).

2.1.1 DILUTE MAGNETIC SEMICONDUCTOR (DMS)
Inspired by the previous successes, scientists started to consider the possibility to
merge these two marvelous properties in one single material. As well known, the
semiconducting properties are originated from the charge of electrons while the
magnetic properties come out as the quantum mechanical effects of electron spins. By
making the use of charge and spin of electrons simultaneously, it would be possible to
produce a new kind of materials, often referred as magnetic semiconductors that have
semiconducting property and also have ferromagnetic moment in a single material.
The presence of ferromagnetic order makes it possible to manipulate the spindependent transport through the materials by tuning small magnetic fields, in contrast
to traditional transistors that are only controlled by electric currents or electric fields.
Not just giving a new knob to control the current responses, ferromagnetic
semiconductors are essentially different from conventional ones.
Ferromagnetism

and

semiconducting

properties

coexist

in

magnetic

semiconductors [1], such as europium chalcogenides and semiconducting spinels that
are shown schematically in Fig. 2.1 (a). These magnetic semiconductors are
extensively studied in 1960 to 1970, exchange interactions between the itinerant
carriers and the localized spins lead to particular and interesting properties, such as a
ferromagnetic order structure below Curie temperature (TC).
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(a)
(a)

(b)
(b)

(c)
(c)

Fig. 2.1 Schematic figures for (a) magnetic semiconductors (b) diluted magnetic
semiconductors (c) non-magnetic semiconductors. [2]

However, crystal structures of these magnetic semiconductors are quite different from
the commercially available semiconductors such as Si and GaAs, and it is difficult to
integrate with current semiconductor technology. Besides, the crystal growth of these
materials is notoriously difficult. To obtain a small, single crystal requires long time
of preparation and growth.
An alternative approach is to fabricate dilute magnetic semiconductors (DMS) (Fig.
2.1 (b)). In the past few years, there have been considerable interest in a new family
of dilute magnetic oxides and nitrides, which are wide bandgap semiconductors.
Reports of room temperature ferromagnetism in this group, such as Co-doped ZnO [3]
and Co-doped TiO2 [4], attracted much attention in the doped oxides as ferromagnets.

Fig. 2.2 Hysteresis loop of Co-doped TiO2 magnetic semiconductor performed at room
temperature [4].
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It is quite remarkable that the ferromagnetism in Co-doped wide-band gap
semiconductor of TiO2, with the critical temperature exceeding room temperature [4].
However, the hysteresis curve, as shown in Fig. 2.2, is very close to a paramagnetic
phase. In addition, the origin of ferromagnetism has remained controversial in these
types of transition metals (TMs) or rare earth metals (REs) doped semiconductors
since the formation of second phase or clusters cannot be ruled out.
This concern on the second phase or cluster motivated the use of nonferromagnetic dopant such as anti-ferromagnetic Cr in TiO2 [5,6]. Fig. 2.3 shows this
system has been experimentally found to be with a high Curie temperature above 400
K. Based on the observation in the spectrum of x-ray absorption near edge fine
structure, Cr was found in the substitution for Ti, which introduces an occupied doper
level in the band gap, leading to a dilute ferromagnetic semiconductor (DMS) with a
high TC. Efforts to expand the selection of TMs or REs to other elements into III-Vs
or II-VI semiconductors, therefore, are essential in finding ferromagnetic
semiconductors with a TC exceeding room temperature.

Fig. 2.3 Hysteresis loops for a 300 Å CrxTi1−xO2/LaAlO3 (001) at room temperature. The
inset shows the low-field region (+/-2000 G) with coercivity of 100 G and residual
magnetization ~16 % of saturation [5].

Another system of oxide semiconductor on creating ferromagnetism without the
inclusion of TMs or REs have been conducted recently. For example, Fig. 2.4 shows
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room-temperature ferromagnetism of 2.6 µB/per carbon in C-doped ZnO films grown
by pulse laser deposition (PLD) [7]. It was proposed that C atoms substitute for O
atoms introducing holes in the O 2p state, which mediate parallel alignment of
localized spins in the C 2p state. Therefore, the ferromagnetism in the C-doped ZnO
film results from the hybridization of zinc and carbon atoms.

Fig. 2.4 Variations of saturation magnetization (Ms) and moment per carbon at room
temperature with the carbon concentration in C-doped ZnO [7].

Fig. 2.5 Hysteresis loops of 6 at% Li-doped ZnO. The insets shows magnetization versus
temperature (lower-right) and the dependence of Curie temperature (TC) on the hole
concentration (upper-left) [8] .
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The first-principle calculations indicate that neutral oxygen vacancy in ZnO is
nonmagnetic so that C dopant is necessary in the ZnO system to produce the
ferromagnetism. Another way to deliver the ferromagnetism in ZnO system is to
create Zn vacancy. Using Li-doped ZnO as an example, it was found that while Li
itself is nonmagnetic, it generates holes in ZnO, and its presence reduces the formation
energy of Zn vacancy, and thereby stabilizes the zinc vacancy [8]. Room temperature
ferromagnetism with p type conduction was observed in pulsed laser deposited Lidoped ZnO films as shown in Fig. 2.5.
From two above examples of TiO2 and ZnO oxide systems, we know that defects
induced by the dopant play an important role on the ferromagnetism. In addition, they
provide a possible way to explore the ferromagnetism by forming a certain defect state
in the oxide system.

2.1.2 OXYGEN VACANCY INDUCED FERROMAGNETISM
While the existence of ferromagnetism in transition metal-doped semiconducting
oxides remains controversial, exploring ferromagnetism has turned the interest toward
undoped oxide semiconductors. In 2004, Coey proposed the unexpected magnetism in
a dielectric HfO2 [9,10]. As shown in Fig. 2.6, a clear magnetic hysteresis loop of
undoped HfO2 appears after annealing in vacuum. On other hand, no magnetic signal
is shown either in the as-grown sample or after reheating in the air. Since the main
defects introduced by heating hafnia in vacuum are likely to be oxygen vacancies, the
oxygen vacancies tend to form an impurity band and to transfer the electron for each
vacancy. As a consequence, this impurity band is then polarized and provides the
ferromagnetic coupling in the undoped HfO2 [11].
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Fig. 2.6 Room temperature magnetization curves for (a) as-grown, (b) after annealing at
750° C in vacuum, and (c) after reheating at 750° C in air HfO2 powders [11].

However, this finding remains controversial as another subsequent study shows
contamination by handling with stainless-steel tweezers leads to a measurable
magnetic signal, which is similar to ferromagnetic HfO2 mentioned previously [12].
Moreover, some sources of experimental errors, such as Kapton tape, the use of iron
based tools or deformed straw (for sample holder) used in a SQUID measurement, in
the observation of small magnetic signals should be considered when studying any
new nanoscale magnetism [13]. Even though, by careful treatment on the sample
preparation, a remarkable room temperature ferromagnetism can still be observed in
several different undoped semiconducting and insulating oxides [14].
As shown in Fig. 2.7, ferromagnetism has been found at room temperature in
nanoparticles 7-30 nm diameter of nonmagnetic oxides such as CeO2, Al2O3, In2O3,
and SnO2. The sample sintered at high temperature with micrometer-sized particles
(bulk oxide) is clearly diamagnetic. Nevertheless, the polarized spins trapped in the
oxygen vacancies, especially on the surface of nanoparticles which were formed by
being sintered at lower temperature, might be responsible for the origin of
ferromagnetism [15]. Moreover, the defect-induced magnetic moments on oxygen
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vacancies with TC well above room temperature have been proposed in the systems of
ZrO2 [16] and pure ZnO [17,18].
(a)

(b)
7 nm
15 nm
500 nm

(c)

(d)

Fig. 2.7 Hysteresis loops for (a) CeO2 with various particle sizes at room temperature, and (b)
In2O3, (c) Al2O3 and (d) SnO2 sintered at different temperature [15].

Therefore, observations of ferromagnetism arising from oxygen vacancies in
undoped oxide systems offer a wider way to create a new class of ferromagnetic wide
bandgap semiconductors.

2.1.3 do FERROMAGNETISM
The term of d0 ferromagnetism in the oxide materials has been given to emphasize
that the magnetic moment is not from the partially filled d or f orbitals such as the
dopant or the matrix itself, but likely from the electron spin in the p orbital of the
oxygen band. For instance, an intriguing class of systems is the oxide with intrinsic
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defects and whether such defects are the cause for ferromagnetism as was predicted
for CaO with a small concentration of Ca vacancies [19,20].

Using a model

Hamiltonian and ab initio band structure simulation even large bandgap nonmagnetic
materials such as CaO with a small concentration as low as 3 at% of Ca vacancies can
exhibit extraordinarily magnetic properties.

Fig. 2.8 Total density of states of pure CaO (upper panel) and with 3.125 at% oxygen (second
panel) and Ca (two lower panels) vacancies [19] .

Fig. 2.8 shows the density of states of pure CaO (upper panel) and with anion
(second panel) and cation (two lower panels) vacancies. It can be seen that the band
structure for Ca vacancies exhibits the existence of bands for the defect state crossing
the Fermi level, resulting in a metallic behavior. Even more interesting is the fact that
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the material with a Ca vacancy is found to be ferromagnetic and the bands crossing the
Fermi energy are totally spin polarized [19].
However, total-energy calculations for CaO show that due to the high vacancy
formation energy even under the most favorable growth conditions one can not obtain
more than 0.003 at% or 1018 cm3 cation vacancies in equilibrium. This means that the
short-range

ferromagnetic

coupling

between

Ca

vacancies

requires

defect

concentrations far in excess of thermodynamic equilibrium to achieve magnetic
percolation [20]. It is thus quite challenging to perform this growth condition to
obtain a high concentration of cation vacancy experimentally.

2.1.4 FERROMAGNETISM IN ALKALINE EARTH METAL OXIDE
In addition to traditional dilute magnetic semiconductors, more and more efforts
have been spent on exploring new materials with ferromagnetic order at room
temperature without any inclusion of conventional magnetic elements. Compared to
the conventional DMS, the p impurity doping (or d0 doping) is still rather seen. The
spin polarized in p band which gives rise to magnetic moment and high possibility of
obtaining high Curie temperature even at low doping concentration have drawn more
and more interests recently.
An intriguing new class of systems is doped alkaline earth metal oxides. It was
proposed that B, C, N substituting for O in CaO could lead to a local moment in the 2p
states of doped impurities.

The coupling between moments was found to be

ferromagnetic and TC was also predicted possibly higher than room temperature [21].
Fig. 2.9 shows the total DOS and the partial density of 2p states at B, C and N sites
in the ferromagnetic state, where a deep-impurity band is pushed up into the bandgap
of CaO. The origin of the ferromagnetism in C-doped CaO and N-doped CaO is
Zener’s double exchange mechanism because the narrow and highly-correlated (U>W)
deep-impurity bands are partially occupied. On the other hand, the spin-glass state is
more stable than the ferromagnetic state in B-doped CaO because the spin-up states of
the deep-impurity band are fully occupied and the spin-down states are completely
empty.
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Fig. 2.9 Total DOS per unit cell in CaO with (a) Ca vacancies and partial density of p states
at (b) B (c) C, and (d) N site per atom in X-doped CaO (X = B, C and N) in the ferromagnetic
state, respectively. The concentration of impurities are 5 at% [21].

Fig. 2.10 Curie temperature of C-doped CaO and N-doped CaO versus the concentration of C
and N impurity [21].

In addition, Fig. 2.10 shows that TC increases approximately proportionally to the
square root of concentration of impurities as Zener’s double-exchange mechanism
dominates. However, due to the anti-ferromagnetic superexchange interaction, TC are
already saturated for the investigated concentration range.
Kenmochi has further proposed that in C-doped MgO TC is saturated at around 3
at%, as shown in Fig. 2.11, since the antiferromagnetic superexchange interaction
becomes dominant. As a consequence, TC then begins to decrease, and finally, the
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spin-glass state becomes more stable than the ferromagnetic state at around 13 at%
[22].

Fig. 2.11 Curie temperatures of C-doped MgO, C-doped SrO and C-doped BaO as functions
of C concentration [22].

As mentioned previously, when the deep impurity bands are partially occupied, the
ferromagnetic state could be stabilized by the double-exchange interaction of highly
correlated itinerant electrons. If this condition is satisfied, the deep impurity band
width W increases as the impurity concentration increases, and the half-metallic
characteristic is lost when the C concentration increases up to 12 at%.

Fig. 2.12 Total DOS and partial density of p states at C site per atom in C-doped MgO in the
ferromagnetic state. (a)–(d) correspond to the states where 2, 5, 12 and 16 at% of C are
doped respectively [22].
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Dinh has also proposed several possibilities of ferromagnetism in C-doped alkaline
earth metal oxides such as CaO, SrO, BaO and MgO [23]. In the band calculation
shown in Fig. 2.13, he indicated that the 2p states of C are located near the top of the
valence band originated from anion p states, resulting in the strong hybridization of 2p
electron wave functions. The majority spin states hybridize with the 2p states of O,
leading to the formation of an impurity band that connects to the top of he valence
band and causes a narrower majority spin bandgap.

Fig. 2.13 Total DOS and partial density of 2p states at C site obtained by pseudo-SIC
calculation for (a) MgO, (b) CaO, (c) SrO, (d) and BaO with 5 at% C doping [23].

These impurity bands can be broadened more strongly with increasing C
concentration, leading to the antiferromagnetic super exchange interaction being easy
to occur and the compensation of majority and minority spins. This means that the
ferromagnetism might be suppressed at higher C concentrations [23].
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2.1.5 HOLE DOPING INDUCED FERROMAGNETISM
As proposed in reports of doped alkaline earth metal oxide materials,
ferromagnetism at room temperature can be induced by the incorporation of carbon or
nitrogen atoms and the ferromagnetic coupling can be stabilized by hole doping.
Droghetti suggested that the excessive delocalization of spin polarized holes leads to
half metallic ground states and the expectation of room-temperature ferromagnetism
[24]. In addition, Peng indicated that the hole doping in anion site can enhance the
ferromagnetism with much smaller threshold concentrations [25]. Compared to cation
vacancy, the defect wave function of hole doping such as C on the O site is more
localized, which results in a large spin-exchange splitting and a large spin polarization
energy. Therefore, the hole doping at an anion site is more effective for localizing the
hole and sustaining the magnetic moment.
In N-doped SrO thin films the experimental results show the presence of holes in
the N 2p state and reveal that this doping leads to formation of a small gap
semiconductor [26].
(b)
(a)

(c)

Fig. 2.14 (a) XPS valence band spectra of N-doped SrO films, and x-ray absorption spectra
taken at (b) N and (c) O K edges. All measurements were taken at room temperature [26].
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Fig. 2.14 (a) shows the N 2p appears to be about 2 eV lower than O 2p peak and the
relative change in peak intensity clearly indicates the substitution process of N for O
in the SrO film. The presence of pre-edge at N and O K edge, as shown in Fig. 2.14 (b)
and (c), strongly supports the hole existences. It has also been predicted that the
unpaired electrons on N align ferromagnetically due to large Hund’s rule coupling and
the extended spatial extent of 2p states. Although this report revealed that the double
peak arising from the exchange coupling between the unpaired electron and core level
electron in the XPS scans, this study did not probe any evidence of ferromagnetism in
N-doped SrO films.

2.1.6 FERROMAGNETISM IN NITROGEN-DOPED MGO
Doped alkaline earth oxides such as MgO, CaO, SrO and BaO have been predicted
possiblely to be ferromagnetic at room temperature due to hole doping. In these oxide
materials with a rocksalt structure, the hole state on N becomes more localized as the
lattice constant increases by a larger cation incorporation, e.g. (4.2 Å for MgO, 5.52 Å
for BaO). On the other hand, a trend of hole state is toward delocalized as the
bandgap decreases (7.2 eV for MgO, 4.0 eV for BaO). It is thus essential to consider
selecting such materials to realize ferromagnetism.
Taking these factors into consideration, MgO has a simple cubic phase compared
to other oxides, and is easier to prepare compared to other alkaline earth oxides. It
could thus be a good candidate in this class of oxides.

The substitution of N for O

offers a route for the appearance of ferromagnetism in N-doped MgO. It can be
expected the substitutional N, namely N2-, forms more easily under the oxygen-poor
condition. This case results in a magnetic moment on the N. Fig. 2.15 shows the
electronic structure of substitutional N (N2-) in MgO, being characterized by the
presence of rather localized unpaired electron occupying a N 2p orbital [27]. As
shown in Fig. 2.15, the spin population on N occupies the state about 0.8 eV above top
of the valence band. In addition, N introduces an empty state in the bandgap of MgO,
and there is a splitting of 3.3 eV between occupied and unoccupied states so that these
states are highly localized.
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Fig. 2.15 Electronic structure of substitutional nitrogen N2- in MgO. Left: density of states.
Right: band structure for α (up) and β (down) electronic states. Insets are the spin density and
the local environment of the defect. The bottom of the right panel shows a schematic
representation of N-induced states in the MgO bandgap [27].

Moreover, Pardo also revealed that the hole is rather strongly localized near the
N2- ion [28]. The LSDA+U band calculation shows for the minority spin, the narrow
hole band lies in the gap and has a full bandwidth of W ~0.3 eV. The other two N 2p
minority states are occupied and lie above the O 2p bands (Fig. 2.16). Therefore, the
substitution of O by N changes the local potential, and it removes one electron giving
a N2- 2p5 ion, and thereby introduces a hole that is necessarily magnetic because of
being spin-uncompensated. He further indicated that since the intra-atomic Coulomb
interaction strength U is at least a few eV, these systems are in the regime of U/W>>1
(W being the bandwidth of N 2p hole) so hopping of the holes will be inhibited, giving
doped MgO insulating behavior.
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Fig. 2.16 Total density of states for ferromagnetically aligned N-doped MgO with 6 at% N,
calculated with the LSDA+U method [28].

Based on these findings of possible ferromagnetism in N-doped MgO, we can
summarize that the local moments that form, mainly confined to the N atoms and their
nearest neighbors, would lead to room-temperature ferromagnetism in the itinerant
electron via a double exchange-like exchange coupling within the impurity band.
Therefore, there are three key factors in this material to form the magnetic moment:
substitutional N for O, hole state and impurity band (N 2p state). The way toward the
enhancement of ferromagnetism in N-doped MgO can be achieved by several methods.
As suggested by Pardo, a stronger Coulomb interaction strength U would lead to a
corresponding reduction in the magnetic interaction [28]. To reduce the bandgap of
MgO, e.g., by adding Zn, is thus a feasible way to enhance the ferromagnetism at
room temperature. Another effective way is to shift the Fermi level (EF) downward
the middle of the N 2p band by additional hole doping such as introducing the cation
vacancy (VMg) [29].
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2.2

RESISTIVE SWITCHING
The developments of solid state memory highly rely on a technology which can

build a denser, faster and less energy consuming nonvolatile memory element. Within
several potential contenders, resistive switching in oxide thin films has been
extensively explored as a candidate for the next generation nonvolatile memory. The
basic principle of these switching behaviors is based on two metal electrodes spaced
by a dielectric material with a wide range of electrical properties, normally insulating
oxides or wide-bandgap semiconductors. The low resistance state (RLow, ON state) can
be “SET” through the formation of a filament or a conduction path by applying a SET
voltage (VSET) as illustrated in Fig. 2.17. Several mechanisms for the formation of the
conducting filament were proposed, including the drift of defects such as oxygen
vacancies in the oxide materials or the metal migration with Ag or Cu as electrodes or
electrolyte (Fig. 2.18). The “RESET” back to the high resistance state (RHigh, OFF
state) takes place with the filament being disrupted at a higher current and a RESET
voltage (VSERET) below VSET. Possessing these features, the resistive switching device
has several advantages of faster timescale, scalability and lower power consumption.
These observations thus offer a possible path to develop an element for a nano-device
with the characteristics of memory storage.

Fig. 2.17 Switching characteristics in a voltage sweeping. SET voltage is always higher than
that at which RESET takes place, and the RESET current is always higher than the
compliance current during set operation [30].
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(a)

(b)

Fig. 2.18 Illustration of conducting filament in MIM structures. (a) Vertical stack
configuration. (b) Lateral, planar configuration [30].

2.2.1 ELECTROCHEMICAL ACTIVE ELECTRODE/ELECTROLYTE
In the systems using Ag or Cu as electrolyte such as Ag+ in Ag2S [31], Ag+ in
GeS2 [32], Cu+ in Cu2S [33], the oxidation of an electrochemically active electrode
metal of Ag occurs at the anode; the mobile Ag+ cations migrates towards the cathode
and are reduced there, which form a highly conducting metal filament and grows
towards the anode to turn the system to the ON state. When the polarity of the applied
voltage is reversed, an electrochemical dissolution of the conductive bridges takes
place, resetting the system into the OFF state as sketched in Fig. 2.19. In the case of
Ag+ in Ag2S, the chemical reaction which results in the formation and disruption of
the conducting filament takes place at the cathode and anode:
⎯Re
⎯duction
⎯⎯→
Ag ( Ag 2 S ) + e
Ag
←⎯
⎯
⎯⎯
Oxidation
+

−

(eq. 2.1)

Due to the voltage polarity in eq. 2.1, the switching in such systems is usually
operated in the bipolar mode i.e., the set operation takes place on one polarity of the
voltage, and the reset operation requires the opposite polarity.
In the system using Ag as the electrode of Si-based semiconductor [34-37], due to
the migration of Ag+ ion, the device will be turned to a low resistance state. As can be
clearly seen in Fig. 2.20, Ag was found to appear in the amorphous Si region when a
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voltage is applied on the top of metal electrode.

Because of the penetration or

retraction of Ag, the device will have ON or OFF state (Fig. 2.20 (b)).

Fig. 2.19 Ag atoms reduced from the Ag2S electrode make a conducting bridge in a
vacuum gap of 1 nm between the two electrodes [30].
(a)

(b)

Fig. 2.20 Cross-sectional SEM image of a device showing the M/a-Si/p-Si structure. (b)
Schematic illustration of the penestration and retraction of filament in ON and OFF states
[34].
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2.2.2 RESISTIVE SWITCHING IN OXIDE SYSTEM
Several metal oxides exhibit the resistive switching behavior including NiO [3844], ZnO [45-49], HfO2 [50,51], TiO2 [52-56], ZrO2 [57-60], AlOx [61,62], CuOx
[63,64], SrTiO3 [65,66] and so on.

In general, the mechanism of the resistive

switching in these various oxides can be classified into two different categories
[67,68].

In the valence-change system, the electromigration of oxygen vacancy

changes the distribution of valence states of cations and carrier density, which has a
significant influence on the conductivity.

For instance, in SrTiO3 the oxygen

vacancies are typically more mobile than cations. When a voltage is applied on to the
electrode, the oxygen vacancies migrate through the dislocation network, which leads
to a local change of the Ti valence state [67,69]. As a consequence, the conductivity
of oxygen vacancy accumulation region increases significantly compared to the
surrounding matrix. The switching by this mechanism usually needs to be operated in
a bipolar mode.
Another type of switching results from the fuse-antifuse mechanism, in which the
thermal effect and the redox reaction have a significant effect on the conducting
filament. The temperature rise during the SET process leads to a local redox reaction
and drifts oxygen out of the high temperature region. This reaction will result in a
stable oxide with lower valence or the corresponding metallic phase because of the
negative free energy of formation, which can be easily understood in the Ellingham
diagram. Fig. 2.21 (a) shows in TiO2 matrix a different phase of Ti4O7 that is more
metallic forms during the SET process [68].

When voltage reaches a threshold

magnitude, Ti ions (Ti4+) accommodating in the oxygen drift-out region traps
electrons emitted from the cathode and then starts to build and grow towards the anode.
This reaction can be written as:

Ti 4+ + ne − ⎯
⎯→ Ti ( 4− n )+

(eq. 2.2)

Therefore, cations with a lower valence state switch the oxide into a more metallic
state and turn the system ON.

- 29 -

Chapter 2 Experimental Background

(a)

(b)

Fig. 2.21 High-resolution TEM image of (a) Ti4O7 nanofilament and (b) disconnected Ti4O7
structure [68].

Fig. 2.21 (b) shows that during the RESET process the conducting filaments are
disputed as a result of Joule heating and electric field. As the Joule heating increases,
the disruption of the filament develops and the electric field and current density are
locally enhanced. So the Joule heating and temperature in turn increase until the
filament is disrupted [67,70].

2.2.3 RESISTIVE SWITCHING IN MGO
The semiconducting and insulating materials which, heretofore, exhibit resistive
switching, typically are susceptible to the presence of defects, whose concentration
depends on the exact details of the preparation conditions of the material. By contrast,
the alkaline earth metal oxides (which include MgO, CaO and SrO) usually contain
few oxygen vacancies due to their very strong and ionic bonding. Therefore, there is
rare experimental observation of such a switching in these types of oxide systems.
The resistive switching has been observed in MgO-based magnetic tunnel
junctions (MTJs) [71]; however, the resistance as high as 1 GΩ is too high to be real
with only 12 Å of MgO thickness, which seems that the current flows through
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somewhere else rather than MgO barrier. In addition, the endurance and the number
of switching cycles with such a thin oxide could be a problem for the practical
operation under a strong electric stress [72]. MgZnO oxide was discovered to show a
resistive switching effect, in which Zn was found to reduce the bandgap of MgO
[46,49]. However, these oxides can form several structures depending on the Mg/Zn
ratio and, moreover, changing the Mg/Zn ratio also significantly changes the
electronic bandgap of the oxide, thereby dramatically changing its transport properties.
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CHAPTER 3
EXPERIMENTAL PRINCIPLES AND PROCEDURES:
FILM SYNTHESIS, CHARACTERIZATION
AND DEVICE FABRICATION

This chapter describes experimental principles and procedures used in the later
chapters of this dissertation. Details for the configuration of the deposition system are
presented. The synthesis for high quality stoichiometric MgO films and the method
to incorporate a significant amount of nitrogen in MgO are demonstrated using
molecular beam epitaxy (MBE) growth. The characterization techniques and the
procedure for the fabrication of resistive switching devices are included in this chapter.
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3.1

FILM SYNTHESIS

3.1.1 MOLECULAR BEAM EXPITAXY (MBE)
Molecular Beam Epitaxy (MBE) is a versatile technique for the growth of epitaxial
structures via the interaction of one or several thermal energy molecular or atomic
beams incident on a heated crystalline substrate. The characteristic feature of the
MBE technique is the mass flow of the beam toward the substrate. Therefore, it
requires the atomic mean free path to be larger than the source-substrate distance, so
that atoms do not interact before reaching the substrate. From this point of view, it is
important to consider the vacuum condition. Two key factors [1], quite related to
pressure, are essential to be considered. The first one is the mean free path of the gas
molecules penetrating through the vacuum. Fig. 3.1 is a schematic illustration of gas
flow regimes. The condition of high pressure viscous flow arises from the collision
between molecules, while in the case of low pressure condition gas molecule mainly
collides with chamber wall leading to the molecular flow.
(b)

(a)

high P- collisions between molecules
(viscous flow)

low P- mainly collided with chamber wall
(molecular flow)

Fig. 3.1 Schematic illustration of gas flow regimes for (a) viscous flow and (b) molecule flow.

Based on this scenario, the Knudson number defines these regimes as K n =

λ mfp
d

,

where λmfp is the mean distance between gas-gas collisions and d represents typical
dimension of the apparatus [2]. Fig. 3.2 shows the dependence of gas flow on the
system dimension and pressure. As shown in Fig. 3.2, molecular flow takes place
when Kn >1, and viscous flow dominates when Kn <0.01 [2].
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Fig. 3.2 Dependence of gas flow on system dimensions and pressure [2].

MBE requires the growth condition in the molecular flow condition and this can be
achieved by growing films in ultra high vacuum (UHV), because the mean free path
increases linearly with decreasing pressure.
The second key factor for the MBE condition is the concentration of the gas
molecules i.e., the number of molecules per unit volume. In the standard MBE
reaction chamber, the effusion process belongs to the class of evaporation phenomena
and this process can be performed by the use of effusion cell (so-called K-cell). The
molecular beams provided in effusion cells are the sources of molecular flux. They
are usually filled with solid or liquid materials which are evaporated at high
temperature to the substrate. The vapor pressure at equilibrium is known as ClausiusClapeyron equation [2] and can be expressed as

P = C exp(

− ΔH (T )
)
K BT

(eq. 3.1)

in which T is the temperature in K, H(T) is the enthalpy of vaporization or sublimation
per mole and and KB is Boltzman constant. By using eq. 3.1, the vapor pressure of
B

magnesium is calculated in Fig. 3.3.
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0.20

Magnesium (Mg)

0.15
0.10
0.05
0.00

320 330 340 350 360 370 380
o

Temperature ( C)
Fig. 3.3 Mg vapor pressure versus temperature in equilium.

Fig. 3.4 shows a photograph of a conventional effusion cell. Typically, an effusion
cell comprises a crucible that contains the evaporation materials, a heating filament,
thermocouple, metal radiation shields and a shutter. The resistive heating filament is
wound end to end or spirally and placed non-inductively to avoid a magnetic
interference to the electron diffraction equipment in the MBE system.

A

thermocouple is carefully positioned to ensure intimate contact with the crucible, to
monitor the temperature, and to control the power delivered to the material source
heater via a feedback loop [3].

Fig. 3.4 Conventional effusion cell (K cell). Picture courtesy of Addon-MBE.com
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The beam flux evaporated from a source can be expressed as eq.3.2 [2],
F = 3.513x10 22

P
atoms / cm 2 − sec
MT

(eq. 3.2)

where P is the vapor pressure in equilibrium in Torr and M is the molecular mass. For
K-cells which are frequently used in MBE equipped with a surface source, the flux to
the substrate can be written in
Ψsub =

F ⋅ A(n + 1) cos n φ cos θ
, (n ≥ 0)
2πr 2

(eq. 3.3)

where n is a number determining geometry. When n is larger, the vapor flux is highly
directed.

θ

φ

r

Fig. 3.5 Thermal evaporation geometry [2].

According to the deposition geometry shown in Fig. 3.5, we can assume that the
source emits atoms isotropically in 2π steradians, then n =0. If the substrate is very
small (i.e., θ ~ 0), the flux density to substrate is
Ψsub =

F⋅A
= 3.513 × 10 22
2πr 2

atoms
P
1
⋅ A⋅
( 2
)
2
2πr cm − sec
MT

By using eq. 3.4, we can estimate the deposition rate.
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3.1.2 DEPOSITION SYSTEM
The deposition system used for spin-based devices at IBM Almaden Research
Center consists of several deposition chambers, including pulse laser deposition (PLD),
magnetron sputtering, ion beam deposition (IBD), and thermal evaporation for nitrides
and oxides (TEON, MBE). As shown in Fig. 3.6, a central robotics tool is used for
transferring sample carriers into each chamber without breaking vacuum. There is a
loadlock chamber which has 60 slots for loading and storing sample carriers. In-situ
analysis by x-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS) and auger electron spectroscopy (AES) can be carried out in the
in-situ analysis chamber.

Magnetron
Sputtering

Loadlock

mini-TEON

In-situ
Analysis

Robotics
TEON

PLD / Magnetron

Fig. 3.6 Schematics of deposition system in SpinAPS at IBM Almaden Research Center.

The mini-TEON chamber is a prototype of the main TEON chamber and is used to
test and fine-tune the experimental recipes for new materials. This chamber is wellmaintained with a base pressure of <1x10-10 Torr. Fig. 3.7 shows a schematic diagram
of the thermal evaporation mini-TEON chamber which is equipped with an effusion
cell (K-cell) for evaporation of elemental magnesium and two sources of oxygen and
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nitrogen. These sources use rf power to break the bonds of molecular oxygen (O2) and
nitrogen (N2) contained within a reactor vessel to form atomic O and N.

to central
robot system

SiC
heater
1" wafer
carrier

shutter

O

N
Mg
no pump
attached to N2
O2 gas line
turbo pump

Fig. 3.7 Schematic illustration of oxide molecular beam epitaxy (MBE) system. The chamber
consisted of a Knudsen cell for evaporation of elemental Mg and two rf plasma generators as
independent sources for O and N.

The reactor vessel is 24.5 mm in diameter and 80 mm in length and designed for
the delivery of atomic species to the wafer with 1 inch in diameter. The O and N
atomic source vessels are made from quartz and pyrolytic boron nitride, respectively.
The atomic O and N are admitted to the vacuum chamber via a small number of tiny
laser drilled holes in the reactor vessel, thereby allowing for much higher gas
pressures within the reactor vessel than within the deposition chamber itself. The
vessel of the O atomic source has 16 apertures, each with a diameter of ~0.15 – 0.25
mm, with the apertures being equidistantly separated along a circle having a diameter
of ~18 mm. The N atomic vessel has 150 apertures, each being ~0.5 mm in diameter,
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with the apertures being arranged regularly over the area of a circle of diameter ~ 18
mm.

3.1.3 MGO GROWTH
The commercial atomic sources such as one made by Addon have plasma cavities
optimized to supply maximum flux of O atoms. These plasma cavities have large
number of apertures to release the plasma activated gas into the deposition chamber.
We built a customized cavity with fewer and smaller apertures, as described in
Chapter 3.1.2. Fig. 3.7 shows that an additional O2 gas line pump is attached in the
backend of oxygen gas pipeline. This pump is used for pumping out the excess
oxygen molecules and keeping a much lower pressure in the cavity. These unique
features allowed us to deposit a high quality, stoichiometric MgO film in the chamber
with background pressures of 2x10-8 Torr.
For the growth of MgO, the temperature of Mg K-cell was maintained at 358° C.
This temperature was determined by a compromise between a growth rate that was not
so low that a number of samples could not be grown per day, and a reasonable lifetime
for the Mg content in the K-cell so that the content would not need to be replaced too
often. In general, the Mg K-cell temperature could be operated within a range of
temperatures from ~275 to ~400° C. The substrate was heated during deposition
(using an oxygen resistant heater formed from silicon carbide). All films were grown
at a nominal substrate temperature of 350° C. The deposition rate depends on the gas
pressure in the chamber: a typical rate was ~0.075 Å/sec for the stoichiometric MgO.
The rf plasma generators were typically operated at 300 W during the deposition.
The atomic source of oxygen used in the deposition was monitored by an optical
spectroscopy from the glass window port on the cavity. Fig. 3.8 shows the typical
optical spectrum for the background with the chamber pressure of <1x10-10 Torr
without the plasma on. When the oxygen plasma is ignited, the optical spectrum
shows oxygen emission peaks (O* state) at 782 nm from 3p5P0- 3s5S0 transition, and
P

849nm from 3p3P0- 3s3S0 transition, respectively [4,5]. As shown in Fig. 3.9, the
P

intensity of 3p5P0- 3s5S0 and 3p3P0- 3s3S0 peaks increases with an increase in oxygen
P

P
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flow rate. Fig. 3.10 (a) and (b) show the dependence of oxygen emission peak
intensity on various rf power levels for the oxygen plasma. The intensity of O 3p5P0P

3s5S0 and 3p3P0- 3s3S0 peaks increases with increasing rf power. By controlling these
P

two parameters of oxygen flow rate and plasma power, therefore, we can manipulate
the atomic O state and control its composition in the film. However, we found that the
stability of the rf source was best with a power of 300 W and was thus chosen because
we were able to maintain stable operation of the atom source over extended periods of
time. In fact, we can lower the power down to 200 W but below that it becomes
unstable. Higher rf power parameter space has not been explored in this dissertation.
940

Intensity (a. u.)

920

650.14

361.27

900

-10

1x10

Torr

988.91
834.05

880
860
840
200

400

600

800

1000

Wavelength (nm)
Fig. 3.8 Typical optical spectrum for the background. The chamber pressure is 1x10-10 Torr
and all gas flow and plasma are at off state.
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Fig. 3.9 Optical spectrum for the oxygen emission peaks (O* state) (a) at 782 nm from 3p5P03s5S0 transition, and (b) 849nm from 3p3P0- 3s3S0 transition with various oxygen gas flow rate.
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Fig. 3.10 Optical spectrum for the oxygen emission peaks (O* state) at (a) 782 nm from 3p5P03s5S0 transition and (b) 849nm from 3p3P0- 3s3S0 transition with various plasma rf power.

For the growth of MgO films, it is important to maintain MgO with the composition of
50 at% Mg and 50 at% O to obtain a good quality stoichiometric film. To achieve this,
the oxygen flow rate is a key factor to determine the film composition. Fig. 3.11 (a)
and (b) show variations of the MgO film composition and growth rate with oxygen
flow rate on the room temperature substrate.

The concentration of Mg decreases as

oxygen flow rate increases while the deposition rate of MgO film changes slightly
with O flux.
(a)

(b)

60

52

o

56

Mg 48
O

52

44

48

40

44
40
0.0

0.20

56

Oxygen (at%)
Growth Rate (A/sec)

Magnesium (at%)

64

36
0.5

1.0

1.5

2.0

2.5

3.0

Oxygen Flow Rate (sccm)

0.18
0.16
0.14
0.12
0.10
0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8

Oxygen Flow Rate (sccm)

Fig. 3.11 Dependence of (a) MgO film composition and (b) growth rate on the oxygen flow
rate. The substrate temperature was kept at room temperature and the oxygen plasma of 300
W was used during the deposition.
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On other hand, the concentration of Mg significantly increases as the O flow rate
increases on the heated substrate at 350° C. This dependence indicates that Mg would
re-evaporate from the substrate faster than it reacts with O to form MgO on the
substrate so that the growth rate has a significant increase with increasing oxygen flow
rate, as can be seen in Fig. 3.12. Therefore, more oxygen species are necessary to
obtain a higher Mg concentration in the film and to establish a reasonable growth rate.

58

48

56

46

Mg
54
O

44

52

42

50

o

Magnesium (at%)

50

Oxygen (at%)
Growth Rate (A/sec)

(b)

(a)

0.0
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1.5
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0.0
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Oxygen Flow Rate (sccm)
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1.5

2.0

Oxygen Flow Rate (sccm)

Fig. 3.12 Dependence of (a) MgO film composition and (b) growth rate on the oxygen flow
rate. The substrate temperature was kept at 350° C and 300 W oxygen plasma was used
during deposition.

Fig. 3.13 shows the roughness of a MgO film grown at 350° C across the 1 inch
SiO2/Si wafer. Note that room temperature deposition exhibits a roughness (RMS) of
6 nm (not shown) and this roughness reduces with an increase in substrate temperature
during the deposition. AFM images in Fig. 3.13 shows a roughness of 2 Å at different
positions on the wafer. RBS results shown in Fig. 3.14 also reveal a uniform growth
of MgO film with an identical film composition and thickness across the wafer. Both
results from AFM and RBS measurements show good uniformity of MgO growth.

- 51 -

Chapter 3 Experimental Principles and Procedures: Film Synthesis, Characterization and
Device Fabrication

1 inch Si wafer

Rms: 0.284 nm

Rms: 0.247 nm

Rms: 0.252 nm
Rms: 0.248 nm

Rms: 0.224 nm

Fig. 3.13 AFM scans of MgO film for different position on SiO2/Si 1 inch wafer.
deposition was performed at 350° C.

The

1 inch carbon substrate
(a)

(d)

10cm
spaced

(b)

(e)

(c)

Table 3.1 Summary of RBS analysis for the composition and thickness across the substrate.

Sample
XM280 (a)
XM280 (b)
XM280 (c)
XM280 (d)
XM280 (e)

[Mg] at%
44.5 ±0.5
47.0 ±0.5
44.5 ±0.5
46.4 ±0.5
44.1 ±0.5

[O] at%
55.5 ±0.5
53.0 ±0.5
55.5 ±0.5
53.6 ±0.5
55.9 ±0.5

t (Å)
245 ±10
258 ±10
260 ±10
247 ±10
264 ±10

Fig. 3.14 RBS results of MgO film composition and thickness for different position on the
substrate. Note that the film was grown on the 1 inch carbon substrate to obtain a precise
oxygen composition in RBS analysis.
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3.1.4 N-DOPED MGO GROWTH
For N-doped MgO growth, since the reactivity of O with Mg is significantly
higher than that of N, it is necessary to have a significant excess number of N as
compared to O in the deposition chamber if N is to be incorporated in MgO. This was
accomplished by designing and building a special reactor vessel for the atomic source;
this vessel has a small number of apertures at one end of the reactor vessel, with a
much lower number of apertures for the oxygen source than for the nitrogen source.
This allowed the deposition of N-doped MgO films in the chamber at a total operating
pressure on the order of 10-6 Torr to 10-5 Torr, depending upon the level of N doping.
The level of N doping was varied by changing the ratio of the N to O flux in the
chamber by adjusting the flow rate of molecular oxygen and nitrogen supplied to the
respective rf atomic sources. Fig. 3.15 is a plot of the ratio of the N to O flux in the
chamber during the deposition versus the N doping level subsequently measured in
deposited N-doped MgO films. These data clearly show that N to O flux ratio needed
to obtain a certain N concentration in the N-doped MgO film increases non-linearly
with the N concentration. Indeed, a fit to the data in Fig. 3.15 (solid line) reveals that
the N to O flux ratio increases exponentially with x.
8

Ratio of N / O Flux

7
6

exponential fitting
y= 2.15 exp(x/8.75)- 2.25

5
4
3
2
1
0
0

2

4

6

8

10 12 14

Nitrogen Concentration (at %)
Fig. 3.15 Plot for the ratio of N to O flux versus N doping in the MgO thin films. The solid
squares are the measurement of N to O ratio in the gas phase during growth conditions, and
the line is the fit to the data using an exponential equation (y = 2.15exp (x/8.75)- 2.25).
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Similar to the MgO film growth, the magnesium K-cell temperature was
maintained at 358 °C. All films were grown at a nominal substrate temperature of
350° C. A typical rate was ~0.04-0.07 Å/sec depending on the film composition. The
rf plasma generators for oxygen and nitrogen were typically operated at 300 W during
the deposition. Fig. 3.16 shows the ternary composition diagram for N-doped MgO
films. Generally, a film with higher N doping needs a higher N2 flow rate as well as
lower O2 flow rate.
3.0 at% N
- O2: 1.68, N2: 0.12
5.1 at% N
- O2: 1.55, N2: 0.25
8.0 at% N
- O2: 1.2, N2: 0.4
13 at% N
- O2: 0.4, N2: 0.4

gas flow rate (unit in sccm)

2E-8
1.25E-6
1.73E-6

0.00 1.00
0.25

0.75

O

pressure
(unit in torr)

N

0 at% N
- O2: 1.87, N2: 0
1.5 at% N
- O2: 1.78, N2: 0.075
2.2 at% N
- O2: 1.72, N2: 0.1

0.50

0.50

0.75
1.00
0.00

2.75E-6
6.26E-6
1.13E-5
1.10E-5

0.25

0.25

0.50

0.75

0.00
1.00

Mg
Fig. 3.16 Ternary composition diagram for N-doped MgO films. The gas flow rate of oxygen
and nitrogen and chamber pressure required for various compositions are also indicated.

Rutherford backscattering (RBS) analysis was used to determine the deposition
rate and the film composition. In order to precisely determine the composition of the
N-doped MgO, special films were deposited on carbon substrates (ultra dense
amorphous carbon or so-called glassy carbon that contained no oxygen) rather than on
the SiO2/Si substrate. A detection limit from the RBS analysis of x~0.5 at% was then
possible. Fig. 3.17 shows RBS data for 5 different films with N concentration of 0,
2.2, 5.1, 8 and 13 at%. The RBS data clearly indicate that a very significant amount of
N can be incorporated into MgO films.
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Energy (MeV)
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Fig. 3.17 Rutherford backscattering (RBS) analysis used to characterize the film thickness and
composition. The use of carbon substrates allows for a composition detection limit as low as
0.5 at%. The upper axis shows the energy of the backscattered helium ions, and the lower
axis shows the channel number in the detector. Each channel integrates backscattered helium
ions with energies in 5 keV increments.

3.2

FILM CHARACTERIZATION

3.2.1 SUPERCONDUCTING QUANTUM INTERFERENCE DEVICE (SQUID)
SQUID (Superconducting Quantum Interference Device) is the most sensitive
available device for measuring the magnetic field. SQUID magnetometers are used to
characterize materials when the highest detection sensitivity over a broad temperature
range and using applied magnetic field up to several Tesla. Its principle is based on
the use of the properties of electron-pair wave coherence and Josephson Junctions to
detect very small magnetic fields. A Josephson junction [6] is made up of two
superconductors, separated by an insulating layer so thin that electrons can pass
through.

A SQUID has two Josephson junctions and both junctions provide

constructive interference or destructive interference depending on the phase of the
flux incident on the two junctions. This interference will give rise to a critical current
density. This critical current is quite sensitive to the magnetic flux through the
superconducting loop so that even tiny magnetic moments can be measured [7]. By

- 55 -

Chapter 3 Experimental Principles and Procedures: Film Synthesis, Characterization and
Device Fabrication

measuring the voltage drop across the junction as a function of the total current
through the device, the critical current can be usually obtained.

I

Ba

Y

1
I
2

X

W

1
I
2

V

i
Z
I
Fig. 3.18 Superconducting
magnetometer[8].

quantum

interference

device

(SQUID)

as

a

simple

An example is shown in Fig. 3.18. With weak-links at points W and X whose
critical current (ic) is much less than the critical current of the main ring. When a
magnetic field, Ba, is applied perpendicular to the ring plane, a phase difference is
B

induced in the electron-pair wave along the path XYW and WZX. A small current, i,
is also induced to flow around the ring, producing a phase difference across the links
of W and X ends. The phase change around the closed path must equal n2π to match
the quantum condition. An applied magnetic field produces a phase change around a
ring [7], which in this case is equal to
Δφ ( B ) = 2π
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where Φa is the flux produced in the ring by the applied magnetic field. So the
magnitude of the circulating current, i, can be obtained
i = ic sin π

Φa
Φ0

(eq. 3.6)

The circulating current has a periodic dependence on the magnitude of the applied
field, with a period of variation of Φ0, a very small amount of magnetic flux [6,8].
Detecting this circulating current enables the use of a SQUID as a magnetometer.
Commercial SQUIDs transform the modulation in the critical current to a voltage
modulation, which is much easier to be measured.
In this study, the model of Quantum Design MPMS XL SQUID has been used as
the measurement of magnetic properties, as illustarted in Fig. 3.19.

Fig. 3.19 Illustration of SQUID. Picture courtesy of Quantum Design Company.

Fig. 3.20 shows the procedure to remove the contribution from the substrate by
calculating the slope of hysteresis loop at high field (-5 T to -2 T Oe, 5 T to 2 T Oe).

- 57 -

Chapter 3 Experimental Principles and Procedures: Film Synthesis, Characterization and
Device Fabrication

Hysteresis loop contributed only from the film can be then obtained by subtracting the
slope of the substrate. After off setting the loop, we can obtain the saturation moment
(Ms) by averaging the moment in the saturated region.

Moment (emu)

(i) linear fitting

(ii) subtract slope

(iii) off set loop, average,
and read Ms

-50000

-25000

0

25000

50000

Field (Oe)
Fig. 3.20 Procedures for subtracting background contribution and obtaining saturation
moment (Ms).

3.2.2 X-RAY DIFFRACTION (XRD)
The essential features of a XRD instrument are shown in Fig. 3.21. The rotating
axis of the specimen and detector are defined as θ and 2θ axis, respectively. The
detector can be rotated about the sample and set at any desired angular position. The
crystal is usually cut or cleaved so that a particular set of reflecting planes of known
spacing is parallel to its surface, as suggested by the drawing. In use, the specimen is
positioned so that its reflecting planes make some angle θ with the incident beam, and
the detector is set at the corresponding angle 2θ. The intensity of the diffracted beam
is then measured and its wavelength calculated from the Bragg law “2dsinθ=nλ”, this
procedure being repeated for various angles θ.
The directions in which a beam of given wavelength is diffracted by a given set of
lattice planes are determined by the crystal system to which the crystal belongs and its
lattice parameters. This is an important point and so is its converse: all we can
possibly determine about an unknown crystal by the measurement of the direction of
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the diffracted beam are the shape and size of the unit cell. In addition, the intensity of
the diffracted beam is determined by the position of atoms within the unit cell.

specimen
incident beam

0°

θ

θ
[hkl]

θ axis

2θ

diffracted beam
detector

2θ axis

Fig. 3.21 XRD spectrometer.

3.2.3 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA), is widely used for the characterization of quantitative
atomic composition and chemistry [9]. It is a surface analysis technique with a
sampling volume that extends from the surface to a depth of approximately 50-70 Å.
XPS spectra can be obtained by irradiating the sample with mono-energetic x-rays
resulting in the emission of photoelectrons whose energies are characteristic of the
elements within the sampling volume.
Fig. 3.22 describes the XPS process. While simultaneously measuring the kinetic
energy of photoelectrons escaping from the top 50-70 Å of the surface of the analyzed
material, the binding energy of each emitted electron can be determined using an
equation that is based on eq. 3.7 :

Ebinding = E photon − ( E kinetic + ψ )

(eq. 3.7)

where Ebinding is the binding energy (BE) of the electron, Ephoton is the energy of the Xray photons being used, Ekinetic is the kinetic energy (KE) of the emitted electron and ψ
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is the work function of the spectrometer (not the material).

An electron energy

analyzer determines the binding energy of the photoelectrons. From the binding
energy and intensity of a photoelectron peak, the elemental identity, chemical state,
and quantity of an element are determined.
Ejected Photoelectron
Incident X-ray

Vacuum
Level
Fermi
Level

KE

Valence Band

2p

L2,L3

2s

L1

1s

K

BE

Fig. 3.22 X-ray Photoelectron Spectroscopy (XPS) process.

In this dissertation, in-situ XPS data were collected at room temperature in an
analysis chamber equipped with a twin anode x-ray source and a hemispherical
electron energy analyzer. As described in Chapter 3.1.2, this analysis chamber is
integrated with the deposition system and the samples were transferred into the
analysis chamber under the condition without breaking vacuum. XPS measurements
were carried out using Mg Kα x-ray with pass energy of 20 eV. The shift in binding
energy due to sample charging was corrected by applying a linear offset to the binding
energy scale such that the C 1s peak always appears at 284.6 eV.
background was subtracted from all XPS data.
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3.2.4 X-RAY ABSORPTION SPECTROSCOPY (XAS)
X-ray absorption spectroscopy (XAS) utilizes the energy dependent absorption of
x-rays to obtain information about the elemental composition of the sample. Fig. 3.23
(a) depicts the spectra that are obtained by tuning the photon energy to a range where
core electrons can be excited using a crystalline monochromator. For example, 1s
oxygen electrons at the K edge require a photon energy of 534 eV (Fig. 3.23 (b) for
XAS excitation.

XAS must follow the quantum mechanical process, so-called

selection rule i.e., Δl= ±1 since the excitation of core electrons undergo a type
of absorption transition to an empty state [11]. Therefore, the most intense features of
the O K edge are due to 1s → np transitions, most likely core level of 1s to unfilled 2p
orbitals. In the case of a conducting metal, because the Fermi level is the highest level
that an electron can occupy, the unfilled state in XAS represents the empty states
above the Fermi level. On the other hand, as shown in Fig. 3.23 (b), for insulating
materials such as MgO, there is no allowable state in the bandgap, so the conduction
band becomes the unfilled state [12].
(a)

(b)
unoccupied
state

hole state

Intensity (a.u.)

XAS O K edge

pre-edge

hν

conduction band

520

530

540

550

Energy (eV)
O 1s K-shell
Fig. 3.23 (a) Illustration of excitation process of x-ray absorption spectroscopy (XAS). (b)
XAS spectrum for O K edge [10].
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In some certain cases, a pre-edge feature appears at the region of lower energy
than the main edge. This pre-edge feature has several different sources such as the
surface state in an ultra thin MgO epilayer [13] or the substitution of Cr3+ for Ti in Crdoped TiO2 [14,15]. In this dissertation, we utilized the pre-edge feature in XAS to
characterize the existence of hole state formed by the substitution of N for O in Ndoped MgO films.
For the formation of hole states in N-doped MgO films, care of the near-edge xray absorption fine structure (NEXAFS) spectrum needs to be taken in the pre-edge
region [12,16]. Measurements were performed on beam line 8-2 at the Stanford
Synchrotron Radiation Laboratory (SSRL), using a 500 line/mm grating. Incident xray intensity, I0, was measured with a high transmission Au wire grid. Samples were
mounted perpendicular to the incident x-ray direction on a Cu holder. The sample
charging effect was minimized by coating them with 15 Å of C and by applying silver
paint to establish a conduction path from sample surface to the Cu holder. The total
electron yield (TEY) signal was determined by measuring the sample current. The
electron ejection from the sample was facilitated by applying 300 V to a copper ring
mounted in front of the sample. The total fluorescence yield (TFY) signal from the
sample was also simultaneously detected by two Al coated photodiode detectors
positioned parallel to the sample face. No self-absorbance corrections were made to
the data. The NEXAFS spectra collected by TEY and TFY both showed the same
trend with N concentration and sample annealing.

The fluorescence spectra are

included here because they are more representative of the bulk of the sample. A linear
background determined by fitting the data in the pre-edge region (515–529 eV) was
subtracted from the spectra. Then the post-edge region (559–585 eV) data were scaled
to unity.

3.3

RESISTIVE SWITCHING DEVICE
N-doped MgO samples with metal-insulator-metal (MIM) structure performing the

resistive switching were patterned by means of electron beam (e-beam) lithography,
standard optical lithography and argon ion milling. The TEM picture for the structure
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of these devices is shown in Fig. 3.24. The patterning process mainly consists of four
steps.

top contact (Ta/Au)
N-doped
MgO
20 nm

Pt

alumina
refilled

bottom contact
(Pt/Ta)

Fig. 3.24 TEM cross-section image of N-doped MgO switching device patterned by the ebeam lithography.

(a)

(b)

Fig. 3.25 (a) OM image for the top view of the N-doped MgO resistive switching device. (b)
the enlarged region for the switching layer.

(i) Definition of alignment marks: bilayers of photoresist (SPR670 600nm/PMGISFG 50nm) were spun coated onto the deposited film structure. After the resists were
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baked, they were exposed for 1.5 seconds with 1000 W in a contact printer with an
alignment mark mask.

The resist was developed in Optiyield developer for 45

seconds, and then Ta 5 nm/Au 65 nm metal layers were deposited (where thin Ta is
used for the adhesion layer). Finally, NMP was used to dissolve the resist and liftoff
the metal. This step made four alignment marks with size of 10×10 μm2 at each of
four corners across the wafer.
(ii) Device separation: after the resist was spun, exposed and developed, then the
resist was used as a mask to define the area of the MIM device using argon ion milling.
With the resist as a hard mask, the rest of the areas were ion-milled away through the
full film stack, and this step formed a matrix with separated regions for each device
fabrication (the square edge shown in Fig. 3.25 (a)). Al2O3 with the same thickness as
the etched layer was then refilled by ion beam deposition (IBD) to form a separated
margin for each device. After that, the device region and bottom electrodes were
defined by the process of liftoff using swabbing and ultrasonic agitation in N-Methyl2-Pyrrolidone (NMP).
(iii) Resistive switching layer: bialyers of e-beam resist (HSQ 85 nm/Duramide 40
nm) were spun onto the wafer followed by the baking at 175° C for 30 seconds. The
MIM device sizes shown in Fig. 3.25 (b) were varied from ~50x100 to ~90x270 nm2
and from ~1x2 to ~5x15 μm2 using electron beam and optical lithography,
respectively. As shown in Fig. 3.24, the milling is end pointed approximately in the
middle of the N-doped MgO layer. This process is precisely monitored by secondary
ion mass spectroscopy (SIMS). The ion beam milling started with an incident angle
between 0 to 10 degrees from perpendicular to the surface, and was turned to clean the
sidewall of the device.
(iv) Electrical Contact: an alumina layer was then deposited to surround the edges
of the MIM devices and, after resist removal, a top contact layer formed from Ta 5 nm
and Au 180 nm was deposited and patterned using an optical lithographic process and
ion milling.
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CHAPTER 4
FERROMAGNETISM IN NITROGEN-DOPED MGO:
CORRELATION OF MAGNETIC MOMENT
WITH HOLE STATE AND UNPAIRED ELECTRON
IN 2P ORBITAL

In this chapter, the ferromagnetism observed in N-doped MgO films is discussed.
These films become ferromagnetic with a maximum magnetic moment as high as 0.35
µB/per N upon post deposition thermal annealing.

The correlation of magnetic

moment with hole state and unpaired electron due to the substitution process of
nitrogen for oxygen has been characterized using x-ray photoemission spectroscopy
(XPS) and near-edge x-ray absorption fine structure (NEXAFS) techniques. It was
found that ferromagnetic moment, Curie temperature and the concentration of hole
states in N-doped MgO films strongly depends on the level of N doping.
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4.1

INTRODUCTION
First

reports

of

room-temperature

ferromagnetism

in

wide

bandgap

semiconductors, such as Co-doped ZnO [1] and Co-doped TiO2 [2], generated huge
interests in doped oxides as ferromagnets. These researches on doped oxides as
ferromagnets were primarily motivated by their tremendous promise as technology
enablers in spintronics applications and by the desire to understand the underlying
fundamental physics. The majority of the studies which followed aimed to discover
doped oxides with high Curie temperature (TC) and used the conventional approach of
doping various oxides with transition metals (TMs) or rare earth metals (REs).
However, in systems doped with magnetic metals the origin of ferromagnetism has
remained controversial since the formation of secondary phases or clusters of
magnetic elements cannot be ruled out. This motivated the use of non-ferromagnetic
dopants such as Cr which is an anti-ferromagnetic metal. Another motivating factor
for the study of Cr-doped systems is the theoretical prediction that these systems have
Curie temperatures higher than 400 K [3]. Experimentally, Cr-doped TiO2 [4,5] was
shown to be ferromagnetic at room temperature with Cr3+ atoms occupying
substitutional sites of Ti in TiO2 films. It was concluded that the ferromagnetism is
stronger if structural defects are present in the sample and only charge-compensating
O vacancies are not sufficient. Another system where dopant induced defects play an
important role is Li-doped ZnO [6]. In this system Li stabilizes Zn vacancies and
produces holes which induce ferromagnetism. This case of cation vacancies leading to
ferromagnetism can be contrasted to the C-doped ZnO where it was proposed that C
atoms substitute for O atoms introducing holes in O 2p states which mediate parallel
alignment of the localized spins in C 2p states [7]. Yet in C-doped ZnO system the
majority carriers were found to be electrons due to the existence of free C atoms and it
was postulated that there exist a sufficient number of minority carriers, holes, at finite
temperature. Therefore, ZnO is an n-type semiconductor due to natural defects of O
vacancies and it is difficult to form a hole-doped ZnO. When ZnO is doped with C or
Li, therefore, it is difficult to control the ferromagnetism.
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An intriguing class of systems is oxides with intrinsic defects and whether such
defects are the cause for ferromagnetism as predicted in case of CaO with a small
concentration of Ca vacancies [8]. In case of HfO2, ferromagnetism was observed at
room temperature and was explained by the presence of O vacancies as intrinsic
defects [9-11].

Again, this claim of ferromagnetism in HfO2 is controversial as

another subsequent study attributes the observed results to the sample contamination
[12]. It is noteworthy that this field of ferromagnetism in doped oxides is fraught with
conclusions made on the basis of incomplete sample characterization, improper
sample handling and irreproducibility due to experimental artifacts.
In this chapter we discuss the ferromagnetism observed in a doped oxide where
the dopant does not induce structural defects, where the dopant is not a metal, and
where the host oxide is an insulator. The study reported here was motivated by
theoretical predictions that the half-metallic ferromagnetism at room temperature can
be induced by the incorporation of carbon and nitrogen atoms into alkaline-earth-metal
oxides [13-15].

The substitution of nitrogen for oxygen introduces a strongly

localized hole or unpaired electron giving N2- and the coupling between these is due to
direct exchange [16]. It has been suggested that the ferromagnetic coupling could be
stabilized by the double-exchange interaction of highly correlated itinerant electrons in
the impurity band [17]. In N-doped SrO thin films the experimental results show the
presence of holes in the N 2p state and indicate this doping leads to the formation of a
small bandgap semiconductor [18]. It was predicted that the unpaired electrons on N
align ferromagnetically due to the large Hund’s rule coupling and the extended spatial
extent of the 2p states. However, this study did not probe any ferromagnetism in these
N-doped SrO films.

In our study, we have successfully incorporated substantial

amounts of nitrogen into MgO films using molecular beam epitaxy (MBE) technique.
Upon the subsequent annealing of these films, nitrogen atoms occupy substitutional
lattice sites and also generate holes on oxygen by the hybridization between N and O
2p orbitals. The maximum magnetic moment is as high as 0.35 µB/per N. The x-ray
photoemission spectroscopy (XPS) and pre-edge feature of oxygen K edge measured
in near-edge x-ray absorption fine structure (NEXAFS) spectrum shows the evidence
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for the presence holes on N and O atoms. In addition, we found that the ferromagnetic
moment and the hole state in N-doped MgO films strongly depends on the nitrogen
concentration.

4.2

EXPERIMENTAL DETAIL

4.2.1 FILM PREPARATION
N-doped MgO films were prepared by using thermal evaporation in an ultra high
vacuum deposition system with a base pressure of 5x10-11 torr. This chamber was
equipped with a cluster of 5 sources co-incident on the sample. This cluster consisted
of a Knudsen cell for evaporation of elemental Mg and two rf-plasma generators as
independent sources for O and N atoms.

Reactivity of O atoms with Mg is

significantly higher than reactivity of N atoms with Mg. Thus to even achieve a few
at% N doping, it is necessary to have a significant excess of N atoms over oxygen
atoms incident on the film during the deposition.

This excess was achieved by

reducing the flux of O atoms from the plasma source by replacing the quartz plasma
cavity in the oxygen source with one with far fewer tiny orifices. Thus the effective
aperture of the O source was significantly reduced relative to the effective aperture of
the N source. The level of N doping was precisely manipulated by changing ratio of N
to O atoms in the chamber which was achieved by adjusting the flow rate of oxygen
and nitrogen supplied to the rf plasma generators.

Details of the chamber

configuration can be referred to Chapter 3.1.

4.2.2 EXPERIMENTAL PROCEDURE
Typically, N-doped MgO films were deposited on Si (100) wafers with a surface
layer of 250 Å of silicon oxide. During the deposition, the Mg K-cell temperature was
maintained at 358 °C.

A SiC heater was used to heat the substrate during the

deposition and all films were grown at nominal substrate temperature of 350 °C. The
same SiC heater was also used to post-anneal the MgO films to temperatures as high
as 850 °C in UHV.

The deposition rate for N-doped MgO films depends on the
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background gas pressure and typically was around 0.07 Å/sec. The O and N rf plasma
sources were operated at 300 W during the deposition. Rutherford backscattering
(RBS) analysis was used for the characterization of film thickness and composition.
The use of carbon substrates allowed for the precise determination of the composition
with detection limit as low as 0.5 at %. A Superconducting Quantum Interference
Device (SQUID) magnetometer was used to measure magnetic properties of deposited
films as a function of their temperature. The structural characterization of the films
was done with a BRUKER D8 x-ray diffraction (XRD) system which illuminated the
sample with the monochromatic (Cu Kα) and collimated x-ray beam. The spatially
diffracted x-ray beam was measured with a high performance area detector.
The XPS data were collected in a laboratory analysis chamber equipped with a
twin anode x-ray source and a hemispherical electron energy analyzer. This analysis
chamber is integrated with our deposition system and thus the samples were
characterized under in-situ condition at room temperature. XPS measurements were
made with Mg Kα X-rays and with pass energy of 20 eV. The shift in binding energy
due to the sample charging was corrected by applying a linear offset to binding energy
scale such that the C 1s peak appeared at 284.6 eV. A Shirley background was
subtracted from the XPS data presented here.
The near-edge x-ray absorption fine structure (NEXAFS) spectrum measurements
were performed on beam line 8-2 at the Stanford Synchrotron Radiation Laboratory
(SSRL), using a 500 line/mm grating. Incident x-ray intensity, I0, was measured with
a high transmission Au wire grid.

Samples were mounted perpendicular to the

incident x-ray direction on a Cu holder. The sample charging effect was minimized by
coating them with 15 Å of C and by applying silver paint to establish a conduction
path from the sample surface to the Cu holder. The total electron yield (TEY) signal
was determined by measuring the sample current. The electron ejection from the
sample was facilitated by applying 300 V to a copper ring mounted in front of the
sample.

The total fluorescence yield (TFY) signal from the sample was also

simultaneously detected by two Al coated photodiode detectors positioned parallel to
the sample face. No self-absorbance corrections were made to the data. The NEXAFS
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spectra collected by TEY and TFY both showed the same trends with N concentration
and sample annealing. The fluorescence spectra are shown here because they are
more representative of the bulk of the sample. A linear background determined by
fitting the data in the pre-edge region (515–529 eV) was subtracted from the spectra.
Then the post-edge region (559–585 eV) data were scaled to unity.

4.3

EXPERIMENTAL RESULTS

4.3.1 FERROMAGNETISM IN N-DOPED MGO
4.3.1.1

DEPENDENCE OF FERROMAGNETISM ON ANNEALING

RBS analysis of as-deposited films showed that up to 13 at% of nitrogen can be
incorporated into the films. The magnetization of series of N-doped films at various
temperatures was measured using SQUID magnetometer. Typical magnetic hysteresis
loops for the 2.2 at% N doped MgO film obtained at 10 K and 300 K and corrected for

3

Magnetization (emu/cm )

substrate contribution are shown in Fig. 4.1.
8 2.2 at% N
4 10 K
0
-4
-8
8 300 K
4 2
1
0 0
as-deposited
-4 -1
o
annealed at 625 C
-2
o
-8 -200 -100 0 100 200
annealed at 750 C
-3000 -2000 -1000 0 1000 2000 3000
Field (Oe)
K

Fig. 4.1 Typical hysteresis loops measured by SQIUD at T=10 K and T=300 K for asdeposited and annealed 2.2 at% N-doped MgO films. Films were annealed in vacuum at
various temperatures for 1 h. The film with thickness of 500 Å was deposited on the thermally
oxidized Si (100) substrate. The contribution from the substrate has been subtracted. Inset
shows the enlarged loop measured at 300 K for comparison at the region of small field.

The as-deposited film exhibits no evidence of the ferromagnetism. However, the same
film upon post-annealing in UHV at 750 °C for 1 h shows a distinct magnetic
hysteresis loop at 10 K. Both as-deposited and annealed undoped MgO films show no
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evidence of ferromagnetism. Hence, we attribute the moment observed for N-doped
MgO films after annealing to the presence of N dopants.
Fig. 4.2 illustrates the dependence of the sample magnetization on annealing
temperature.

N-doped films develop a magnetic moment after annealing at

temperatures greater than 450 °C and the maximum moment is observed at an
annealing temperature of 750 °C. The residual magnetization (Mr) and coercivity (Hc)
are evident to reach the maximum upon the annealing temperature at 750 °C, as shown
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in Fig. 4.3, revealing annealing is critical for the magnetic moment.
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Fig. 4.2 Relation between the magnetization and moment with various annealing temperatures.
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Fig. 4.3 Relation between the saturated (Ms), residual magnetization (Mr) and coercivity (Hc)
with various annealing temperatures.
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4.3.1.2

DEPENDENCE OF FERROMAGNETISM ON NITROGEN DOPING

Fig. 4.4 (a) depicts hysteresis loops for films with a nitrogen concentration varying
up to 8 at% after annealing at 750 °C in UHV for 1 h.

The film magnetization is

strongly dependent on the N concentration, as shown in Fig. 4.4 (b). At low nitrogen
concentration, the magnetic moment is low. The moment increases with increasing in
N doping. The maximum magnetic moment is observed at N concentration of 2.2 at%
corresponding to 0.35 µB/per N. Further increases in the N concentration, surprisingly,
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cause the moment to decrease.

8

Nitrogen Concentration (at%)

Fig. 4.4 (a) Hysteresis loops for N-doped MgO films with varying nitrogen concentration. All
films were subjected post-annealing at 750 °C for 1 h. Inset shows enlarged loops measured at
300 K. (b) Dependence of magnetization and magnetic moment on nitrogen concentration.

This behavior arises likely as follows. At very low concentrations, the average
distance between N-dopants is large with a relatively weak coupling between their
magnetic moments so the magnetic moment is low. As the concentration increases,
the inter-dopant distance decreases and the coupling strength becomes stronger. The
moment of N-doped MgO thus increases. At higher concentration, the probability of
having two N-dopant atoms as nearest neighbors is higher i.e., the fraction of N atoms
as nearest neighbors; it increases as the concentration increases [19]. Since the energy
for the pair N dopants is lower and the magnetic moment of the paired N dopants is
zero, a smaller fraction of the N-atoms contribute to magnetization, and overall, the
magnetization of N-doped MgO decreases [19]. The domination of super exchange
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coupling at higher N concentration region has been also proposed to explain the
decrease in the magnetic moment [13].

4.3.1.3

DEPENDENCE OF FERROMAGNETISM ON TEMPERATURE

Fig. 4.5 shows magnetic hysteresis loops of 2.2 at% N-doped MgO films measured
at various temperatures. It was found that there is a presence of hysteresis loop with a
small coercivity and a weak residual moment at 300 K.

This means the Curie

temperature (TC) is well above the room temperature.
300 K

2.2 at% N

290 K
280 K
270 K
260 K
250 K
225 K

M (a.u.)

200 K
175 K
150 K
125K
100 K
50 K
25 K
10 K

-3000 -2000 -1000

0

1000 2000 3000

Field (Oe)
Fig. 4.5 Hysteresis loops versus temperature in SQUID measurement for the 3 at% N-doped
MgO film.
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Residual moment (Mr) and coercivity (Hc) summarized in Fig. 4.6 are the same
film of 2.2 at% N-doped MgO as in Fig. 4.5. Observations of Mr and Hc are strong
indications that the film exhibits room temperature. Due to the thermal fluctuation, Hc
and Mr decrease significantly with the elevated temperature.

Mr
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0

50

100 150 200 250 300

3
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Fig. 4.6 Summary of Mr and Hc versus temperature for the 2.2 at% N-doped MgO film.
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Fig. 4.7 Field-cooing (FC) and zero field cooling (ZFC) curves with various fields applied for
the 2.2 at% N-doped MgO film.

As shown in Fig. 4.5, there is a hysteresis loop observed at room temperature and
this is correlated with the distribution of grain/domain size.

Fig. 4.7 shows the

dependence of the moment for the 2.2 at% N-doped MgO film subjected field-cooling
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(FC) and zero field cooling (ZFC) on the temperature. Note that both FC and ZFC
curves were measured under the same field as that used for field cooling. When the
N-doped MgO film was cooled under the zero-field, the moment direction in each
grain has been frozen in the random direction, and then starts to align with the external
field as the temperature increases. Therefore, in the low temperature region the
moment of ZFC curve increases significantly. On the other hand, for FC measurement
the film was subjected a field applied at room temperature so that the moment has
been aligned and then field-cooled. The thermal fluctuation becomes more apparent
as the temperature increases so that the moment of the FC curve decreases. FC and
ZFC curves overlap at a certain temperature i.e., blocking temperature (Tb) and follow
an identical trend at temperatures above Tb. Under a larger applied field, the moment
in either large or small grains is easily switched. However, since larger grain has
higher anisotropy energy (KuV) it is more difficult to be switched the moment in such
a grain using a small field. As shown in Fig. 4.7, therefore, Tb decreases as the
applied field increases.

It is important to know that Tb is higher than room

temperature for the curve measured in 50 Oe, which means the direction of magnetic
moment in some larger grains is not switched yet. This finding is consistent with the
observation of the presence of Hc and Mr at room temperature shown in Fig. 4.6.

4.3.1.4

CURIE TEMPERATURE MEASUREMENT

The temperature dependence of magnetization in various MgO samples with
different N doping can be well fitted using the Weiss model of ferromagnetism, which
phenomenologically introduces a molecular field (Bm) to account for the spontaneous
magnetization, temperature dependence of susceptibility and Curie temperature (TC)
The fitting equation is as follows in the form of a Brillouin function:
⎛ g μ J ( B + λM ) ⎞
M
= Br ⎜ J B
, J ⎟ , where Ms is the saturation magnetization, λM and
MS
k
T
B
⎝
⎠

Bm denote the molecular field, gJ is the Landé factor, μB is the Bohr magneton, kB is
B

the Boltzmann constant, and J is the total angular momentum quantum number. The
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Curie temperature can be derived as TC =

g J μ B ( J + 1) λ M S
. The fitting of
3k B

experimental data to this model (Fig. 4.8) obtains TC values of 431 K, 492 K, 558 K,
629 K and 594 K for 0.75 at%, 1.5 at%, 2.2 at%, 5.1 at% and 8.0 at% N-doped MgO
films, respectively.
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Fig. 4.8 Dependence of magnetic moment on temperature for the 3 at% N-doped MgO film.

4.3.2 CRYSTAL STRUCTURAL CHANGE BY NITROGEN INCORPORATION
- SUBSTITUTION PROCESS
The N-doped MgO films were characterized by x-ray diffraction (XRD) to
determine the influence of annealing on the film structure. These XRD scans and the
dependence of MgO lattice constant on the nitrogen concentration for N-doped MgO
films are summarized in Fig. 4.9. The MgO (200) and (220) peaks for as-deposited
films shown in Fig. 4.9 (a) shift to smaller diffraction angle as N concentration
increases. This shift indicates that the nitrogen incorporation results in doping
dependent lattice expansion which is most likely caused by the occupation of
interstitial sites by N atoms. In this regard the incorporation of N in as-deposited films
is similar to the ion implantation process where implanted ions occupy interstitial sites
expanding the host lattice and the lattice expansion is dependent on the dopant
concentration [22]. The annealing for the same samples at 750 °C for 1 h shifts the
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MgO (200) and (220) peaks to higher diffraction angles indicating a significant
shrinkage of the MgO lattice. Furthermore, both MgO (200) and (220) peaks sharpen
upon annealing, meaning grain growth within the MgO films. Note that the structure
of the undoped MgO film is not influenced by annealing. Fig. 4.9 (b) depicts the
lattice constant for as-deposited and annealed films as a function of N concentration.
The lattice constant of all the annealed samples is independent of the N concentration
yet it is slightly larger than that for the undoped MgO. This indicates that the nitrogen
atoms during annealing move from interstitial sites to substitutional sites. Moreover,
this behavior is consistent to that observed for thermally annealed ion implanted films
where dopants move from interstitial to substitutional sites and this is accompanied by
lattice contraction [22].
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Fig. 4.9 (a) XRD scans for as-deposited and annealed 2.2 at% N-doped MgO films with
varying nitrogen concentration. The dashed line is used for indicating the peak shifting. (b)
Variation of lattice constant with the nitrogen concentration. The lattice constant is extracted
from the calculation of d-spacing of the MgO (200) plane.

In order to further investigate the effect of annealing on the lattice structure, the
film was subjected at different annealing temperature and annealing time. Fig. 4.10 (a)
depicts XRD scans for the N-doped MgO film annealed at the elevated temperature.
As shown in Fig. 4.10 (a), MgO (200) peak shifts toward the higher angle side as the
annealing temperature increases from 525 °C. As the temperature reaches 750 °C, the
unchanged peak position shown in Fig. 4.10 (b) means the lattice structure is no longer
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affected by the annealing and most of the nitrogen dopants have moved into
substitutional sites at a temperature higher than 750 °C.
(a)

(b)
Lattice Constant (A)

o

Intensity (a. u.)

o

AN850 C
o

AN800 C
o
AN750 C
o
AN700 C
o
AN625 C
o

AN575 C
o

AN550 C
o
AN525 C

36

38

40

42

44

46

4.24
4.23
4.22
4.21
4.20
500 550 600 650 700 750 800 850

48

2θ (degree)

o

Annealing Temperature ( C)

Fig. 4.10 (a) XRD scans for the 2.2 at% N-doped MgO annealed at various temperatures for 1
h. (b) Variation of lattice constant with annealing temperature.
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Fig. 4.11 (a) XRD scans for the 2.2 at% N-doped MgO annealed at 750 °C for various time.
(b) Variation of lattice constant with annealing time.

XRD scans for the film annealed at 750 °C for various times are summarized in
Fig. 4.11 (a). Within the first 1 h of annealing, the MgO (200) peak has a significant
shifting toward higher angle side and then remains at the unchanged position. This
indicates that 1 h annealing is sufficient for nitrogen dopant substitutional for oxygen
in the lattice, as shown in Fig. 4.11 (b). Based on the dependences of lattice constant
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on annealing temperature and annealing time, the post-annealing process at 750 °C for
1 h is optimal for the structural change formed from N substitutional for O.
One might have a question on the loss of N atoms after annealing in vacuum. In
order to verify this uncertainty, RBS was utilized to analyze film composition. As
shown in Fig. 4.11, films after annealing the RBS spectrum have no apparent
compositional change for two films (2.2 at% N and 5.1 at% N) compared to asdeposited ones.
Table 4.1 summarizes the composition and thickness for these two films. It is
clear to see that both composition and thickness remain nearly identical. Therefore,
according to RBS results for as-deposited and annealed films, any loss of N after the
annealing step can be ruled out.
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Fig. 4.12 RBS analysis of as-deposited and annealed films. The annealing was performed at
750 °C for 1 h.
Table 4.1 Summary of RBS results of composition and thickness analysis
Date shown here are the same films as in Fig. 4.12

Sample

[Mg] at%

[O] at%

[N] at%

t (Å)

XM430 as-dep

49.1 ±0.5

48.6 ±0.5

2.3 ±0.5

505 ±50

XM430 AN750 °C

49.9 ±0.5

48.1 ±0.5

2.0 ±0.5

514 ±50

XM431 as-dep

50.4 ±0.5

44.8 ±0.5

4.8 ±0.5

524 ±50

XM431 AN750 °C

49.6 ±0.5

45.5 ±0.5

4.9 ±0.5

539 ±50
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4.3.3 X-RAY PHOTOELECTRON SPECTROSCOPY
- HOLE STATE ON NITROGEN AND IMPURITY BAND
Fig. 4.13 depicts the N 1s XPS spectra for as-deposited N-doped MgO films. Two
peaks, labeled peak 1 (p1) and peak 2 (p2), are observed and the intensity ratio of p1
to p2 increases with N doping. The XPS spectrum of the 2.2 at% N doped MgO film
shows a p1:p2 of 2.3:1 which indicates N is predominantly present as N1- in this film.
The N1- atom has 2 unpaired electrons in its 2p level and this atom upon the creation
of core hole has a total spin of 3/2 or 1/2 i.e., it is in quartet or doublet state. Due to
the exchange coupling between core electrons and the unpaired 2p electrons of the
quartet or of doublet states, these two states have different binding energies [23].
Furthermore, the intensity ratio of quartet to doublet peak is expected to be 2:1 which
is close to what is observed here. The presence of N atoms as N1- within the film
indicates that N atoms are not incorporated uniformly within MgO grains but are
decorating grain surfaces or are at defect sites via bonding to Mg atoms. The XPS
spectrum of 8 at% N- doped MgO film is dominated by the p1 peak. This observation
of a single p1 peak suggests that 2p levels of N atoms are filled (i.e., lack of unpaired
electrons). The N atoms are thus present as N3- likely as “Mg3N2” molecules/clusters
within the film. While in 5.1 at% N doped sample the N atoms are a mixture of N1and N3- species. Formation of “Mg3N2” molecules/clusters is reasonable as the
nitrogen partial pressure during the deposition is several times higher than the partial
pressure of oxygen.
Upon annealing the previously described structural transformation of N-doped
MgO films is accompanied by a substantial change in N 1s XPS spectra. As shown in
Fig. 4.13 (b), the spectra of annealed samples feature 3 peaks labeled as p1, p2, and p3
with the intensity ratio of p1:p2 close to 3:1. For the 2.2 at% N-doped MgO film the
p1:p2 ratio is almost exactly 3:1 with a peak separation of 1.58 eV. This peak ratio
and separation is similar to that observed previously for N-doped SrO [18]. We assign
this to the presence of N2- in the N-doped MgO film. The N2- atom has a single
unpaired electron in its 2p level and upon the excitation of 1s core electron it can be
either in a singlet state (total spin of 0) or in a triplet state (total spin of 1) [23]. The
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intensity ratio of peaks for triplet to singlet state is 3:1 just as observed here. The
presence of N2- in the films clearly indicates that N atoms are substitutional in the
MgO lattice consistent with the x-ray diffraction results described in Chapter 4.3.2.
For samples with 5.1 at% and 8 at% N doping this ratio p1:p2 ratio goes up slightly.
This could be understood on the basis that not all the N which is present within the
“Mg3N2” molecules/clusters as N3- is incorporated at substitutional sites within the
MgO lattice.
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Fig. 4.13 In situ X-ray photoelectron spectroscopy. (a) and (b), XPS of N 1s core-level
spectrum for films with various nitrogen concentrations. (a) and (b) correspond to asdeposited films and annealed films at 750 °C for 1h, respectively. Samples were measured insitu at room temperature.

The additional peak, p3, observed in Fig. 4.13 (b) arises from the shake-up process
associated with the indirect excitation of valence electrons to the empty state. The
atom involved in the shake-up process is left in an excited state. Furthermore, this
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peak appears at higher binding energy, as the kinetic energy of the emitted 1s electron
is reduced during the indirect excitation process. The difference in binding energy of
N 1s peak and its associated shake-up peak of ~3.9 eV is indicative of the energy
difference between the available empty states (hole states within the bandgap) and
highest occupied state (top of the valence band). This observed energy difference
agrees extremely well to theoretical calculations which predict that the empty 2p level
lies at 3.8 eV above top of the valence band [24].
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Fig. 4.14 Valence band XPS scans for N-doped MgO films with various nitrogen
concentrations. (a) and (b) correspond to as-deposited films and annealed films at 750 °C for
1h, respectively. Samples were measured in-situ at room temperature. Inset in Fig. 4.14 (b) is
enlarged for comparison.

Fig. 4.14 show the valence band XPS scans obtained from N-doped MgO films.
Three peaks are observed, a doublet at binding energies of ~9 eV and ~6 eV and a
single peak at 3.8 eV. The doublet is assigned to O 2p states with peak at 6 eV is

- 84 -

4.3 Experimental Results

dominated by anion p-like contribution and peak at 9 eV includes some contribution
for other orbitals [25]. The N 2p states have a lower binding energy than O 2p levels
indicating that N doping of MgO reduces its bandgap. The O 2p doublet for asdeposited N-doped samples compares very well to that for MgO film. This clearly
indicates that O in the as-deposited film is predominantly associated to Mg forming
MgO grains. This is consistent with XPS data obtained at N 1s for as-deposited
samples where we interpreted that N decorates the grain boundaries or is at the defect
sites. Thermal annealing of N doped samples causes a significant change in the O 2p
states which likely caused by the hybridization of between O and N 2p states due to
the incorporation of N within MgO lattice.

4.3.4 NEAR-EDGE X-RAY ABSORPTION FINE STRUCTURE
- HOLE STATE ON OXYGEN
The NEXAFS spectra were collected at O K edge in fluorescence mode (TFY) and
represent the contribution from the bulk of the film and are included in Fig. 4.15. The
NEXAFS spectra of as-deposited N-doped films show characteristic features of the
undoped MgO film. Further, even the pre-edge feature is almost similar for all samples.
This is consistent with the XPS results described previously.

Upon the thermal

annealing, the O K edge spectra in Fig. 4.15 (b) reveal distinct pre-edge feature
observed ~2.5 eV below the absorption edge (see the inset for clarity). The O K preedge probes the local unoccupied states with 2p symmetry at the absorbing O site.
This pre-edge feature is indicative of the presence of holes in 2p states of O atoms. A
similar pre-edge feature ~2 eV has also been observed for hole doped cuprates [26].
The intensity of this pre-edge feature depends on the concentration of N dopant
demonstrating that the hole density is determined by the N doping.
The lack of magnetization in as-deposited films is not surprising because of
several factors; the N in these films is not present as N2-, there is absence of holes on
O atoms, and N is not incorporated at the substitutional lattice sites. During thermal
annealing the N-doped MgO films undergo substantial structural/chemical change
which results in the incorporation of N at substitutional sites as N2-. The interaction
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between unpaired electron spins on N2- within MgO films is ferromagnetic because of
Hund’s coupling mediated by large spatial extent of O 2p states [19]. The presence of
holes on O atoms is indicative of this hybridization between N and O 2p.
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Fig. 4.15 O K edge near-edge x-ray absorption fine structure spectra. (a) and (b), NEXAFS
measurements of O K edge for films with various nitrogen concentrations. (a) and (b)
correspond to as-deposited films and annealed films at 750 °C for 1 h, respectively. Inset is
enlarged for comparison. Samples were coated with 15 Å of carbon to avoid sample charging
and the total fluorescence yield (TFY) is plotted here.

4.3.5 COMPARISONS OF FERROMAGNETISM WITH HOLE STATE ON N
AND O AND N 2P STATE
Our results show that there is no simple dependence of magnetization of the films
on the number of holes on O or N atoms and the summaries of SQUID magnetometry,
XPS and NEXAFS measurements are included in Fig. 4.16 (a). We observe that
magnetization peaks at N concentration of 2-3 at% but the holes on O (intensity of the
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pre-edge peak in NEXAFS) and N (intensity of the p3 peak in XPS) peaks at nitrogen
concentration of ~5 at%. One contributing factor is that as the N content in the film
increases the fraction of N atoms as nearest neighbor pair (i.e., 2.53 Å apart) increases.
By statistical mechanical analysis it was determined that for 2.2 at%, 5.1 at% and 8
at% N doping this nearest neighbor fraction is 0.14, 0.3, and 0.43 respectively [19].
The coupling between these nearest neighbor N (paired N dopants) is antiferromagnetic and thus these neighboring atoms do not contribute to overall
magnetism even though they contribute to increased holes on O atoms. Another
contributing factor to the drop in magnetization at N doping is anti-ferromagnetic
super-exchange interaction which was predicted to be dominant at doping levels > 5
at% in case of C-doped MgO [15]. Furthermore, at high doping levels we observe that
not all N is incorporated at substitutional sites as evidenced by XPS and this will also
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Fig. 4.16 Comparison of ferromagnetism with NEXAFS and XPS for various nitrogen
concentration. Intensity of hole state on O is taken from the pre-edge in O K edge NEXAFS.
Intensity of hole state on N is extracted from peak 3 in N 1s core-level XPS scans. Intensity of
N 2p is taken from the valence XPS scans. The peak intensity was extracted from the
integration of peak area after fitting the spectrum.
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4.3.6 ENERGY BAND DIAGRAM
4.3.6.1

HOLE STATE ON N

Herein, we the 5 at% N-doped MgO as the representative film to plot the energy
band diagram since it has a strongest hole state as shown in Fig. 4.16. The shake-up
peak (p3) arises from the indirect excitation of valence electrons to empty state upon
post-annealing process. Fig. 4.17 (a) shows the XPS result of N 1s state for the 5.1
at% N-doped MgO film. The difference in binding energy of N 1s peak and its
associated shake-up peak of ~3.83 eV indicates the energy difference between the
available empty states (hole states within the bandgap) and highest occupied state (top
of the valence band). Moreover, the position of hole state remains almost unchanged
for all N-doped MgO films; however, the peak width increases with a ranging from
1.93 eV, 2.38 eV to 2.43 eV for 2.2 at% N, 5.1 at% N and 8 at% N-doped MgO films,
respectively. According to this observation on XPS, we can plot the energy band
diagram for the hole state on N in Fig. 4.17 (b).
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Fig. 4.17 (a) XPS scan of N 1s state for the annealed 5.1 at% N-doped MgO film. (b) XPS
process for the N 1s core level electron.
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4.3.6.2

N 2P STATE

Fig. 4.18 (a) show the valence band XPS scans obtained from undoped and 5.1
at% N-doped MgO films. In the insulating oxide, the Fermi level is presumably at the
middle of the bandgap so that the bandgap is a double of the value as the binding
energy vanishes.

As shown in Fig. 4.18 (a), the magnitude of bandgap for the

undoped MgO is 7.4 eV (double magnitude of 3.7 eV). The N 2p state has a lower
binding energy than O 2p levels indicating that N doping of MgO reduces its bandgap.
Similar to the case of hole state on N, the position of this N 2p state remains
unchanged for all N-doped MgO films, but the peak width increases with a value
ranging from 1.57 eV, 2.57 eV to 2.64 eV for 2.2 at% N, 5.1 at% N and 8 at% Ndoped MgO films, respectively. The energy band diagram can be plotted in Fig. 4.18
(b) accordingly.
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Fig. 4.18(a) XPS scans of valence band for the annealed 0 at% N and 5.1 at% N-doped MgO
films. (b) XPS process for the valence electron in N 2p state.
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4.3.6.3

HOLE STATE ON O

Upon the thermal annealing, the pre-edge feature in the O K edge NEXAFS
spectra shown in Fig. 4.19 (a), reveal a local unoccupied state (hole state) ~2.75 eV
below the O absorption edge.

Again the peak position of pre-edge feature remains

unchanged for all N-doped MgO films, but the peak width increases with a value
ranging from 1.58 eV, 1.79 eV to 1.83 eV for 2.2 at% N, 5.1 at% N and 8 at% Ndoped MgO films, respectively. The NEXAFS process for the O K edge electron into
hole state is plotted in the energy diagram of Fig. 4.19 (b).
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Fig. 4.19 (a) O K edge of NEXAFS for the annealed 5.1 at% N-doped MgO film. (b) NEXAFS
process for the O K edge electron.

- 90 -

4.3 Experimental Results

4.3.6.3

ENERGY BAND DIAGRAM FOR N-DOPED MGO

With the combination of results for XPS and NEXAFS, the energy band diagram
for N-doped MgO can be constructed. As shown in Fig. 4.20 the bandgap of the
undoped MgO is about 7.4 eV. Moreover, the hole state observed on N is 3.84 eV
above top of the valence band, and upon annealing N 2p state was formed above O 2p
level. Furthermore, the hole state on O appears to be 2.75 eV below the bottom of
conduction band. All of band width for hole states on N and O and N 2p state increase
as N doping increases.
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2.75 eV
O hole state

1.79 eV

7.4 eV
N hole state (undoped MgO
bandgap)
3.84 eV

2.38 eV
2.57 eV

N 2p

EV edge
O 2p

core level 1s state

Fig. 4.20 Energy band diagram of the annealed 5.1 at% N-doped MgO film.
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4.4

CONCLUSION

We demonstrated the ferromagnetism in a doped oxide where the dopant does not
induce structural defects, where the dopant is not a metal, and where the oxide is an
insulator.

We showed that an insulating alkali earth oxide of MgO becomes

ferromagnetic upon doping with N atoms. We found that as-deposited N-doped MgO
films are disordered and non-magnetic. These samples upon thermal annealing
undergo a significant structural transformation with doped N atoms moving from
interstitial/defect to substitutional sites within the MgO lattice and the resulting films
are now ferromagnetic. The largest magnetic moment measured corresponds to 0.35
µB/per N for the 2.2 at% N-doped MgO film. XPS data indicate the presence of an
unpaired electron in 2p orbital of N. The long range spin-interaction of these unpaired
N electrons mediated by the valence band of MgO is ferromagnetic. NEXAFS data
support this conclusion as hole states are also observed in the O 2p state. These results
prove for first time the authenticity of prior theoretical predictions about the possible
ferromagnetism in N doped alkali earth oxides.
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CHAPTER 5
RESISTIVE SWITCHING IN NITROGEN-DOPED MGO
WITH TUNABLE RESISTANCE STATES
AND MULTI-LEVEL PROGRAMMING

An ultra-fast and low power consuming resistive switching device formed from Ndoped MgO is demonstrated in this chapter.

The ratio of the resistance change

(RHigh/RLow) in N-doped MgO can be varied by several orders of magnitude by varying
the nitrogen content by just a few percent. The device exhibits high resistance change
ratio (1-4 orders), ultra-fast switching (1 ns/100 ns for SET/RESET) and low RESET
current (few tenths of μA). By varying the N content of the layer, the SET and voltage
can be systematically lowered. Moreover, a manipulation of multi-level resistance
switching by controlling the N-doping level and/or the RESET voltage is presented in
this chapter.
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5.1

INTRODUCTION
There is a great demand for nonvolatile memory for many computing and storage

applications.

In recent years this need has grown, especially as a result of the

proliferation of handheld consumer electronic devices. FLASH memory is the leading
nonvolatile memory technology, largely because of its low cost per bit and the simple
scaling of its cost with memory size (unlike magnetic disk drives, for example).
However, the continued scaling of FLASH memory to higher capacities has
significant challenges, particularly due to the difficulty in scaling the tunnel oxide
while maintaining long term charge storage. There may be thus a need for alternate
scalable, nonvolatile memory technologies.
Investigations shown herein include thin dielectric layers and employ resistive
switching of those layers. The basic structure of a resistive switching device is a thin
layer of a dielectric material sandwiched between two conducting electrodes in a socalled MIM (metal-insulator-metal) structure [1]. Dielectric materials with a wide
range of electrical properties have been used in such structures, including normally
insulating oxides [2-5] and wide band-gap semiconductors [6,7]. A typical MIM
device exhibits at least two resistive states: i) a low resistance state (RLow), also
referred to as the ON state and ii) a high resistance state (RHigh), also referred to as the
OFF state. RLow can be several orders of magnitude smaller than RHigh. Toggling
between these states is carried out by the application of a voltage pulse between the
conducting electrodes. By applying a voltage exceeding a higher threshold voltage,
known as the SET voltage (VSET), the device is switched into a more conducting state
(ON state), typically believed to be due to the creation of conducting paths through the
dielectric layer [8]. By subsequently applying a lower voltage, known as the RESET
voltage (VRESET), the device is toggled back to the OFF state, presumably by the
disruption of previously formed conducting paths.

Several mechanisms for the

formation of conducting filaments have been proposed, including the drift of defects
such as oxygen vacancies in transition metal oxides [9,10] and metal migration from
certain metal electrodes such as those formed from Ag or Cu [11,12]. Since the
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resistive switching device has a fast response time, is scalable, and has very low power
consumption, it may have application as a nonvolatile memory element [1,8,13]
The semiconducting and insulating materials which, heretofore, exhibit resistive
switching, typically are susceptible to the presence of defects, whose concentration
depends on the exact details of the preparation conditions of the material. By contrast,
the alkaline earth metal oxides (which include MgO, CaO and SrO) usually contain
few oxygen vacancies due to their very strong and ionic bonding. Therefore, these
insulating oxides would not be expected to exhibit resistive switching, and indeed
there has been little convincing experimental evidence heretofore that they do.

By

contrast ZnO is well known to be defective, and it has been shown that a range of
oxides of the form MgxZn1-xO do show resistive switching characteristics [14,15].
However, these oxides can form several structures depending on the Mg/Zn ratio and,
moreover, changing the Mg/Zn ratio also significantly changes the electronic bandgap
of the oxide, thereby dramatically changing its transport properties.
Resistive switching in thin layers is demonstrated herein, in which the thin layers
include MgO doped with small amounts of nitrogen. The addition of nitrogen does
not change either the simple cubic structure of the MgO or significantly alter its
electronic bandgap, thereby enabling a systematic change in resistive switching
properties of the MgO. In particular, the ratio of the resistance change (RHigh/RLow) can
be varied by several orders of magnitude, and the SET and RESET voltages can be
systematically lowered, by varying the nitrogen content of the layer. The resistive
switching properties of the N-doped MgO structures have several other attractive
features. In particular, resistive switching is demonstrated to occur at least as fast as
one nanosecond by applying SET and RESET voltage pulses from 1-100 nsec in
duration. Multi-level resistive switching is also demonstrated.
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5.2

DEVICE FABRICATION
MIM structures, formed from Ta/Pt/N-doped MgO/Pt, were deposited on

amorphous silicon oxide (250Å thick) grown on Si(100) substrates. The bottom and
top metal electrodes formed from, respectively, 100Å Ta/ 300Å Pt and 100Å Pt, were
deposited at room temperature via magnetron sputtering in a high vacuum chamber
(base pressure ~5x10-9 Torr). The N-doped MgO layer, was deposited by thermal
evaporation in an independent ultra high vacuum (UHV) chamber (base pressure < 1 x
10-10 Torr).

The two deposition chambers are interconnected via a third UHV

chamber equipped with a computer controlled robotics by which the samples can be
moved between chambers in high vacuum. The details of chamber configurations and
experimental deposition are described in Chapter 3.1.
During the deposition, the magnesium K-cell temperature was maintained at 358
°C.

This temperature was determined by a compromise between a growth rate that

was not so low that a number of samples could not be grown per day, and a reasonable
lifetime for the Mg content in the K-cell so that the content would not need to be
replaced too often. The substrate was heated during deposition (using an oxygen
resistant heater formed from silicon carbide). All films were grown at a nominal
substrate temperature of 350° C. The deposition rate depends on the gas pressure in
the chamber: A typical rate was ~0.07 Å/sec. The rf plasma generators were typically
operated at 300 W during deposition.
Rutherford backscattering (RBS) analysis was used to determine the deposition
rate and the film composition. In order to precisely determine the composition of the
N-doped MgO, special films were deposited on carbon substrates (that contained no
oxygen) rather than on SiO2/Si. A detection limit from the RBS analysis of x~0.5 at%
was then possible. Fig. 5.1 shows RBS data for 4 different N-doped MgO film
samples with N doping of 0, 2.2, 5.1 and 8 at%. The RBS data clearly indicate that
these samples contain nitrogen.
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Fig. 5.1 Rutherford backscattering (RBS) analysis used to characterize the film thickness and
composition. The use of carbon substrates allows for a composition detection limit as low as
0.5 at%.

The MIM structures were patterned into devices suitable for electrical testing by
means of electron beam lithography, optical lithography, and argon ion milling The
structure of these devices is shown schematically in Fig. 5.2 (a).
(b)
(a)

top contact (Ta/Au)
top contact

top contact

Pt
MgO:N

bottom
contact
20 nm

20 nm

alumina
refilled

bottom contact
(Pt/Ta)

alumina
Pt/Ta

SiO2 substrate
Fig. 5.2 (a) Schematic illustration of a N-doped MgO resistive switching device. Two-terminal
devices were fabricated with their sizes varying from 50x100 to 90x270 nm2 and from 1x2 to
5x15 μm2 using e-beam and optical lithography, respectively. (b) TEM cross-section image of
the 2.2 at% N-doped MgO switching device patterned by the e-beam lithography.
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First, a resist is spun coated onto the deposited film structure, exposed and developed.
Then the resist is used as a mask to define the area of the MIM device using argon ion
milling. The MIM device sizes were varied from ~50x100 to ~90x270 nm2 and from
~1x2 to ~5x15 μm2 using electron beam and optical lithography, respectively. As
shown in Fig. 5.2 (b), the milling is end pointed approximately in the middle of the Ndoped MgO layer. An alumina layer is then deposited to surround the edges of the
MIM devices and, after resist removal, a top contact layer formed from Ta/Au is
deposited and patterned using an optical lithographic process and argon ion milling.
Care was taken to minimize the effect of stray capacitance during electrical
measurements. The stored charge in the stray capacitances of the contact wires can
lead to unwanted charge injection during the SET processes: this can readily exceed
the compliance current if not carefully controlled. Such overshoot currents may
damage the devices due to, for example, electromigration from the metal electrodes.

Gate
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D SET RESET
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Fig. 5.3 (a) Schematics of the circuit used during the testing of resistive switching devices. A
N-MOSFET transistor in parallel with a diode was wire-bonded in series to the N-doped MgO
resistive switching device. During the SET process, the current flows though the transistor,
and its magnitude is controlled by the gate voltage. During the RESET process, the current
flows through the diode. The device is operated in bi-polar mode. (b) IDS-VDS characteristics
of N-MOSFET transistor. The current used for SET process is typically controlled at few
tenths of μA as gate voltage is on at 1.1 V to 1.25V.

To avoid damage to the MIM device from excessively high currents when the SET
voltage is applied (to change the device from the high to the low resistance state),
some mechanism must be used to limit the maximum current that can flow through the
device. The method used here is to connect the MIM device to a transistor. By
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applying a gate voltage to the transistor, the maximum current that can flow through
the device can be both limited and varied. Here an N-MOSFET transistor in parallel
with a diode was attached to the MIM device by wire-bonding.

This necessitated

testing of the MIM device in a bipolar mode of operation. A schematic diagram of the
circuit is shown in Fig. 5.3 (a). The N-MOSFET gate voltage limits the current
flowing though the N-MOSFET transistor.

This was used to limit the current that

could pass through the MIM device during the SET process. Fig. 5.3 (b) shows IDSVDS characteristics of N-MOSFET transistor which is attached to the switching device
to control the compliance current during SET process. The current used for the SET
process is typically kept at few tenths of μA with gate voltage on at 1.1 V to 1.25 V.
On the other hand, a reverse voltage was used during the RESET process so that the
current flows only through the diode: this allowed for a larger current to flow during
the RESET process than during the SET process.

The switching device is thus

operated in a bi-polar mode.

5.3

EXPERIMENTAL RESULTS

5.3.1 TUNABLE RESISTANCE STATES
Typical current versus voltage (I-V) characteristics of three N-doped MgO MIM
devices for x=2.2, 5.1 and 8 at% are shown in Fig. 5.4. Results are shown for devices
patterned by electron beam lithography with areas of 50x100 nm2. It is important to
note that no forming step is required for any of these devices [4].

(Note that no

reversible switching was observed for N doping of 0 at% i.e., MgO without nitrogen.)
The device, as prepared, is initially in the high resistance state. As shown in Fig. 5.4,
as the voltage is swept in a positive direction from V=0, an abrupt increase in current
is observed at a voltage, VSET, as the device is switched to the low resistance state.
VSET depends on the N content and decreases as the N doping level is increased. Note
that, as indicated in Fig. 5.4, the current that flows once the device is switched to the
low resistance state is limited to ~2x10-5 A by the transistor in series with the device.
The voltage is then decreased to zero and swept to negative values. A sudden drop in
device current is observed at a voltage VRESET at which point the device is switched
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back to a high resistance state (RHigh). VRESET is ~ -1.5 V but again systematically
varies with the N content of the MgO layer, decreasing with increasing N content.
Note that the RESET voltage is always lower than the SET voltage.
-3

10

2

Ta/Pt/10nm MgO:N/Pt (50x100 nm )

-4

Current (A)

10

current Limited
by transistor
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Voltage (V)
Fig. 5.4 Typical I-V characteristics of devices having 10 nm thick N-doped MgO films as the
resistive layer. The nitrogen doping level was varied. All measurements were performed
using DC voltage sweep. The device size was 50x100 nm2 and patterned using e-beam
lithography.

Once the resistance of the MIM device is switched to either RHigh or RLow this
resistance is unchanged unless a voltage level is applied whose absolute value exceeds
that of VSET or VRESET, respectively, thereby permitting non-destructive reading of the
MIM device. Hence, N-doped MgO layers exhibit low and high resistive states that
can be switched by means of voltage.

Moreover, these resistance states differ by

several orders of magnitude, thereby recommending N-doped MgO for a variety of
applications including nonvolatile memory applications.
The switching behavior observed in N-doped MgO layers can be repeated many
times as shown in Fig. 5.5.

Fig. 5.5 displays the resistance values of three MIM

devices (having a switching area of 50x100 nm2 and with N doping of 2.2, 5.1 and 8.0
at%) measured during sequential cycling of these devices between their ON-OFF
states by applying suitable voltage levels. The resistance of each device was measured
at a voltage of 100 mV after each switching event. As clearly shown in Fig. 5.5, the
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resistance in the OFF state (RHigh) depends strongly on the N doping level. For the
devices shown in Fig. 5.5, RHigh varies from ~80 MΩ for x=2.2 at% to ~200 kΩ for
x=8.0 at%. By contrast the resistance in the ON state (RLow) is nearly independent of
the N-doping level.

For the devices used in generating the data shown in Fig. 5.5,

RLow distributes around ~9 kΩ. These devices were switched between the ON and
OFF states 500 times: No significant change in the ON and OFF resistance values was
found for any of the devices. Due to the limitations of the testing apparatus, switching
beyond 500 times was not tested.

Resistance (ohm)

100M

RHigh
2.2 at% N
5.1 at% N
8.0 at% N

10M
1M
100k
Read at DC 100 mV

10k
0

RLow
2.2 at% N
5.1 at% N
8.0 at% N

100 200 300 400 500 600 700

Cycle (#)
Fig. 5.5 Resistance states versus switching cycles for various nitrogen doping levels. The
resistance was read after each SET or RESET at a DC voltage of 100 mV.

Note that small changes in the nitrogen doping level give rise to substantial
changes in the resistance of the OFF state. RHigh/RLow varies from ~10,000 for 2.2 at%
N to 10 for 8.0 at% N doping. One can speculate that perhaps the incorporation of N
into MgO gives rise to defects which nucleate the formation of conducting filamentary
paths through the oxide layer. The higher the N content, the greater the number of
defects and, consequently, the more conducting are these filamentary paths, thereby
lowering the resistance in the OFF state [9,16].
As can be seen from Fig. 5.5, there are variations in the resistance values of the
ON and OFF states from one switching cycle to the next. The cumulative probability
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of a device having a specified resistance value is plotted versus its resistance in Fig.
5.6 (a). Results are shown for the same MIM devices as in Fig. 5.5 for both RHigh
(filled symbols) and RLow (open symbols). The distributions correspond to switching
each device ON or OFF 500 times. The cumulative probability distribution of RLow
varies little with N doping and, in addition, this distribution is significantly narrower
than the distributions of RHigh. Nevertheless, the distributions of RLow and RHigh are
well separated indicating that significant margin is available for circuit designers to
implement resistive switching devices based on N-doped MgO.

Note that the

narrower distribution of RLow compared to that of RHigh may be due to the precise
control of the compliance current during the SET process, whereas during the RESET
process the current is not limited.
(b)
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Fig. 5.6 (a) Distributions of RHigh and RLow obtained during the 500 switching steps
summarized in Fig. 5.5 and (b) shows variations of VSET and VRESET for different nitrogen
doping levels. (Note that SD denotes standard deviation.)

The dependence of the switching threshold voltages (VSET and VRESET) on N doping
is shown in Fig. 5.6 (b). Due to the higher number of defects introduced into MgO as
the N increases, VSET is significantly reduced as the N doping is increased, for the
range of N doping considered, while the magnitude of VRESET changes only slightly
with N doping. The values of VRESET and VSET vary from one cycle to another.
Assuming a Gaussian distribution of these values, the corresponding standard
deviations are shown in Fig. 5.6 (b). The distributions of VRESET are significantly
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narrower than those of VSET. This can be accounted for within the model of resistive
switching in which conducting filaments are presumed to be formed [17].

It is

supposed that the formation of a conducting filament is more random than the
disruption of an existing filament. Therefore, a much wider distribution of RHigh was
observed after the device is SET.

5.3.2 DEPENDENCE OF SWITCHING CHARACTERISTICS ON DEVICE SIZE
AND FORMING-FREE PROCESS
As in the case of the formation of conducting filaments after the SET process, RLow
is usually found to be not device-size dependent, indicating that not only a filamentary
switching but also a local and nano-sized formation of filament which is much smaller
than the pad size [1,4,8]. Fig. 5.7 (a) shows the device size dependences of RHigh and
RLow in N-doped MgO devices. The resistance states for various device areas were
taken after 50 switching cycles i.e., until RHigh remains a stable magnitude. RHigh is
inversely proportional to the device size; no significant dependence of RLow on the
device size was found.

This characteristic of device size dependence reveals a

possible path of further scaling down.
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Fig. 5.7 (a) Dependences of RHigh and RLow on the device size. (b) Dependences of VSET and
VRESET on the device size. The 2.2 at% N-doped MgO thickness was maintained at 10 nm.

There is no apparent dependence of switching voltage on the device size. As shown in
Fig. 5.7 (b), the magnitudes of VSET and VRESET distribute around ~4 V and ~-1.5 V,
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respectively. This slight variation with the device size also indicates the size of
conducting filament is much smaller than that of N-doped MgO device.
It is important to know, as described in Fig. 5.4, that the 10 nm-thick oxide device
requires no forming step e.g., a higher voltage than VSET, to initialize the switching.
Fig. 5.8 (a) shows the dependence of forming voltage, VSET and VRESET on the
thickness of N-doped MgO layer. Note that the device size is 1x2 μm2 patterned by the
optical lithography. The voltage for the forming step increases significantly with oxide
thickness, whereas for the subsequent switching events VSET is oxide thickness
independent. This finding reveals that during the forming step the formation of
conducting filament is determined by an electrical field driven process [1]. The
disruption of filament may take place locally, most likely at the interface of the
electrode and oxide, rather than for the entire filament [18]. Once the filament forms
by the forming step and after the first RESET process, the remaining structural
template of disrupted filament serves as a preferential path for the subsequent SET
process. Therefore, the magnitude of VSET is much lower compared to that needed for
the forming step and is thickness independent.
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Fig. 5.8 Variations of (a) voltage for forming step, VSET and VRESET, and (b) initial resistance
(Rinitial, without any switching), RHigh and RLow with 2.2 at% N-doped MgO thickness. Note that
the device size is kept at 1x2 μm2.

In addition, it was found that the Rinitial (without any switching) varies significantly
with N-doped MgO thickness while RHigh is insensitive to film thickness after the first
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switching event.

As shown in Fig. 5.8 (b), this observation implies the local

disruption of the filament during the RESET process and the independence of RLow
indicates the precise control of current limit used in SET process.

5.3.3 LOW POWER CONSUMPTION AND ULTRA-FAST SWITCHING
In the N-doped MgO MIM devices it was found that the compliance current is the
determining factor in the resistance of the ON state (RLow). As mentioned earlier, the
integration of an N-MOSFET transistor circuit with the resistive switching device
allows the precise control of the compliance current during the SET process. Fig. 5.9
illustrates how RLow can be varied by varying the compliance current. Fig. 5.9 (a)
shows the dependence of the I-V characteristics of a device (with 2.2 at% N doping
and with a cross-sectional area of 50x100 nm2) on the compliance current applied
during the SET process. Data are shown for compliance currents of 0.3, 1.2, 5 and
100 μA.

Clearly VSET is lower for lower compliance currents.

Fig. 5.9 (b)

summarizes the dependence of RLow and RESET current (IRESET) on the compliance
current used during the SET process. These results can be accounted for using the
conducting filament formation mechanism [19,20].
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Fig. 5.9 (a) I-V characteristics for 2.2 at% N-doped MgO with various compliance currents.
(b) Plots of RLow and RESET current (ISET) versus the compliance current.

For N-doped MgO resistive switching devices higher compliance current would
strengthen the conducting filament so that a stronger filament will form after the

- 109 -

Chapter 5 Resistive Switching in Nitrogen-Doped MgO
with Tunable Resistance States and Multi-Level Programming

device is SET, and this would leave the device in a lower resistance in agreement with
the results shown in Fig. 5.9 (b). Since the disruption of the conducting filament
happens via a process similar to blowing up of a conventional electrical fuse, to
disrupt a more substantive conducting filament would require higher VRESET and IRESET.
Indeed this was observed for the N-doped MgO based resistive switching devices, Fig.
5.9 (a) and (b).
The results in Fig. 5.9 also highlight another important property of N-doped MgO
based resistive switching devices, namely their “low power operation” with RESET
currents as low as ~100 nA. The use of low compliance current results in lower values
of RHigh /RLow but these values can still be substantial depending on the compliance
current (see Fig. 5.10). Note that Fig. 5.10 shows a slight drift in RHigh to lower
resistance values. However, this drift is observed only for the first ~100 cycles after
which the ON and OFF state resistances are stable.

Resistance (ohm)

100M
10M
1M Compliance
100k Current
=0.3 μA

1.2 μA

10k

5 μA

1k
100

100 μA
0

5

10 15 20 25 30 35 40 45

Cycle (#)
Fig. 5.10 Illustration of the operation of switching under different compliance currents.

Since the signal decays significantly for voltage across the attached off-chip
transistor (N-MOSFET during SET process), it is difficult to acquire a well-defined
real time pulse using oscillate scope. For high speed measurements, a pulse generator
was employed to apply the pulse of voltage on the switching device and the resistance
state was read at a DC voltage of 100 mV after each switching event. For the N-doped
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MgO devices, as shown in Fig. 5.11 (a), the switching time can be as fast as 1 ns/100
ns in the SET/RESET process for all N-doped MgO devices. Fig. 5.11 (b) shows that a
higher magnitude of VRESET is required for a shorter pulse width. This dependence of
VRESET on the pulse width reveals that the disruption of conducting filament during the
RESET process is via thermal heating dissipation [1,8].
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Fig. 5.11 (a) Resistance versus pulse number for various N-doped MgO devices. Note that +4
V and -3.5 V were used and the pulse widths were kept at 1 ns and 100 ns for the SET and
RESET process, respectively. (b) Dependence of pulse width required for the RESET process
on the magnitude of VRESET.

5.3.4 MULTI-LEVEL RESISTANCE PROGRAMMING
In addition to the manipulation of RHigh by varying the nitrogen doping level, the
device can be switched into a multitude of RHigh states by varying the magnitude of
VRESET during the RESET process, as illustrated in Fig. 5.12 for 2.2 at% N-doped MgO.
Fig. 5.12 (a) presents I-V characteristics of the device during a multi-level
programming process in which the RESET voltage was systematically incremented in
repeated experiments. As shown in Fig. 5.12 (a), the device resistance increased
systematically with each increase in RESET voltage.

The multi-level resistance

change can be achieved by limiting VRESET to a value lower than that needed for a
complete RESET.

The device resistance following each SET or RESET step is

plotted in Fig. 5.12 (b). In this experiment high resistance states could be obtained by
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manipulating the magnitude of VRESET. These results show that N-doped MgO MIM
devices can form multi-level (i.e., multi-bit) resistive switching memory cells.
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Fig. 5.12 (a) illustrations of I-V characteristics of the multi-level programming process for 2.2
at% N-doped MgO by manipulating the VRESET ; and (b) how multi-level resistance states can
be obtained by controlling VRESET. By setting VRESET in the region prior to the device being
completely RESET, at least seven high resistance states are demonstrated.

Another way to form devices with multiple resistive states controlled by voltage is
to engineer multilayered stacks comprised of several N-doped MgO layers, in which N
can vary from layer to layer. One such example is illustrated in Fig. 5.13. A structure
is formed from layers of N-doped MgO with a first layer of 5 nm thick with x= 8 at%,
a second layer 5 nm thick with 2.2 at% N doping, and a third layer nominally identical
to the first layer. Results are shown in Fig. 5.13 for a device patterned by the e-beam
lithography to have a switching area of ~50x100 nm2. As shown in the inset to Fig.
5.13, as a voltage is applied for the first time to the device, the current through the
device shows a first step-wise increase at ~2 V and a second step-wise increase at ~4
V. These correspond to two independent SET processes in the N-doped MgO layers
with different N doping levels.
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Fig. 5.13 I-V characteristics for two-step switching for the first five cycles (corresponding to
the first five complete SET and RESET processes) during a SET process for multi-layered Ndoped MgO film consisting of 5 nm thick 8 at% N-doped/5 nm thick 2.2 at% N-doped/5 nm
thick 8 at% N-doped MgO layer. Note that the device size is 50x100 nm2 and was patterned
by the e-beam lithography. The inset shows the first switching cycle. Note that the first SET
process takes place at 2 V and the second SET process is at 4 V, most likely corresponding to
the switching in 8 at% and 2.2 at% N-doped MgO, respectively.

The two steps likely arise as follows. As shown earlier, the initial resistance of the
2.2 at% N-doped layer will be much higher than that of the 8 at% N-doped layer.
Since the dielectric constant for each different N-doped MgO layer is presumably
unchanged, the voltage drop across the tri-layer structure of Fig. 5.13 will be initially
identical, so that these layers will undergo the first resistance transformation based on
their intrinsic switching characteristics. Thus both of 8 at% N layers would switch
first during the SET process. Then the second layer (2.2 at% N doping) presumably
undergoes a transformation at the higher voltage step. In contrast with the SET
process, the RESET process always occurs in a single step, as illustrated in Fig. 5.13.
This observation indicates, within the filamentary formation model, that the disruption
of the conducting filament during the RESET process takes place locally rather than
along the entire length of the filament [18].

Therefore, one would expect that once

the filament is formed during the first voltage application, that subsequent SET
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processes would take place at a single voltage. As shown in Fig. 5.13, the 2-step SET
process becomes less well defined for subsequent voltage applications.
Thus while the use of multistacks of N-doped MgO layers may not be useful for
rewritable multi-state memories, such a structure is useful for multi-level write once
memories, for example, for high density archival storage applications. By increasing
the number of N-doped MgO layers, the number of SET switching steps can be
increased allowing for even greater density write-once memories.

5.3.5 PROPOSED SWITCHING MECHANISM
The chemical properties of the N-doped MgO films were characterized with in-situ
x-ray photoemission spectroscopy (XPS). Mg Kα x-rays were used as the excitation
source, and the kinetic energy of the ejected photo-electrons was measured using a
hemispherical energy analyzer with a pass energy of 20 eV. The emission of photoelectrons from an insulating sample can result in an accumulation of positive charge at
the sample surface, which can give rise to a shift of the XPS peaks in the spectrum to
higher binding energies. To correct for this effect, an energy offset was applied to the
measured spectra so that the carbon 1s line is at its expected value of 284.6 eV. Fig.
5.14 summarizes the XPS data from the valence band of four films with N varying
from 0 to 8 at%. The peaks observed in the spectra correspond to the 2s and 2p levels
of oxygen and nitrogen. As the N content of the film is increased, the intensity of the
N 2s and 2p peaks increases, whereas the intensity of the O 2s and 2p peaks decreases.
This shows that the nitrogen is indeed incorporated into the N-doped MgO films.
The N 2p level is at a lower binding energy than the O 2p level. This means that N
doping lowers the bandgap of the N-doped MgO films. These films have also been
characterized by X-ray diffraction (XRD). As shown in Fig. 5.15, the MgO (200) and
(220) X-ray diffraction peaks shift towards lower diffraction angles with increasing N
doping. This indicates that nitrogen incorporation results in a lattice expansion. This
lattice expansion is most likely caused by occupation of interstitial sites by N atoms.
In this regard, the incorporation of N in MgO films is similar to an ion implantation
process in which implanted ions occupy interstitial sites and expand the host lattice.
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Fig. 5.14 In-situ X-ray photoemission spectra of the N-doped MgO films obtained near the
valence band region. These spectra were obtained for films with various N contents.
Measurements were performed at room temperature. The enlarged comparison for N 2p state
is shown in the inset.
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Fig. 5.15 XRD scans for films with various nitrogen contents. The vertical dashed lines are
used for indicating the peak shifting.

Thus, it is expected that increasing N-doping in MgO will result in an increased
number of defect states due to the increased lattice expansion. The combined effect of
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an increased defect density and a lowered band-gap will be a lowering of RHigh with
increasing N content.
According to the findings of lowed bandgap from the XPS results and increased
defect density by the lattice expansion in XRD scans, we propose that the formation of
the conducting filament is via the motion of defects and this type of defect is most
likely to be oxygen vacancies. It has been found that in a resistively switching binary
oxide the accommodation of statistically distributed point defects is several orders of
magnitude lower than the oxygen concentration [21]. Above the critical valve, these
oxygen vacancies would form an extended defect i.e., a vacancy chain or dislocation.
The reduced oxygen stoichiometry is predicted by the ab-initio calculation to locally
change the electronic structure [1,22]. A more metallic state of cation agglomerates in
the vicinity of oxygen vacancies would result in a reduced bandgap and a local
insulator-metal transition, which is similar the observation in Fig. 5.14.

Fig. 5.16 Ellingham diagram. Temperature dependence of free energy of formation of various
binary oxides. Figure is taken from ref. [1].
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The temperature rise during the SET process will always leads to a stable oxide
with lower valence or the corresponding metallic phase because of the negative free
energy of formation, as can been seen from Ellingham diagram (Fig. 5.16). Thus
during the SET process, the thermal stimulation via the voltage applied on the
electrode leads to a local redox reaction, obviously due to oxygen drift out of the high
temperature region; a more metallic region forms since a lower valence state of oxide
is energetically favored and then eventually turns the device into ON state [23]. Based
on this argument, we strongly believe the conducting filament is formed by the
accumulation of metallic Mg as the oxygen deficient regions build up. During the
RESET process, the conducting filament is again thermally disrupted by the Joule
heating due to a high power density generated locally, similar to the process of
blowing up a fuse [8,24].

5.4

CONCLUSION
We have demonstrated a novel resistive switching behavior in N-doped MgO thin

films. The resistance change can be varied between 1-4 orders of magnitude by
varying the nitrogen concentration by just a few percent. In addition, by varying the N
doping, the SET voltage can be systematically reduced. By precise control of the
compliance current during the SET process, the low resistance state can be reliably
manipulated and a device which requires RESET current is found to be as low as
tenths of μA. Thus a low power consumption resistive switching device is feasible.
The device exhibits an ultra-fast switching with a response time of 1 ns/100 ns for
SET/RESET process. We also demonstrated several methods to program a multi-level
resistance state: (i) resistance state can be programmed by limiting compliance current
or manipulating RESET voltage, (ii) multi-level switching can be achieved by
manipulating RESET voltage prior to the device completely SET, and (iii)
multilayered stacks comprised of several oxide layers in which N varying from layer
to layer shows multi-level switching.

These unique properties make resistive

switching devices fabricated with N-doped MgO as a strong candidate to be the next
generation nonvolatile memory.
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CHAPTER 6
CONCLUSION

Using the molecular beam epitaxy (MBE) growth technique with a unique oxygen
atomic source, a high quality stoichiometric MgO film can be deposited in the
chamber with background pressures of 2x10-8 Torr. For N-doped MgO growth, since
the reactivity of O with Mg is significantly higher than that of N, it is necessary to
have a significant excess number of N as compared to O in the deposition chamber if
N is to be incorporated into the MgO. By the use of much higher N flux compared to
O in the chamber, a significant amount of N upto 13 at% N can be incorporated into
MgO films, which was confirmed by Rutherford backscattering (RBS) analysis.
In the first part of this dissertation, ferromagnetism was observed in a doped oxide
where the dopant does not induce structural defects, where the dopant is not a metal,
and where oxide is an insulator. The insulating alkali earth oxide of MgO becomes
ferromagnetic upon doping with N atoms. These samples upon thermal annealing
undergo a significant structural transformation with doped N atoms moving from
interstitial/defect to substitutional sites within the MgO lattice and the resulting films
are ferromagnetic. The as-deposited N doped MgO films, on the other hand, are
disordered and non-magnetic. The largest magnetic moment measured corresponds to
0.35 µB/per N for 2.2 at% N-doped MgO. The x-ray photoemission spectroscopy
(XPS) and pre-edge feature of oxygen K edge measured in near-edge x-ray absorption
fine structure (NEXAFS) spectrum shows evidence for the presence holes on N and O
atoms, respectively. XPS scans for the valence band indicate the appearance of an
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unpaired electron in 2p orbital of N. It was found that magnetic moment, Curie
temperature and the concentration of hole states in N-doped MgO films have a strong
correlation with its nitrogen doping. These results prove for first time the authenticity
of prior theoretical predictions about possible ferromagnetism in N doped alkali earth
oxides.
The second part of this dissertation demonstrates an ultra-fast and low power
consuming resistive switching device formed from N-doped MgO. The ratio of the
resistance change can be varied by several orders of magnitude (1-4 orders) magnitude
by varying the nitrogen content by just a few percent. The device exhibits ultra-fast
switching (1 ns/100 ns for SET/RESET) and low RESET current (few tenths of μA).
In addition, by varying the N content of the layer, the SET voltage can be
systematically lowered. Moreover, several methods are proposed to program a multilevel resistance state: (i) resistance state can be programmed by limiting compliance
current, (ii) multi-level switching can be achieved by manipulating RESET voltage
prior to the device completely SET, and (iii) multilayered stacks comprised of several
oxide layers in which N varying from layer to layer shows multi-level switching.
These unique advantages of N-doped MgO are highly desirable for the next generation
nonvolatile memory.
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