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Abstract

Amorphous oxides which are transparent and conducting find use in display devices and as top electrodes
in energy applications, while those which are conducting and magnetic have the potential to be used in
spintronics. With the fast approaching limit of Moore’s law, new materials are needed where the spin and
polarization of the electrons are coupled. Despite progress in transparent conductors, materials selection is
limited by the need to have wide optical bandgap and conduction via s-orbital. In contrast, search for new
spintronics materials has picked up only in the last decade. Here we report the synthesis, characterization,
and application of a new oxide made from Fe, Tb, and Dy - elements that do not conduct via the s-orbital.
Thin films (<100 nm) of this oxide were synthesized by pulsed laser deposition (PLD) as a function of
varying oxygen pressure, and by electron-beam evaporation as a function of the cation composition, and
then annealed under different conditions. Films deposited at 5x10°® Torr exhibited high optical transparency
(>90%) and conductivity (~10* S/m). Films deposited at O, pressures below 1x107 Torr were conduc-
tive (~10% S/m), magnetic (up to 480 emu/cc), and optically transparent, while the ones above 1x10- Torr
were optically transparent but insulating and non-magnetic. Changes in the cation stoichiometry showed
the films’ transition from being metallic to semiconducting with decreasing Fe content relative to the Lan-
thanides. However, when a very iron-rich film was annealed through several heating and cooling cycles
in low vacuum, the film evolved into a semiconductor that was stable in ambient conditions and showed
very high conductivity (2.8x10° S/m) and room temperature magnetism (380 emu/cc). The PLD deposited
films were utilized as the ferromagnetic layer for magneto-electric coupling with bismuth ferrite as well as
a top electrode for bismuth ferrite capacitors. A giant magneto-resistance (GMR) device made from the
Fe-Tb-Dy-oxide and bismuth ferrite showed evidence of magneto-electric coupling at room temperature.
The discovery of this oxide not only introduces new materials physics that could be explored and exploited
to engineer new multifunctional materials, but the oxide itself proves to be very promising for spintronics

device applications.
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Chapter 1

Introduction

1.1 Motivation

The overall goal of this thesis is to synthesize and investigate the electrical, optical, and magnetic properties
of novel amorphous Fe-Tb-Dy-oxide (FDTO) thin films that have potential applications in electronic, mem-
ory, and energy devices. The oxide was a serendipitous discovery by our group when thin films less than
100 nm of a well known metal alloy (Terfenol-D) was deposited and characterized [1]. However, there was
significant interest to further pursue and investigate this material since it not only presents new materials
physics, but also has important implications in the electronics industry as a new class of amorphous oxide
semiconductor (AOS).

The more specific incentive for this thesis is to investigate thin films of amorphous, semiconducting
ternary oxides composed of Fe-Tb-Dy (FDTO) in order to understand the origin of their optical and elec-
trical properties. The research is motivated by the high conductivity, room-temperature magnetism, and
transparency that this iron-based oxide demonstrates, a phenomenon that has not been observed before in
such ternary amorphous metal oxide systems [2—10]. Prior to the discovery of this transition metal-rare
earth oxide system, only post-transition metal oxides composed of cations having electronic configuration
of (n-1)d'% ns® have shown a combination of transparency and high conductivity, and it has been attributed
to the large s-character of conduction [11-16]. The additional presence of magnetism in FDTO [17] makes it
an even more intriguing system to explore. Such oxides not only have applications in solar cells and display
systems [13, 15, 18-20], but also in memory devices for data storage [21-23]. Some of the applications of

amorphous transparent conducting oxides (a-TCOs) that make them so desirable are summarized below.

1.1.1 Materials with multifunctional properties

In terms of electrical properties, solid-state materials can be classified into three major categories: metals,
semiconductors, and insulators. Simplified band diagrams for all three categories are shown in Fig. 1.1
[24], where the red areas are allowed bands, the blue ones are forbidden bands, the dotted line represents the
Fermi energy level, the small white cups represent states that can be occupied (or are occupied) by electrons,

the green circles represent electrons, and the green arrows represent the spin on the electrons. The Fermi
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Figure 1.1: Simplified band structure of metals, insulators, and semiconductors (from left to right). Electrons
are denoted by green circles, their spins shown as green arrows, and their states shown as little white cups.
For conduction to happen, electrons must get excited to an empty state . In metals the Fermi level is inside
an allowed band and intraband electron excitations take place. In insulators and semiconductors, the Fermi
level lies in the middle of a forbidden gap, so electrons must traverse the forbidden gap and reach an empty
state for conduction to take place: this gap is also known as the bandgap. This gap is higher in insulators
than in semiconductors, and so conduction is higher in semiconductors as compared to insulators. [24]

level is the maximum energy at which all electrons sit in a material at 0 K. Any energy level above the
Fermi level can be thought of as the conduction band, i.e. the band that has empty states, and into which,
electrons can get excited and thereby conduct electricity. In case of metals, the Fermi level lies inside an
allowed band, and therefore, it takes very little energy for exciting the electrons from the filled states to the
empty states across the Fermi level, resulting primarily in intraband transitions. This is why metals are very
good conductors since there is enough energy at room temperature to excite the electrons to states above
the Fermi level. In case of insulators and semiconductors, the Fermi level lies in the middle of a forbidden
band, so the allowed filled band below the Fermi level is the valence band (VB) and the allowed empty
band above the Fermi level is the conduction band (CB). Therefore in these systems, the electrons must go
through interband transitions for conduction to take place. The energy between the CB and VB (also known
as the bandgap, E,) in insulators is very high, so they do not conduct. For semiconductors, the E; is smaller
than in insulators, such that if the electrons gain energy from external heating, or from photons, they can get
excited to the CB.

Optical transparency arises when the material does not absorb energy in the visible spectrum (1.65 -
3.1 eV) or below it. . Insulators typically have very high bandgap (> 4 eV), for example thermally grown
amorphous SiO, was measured to have bandgap of 9.3 eV [25]. Optical transparency is most commonly

found in insulators. In contrast, electrons in metals can accept energy from photons of all energies because



of the very small energy needed for intraband transitions. In addition, when the electrons relax back to
the lower energy states, they emit that energy - therefore not only are metals opaque, but they are also
very reflective. Hence the co-existence of transparency and high conductivity at room temperature is not
a common occurrence in typical materials. Semiconductors, however, can be either transparent or opaque.
Cadmium sulfide (CdS), an n-type semiconductor, is yellow in color and has a bandgap of 2.42 eV [26],
while tin oxide (SnO;), also an n-type semiconductor, is transparent and has a bandgap of 3.6 eV [11].
SnO; is also conductive at room temperature, and only a few such semiconductors exist that are transparent
conducting oxides (TCOs) [11, 13, 27-30]- the origin of this unusual combination of optical transparency
and room temperature conductivity will be discussed in the next section.

When the addition of magnetism, a property that is dependent on electron spins, is brought into the
picture, materials exhibiting conductivity, optical transparency, and room temperature magnetism are even
rarer to find. Magnetism arises in materials due to unpaired electrons in the outer orbital. These are typically
the elements that fall in the middle of the transition metals (such as Fe, Mn, Co, Ni) and lanthanides in the
periodic table. Magnetite (Fe3O4) is one of the most well-known naturally occurring oxide that is ferri-
magnetic at room temperature and exhibits low resistivity (~10 mohm-cm) due to its half-metallic behavior
[7, 8, 31, 32]. A new field of research has evolved where well-known conducting oxides are doped with
magnetic atoms to obtain dilute magnetic oxides [33], or typical III-V semiconductors such as gallium ar-
senide (GaAs) are doped with magnetic atoms to produce dilute magnetic semiconductors [34, 35]. Both of
these classes of materials, and reservations about them, will be discussed in more details in the next section.

Most of the aforementioned multifunctional oxides (that combine either transparency and magnetism,
or conductivity and magnetism) are crystalline in nature. Introduction of disorder in a system often leads to
deterioration of electrical and magnetic properties. Disorder introduces localized states in the band which
leads to reduced conductivity and mobility, while disorder tends to create anti-ferromagnetic grain bound-
aries which degrade magnetism in the material - this is often the case for thin films of Fe3Oy4 [7, 36]. Only
the oxides whose CB is made of s-orbitals tend to be unaffected with loss of crystallinity [11, 12], and
this will also be discussed in further detail in the next section. However, amorphous oxides are very low-
maintenance: they do not require precise control of high temperature during deposition, and so can be more
energy efficient to deposit in large scale. Therefore, a multifunctional amorphous oxide would not only have

a significant impact in the electronics industry, but also open up new understanding of material physics.

1.1.2 Applications of multifunctional amorphous oxides (AOx)

Based on the particular electrical, magnetic, and optical properties of amorphous oxides, they have a wide
range of applications, some of which are demonstrated in Fig.1.2. Amorphous oxide semiconductors (AOSs)
are most commonly used as channel layers in transistors that are subsequently used for various electronic
devices. For example, amorphous tin oxide has been used for pH sensors [37], tungsten oxide for ammonia
[38] and sub-parts-per-million nitrogen dioxide [39] gas sensors, zinc-tin-oxide for oxygen sensors [40],
and indium-gallium-zinc oxide for temperature sensors [? ]. In addition, amorphous gadolinium oxide
has been tested for non-volatile memory applications [41] while amorphous zinc-doped silicon oxide has

been used for resistive switching memory [42]. Manganese dioxide has been utilized for electrochemical



capacitors [43], and when doped with vanadium, it has been applied towards supercapacitors [44]. The
AOSs that display optical transparency find applications in thin film transistors (TFTs) specifically used for
active matrix (AM) flat panel displays such as AM liquid crystal display (AMLCD) and AM organic light
emitting diode (AM-OLED) (Fig. 1.2(a)) [13, 45], applications which have been traditionally dominated
by amorphous hydrogenated silicon (a-Si:H) [45]. In the review paper by Kamiya et al. on applications
of transparent AOSs, the authors mentioned electronic-paper (both black-and-white and colored) as being
revolutionary applications for flexible interactive displays that make use of transparent AOS [13]. The
main advantage of using amorphous materials for such applications is the low processing cost in terms of
scalability [45]. Transparent AOx also find vital applications in renewable energy as transparent conducting
oxide (TCO) for thin film solar cells (Fig.1.2(b)). One of the best known TCO is indium-tin-oxide (ITO)
that is not only used as a top layer for solar cells [27, 41], but is also frequently used as a transparent
electrode for photocatalysis [29, 46, 47]. Amorphous ITO is enabling the production of flexible solar cells
and flat panel displays [19, 41] that are becoming more and more popular for wearable and versatile source of
renewable energy. Amorphous vanadium oxide has been reported to be used as an electrode for rechargeable
aluminum batteries [48], while a tin-based amorphous oxide has been reported as a high capacity lithium-
ion storage material for applications in lithium-ion batteries [49]. Amorphous oxides with high refractive
index, such as a-SiO; and a-TiO,, are used as dielectric layers in devices (Fig. 1.2(c)). One of the more
emergent applications of amorphous semiconductors is in the field of spintronics, where the material has
to be magnetic (preferably with a Curie temperature above 300 K) in addition to being a semiconductor.
One such application is shown in Fig. 1.2(d), where a spin filter device was fabricated using the perovskite
lanthanum strontium manganite (LSMO); although the device showed about 40% magnetoresistance signal,
the measurement was done at 11K since the Curie temperature of magnetic semiconductors are typically

lower than 300 K. These materials and their applications will be discussed in more detail in the next section.
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Figure 1.2: Some applications of amorphous oxides. (a) Channel layer in thin film transistors for display
[13] (b) Transparent conducting oxide in flexible solar cell [50] (c¢) High refractive index layer for LED
[51] (d) Schematic of a spin valve device made using ferromagnetic conductor and (e) showing its magne-
toresistance behavior at 11 K [52]



Energy =1.85eV " C) Ener tended state
(a) L (b) 2 e———Ea =185V (C) eneroy§ extendod siates / CB mobility edge

7

Mobility
Localized band tail edge
states

localized
states

Density of statex (em? eV1)

Dopant states
B, mobility edge
! B

Defect states
1
extended states

N(E) N(E) E F E, Density of states
crystal disordered Energy (eV)

-
<

Figure 1.3: (a) Figure showing effect of disorder on an s-band, where the left panel shows s-band in a
crystal, and the right panel shows localized states (shaded red line) appearing and propagating into the
band [11]. (b) Band structure of a typical semiconductor showing the mobility edge, localized tail states,
states caused by dopants, and defect states that act as charge trap centers. The states in the CB above
mobility edge and those in VB below mobility edge are the extended states [53]. (c) Band structure of n-type
a-Si:H showing a large tail state from the VB and a smaller tail state from the CB, all of which is localized.
The tail state from the VB also affects the Fermi level [11].

1.2 Current knowledge and challenges

This section will focus on what is known about thin films of AOSs, the origin of their electrical, optical and
magnetic properties. It will also give a review of the current status in multiferroic materials and using them

for spintronic devices.

1.2.1 Transparency, conductivity, and magnetism in amorphous oxide semiconductors (AOSs)
1.2.1.1 Band structure and conduction mechanisms in amorphous semiconductors

Unlike crystalline materials, amorphous systems have a large degree of disorder. This disorder results in
defects, dangling bonds, voids, microvoids, and impurities, which in turn give rise to localized trap states
between the valence band and the conduction band [53, 54]. Oxygen vacancies and oxygen excess form
donor and acceptor trap states respectively in oxide semiconductors [30]. These trap states are electrically-
active because they are capable of trapping charge carriers, thus affecting their freedom of motion, and hence
the conductivity of the system. In addition to these trap states, Anderson showed that disorder also leads to
localization of electron states in the band structure [11, 55]. Mott later explained that disorder first localizes
the states at the band edges, resulting in an energy known as the mobility edge, where the transition happens
from the localized tail states to the extended states [11, 56-58]. As disorder in the system increases, the
localized states move further into the band as seen in Fig. 1.3(a) which shows the effect of disorder on an s-
band [11]. Quantum mechanical tunneling between these localized states can cause electrical transport, but
the conductivity resulting from this tunneling is not very high [54]. A generalized band picture of amorphous
materials that includes defect states and localized tail states is demonstrated in Fig. 1.3(b) [53].

One of the most thoroughly studied amorphous semiconductor is amorphous-hydrogenated silicon (a-
Si:H), a non-degenerate doped semiconductor, whose band structure is shown in Fig. 1.3(c). Due to the
distortion of the Si-Si bond angle and dihedral angle of the p-orbitals making up the VB, a tail state arises
at the CB and an even larger tail state arises near the VB respectively; all these tail states are localized [11].
In this system, conduction can take place through the extended states in the CB (for n-type a-Si:H), VB (for



p-type a-Si:H), and through the localized tail states in the mobility gap. At relatively high temperatures (i.e.
near room temperature) conduction takes place through the extended states in the CB. This results in the

activation-type dependence of the conductivity, o on temperature, given by [54]
0 = opexp(—AE /kT) (1.1)

where AE = E,. — Er , the difference between the mobility edge and the Fermi energy known as the

activation energy. The pre-exponential factor is given by

0p = opoexp(AE /Eyy) (1.2)

where 0Oy is a constant and Ejy is called the Meyer-Nedel characteristic energy. The implication of
the Meyer-Nedel energy is that the plots of o vs 1/T for the same material but doped with different dopant
concentrations will converge at the conductivity value oy and focal temperature given by Te = Eyn /k,
where k is the Boltzmann constant.

At low temperatures, the number of carriers increase in the tail states, and so conduction moves from the
extended states to the localized tail states that are in the vicinity of the Fermi energy level [53, 54]. In this
case, charge carriers hop either between localized trap states or between nearest neighbor atoms, all having
binding energy in the vicinity of the Fermi energy level. The probability of an electron tunneling from one
localized state to another at a higher energy depends on the following three factors [53, 58]: (i) the attempt
frequency v(ph) which is of the order of 10'2-1083s-1, (ii) the wave function of the electron, and (iii) the
probability of finding a phonon with excitation energy, (®) large enough for the tunneling to occur. This

probability, P, is given by

P = v(ph)e 2 Re=@/kT (1.3)

where £ = 1/ is the decay length of the localized wave function, R is the spatial distance between the
two hopping sites, ® is the energy difference between the two states, and k is the Boltzmann constant. The
product &R determines whether conduction will take place by nearest neighbor hopping (NNH) or variable
range hopping (VRH). NNH conduction is expected if the average distance to the nearest neighbor, Rg, is
much larger than the decay length of the localized wavefunction (i.e. Ro/E >>1). NNH is also more probable
when the electron is localized on a weak bond in the conduction tail state [54]. The temperature dependence
of conductivity for NNH is similar to that for thermal activation.

VRH is expected if Ro/é <1, which means the decay length of the wavefunction is either equal to or
greater than the nearest neighbor distance. In this case the electrons hop between localized states near the

Fermi level. Einstein’s relation describes the mobility as

_eD

n= (1.4)

where U = %. This results in the following expression for conductivity, which is given by nept, as



o = (1/6)e*R*V,uN(Er)exp(—2aR)exp(—W /kT) (1.5)

As temperature decreases, energetic phonons become less available, and so the electrons will try to
hop larger spatial distances, which might be energetically closer to them, than the nearest neighbors. This
results in a variable range in the hopping distance between the localized traps, where the exponential term
exp(—20R — W /kT) will not have a maximum value for the nearest neighbor distance. Mott [58] used an

optimization procedure to obtain the most probable jump distance, given by

_ # 0.25
k= {SJraN(EF)kT} (1.6)

Using this expression for R, the conductivity can be written as

o = ope— (/D' (1.7)

where oy is the pre-exponential factor and 7j is the characteristic temperature. Although the exponent of
1/4 is found to fit many systems in a certain temperature range, it is not always found to be the case for all
range of temperatures [54]. In general, the DC conductivity can be described by [54]

opc = ope (T/T) (1.8)

where 1/4 < y < 1. Because the hopping conduction occurs in the localized states in the vicinity of the
Fermi level, the details of the DOS around the Fermi level is important. Mott considered a constant DOS
and obtained the exponent of 1/4 for a 3-D system. However, Efros and Skhlovskii considered the Coulomb

interaction, and found that the DOS becomes zero at the Fermi level, a feature known as the Coulomb gap.

1
d+1°

and Shimakawa [54]also mentioned that the exponent can be less than 1 if the fractal nature of disordered

In such a case, the exponent has a value of 1/2. In general, ¥y = where d is the space dimension. Singh

systems is taken into account.

1.2.1.2 Hosono’s Rule for transparent amorphous oxide semiconductors (TAOS)

In 1996, Hosono [14] proposed the first hypothesis for the formation of transparent AOS (TAOS) possessing
high hall mobility and conductivity. Wide bandgaps necessary to achieve transparency are obtained by
the low energy of the oxygen (O) 2p orbital forming the top of the valence band. In addition, a high
carrier mobility can be achieved by a large width of the conduction band, the magnitude of which should be
independent of the structure of the atom to maintain the amorphous criteria. Thus, the cations fulfilling all
these criteria are the heavy metal cations possessing an electronic configuration of (n-1)d'% ns®. When the ns
orbital forms the bottom of the conduction band, the large overlap between the s orbitals of the neighboring
cations allow for electron paths that give rise to high conductivity and high mobility, as shown in Fig. 1.4(a).
Any other orbital, e.g. p-p or d-p have high spatial orientation that causes a reduced hall mobility value in
the amorphous microstructure. In addition, because the s orbitals are spherical, disorder in the material does

not give rise to localized states that typically cause conductivity to drop [11]. In a review article in 2006,



Hosono also compared these ionic TAOS (ITAOS) with covalent ones and glassy semiconductors [59]. The
conduction mechanism is widely different between the ITAOS and the glassy semiconductors: in the former
the conduction path is constituted by the overlap of the neighboring metal cations, whereas in the latter the
conduction mechanism is VRH, and according to the discussion in the previous section, hopping conduction
leads to very low mobility. The overlap between orbitals of the neighboring metal cations is in fact a criteria
for TCOs such as In,O3, SnO,, ZnO. Too much overlap in certain cases even leads to degenerate states in

the material where the carrier concentration is of the order of 102 cm™.

(a) M:(n-1 )d1°ns° (n24) (b) 11 12 13 14 15

29 30 32 33

© 2p-orbital

R Cu Zn Ga G As | 4
63s4 | 6537 | 6972 7250 7492
47 48 49 50 51
Ag Cd In Sn Sb 5
107.87 1240 114.82 11869 12178

79 80 81 82 83

Au | Hg | T Pb | Bi |©
106.97 20059 204.37 207.19 20898

oo

N e o o o

A s Bt

W2 N MR Te Rt RN B Agh

oW e T W R R A ™ R e
electron effective mass

03 > 05

Figure 1.4: (a) Hosono’s proposed model showing ns orbital of the heavy metals overlapping with each
other while the O-2p orbitals form the valence bands; the orientation of the atoms can change, as in an
amorphous material, without compromising carrier mobility [14]. (b) List of cations proposed by Hosono
for synthesizing AOS exhibiting high mobility, conductivity, and optical transparency [45] (c) Electron ef-
fective mass of most cations found by ab initio calculations [60]; the lowest effective mass cations overlap
with the list of cations proposed by Hosono in (b) .

Based on the relative earth availability and toxicity of the short-listed heavy metal cations shown in Fig.
1.4(b), only a few can be employed for widespread use in electronic devices. These elements, shown in blue
in Fig. 1.4(b), are indium, tin, gallium, and zinc. The red elements are generally avoided due to their high
toxicity, the brown elements can be used for designing p-type semiconductors, the orange ones are expensive
and thus not suitable for large scale production, and the black elements have not been validated yet as being
useful for AOS. For the application of AOS as TCO or transparent electrodes where high conductivity is
required, the most successful materials are indium and fluorine doped-tin oxide as well as undoped tin oxide
(ITO, FTO and Sn0O») [18, 61-63], and aluminum and gallium doped zinc oxide [62, 64]. It should be
emphasized that while In is critical to such conducting oxides, it is a precious metal and alternate materials
need to be designed and/or discovered. These materials can also be categorized to be under Hosono’s
hypothesis. In fact, Hautier et al mentioned in their paper [60] that upon carrying out “ab initio computing”
[60] to scan through 4000 binary and ternary oxides, the metal cations highlighted by Hosono turned out
to have the least electron effective mass as shown in fig. 1.4(c). The electron effective mass, mobility, and
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Figure 1.5: (a) Band structure of a-1GZO [30](b) Earth abundance of elements [65]

conductivity are related by the following equations:

e

L= —; 0=neu
m

where [l is the carrier mobility, m is the electron effective mass, e is the charge on an electron, ¢ is the
conductivity, and » is the carrier concentration. From this it is evident that a lower effective mass leads to
higher conductivity.

The band structure of one of the most well known TAOS, a-In-Ga-Zn-oxide (a-IGZO), has been thor-
oughly studied by multiple groups [16, 30, 66, 67]. The resulting picture, shown in Fig. 1.5(a), illustrates
that there exists exponential tail states below the CB overlapping with deep gap states from the s orbitals.
About 1 eV above the VB, there are fully occupied donor states originating from oxygen vacancy, and there
is also a large tail above the VB. So far, the AOs mentioned in this section are the only amorphous oxides
that have shown very high conductivity, high optical transparency at room temperature. However, the op-
tions are limited, and considering earth abundancy of these materials (shown in Fig. 1.5(b)), including the
small concentration of In on the earth’s crust (Fig. 1.5(b)), new options would be welcome in the materials

community.

1.2.1.3 Magnetism in amorphous oxides and semiconductors

Magnetism originates from two sources - orbital motion of electrons, and the spin of the electrons. Atoms
exhibit magnetism when they have unpaired electrons in the outer orbital. Elements in the middle of the
transition metals and lanthanides have unpaired electrons, including their cations that have unpaired elec-
trons too. However, simply the presence of unpaired electrons is not sufficient to sustain magnetism at room
temperature. In many materials having unpaired electrons, the spins point haphazardly in all directions, and
only align when a magnetic field is applied. Once the field is removed, the spins go back to their misaligned
states- these are paramagnetic materials. In materials that are magnetic at room temperature, the spins are
all aligned because that is the structure that allows the system to sit at minimum energy. However, if the
material is heated, the system gains thermal energy causing the spins to slowly get misaligned. The temper-
ature at which the spins are completely misaligned (and hence the magnetic moment is zero) is called the

Curie temperature (and Neel temperature for anti-ferromagnets). Once the system is cooled down again, the
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Figure 1.6: (a) Mn-doped Gele showing Curie temperature close to 200 K [69] (b) Curie temperature as a
function of Mn-doped GaAs (c) Fe nanoclusters observed in Fe-doped GaN (d) Mn nanoclusters observed
in Mn-doped GaN [68]

spins will align once more, but will not return to their initial aligned state. In the case where all the spins
are aligned in one direction, the material is ferromagnetic. If the spins are aligned in opposite directions, the
material is antiferromagnetic. There are some cases where the spins are aligned in opposite directions, but
the magnitude of the spins in one direction is higher than that in the opposite direction - these are ferrimag-
netic materials e.g. magnetite (Fe304). There are also canted anti-ferromagnets where the spins are aligned
opposite to each other but at an angle. Magnetism can possibly be introduced into any system - amorphous
or crystalline - by the addition of atoms carrying a magnetic moment [33, 68—72]. The aim, of course, is to
achieve multifunctional materials that are magnetic semiconductors, and possibly transparent.

Traditional III-V, and II-VI semiconductors (e.g. GaAs, GaN, GeTe) have been doped with magnetic
atoms such as Mn, Co, Fe, and Ni [68, 73-75]. The resulting films, known as dilute magnetic semiconduc-
tors (DMS) have semiconducting and magnetic behavior, however the highest Curie temperature was 190 K
as seen in Fig.1.6 (a) and (b), way below 300 K and the operating temperature of most devices [68, 74, 76].
Some of the well-investigated systems that observed Curie temperature above or equal to 300 K discovered
clusters of magnetic atoms non-homogeneously distributed, as seen in Fig. 1.6 (¢) and (d).

Traditional TCOs such as SnO;, ZnO etc. have also been doped with magnetic atoms such as above
[70, 76, 77] - these materials are known as dilute magnetic oxides (DMO), and they already have been
observed to exhibit Curie temperatures above 300 K [33, 35, 68]. The surprising part about these materials
is that doping concentration with the magnetic atom is less than the percolation threshold, a phenomenon that
goes against conventional understanding of magnetic systems. In his comments article [33], Coey expressed

several reservations about these magnetic oxides. He provided a set of criteria that must be fulfilled for
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Table 1.1: Bandgap, resistivity, and magnetic moment of iron, terbium, and dysprosium oxides.

Material Bandgap, E; (eV) Resistivity (ohm-cm) Magnetic moment
(emu/cc)
o —FeyO3 2.1 [78, 80] 100 [5, 6, 78, 81] non-magnetic
Y—Fey03 2,4 [82] 0.25 [83] 294 2]
Fe;04 0.45 [84] (for 0.01 [7, 31, 32, 85] 480 [7, 31, 32, 85]
dominant spin
direction)
Thr05 3.8 [86] insulating [9] non-magnetic
Dy,0; 4.9 [86] insulating [10] non-magnetic [87]

an oxide to be considered a magnetic semiconductor. One of those criteria was the observance of x-ray
magnetic circular dichroism signal from the L-edge of the magnetic dopant, the other was the observance
of a magnetoresistance to show the carriers are related to the origin of magnetism. However, the magnetic
oxides reported in the article had failed to meet all the criteria, and so doubt remained on the validity of
their applications in devices. However, these were perfect for magneto-optic applications where the charge

carriers do not play a significant role.

1.2.1.4 Oxides of iron, terbium, and dysprosium

Table 1.1 provides a quick summary of the naturally found oxides of Fe, Tb, and Dy.

Iron oxides exist mainly in two forms - hematite (Fe,O3) and magnetite (Fe304). Hematite has three
different phases, o — Fe;03, B — Fe;03, and Y — Fe; O3. Out of these three, Y — Fe,O3has a spinel structure,
while the rest are cubic [78]. Hematite is desirable for water splitting applications due to its band-gap of 2.1
eV and good alignment of its CB and VB with the oxidation and reduction potential of water. [4, 78-80],
but because of its poor conductivity, it cannot be used effectively as an electrode. Studies have been done to
dope hematite to increase its conductivity, but the highest conductivity is still of the order of 10 S/m and
conduction happens via VRH [5, 6, 78, 81]. The a-phase of hematite is weakly antiferromagnetic at room
temperature. The y-phase is ferromagnetic at room temperature with a magnetic moment of 294 emu/cc
with resistivity of around 250 mohm-cm [2] and bandgap of about 2.4 eV [82]. This is summarized in Table
1.1.

Magnetite has a spinel structure and exhibits half-metallicity [78], meaning that the DOS for one spin
state overlaps with the Fermi level. As such, the conductivity of magnetite is of the order of 10 mohm-cm
[7, 8, 31, 32, 78]. It is also ferrimagnetic, with a magnetic moment of about 480 emu/cc in the epitaxial
films [7, 8, 31, 32, 78]. However, the presence of disorder and grain boundaries in the material give rise to
anti-phase boundaries that deteriorate the magnetic properties of magnetite [36].

Terbium oxide can exist in two forms - Tb (III) oxide (Tb,03), and Tb (III, IV) oxide (TbsO7). Both the
forms are insulating because of a combination of a large bandgap and heavy effective mass of conduction
electrons resulting from the small curvature of the f-orbitals. The bandgap of terbium oxide is around 3.8
eV. Although terbium oxide is not ferromagnetic at room temperature, Tb>* cations carry a large magnetic

moment due to unpaired electrons in the outer orbitals; a recent study has reported the improvement in the
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magnetic properties of bismuth ferrite upon doping with terbium cations [9, 88, 89]. Like terbium oxide,
dysprosium oxide is also known for its dielectric properties with a bandgap of about 4.9 eV. It exists mostly
as Dy, 03, and is also insulating due to large bandgap and f-orbital derived conduction bands [10]; Dy, O3 is
non-magnetic at room-temperature and has a Neel temperature of 1.2 K [87].

Given that none of these oxide materials (except for magnetite) exhibit high conductivity and magnetism
at room temperature, it would be difficult to predict how the ternary oxide composed of all three of these
metals can be conducting and ferromagnetic at room temperature. Chapters 3 and 6 describe the study of
the effects of cation composition and of oxygen pressure on these properties in Fe-Tb-Dy-oxide and offers

possible hypothesis on the origin of these properties.

1.2.2 Spintronics

Spintronics is the field of electronics where the spin of the electron can be controlled and manipulated
in addition to its charge. In electronics there are two main categories of devices - switching devices and
memory devices. Switching devices, which are mainly made of transistors, use a gate voltage to manipulate
the current passing through the device (current high typically is ON state, current low is OFF state), and
hence require semiconductor materials in which the charge carriers are easy to manipulate. Memory devices
make use of room temperature ferromagnets, where the spin of the electron can be modulated to store data.
As technology progresses, there is a need to store larger amounts of data in smaller spaces, creating the need
to further reduce device sizes. This leads to the problem of approaching the limit predicted by Moore’s law,
where the device size cannot be reduced any further because of heat generation and breakdown of potential
barriers in the different layers [90-92].

Data is stored on a magnetic drive by passing a current through coils on the write-head, which generates
a magnetic field that is capable of flipping the spin of the magnetic layer. Researchers have been working
on introducing dynamic memory drives such as random-access memory (i.e. RAM) that uses spin to store
data instead of current, as in the conventional design. This would make them not only faster, but also
energy efficient since the spin information can be stored without having to pass a constant current. Other
spintronic devices are spin filters, tunnel junction devices, and even light-emitting diodes (LEDs) that can be
modulated with a magnetic field [22, 23, 52, 93]. For this purpose, new materials are needed that combine
magnetism and semiconduction. Some of the candidates are the DMOs and DMSs described in the last
section. However, as described in that section, material optimization is still an ongoing process in that area.

A second way to achieve the modulation of spin in devices without having to apply a magnetic field
like in memory drive write-heads, is through magneto-electric coupling, which is described in the following

section.

1.2.2.1 Magneto-electric (ME) coupling for memory devices

Magneto-electric (ME) coupling is one of the branches of multiferroics, where two ferroic properties of
materials are coupled. In simple terms, ME coupling allows the control of the magnetic property (spin) of

a ferromagnetic material through controlling the electrical property (polarization) of a ferroelectric material
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Figure 1.7: (a) Single phase multiferroic materials [95] (b) Room temperature ME coupling in CoFe/BFO
structure [101]

[94]. ME coupling can be observed in two ways - (i) a single phase material that exhibits both ferroelectric
and ferromagnetic properties, and (ii) composite multiferroics where ME coupling takes place between
a ferromagnetic and a ferroelectric layer. Single phase ME coupling is difficult because the criteria for
ferromagnetism and ferroelectricity to appear naturally in a material are mutually exclusive. One of the
points of contradiction is that ferroelectricity requires empty d orbital whereas ferromagnetism requires a
partially filled one [95, 96]. Existing single phase multiferroic materials (such as BiMnO3, LaMnO3, and
BiFeOs3) are typically perovskite structures, which work around the problem by having the off-centered
transition metal cation as the source of ferroelectricity [97]. Studies have been also done on synthesizing
multiferroic composites that have a ferromagnetic material dispersed in a ferroelectric matrix, e.g. cobalt
ferrite-barium titanate [98, 99]. However, most of the materials that have been engineered to show both
properties (Fig. 1.7 (a)) are not functional at room temperature, which limits their practical applications
in spintronics based memory devices. One recent study has reported the observation of room temperature
ME coupling in a single phase chromium-doped barium titanate [100] but no functioning devices have been
shown using this material.

Therefore, focus has shifted towards multiphase/composite multiferroics. Typical ferroelectric materials
used for this purpose are BaTiO3; (BTO) and BiFeO3; (BFO). The choice of a magnetic layer is the most
difficult part. Successful ME coupling at room temperature has been demonstrated in CoxFe|.x(CoFe)/BFO
heterostructures [101]. This is shown in Fig.1.7 (b), where a spin valve structure was made from the two
layers (top-left image). The top right image shows x-ray magnetic circular dichroism coupled to photoelec-
tron emission microscopy (XMCD-PEEM) measurements, where the spin in CoFe is seen to switch upon
application of a +6 V and -6 V potential. Finally, the bottom image shows the anisotropic magnetoresistance
(AMR) signal of CoFe layer completely switching when a negative voltage is applied. However, the prob-
lem with this heterostructure was the CoFe/BFO interface was not stable, and device performance degraded
only after about 3 switching cycles.

One way to overcome this issue is to use an oxide ferromagnetic layer for coupling. This is where the

DMOs discussed earlier can play an important role. There have been recent studies on using perovskite
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structures (such as LSMO) [102] as the magnetic layer to achieve ME coupling, but there has not been
a breakthrough discovery yet for room temperature multiphase ME coupling. In chapter 7, we present

evidence of room temperature ME coupling of amorphous FDTO with BFO.

1.3 Goals of thesis

Prior to the start of this research, the only known amorphous conducting oxides all followed Hosono’s rule,
and very little exploration was performed on materials not falling within the Hosono rule. This has created
a gap in the understanding of amorphous oxide semiconductors established in literature. To obtain a better
understanding, the conduction, optical, and magnetic studies were conducted of the FDTO amorphous oxide
materials, as elaborated in chapters 3, 4, 5 and 6.

In this thesis we synthesized thin films of amorphous Fe-Tb-Dy-oxide and characterized their electrical,
optical and magnetic properties as a function of cation stoichiometry, and oxygen content, to gain better
understanding of the conduction mechanism in this new class of oxide materials. Building on previous work
on magneto-electric coupling for multiferroic devices, we have investigated the application of this novel
Fe-Tb-Dy-oxide for magneto-electric coupling with bismuth ferrite for use in memory device. The bulleted

list summarizing the remainder of the thesis content is provided here.

* Chapter 2 details the various experimental methods and characterization techniques used throughout

this thesis

* Chapter 3 summarizes the discovery of this material in 2015, which has been already published in

Scientific Reports

* Chapter 4 discusses the effects of varying Fe:Tb+Dy ratio on the electrical, optical, and magnetic

properties of the thin films

» Chapter 5 describes results of a cyclic annealing study on a thin film of FDTO having Fe:Tb+Dy value
of 21

* Chapter 6 describes the effects of varying oxygen content on the electrical, optical, and magnetic
properties of the FDTO thin films

* Chapter 7 describes investigation of using FDTO for magneto-electric coupling with BFO

* Chapter 8 summarizes the thesis and highlights further studies that need to be done on FDTO
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Chapter 2

Methods and techniques

The various experimental techniques used to synthesize the FDTO thin films, and the characterization tech-
niques used to investigate its chemical composition, microstructure, transport, optical, and magnetic prop-

erties are detailed in this chapter.

2.1 Synthesis and annealing techniques

2.1.1 Substrate selection and preparation

Substrates were selected keeping in mind that transport, optical, and magnetic measurements need to be
done on the samples. Therefore quartz was the preferred substrate, followed by SiO, (400 nm, thermally
grown)/ Si for reduced charging in scanning electron microscope (SEM) and energy dispersive spectroscopy
(EDS). The substrates were cleaned by sonicating in acetone, isopropanol, and DI, then dried with N, air
gun. They were typically mounted on sample holder prior to deposition using double-sided carbon tape or
regular tape.

For the ME coupling work, substrates were SrTiO3 (STO) (001) on which epitaxial STRuO3; (SRO) (20-
30 nm) and BiFeO3 (BFO) (50-100 nm) were deposited. STO is typically the preferred substrate for growing
BFO films due to the match of their lattice parameters. SRO is needed as a bottom electrode for applying a

voltage bias across BFO in devices. These samples were also cleaned using above protocol.

2.1.2 Pulsed laser deposition

Pulsed laser deposition (PLD) has been used to grow stoichiometric thin films of materials from solid sources
(or targets) to the substrates. The technique dates back to 1965 where thin films of semiconductors and di-
electric materials were deposited using a ruby laser [103]. Between 1969 to 1987, stoichiometric thin films
of STO, BaTiOs3, NizsMn, ReBej;, and other superconducting materials were successfully grown [103].
Since then PLD has been used to deposit thin films of several oxides, metals, superconductors, semicon-
ductors, and dielectric materials. A summary of the PLD technique and mechanism is described below;
however, a more in-depth discussion of this deposition method can be found in the review article by Boyd
[104] and progress article by Christen and Eres [103].
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The technique of pulsed laser deposition is quite simple, and is demonstrated in the schematic in Fig. 2.1.
A laser beam repeatedly hits a target material that is mounted on a rotating holder - this makes sure the beam
does not hit the target at the same spot all the time, as that would eventually change the surface stoichiometry
in addition to causing a significant surface deformation that will change the deposition uniformity. When
the first laser pulse hits the target, the energy from the laser pulse excites the electrons on the surface of the
target. The electrons then relax in the order of pico-seconds, releasing energy into the lattice in the same time
scale. This is followed by heat diffusion into the lattice, which is much slower in the order of micro-seconds.
However, melting happens at the surface at a much faster rate (in the order of nano-seconds), followed by
evaporation of species into the plume in micro-seconds and consequent resolidification of the surface. The
much faster surface melting compared to the heat diffusion into the lattice enables the formation of the
plume that maintains stoichiometry. As soon as the surface resolidifies, the second laser pulse hits the target

surface, starting this process all over again.
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Figure 2.1: Schematic showing the mechanism of thin film deposition by PLD.

The plume, which contains species having energy from 1-100 eV, travels to the substrate where material
gets deposited by condensation. The shape of the plume can vary depending on the pressure inside the
chamber. This is explained nicely by Boyd in his review article [104] - when the pressure is high, the
plume is prevented from expanding too much, leading to a pressure front, plasma attenuation, and reactive
collisions; in contrast, when the pressure is low, the plume is able to undergo 3-D expansion with very little
attenuation.

The temperature of the substrate plays an important role in the microstructure of the resulting thin film,
and the phases that it contains, because it determines the adatoms’ surface diffusion ability. At high substrate
temperatures, the adatoms in the plume have higher surface diffusion ability, and so they can rearrange to

form a more ordered structure. On the other hand, if the substrate is at room temperature, the adatoms have
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lower diffusivities and lead to films with a higher degree of disorder, including the enhanced possibility to
form amorphous films. Therefore to obtain high quality crystalline films, the substrates are typically kept at
elevated temperatures.

One of the main constraints of PLD is that due to the elliptical shape of the plume, uniform deposition
takes place only on a very small area that is close to the plume center. This is typically not more than
a square of 1 cm?in a lab PLD system. However, companies such as Neocera have managed to develop
techniques to increase the uniform deposition area to circles of 200 mm in diameter [105].

In this thesis, two PLD deposition systems were used - (i) at University of Tennessee-Knoxville (UTK)
for the initial discovery of FDTO (ii) at University of California-Berkeley (UCB) for systematic study of
FDTO as a function of varying oxygen pressure during growth. In both systems the target materials were
kept the same, i.e., commercially available Terfenol-D (TD) target [106], which is a metal alloy target
composed of 66% Fe, 24% Dy, and 10% Tb. While the target at UTK was a disc having thickness of about
5 mm, and diameter of about 1 cm, the target used at UCB was a disc of 1 inch diameter and 0.25 inch
in thickness. The second difference is that prior to each deposition, the target at UCB was polished using
sandpaper to create a smooth surface - this was not done at UTK. The laser specifications and deposition
parameters used for PLD growth for both systems are listed in Table 2.1. All depositions were done by

keeping the substrate at room temperature.

Table 2.1: List of PLD parameters

Laser type, Repetition Rate Oxygen
wavelength, pressure during
energy density growth
Initial discovery Nd:YAG, 266 50 Hz 5x10°® Torr
(at UTK) nm, 0.56 J/cm?
Systematic KrF excimer, 10 Hz 5x107 to 1x107°
study (at UCB) || 248 nm, 1 J/cm? Torr

Details of results obtained at UTK are discussed in chapter 3 and those obtained from films grown at

UCB are discussed in chapter 6.

B-field assisted PLD growth

The final part of this thesis was to achieve magneto-electric (ME) coupling of FDTO with BFO. Initially
thin films (3 - 7 nm) of FDTO were deposited on BFO and checked for magnetic coupling, which is evident
by an enhanced coercive field of the FDTO on BFO compared to on quartz. However, it proved difficult
to get repeated coupling behavior. To optimize magnetic coupling of FTDO to BFO, B-field assisted PLD
was carried out, where substrates were placed on top of a small permanent magnet with out-of-plane (OOP)
magnetic field of about 2500 Oe. Everything else in the PLD process was kept the same. The schematic of
this process and a photo showing plume shape in the presence of B-field is shown in Fig. 2.2

The substrates used for ME coupling were BFO/SRO/STO. The BFO and SRO layers were deposited

by collaborators at UCB. The laser parameters used for that growth are summarized in table 2.2.
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Figure 2.2: (a) Schematic of B-field assisted PLD growth showing substrates on top of a permanent magnet,
the out-of-plane magnetic field lines, the laser hitting the Terfenol-D target, and the resulting plume deposit-
ing on top the substrates. (b) Photo of the PLD plume (blue) from Terfenol-D target getting deposited on
quartz substrate mounted on top of permanent magnet with double-sided tape.

Table 2.2: List of PLD parameters for PLD growth of BFO and SRO

Laser type, Repetition Rate Oxygen
wavelength, pressure during
laser energy growth,
density Substrate
temperature
BFO KrF excimer, 5 Hz 1x1073 Torr,
248 nm, 100mJ 900°C
SRO KrF excimer, 15 Hz 1x107 Torr,
248 nm, 90mJ 900°C

2.1.3 Electron-beam evaporation

Electron-beam (e-beam) evaporation is used to deposit dense, high purity thin films. In this technique,
current is passed through a tungsten filament which leads to joule heating and emission of electrons. By
applying a high voltage between the filament and the hearth, the emitted electrons are directed towards
a crucible holding solid nuggets or ingots of the material to be deposited. When the electrons reach the
material inside the crucible, their energy is transferred to the material, causing the material to evaporate (or
sublimate). The evaporated material then travels through the vacuum and gets deposited on the substrate.
More elaborate details of this technique can be found on the website of Angstrom Engineering [107], and in
the book chapter by Wang and Zhang [108].

In this thesis, a Mantis QUAD-EV-HP e-beam source was used for deposition of (i) FDTO films of
different ratio, R, of Fe: (Tb+Dy), and (ii) Ag films to be used as contacts for electrical measurements. For
the FDTO films, crucibles containing Fe and TD were evaporated simultaneously. Prior to co-evaporation,
the deposition rates of both targets were calibrated using thickness measurements made using MFP-3D

Atomic Force Microscope from Asylum Research. The different R values were obtained by changing the
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Figure 2.3: Schematic of co-deposition by e-beam evaporation.

deposition rates of the two targets. The schematic of co-deposition from two targets is shown in Fig. 2.3.
For Ag contact deposition, the substrates were first masked using aluminum foil and then about 60 nm
of Ag was deposited using the e-beam. All depositions were done at pressures of 2 x 1078 to 6 x 10~8 Torr.

Results of the as-prepared samples deposited by e-beam evaporation are discussed in chapter 4.

2.1.4 Capacitors and GMR device fabrication

2.1.4.1 Capacitor fabrication

For the FDTO/BFO work, capacitors needed to be fabricated to investigate the robustness of using FDTO
as a a top electrode for BFO. Capacitors were fabricated by first depositing a uniform layer of ~60 nm Pt by
RF magnetron sputtering. After that a mask of an array of circular capacitors having diameter of 8, 16, 32,
and 64 um were created using photoresist. After the photoresist was developed, the layers of Pt and FDTO
were removed using ion milling, resulting in array of capacitor devices. This process is demonstrated in Fig.
24

2.1.4.2 Giant-magnetoresistance (GMR) device fabrication

GMR devices were fabricated on the FDTO/BFO samples to show evidence of ME coupling between FDTO
and BFO. A GMR device has two ferromagnetic (FM) layers and a non-magnetic (NM) conductor sand-
wiched between the two FM layers. When the spin of the top FM layer is opposite to the spin of the bottom
FM layer, there is going to be an increase in the resistance of the device - this is seen as the GMR signal.
Therefore, to be able to see a GMR signal, the coercive field of the bottom FM layer must be different from
the top FM layer.

The first hypothesis was making a GMR device with the following layers (from top to bottom): CoFe/
Cu/ FDTO/ BFO/ SRO/ STO. CoFe has a coercive field of about 20 Oe [109], and FDTO coupled to BFO was
found to have coercive field of >100 Oe. Therefore a GMR signal should be evident in this heterostructure.
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Figure 2.4: Schematic showing the fabrication of FDTO/BFO capacitors.

However, the conductivity of CoFe and Cu layers are three orders of magnitude higher than the FDTO layer,
and therefore would short the device.

Therefore the final heterostructure was designed to be: Pt(60 nm)/ CoFe (2.5 nm)/ Cu(5 nm)/ CoFe(2.5
nm)/ FDTO(4 nm)/ BFO(100 nm)/ SRO(25 nm)/ STO. The bottom CoFe should be able to couple to the
FDTO and the resulting coercive field of the bottom CoFe should be increased to >100 Oe as well. In this
way the GMR signal can be measured resulting from magnetic coupling of the FDTO/BFO layers without
having the device shorted.

The GMR devices were fabricated by Dr. Bhagwati Prasad at UCB using a combination of photolithog-
raphy, RF sputtering of the Pt, CoFe, and Cu layers, and ion milling. The lateral dimension of the device
was about 100 um, while the device width was about 20 um. Contacts were made by careful wirebonding
to the Pt contact pads. The schematic of a GMR device is shown in Fig. 2.5

2.1.5 Annealing

2.1.5.1 Furnace annealing

FDTO films deposited by PLD at UTK were annealed inside a furnace from MTI corporation (model no.:
OTF-1200X) at 500°C for 2 hours in ambient atmosphere and in nitrogen (99.9% purity of N, gas supplied
by Airgas Inc., Knoxville, USA) to investigate crystallization and effects of annealing on the electrical and
optical properties of the film. The results of this annealing study are discussed in chapter 3 .
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Figure 2.5: (a) Schematic of the cross-section of FDTO/BFO GMR device (b) Top view of the GMR device.

2.1.5.2 Cyclic annealing

FDTO film of R=21 was annealed through thermal cycles while measuring in-situ resistivity of the film.
This processing step was performed by Prof. Tatiana Allen at University of Tennessee-Chattanooga using
programmable Hall Measurement System from MMR Technologies, Inc. A flowchart of each anneal cycle
is shown in Fig. 2.6: the sample was heated from 300 K to 700 K at 5 mTorr at a rate of about 3 K per
minute. At each temperature value, the resistivity of the sample was measured using the Van der Pauw
technique, described in the next section. Once the sample reached 700 K, it was cooled down to 300 K at
the same rate of ~3 K per minute. This was repeated till such time that the resistivity stabilized, in this case
14 cycles. During the 14th cycle, Hall mobility and carrier concentration were also measured. Results of

this annealing cycle process are discussed in chapter 4.
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Figure 2.6: Flowchart showing one cycle of annealing of the sample with R = 21 in 5 mTorr; 14 such cycles
were performed on the sample.
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2.2 Characterization techniques

2.2.1 Physical properties
2.2.1.1 Microstructure & surface morphology

* Scanning electron microscopy (SEM): After deposition of the thin films using PLD and e-beam
evaporation, they were characterized for their surface morphology and particulate density using SEM.
Zeiss Merlin SEM was used for this purpose - EHT voltage of 10 kV was used on more conductive
films, while EHT of 3 kV was used for more resistive films and those that were deposited on quartz

substrates to avoid charging. Both in lens and secondary electron detectors were used.

* Atomic force microscopy (AFM): AFM was used for two purposes - (i) to characterize the thickness
and roughness of the films deposited by PLD and by e-beam evaporation, and (ii) to calibrate the
deposition rate for the different e-beam targets. An MFP-3D AFM by Asylum Research was used for
all measurements, and was operated in non-contact mode. For thickness measurements, a step was
typically created from the substrate to the top of the film by masking a portion of the substrate during
film growth. A line profile across the step gave the thickness of the film. Fig. 2.7 shows a typical step
height measurement obtained for a 7 nm FDTO film deposited by PLD at UTK.
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Figure 2.7: Plot showing a typical step height measurement obtained using AFM for measuring film thick-
ness.

* Grazing incidence X-ray diffraction (GIXRD): As-deposited and annealed films of FDTO, de-
posited both by PLD and e-beam evaporation, were characterized by GIXRD to investigate whether
the films were amorphous or crystalline. A Panalytical X’Pert3 MRD X-ray diffractometer equipped
with Cu Ko source (1.54059 A) radiation and a Xe-proportional detector was used for these measure-
ment (same instrument was used both at UTK and at UCB). The GIXRD patterns were recorded in a
20 scanning mode using a parallel beam mirror on the incident beam side and a parallel plate collima-
tor of 0.27 divergence on the diffracted beam side. A combination of beam mask and divergence slits
was selected to illuminate the sample surface without illuminating the sample holder. The GIXRD
patterns were collected in the 20 range between 10-90° with a step size of 0.02° and step time of 7

sec/step using an omega value of 0.5.
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* X-ray reflectivity (XRR): XRR was performed on the films deposited by PLD at UCB using the
same Panalytical X Pert3 MRD X-ray diffractometer in order to measure the thickness and density of
the FDTO films. A slit of 1/16 was used on the beam side to optimize reflectivity signals. Fitting of
the XRR fringes were done using the reflectivity software that came with the instrument.

* Transmission electron microscopy (TEM): The microstructure of the as-deposited and annealed
FDTO films were further investigated in TEM to look for the presence/absence of any nanoclusters.
High resolution TEM images and diffraction patterns were taken in a Zeiss Libra 200MC at an acceler-
ation voltage of 200 kV, while the Z-contrast images and EELS spectra were taken with an aberration
corrected (Nion, Inc.) dedicated STEM VG 501 UX operated at 100 kV. This instrument is equipped
with a cold field emission electron source and a Gatan Enfina EELS spectrometer. In addition, Ultra-
STEM 200 at the Center for Nanophase Materials Science at Oak Ridge National Lab was also used
for imaging and EELS analysis.

2.2.1.2 Chemical composition

* Scanning TEM (STEM): The chemical composition and distribution of the various cations at an
atomic level were investigated using STEM. This was done in a Zeiss Libra 200MC, where Z-contrast
images and EELS spectra can be taken using an aberration corrected (Nion, Inc.) dedicated STEM
VG 501 UX operated at 100 kV. The instrument also has a cold field emission electron source and a
Gatan Enfina EELS spectrometer. For some of the films, low loss EELS spectra were obtained to look
at the bandgap edge in order to get more insight into the transport behavior of the films. In addition,
Ultra-STEM 200 at the Center for Nanophase Materials Science at Oak Ridge National Lab was also
used for imaging and EELS analysis.

* Energy dispersive X-ray spectroscopy (EDS): EDS was used to quantify the ratio of Fe:Tb+Dy in
the films prepared by e-beam evaporation and having different elemental compositions. The EDS
detector by Bruker was available with the Zeiss Merlin SEM, and the Bruker software was used to

quantify the spectra.

* X-ray photoelectron spectroscopy (XPS): The as-prepared and annealed FDTO films were charac-
terized by XPS to look at the cation states near the surface of the film. However, two different XPS
systems were used for this. For the films deposited by PLD at UTK, XPS measurements were done by
Dr. Arthur Baddorf at Oak Ridge National Laboratory using a SPECS Focus 500 monochromated Al
Ko X-ray source operated at 380 W and a SPECS PHOIBOS-150 hemispherical electron analyzer at
normal emission and 40 eV pass energy. Relative atomic concentrations were taken from comparison
of Dy 3d, Tb 3dss, O 1s, and Fe 2p3,» core levels, analyzed and corrected for sensitivity and trans-
mission factors in CasaXPS software. For all other films, XPS measurements were done by Dr. Tamil
S. Sakthivel, our collaborator at University of Central Florida, who measured the spectra at room
temperature in an ion-pumped chamber (evacuated to 2 x 10~ Torr) of an PE-PHI5400 spectrometer,

employing Al-Ko radiation (BE = 1486.6 eV) of about 4 mm spot size. The binding energy (BE) for
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the samples was calibrated by setting the measured BE of C 1 s to 284.6 eV. Peakfit software was
further used to identify the chemical state of multifaceted Fe 2p, Dy Tb 4d and Ols spectra according
to the previous reports. XPS measurements were also done at UCB by Mark Hettick to measure the
work function of the as-prepared films deposited at UCB. The system was a Kratos AXIS Ultra system
which has a monochromatic Al K-alpha source, with a hemispherical analyzer. A charge correction

to C 1s peak was applied during data fitting.

2.2.2 Optical properties

Ultra-violet-Visible (UV-Vis) transmission spectra were obtained for all thin films deposited on quartz using
an Ocean Optics spectrometer with a He-Ne light source that allowed measurements to be made between
300 nm to 900 nm, with integration time of 1 ms and 100 scans to average. The beam spot size had a
diameter of 1 mm. Transmission spectra were acquired at five different locations of each sample to ensure
homogeneity of the film thickness. Tauc plots for were generated by first converting the transmission values
(% T) to absorbance using Beer-Lambert’s law and then dividing by the film thickness to get the absorption
coefficient as a function of the probing wavelength. The relevant equations are given below:

100
Abs=In| — 2.1
s =In <T%> 2.1
where Abs is the absorption and T% is the percentage transmission.
Ab
oa="2 (2.2)

where « is the absorption coefficient.

The Tauc plot was made with y-axis as (ochv)l/ " as a function of hv (the wavelength in energy units).
A tangent was drawn at the region of the plot with sharp increase, which was then extrapolated to cut the
x-axis at the band-gap value; m = 1/2 was used to obtain a direct band gap value and m = 2 was used to

obtain indirect bandgap value assuming bands are parabolic.

2.2.3 Transport properties
2.2.3.1 Van der Pauw measurements

(taken from “Methods” section of Malasi et al. [1] because it was written by H.T.)

For measuring the electrical properties, silver pads were deposited on the four corners of the sample
using e-beam evaporation, as described previously. Gold wires were then attached to the silver pads using
silver epoxy paste. A Keithley 2400 sourcemeter was used to measure the sheet resistance and the hall
mobility of the deposited amorphous oxide. Sheet resistance was measured using the Van der Pauw method,
where probe contacts are made at the four corners of the sample. Current was supplied at two adjacent
contact points while voltage was measured at the two remaining contact points, i.e. if the four contacts were
numbered 1, 2, 3, and 4, current was supplied between 1 and 2 (I;7), while voltage was measured between

4 and 3 (V43) to get resistance Ry 43. In this way, the current direction was changed to cover all four sides,
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making sure to reverse the current direction on each side, resulting in eight total measurements. The four-
probe resistance was measured by the Keithley sourcemeter working in 4-wire sensing mode. A LabVIEW
code was written to collect data from the Keithley for 1 minute and then display the average value. This
method of data collection ensured noise-compensated resistance values. After all the eight resistance values
were measured (Rj2.43; R21.34; R3421; Ra3.125 Ra1.325 R14.23; R23,14; R32.41), the following formula was used
to calculate the sheet resistance:

exp(—ﬂRA/RS) —|—exp(—7‘l:RB/R5) =1 2.3)

where Ra = (R1243 + Ra134 + Ras21 + Ry312)/4, Rp = (R4132 + Ryg23 + Roz 14 + R3241)/4, and Ry is the
sheet resistance. The resistivity was calculated as the product of the sheet resistance and the film thickness.

Hall measurements were made by supplying current along the contacts 3 and 1, and measuring the
voltage between 4 and 2. For each value of current, the magnetic field was varied and the corresponding
Hall voltages were measured. Just like for sheet resistance measurements, a LabVIEW program was used
to collect data to compensate for noise and drift. A plot was then made of Hall voltage vs applied magnetic
field and a straight line fit was applied to it to obtain the slope of the plot. The hall mobility, i, was then

calculated using:

_ (L
=B 1r;

where I is the current supplied and Rg is the sheet resistance. The process was repeated with at least three

2.4)

different current values to obtain reliable Hall mobilities. The carrier concentration, n, was calculated as

|
.
eup

where e is the charge on an electron, and p is the resistivity.

2.9

Sheet resistance was also measured as a function of temperature for the PLD films deposited at UTK
using Keithley 2400 sourcemeter. Although the same 4-wire sensing mode was used as for sheet resistance
measurement, the contacts for current supply and voltage measurement were fixed to one configuration so as
to not disturb the system while the film was being heated with an IR lamp. The temperature was measured
periodically using a laser temperature sensor and the corresponding resistance value was noted from the

sourcemeter.

2.2.3.2 Low temperature resistance

Resistance of the films from 3 K to 300 K were measured using PPMS systems. Two PPMS systems were
used, one at UTK and the other one by the group of Prof. A. Tiwari, a collaborator at the University of Utah.

The temperature dependence of resistance and magneto-resistance measurements were performed at the
University of Utah in a helium cooling cryostat. The sample was mounted in the cryostat which is connected
to a temperature controller (Lakeshore 335), a current source (Keithley 6220) and nanovoltmeter (Keithley

2182A). The electromagnet was powered by KEPCO bipolar optional power supply. The measurements
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were operated by LabVIEW program which controlled the current input, voltage measurement, the applied
magnetic field, and temperature setting.

Temperature and field dependent resistivity and hall effect measurements at UTK were made with the
help of Dr. Rupam Mukherjee using a Quantum Design Physical Property System. High purity silver epoxy
from SPI Supplies and gold wires of 25 pm diameter were used as contact electrodes and wiring respectively.
Measurements were made using the Van der Pauw configuration as described above to eliminate contact
resistance at the sample-electrode interface, at intervals of 5 K. Hall mobility of the films were measured up

to 5 Tesla to look for anomalous hall effect.

2.2.3.3 High temperature resistance and hall mobility

Resistance of the film with R=21 was measured in-situ as a function of temperature from 300 K to 700 K in

5 mTorr pressure using the Hall measurement system by MMR technologies, as described in section 2.1.5.2.

2.2.3.4 Photoconductivity

Photoconductivity measurements were made by Dr. Hernando Garcia at the Southern Illinois University-
Edwardsville to probe conduction mechanism and electrical bandgap. The photoconductivity setup was
designed to study the photoconductance response of the sample as sample is illuminated with monochro-
matic light. A phase sensitive technique was used that permitted the detection of very small currents. The
experimental setup is shown in Fig. 2.8. The light from a CERMAX Xenon fiber optics light source is
passed through a CM110 1/8m monochromator that is controlled through a RS-232 port, using a computer
running LabVIEW. The program scanned wavelengths from 300 nm-900 nm. Light was first passed through
the monochromator, then was modulated with a chopper from Stanford Research, at a frequency of 100 Hz.
The output signal of the chopper was used as the reference signal for a Stanford Research SR830 look-in
amplifier. The lock-in amplifier served a number of purposes: first, it used the reference frequency created
by the optical chopper to reduce the effects of AC noise; second, it amplified the signal from a resistor to a
range of 0 to 10 V, even if the signal was in the microvolt range. Finally, the lock-in amplifier contained an
ADC (analog-to-digital converter) that allowed it to transfer the measured signal to the computer. It is worth
mentioning that the signal out of the lock-in amplifier contained a DC-component, and an AC component
with the same modulation frequency as the chopper. By mixing the signal through the local oscillator in the
SR830, the DC component and other sources of noise were eliminated. Finally the light was focused with a
microscope objective of 20X and focused on the sample. The sample was connected to a battery and a load

20 k{2 resistor, the voltage across the resistor is fed into the input port of the lock-in amplifier.
2.2.4 Magnetic Properties

2.2.4.1 Superconducting quantum interference device (SQUID)

SQUID was used mainly to measure magnetic moment as a function of magnetic field, with field both in-
plane (IP) and out-of-plane (OOP) with respect to the plane of the sample. The system used was a Quantum
Design Magnetic Property Measurement System using brass as a sample holder at UTK, and plastic drinking
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Figure 2.8: Schematic of phase-sensitive photoconductivity set-up.

straw as sample holder at UCB. Magnetic fields of up to 5 Tesla were supplied for these measurements.
Samples on quartz typically contributed to a diamagnetic background signal, which was subtracted to get
the saturation magnetization for the FDTO films.

Magnetic moment as a function of temperature were also measured for the as-prepared films having
different R values using a vibrating sample magnetometer by our collaborator at North Carolina A&T State
University.

All samples for magnetic measurement were handled using non-magnetic, teflon tip tweezers to prevent

magnetic impurities.

2.2.4.2 Magnetoresistance (MR)

* Normal MR: MR of as-prepared and annealed thin films deposited by e-beam evaporation were
measured by Dr. Tiwari’s group at the University of Utah, in the Van der Pauw configuration, using
the same system that was used for low temperature resistance measurement. In addition, MR of thin
films deposited by PLD at UCB were measured using a home-built measurement system at UCB. The
system used an electro-magnet that was capable of going up to 6000 Oe, a Keithley 6221 for supplying
AC current, and a Stanford SR865A lock-in amplifier to measure the voltage. A LabVIEW program
was developed to interface with all the instruments, and collect, plot and save data. The contacts were
made by wirebonding Ag contact pads on the samples to contact pads on a chip holder that was used
to mount the sample at the center of the magnetic field. The magnetic field was supplied IP to the

plane of the sample for this measurement.

* Anomalous MR (AMR): AMR was measured using at UCB the same measurement system as de-
scribed above. The only difference is that a servo motor was used to rotate the stage for measuring MR
at different angles. A LabVIEW program was also developed to control the servo motor and specify

the angle of rotation of the stage. A constant magnetic field was supplied IP for this measurement.
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* Giant MR (GMR): GMR signal of the devices described in section 2.1.4.2 were measured using the
same home-built system at UCB as described in the normal MR section. Magnetic field was supplied
IP with respect to the plane of the sample. In addition, a Tektronix signal generator was used to
customize pulse voltages to be supplied as bias across the BFO thin film. A Keithley 6517a was also

used for this purpose to supply a constant DC voltage when needed.

2.2.4.3 Surface magneto-optic Kerr effect (SMOKE)

SMOKE measurements were performed on as-prepared and annealed films deposited at UTK by PLD and
by e-beam evaporation to check for room temperature magnetism in the films. The SMOKE system is home-
built, and the schematic of the system is shown in Fig. The measurements were made in longitudinal mode
using a s-polarized laser beam of 633 nm wavelength making 12.6° angle of incidence with the normal to
the substrate plane. However, it was later discovered that there is a limit to the sensitivity of the system
as some of the films did not show any SMOKE signal but exhibited weak room temperature magnetism in
SQUID.
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Figure 2.9: Schematic showing the SMOKE setup for making longitudinal measurements on the FDTO thin
Sfilms [110].

2.2.5 Ferroelectric hysteresis and fatigue test

Ferroelectric hysteresis measurements were made on the FDTO/BFO capacitor devices described in section
2.1.4.1. Ferroelectric measurement system supplied by Radiant Technologies Inc. at UCB was used for this
purpose. The top and bottom electrode contacts were made using a probe station. Drive voltage of upto 10 V
was supplied at 200 kHz to make the measurements. This system was also used for doing fatigue testing on
the capacitors, where upto 10% cumulative switching cycles were applied to the devices, and the polarization

was measured after every certain number of cycles.
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Chapter 3

Discovery of a novel, amorphous
Fe-Dy-Tb-oxide (FDTO) with high optical
transparency, conductivity, and mobility

(Modified with permission from Abhinav Malasi, Humaira Taz, Annette Farah, Maulik Patel, Benjamin
Lawrie, Raphael Pooser, Arthur Baddorf, Gerd Duscher and Ramki Kalyanaraman, Scientific Reports, 2015,
accepted. Copyright 2015 Nature Publishing Group)

3.1 Summary

In this chapter, we report the discovery of Fe-Tb-Dy-oxide, an amorphous ternary oxide of the form Me, O3
(where Me = 66% Fe, 24% Dy, and 10% Tb), that showed unexpected functional properties. The amorphous
microstructure and homogeneous cation distribution were confirmed by GIXRD and TEM, and EELS mea-
surements respectively, which were stable upto 500°C. The thin films were found to be optically transparent
with a bandgap of ~2.85 eV. Transport measurements revealed the films to have very high conductivity
(>5x10* S/m) and hall mobility (~30 cm?/V-s) in ambient conditions. Since this material shows signifi-
cantly different transport behavior from its constituent oxides, which are insulating in ambient conditions, it
could point to a new class of oxide materials made from elements with unfilled d and f-orbitals that exhibit
transport and optical properties desirable for applications in electronic devices. This discovery was the be-
ginning of the investigations on various properties and potential applications of FDTO to be pursued in this

thesis.

3.2 Methods

Details of PLD growth of the FDTO thin films and characterization techniques can be found in chapter 2.
The characterization methods used in this chapter are listed below:

e SEM and AFM for surface characterization
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TEM (including EELS), XPS, and XRD for material characterization

» UV-Vis transmission spectroscopy and Tauc plot analysis for optical properties

SMOKE measurement for magnetic properties

* Van der Pauw sheet resistance and hall mobility measurement at room temperature; resistance as a

function of temperature from 300 K to 500 K using IR lamp

3.3 Results

Interest in the well-known magnetostrictive, commercially available material Terfenol-D (TD; metal com-
position of 66% Fe, 24% Dy, and 10% Tb) stemmed from its potential magneto-optic applications. Thin
films (9 nm - 75 nm) of TD were deposited on quartz and SiO,/Si substrates by PLD using the metal alloy
TD target (purchased from Etrema [106]). Details of the PLD deposition parameters can be found in chapter
2.

Upon examining the as-prepared (AP) thin films, they appeared optically transparent to the naked eye
as can be seen in Fig. 3.2(a) for the sample marked AP. To investigate the optical properties further, UV-Vis
transmission spectra were obtained for the AP films for a range of thicknesses, as shown in Fig. 3.2(b). All
the films were found to have greater than 50% transmission in the UV to NIR range (i.e. 1.5 to 4eV), with
the 9 nm film exhibiting >90% transmission in that range. To confirm that the transparency was not a result
of discontinuous film structure, SEM and AFM measurements were performed on the 25 nm film. Fig. 3.2
(c) and (d) show the results of those measurements respectively - both measurements showed a continuous
film morphology. PLD particulates, a typical by-product of this deposition process, can be seen in the SEM
image, while the RMS value from the AFM measurement showed the surface roughness to be of the order
of 1 nm as seen in z-axis label in Fig. 3.2(d). Line profiles from the AFM measurements of all three films
are also shown in Fig. 3.1(c), where it can be seen once again that the roughness is between 1-2 nm. The
hypothesis for the optical transparency then had to be the bandgap of the films. Therefore Tauc plot analysis
(details of which can be found in chapter 2 was performed on the as-prepared films of all three thicknesses,
as shown in Fig. 3.1(b). An exponent of 2 on the y-axis of the Tauc plot gave the best fit to the linear regime
of the absorption data, and so the direct bandgap obtained from this analysis was found to be ~3 eV for
the 9 nm film, ~2.8 eV for the 25 nm film, and ~2.7 eV for the 35 nm film. These values are plotted as a
function of thickness in the inset of Fig. 3.2(e) using open circles. All of these values are representative of

a semiconductor rather than a metal film.

31



49
— 9nm 3.59
— 25nm -~ 3
> —37mm E
£
o £257
5 £ 2
z o 1.53]
[+] T f
N2 14
0.5%
T T T ~1 T ' 0 T T T T T
16 2 25 3 35 4 0 0.5 1 1.5 2

hv (eV) Distance (um)
(a) (b) (©)

Figure 3.1: (a) SEM image of O annealed film. (b) Tauc plot analysis for AP films of different thicknesses.
(c) Surface roughness profile of as-deposited films measured using AFM.

These preliminary results from optical measurements done on the as-prepared films indicated that the
metals from the PLD target were rapidly getting oxidized either during the deposition process itself or as
soon as they were exposed to the atmosphere. To investigate the changes in the optical properties of the films
upon further oxidation, the 25 nm film was annealed at 500 °C for two hours in ambient atmosphere (i.e. O»
anneal), and in nitrogen-rich atmosphere (i.e. N, anneal). Both the annealed films became visibly different
from the AP state, as seen clearly in Fig. 3.2(a), samples labeled N, and O;. Optical transmission of these
films showed an increase in percentage transmission from their AP state between 1.5 eV to 3 eV; however,
both annealing environments produced very similar optical behavior. Tauc plot analysis of the annealed
films showed the bandgap to be about the same value of 2.8-2.85 eV as compared to the AP film. This is
shown in Fig. 3.2(e) and in its inset as cross from O, annealed film, and open triangle for N, annealed film.
Fig. 3.1(a) shows the SEM image of the O, annealed film, where the PLD particulate density was found to
be less than that for the AP film.

In order to understand the origin of the bandgap, TEM, XPS and GIXRD studies of the AP and annealed
films of 25 nm were performed, which would shed light on the chemical composition and stoichiometry of
the films, as well as provide insight into the microstructure. Fig. 3.3(a) shows the HR-TEM image of the 25
nm AP film. There is no evident crystallinity from the image, which is further confirmed by the diffraction
pattern presented in the inset, showing diffused rings which are characteristic of amorphous films. TEM
image of the O, annealed film is shown in Fig. 3.4(c), which shows similar amorphous microstructure in the
annealed state too. This finding is further consolidated by GIXRD data presented in Fig. 3.4(a) and (b) - (a)
shows the XRD peaks obtained from the Terfenol-D target where the peaks align perfectly with those found
in database for this material, while (b) shows GIXRD plots for AP, O, annealed and N, annealed films. The
plots show features typically seen in amorphous films - no sharp peaks and a broad hump present near 30
degrees. The only peak that was observed in the samples originated from the SiO, substrate, as can be seen

in the figure.
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Figure 3.2: (a) Optical photograph of lettered blocks showing the large transparency of 25 nm thick films in
as-prepared state (marked as AP), and following annealing in nitrogen (marked as N2) and oxygen (marked
as 02) at 500°C for 2 hrs. (b) Optical energy (and wavelength) dependent transmission of as-prepared
films with thickness between 9 to 37 nm (dashed curves) and following annealing of the 25 nm film solid
curves). (c-d) SEM (c) and AFM (d) information from a 25 nm as-prepared film respectively. (d) Tauc plot
comparing the direct optical absorption in 25 nm films (as prepared is dashed line while annealed are solid
lines. The extrapolations from the strongly absorbing linear regimes are shown and were used to estimate
the band gap. Inset shows the Tauc direct band gap values as a function of thickness of the as-prepared
films and following annealing of the 25 nm film. A line corresponding to the average band gap value from
measurements of various as-prepared films is also shown in the inset.
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Figure 3.3: (a) Amorphous microstructure of the as-prepared films was evidenced by TEM imaging and
selected area diffraction (inset). (b-c) EELS analysis of the as-prepared and O, annealed films only detected
Fe, and O (Fig. c) and Tb and Dy (Fig. d). In Fig. (b) the EELS spectrum from a PLD nanoparticle
is also shown by dotted curve. (d-g) XPS measurements showing the various detected components in the
as-prepared vs O o annealed films. (d) Fe 2p signal (e) O Is signal. (f) Tb 3d 5/2 signal, (g) Dy 3d 5/2
signal. In figures b-g, the as-prepared (AP) films are shown by dashed curves while the O, (02) annealed
films are shown by solid curves. The vertical dotted lines mark the position of the various absorption edges
(EELS) and peaks (XPS) as indicated. The additional vertical lines in Fig. (d) correspond to the additional
Fesq absorption peaks found in the hematite and magnetite form or iron oxides.

Fig. 3.3(b) and (c) show core loss EELS spectra for the AP (dashed red lines) and O, annealed (solid
green line) samples showing volume averaged peaks for O, Fe, and Tb and Dy respectively. Analysis of the
EELS spectra revealed the AP and O, annealed states to be very similar, with all the elements completely
oxidized in both cases. Quantification of the EELS spectra resulted in the metal to oxygen ratio being 2:3,
with an inherent error of 10%. Therefore the stoichiometry of the AP state could be stated as Me; O34,
where Me = 66% Fe, 24% Dy, and 10% Tb. The Fe peak from the O, annealed film matched exactly
with that for Fe;O3 found in database. This indicated that although the Fe cation changed during anneal,
there was no change to the Tb and Dy cations. The stoichiometry of the O, annealed film was found to be
Me;, 03, which is more oxidized than the AP state. No evidence of cation segregation was observed from
TEM, concluding that the films had homogeneous distribution of the metal cations. XPS measurements
were carried out to look at the chemical composition on the surface of the film. The XPS survey scans of
the AP and O, annealed films, shown in Fig. 3.4(d), revealed peaks from the expected metals, oxygen, and
carbon. The carbon peak can be attributed to hydrocarbons on the surface from the atmosphere. Panels (d)
to (g) in Fig. 3.3 show the XPS peaks for Fe 2p, O 1s, Tb 4d and Dy 4d respectively. Comparing the peak
positions to those present in standard database, Fe’* was identified in both the AP and O, annealed films

by the presence of a satellite peak near 718.8 eV. However, the satellite peak was slightly shifted to a lower
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energy, providing evidence for the presence of some Fe?* as well. In addition, the AP sample showed a small
peak at 707.4 eV that indicates Fe?. However, it was concluded that the peak must have been from PLD
particulates on the surface since no Fe’ peak was observed in the EELS spectra. To confirm this hypothesis,
EELS spectrum was taken from a particulate, as shown by the dotted black line in Fig. 3.3(b). There was no
O peak visible for this spectrum, so the Fe peak in this case must have been from Fe’. The formation of an
oxide layer of about 10-30 nm in thickness has been reported by multiple groups [111, 112], where it was
observed that the top oxide layer forms rapidly while the remaining bottom layers undergo slow oxidation.
The amorphous microstructure is also not unexpected since the substrate was at room temperature - typically

substrate heating is an important factor to grow crystalline films.
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Figure 3.4: (a) Shows the XRD of the Terfenol-D target. Indexing of the various peaks showed that the target
was consistent with the original Terfenol-D composition. (b) Comparison of GIXRD scans of as-prepared,
nitrogen annealed, and oxygen annealed films of 25 nm thickness as well as the underlying substrate which
was SiO,(400 nm)/Si. The only features evident from the films were the underlying substrate features, as
indicated on the figure. This confirmed that the films were amorphous. (c) TEM image of O, annealed film
(d) XPS survey scan to determine the elements present in the AP and annealed films.

Since optically transparent oxides that are conductors/semiconductors are desirable for applications in
electronic and display devices, the transport properties (i.e. conductivity and hall mobility) of the AP and
annealed films were measured using the Van der Pauw technique, detailed in chapter 2. To determine
whether the films were metallic or semiconducting, temperature dependent conductivity was measured, as
shown in the inset of Fig. 3.5(a). Since the conductivity was seen to increase with increasing temperature,
the as-prepared film was concluded to be semiconducting. Fig. 3.5 (a) shows the conductivity of the AP films
decreasing with increasing thickness between 9 nm to 74 nm. The conductivity values were measured to be
in the range between 5x10° and 5x10* S/m, which are exceptionally high when compared to the constituent
oxides [6, 113]. Since the conductivity and hall mobility, ug, are related by the equation ¢ = ugne, where

n is the carrier concentration, the hall mobility was measured for AP films of various thicknesses too. A
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for 25 nm films following annealing in nitrogen (N3) or oxygen (O3) at 500°C for 2 hrs. (e) Mobility change
with annealing. (f) Carrier concentration remained relatively unchanged following annealing. In figures
d-f, the as-prepared films are indicated as AP while the O, and N, annealed films are marked as O2 and N2
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typical hall voltage vs magnetic field plot is shown in Fig. 3.6(a), where the slope of the plot was used to
calculate the hall mobility. The negative slope also was a sign of n-type carriers responsible for conduction
in the material. Although the mobility was seen to be quite constant around 32 cm?/V-s with the changing
thickness, and thus could not explain the change in the conductivity, the value of the mobility was very
high for a system containing oxides of Fe, Tb, and Dy. To rule out the presence of anomalous hall effect,
magnetism in the AP films were probed using SMOKE measurements, shown in Fig. 3.6(b). No magnetism
was detected in the AP film (black line), and so the hall mobility values were confirmed to be due to
the ordinary hall effect and not the anomalous hall effect. Calculation of carrier concentration from the
mobility and conductivity values showed the carrier concentration to decrease with increasing thickness.
Although this phenomena has been observed in ultrathin semiconducting films [114], in the studied system
it could be a result of increasing surface roughness, as demonstrated in the inset of Fig. 3.5(c). The carrier
concentration values were also very high compared to doped semiconductors used as channel layers for thin
film transistors, thus the AP films were indicative more of a degenerate semiconductor.

Transport properties of the O, and N annealed films were also measured, as seen in Fig. 3.5(d)-(f).
Both conductivity and hall mobility were seen to decrease with higher level of oxygen incorporation in the
films, while the carrier concentration remained fairly unchanged. Regardless, the lowest mobility value of
2.2 cm?/V-s obtained for the O, annealed film was higher than the constituent oxides. SMOKE measurement
of the annealed films, shown in Fig. 3.6(b) also confirm the absence of magnetism, and hence of anomalous
hall effect, in the annealed films. The annealing result could provide insight into controlling the transport

properties of the films for future applications.
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Figure 3.6: (a) Plot of Hall voltage as a function of applied magnetic field for a 74 nm thick as-prepared
film studied for two different voltage configurations for an applied current of 100 UA. (b) Kerr rotation
measurements of as-prepared and annealed films.

3.4 Discussion and conclusion

Combination of high optical transparency, high conductivity, and high mobility has been observed in only
a select few systems that have cations with the outer orbital having electronic configuration of (n-1)d'%ns®
[14, 59]. This leads to the s orbitals being responsible for the conduction band, while the valence band
is formed by the oxygen 2p orbital leading to a large band gap and subsequent transparency in the visible
spectrum. Conduction in such systems is high because of the huge overlap between the s-orbitals, and the

high mobility originates due to the high curvature of these orbitals too. In addition, the second feature in such
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systems is that the hall mobility and conductivity of the ternary oxide cannot exceed that of its constituent
oxides [13, 115].

The FDTO system has none of these attributes. The constituent oxides (Fe,O3, Tb,O3, and Dy,03) are
well known for their low conductivity, the latter two being used mostly as dielectric materials. In Fe,O3, the
conduction band is made of Fe 3d-orbital and the valence band from O 2p orbital. The d-orbital is relatively
flat, and hence mobility is low in these systems (<0.001 cm?/V-s) [116]. Similar situation exists in the oxides
of the lanthanides where the 4f orbital from Tb and Dy form the conduction band and the O 2p orbital forms
the valence band. The f-orbitals are even flatter compared to the d-orbitals, and hence the lanthanide oxides
are insulators [9, 113]. However, the Tb and Dy 4f orbitals have the ability to introduce filled or empty
states inside the optical bandgap [117]. Therefore, in the Fe-Dy-Tb-oxide system, it is very likely that the f
and d-orbitals make the conduction bands instead of the s-subshells of these cations [118]. Despite this, we
observed conductivity and hall mobility to be several orders of magnitude higher than what is traditionally
expected in this system. This could lead to completely new physics of understanding how conduction takes
place in ternary oxides. The conductivity could be a result of interaction between the 4f and 3d orbitals that
have not been investigated before. Understanding the origin of these properties could introduce new options
for materials to be used for electronic and energy applications. The remaining chapters of the thesis aim to
understand the origin of these properties by changing the cation ratio in the system, performing controlled
annealing studies, changing the oxygen content of the films during the growth process, and finally finding

an application for this material.
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Chapter 4

Transparent ferromagnetic and
semiconducting behavior in Fe- Dy-Tb
based amorphous oxide films

(Reproduced with permission from Humaira Taz, Tamil Sakthivel, Nana K. Yamoah, Connor Carr, Dhanan-
jay Kumar, Sudipta Seal, and Ramki Kalyanaraman, Scientific Reports, 2016, accepted. Copyright 2016
Nature Publishing Group)

4.1 Summary

In this chapter we report the transport, optical, and magnetic properties of amorphous thin films of FDTO
having different compositions of metals Fe, Tb, and Dy that show unique combination of functional prop-
erties. Films were deposited with different atomic weight ratio (R) of Fe to Lanthanide (Dy + Tb) using
electron beam co-evaporation at room temperature. The films were found to be amorphous, with grazing in-
cidence x-ray diffraction and x-ray photoelectron spectroscopy studies indicating that the films were largely
oxidized with a majority of the metal being in higher oxidation states. Films with R = 0.6 were semicon-
ducting with visible light transmission due to a direct optical band-gap (2.49 eV), had low resistivity and
sheet resistance (7.15 x 107 Q-cm and ~200 €/sq respectively), and showed room temperature ferromag-
netism. A metal to semiconductor transition with composition (for R < 11.9) also correlated well with the
absence of any metallic Fe” oxidation state in the R = 0.6 case as well as a significantly higher fraction of
oxidized Dy. The combination of amorphous microstructure and room temperature electronic and magnetic
properties could lead to the use of the material in multiple applications, including as a transparent conductor,

active material in thin film transistors for display devices, and in spin-dependent electronics.

39



4.2 Methods

The material synthesis by e-beam evaporation is described in chapter 2. The characterization techniques

used are listed below:
* SEM and AFM were used for surface morphology

» UV-Vis transmission spectroscopy were used for optical properties

XPS, XRD, and EDS were used for material characterization

SMOKE and VSM were used for magnetic characterization

* Van der Pauw sheet resistance and hall measurements were made at room temperature; resistance was

measured from 3 K to 300 K as well.

4.3 Results

Our investigations were motivated by the role of metal composition in the FDTO system with the hypothesis
that since Fe is the largest component of the metal in the original Terfenol-D alloy, its ratio with respect
to the lanthanides could shed important clues about the electronic, optical and magnetic properties of this
material. For this reason, we have prepared films with Fe to lanthanide metal (Tb+Dy) atomic weight ratio

R varying between 0.60 to ~21.
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Figure 4.1: Plots showing quantified atomic percentages of Fe, Tb and Dy from the five EDS point spectra
for(a) R =0.60, (b) R = 11.9, and (c) R = 21. The inset in each plot shows the SEM image of the film with
the respective R value, with regions marked by white plus signs (numbered) to show the locations where the
EDS spectra were obtained from.

The morphology and composition (as well as composition uniformity) for the different films were ana-
lyzed using scanning electron microscopy (SEM) and energy dispersive x-ray analysis in the SEM, respec-
tively. SEM images for each of the samples showed a featureless film, as evident in the insets of the plots
in Fig. 4.1(a,b,c). EDS point spectra were obtained from 5 locations (each 57 nm x 57 nm), which were

subsequently quantified to obtain atomic percentages of Fe, Tb and Dy. Fig. 4.1(a,b,c) show the atomic
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percentages from all five locations for films with R = 0.60, 11.9 and 21 respectively, confirming a homo-
geneous distribution of the three elements. Fig. 4.2(a) inset shows another SEM micrograph of the film
with R=0.60. Once again, a featureless morphology reflecting the generally smooth films was evident; the
dark spots present in the SEM image arises from ambient, organic contamination. The SEM images for the
remaining two films can be found in the supplement. In Fig. 4.2(a) is the typical EDS point spectrum from
a 57nm x 57nm sized area on the film. Quantitative analysis of the various peaks yielded the atomic % of
each metal. The uniformity of the composition across the film was evaluated by performing similar EDS
analysis at 5 random locations. We determined that all the films investigated were highly uniform in their
spatial composition, consistent with deposition by the e-beam evaporation process which normally yields

good spatial uniformity.
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Figure 4.2: (a) Typical EDS point spectrum from the film with R = 0.60. Inset shows the SEM micrograph of
the film and the plus sign marks the spot from where the point spectrum was obtained (b) Plot showing the
atomic percentage of Fe, Tb and Dy in the three samples as a function of R (Fe: Tb+Dy) (c) GIXRD plots
for typical films from the different R values.

In Fig. 4.2(b), the cumulative results of the atomic % of the metallic elements present for the films
prepared under the three different co-evaporation conditions is shown as a function of the atomic concen-
tration ratio R defined as the atomic % of Fe to the atomic % of the lanthanides (Tb + Dy). The primary
change among the three films was in the concentration of Fe and Dy, while the concentration of Tb remained
relatively unchanged. The three films had R of 0.60+£0.083, 11.9+1.84 and 21.05 £-5.62 respectively, and
several films (up to 3 each) with these compositions with a fixed total thickness of 40 nm (calculated from
pre-calibrated deposition rates of the targets in e-beam) were systematically investigated for various physical
properties. In Fig. 4.2(c) the GIXRD scan from each of the compositions is shown. No evidence for crys-
talline scattering was evident and on a broad peak centered around a 26 of ~22°was observed in each case.
Such featureless x-ray spectra with a single broad peak at low angles are generally evidence for lack of any
long range order, [119, 120] thus implying that all the films compositions deposited here were amorphous.

Knowing the oxidizing nature of the individual metals in this film, we next performed detailed inves-
tigations of the metal cation state (and oxygen content, which is presented in the supplement) in the films
through XPS analysis. Fig. 4.3(a, b, c) show the Fe 2p peaks for the three cases as well as deconvoluted
spectrum obtained by peak fitting using Peakfit software [121]. The deconvoluted peaks help identify the
different cation states present. In films with R =21.05 and R = 11.9, a peak at 706.2 eV and a satellite peak
at 719.8 eV indicated the presence of Fe®, which is the metallic Fe; however for films with R = 0.60, these

two peaks were missing. The predominant state of Fe in all three samples was Fe3*, with peaks centered
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Figure 4.3: XPS plots showing (a, b, c) Fe 2p, and (d, e, f) Tb and Dy 4d for all three R values.

at 710.82 eV, 711.09 eV, and 710.62 eV, and satellite peaks centered at 717.93 eV, 717.82 eV, and 718.54
eV for samples R=21.05, 11.9 and 0.60 respectively. The samples also contained some Fe* that had peaks
centered at 709 eV and satellite peaks centered at 714 eV for all three samples [122]. The relative concen-
tration of each cation state was calculated using [Fe* = Y 1A of Fe* /Y 1A of Fe], where Fe* is the Fe atomic
concentration of the cation state x, A of Fe* is the integrated area of the corresponding state x, and IA of
Fe is the total integrated area of Fe peaks. Upon quantifying the percentage of the three Fe states from the
XPS spectra, it was found that the percentage of Fe’, Fe>* and Fe’*, respectively, were 8.21%, 28.12% and
63.67% for R =21.05, 5.11%, 30.86% and 64.03% for R = 11.9, and 0%, 35.13% and 64.87% for R = 0.60.

These values are tabulated in Table 4.1.

Table 4.1: Cation composition of the various metals measured by XPS for the three composition ratios
investigated.

Composition ratio
R=0.60 11.9 21.05
Fe? 0 5.11 | 8.21
Fe’* | 35.13 | 30.86 | 28.12
Fe’* | 64.87 | 64.03 | 63.67
Tb? 509 | 7.48 | 30.52
Tb>* | 9491 | 92.52 | 69.48
Dy’ | 4138 | 60.40 | 61.87
Dy>* | 58.61 | 41.38 | 38.13

Cation

A similar analysis was performed for the lanthanide metals. In Fig. 4.3(d, e, f)), the 4d peaks for both Tb
and Dy are presented. The Tb® peak was centered around 145 eV for all three samples, while the two peaks
observed for Tb3* were centered around 148 eV and 150 eV for the various composition. Similar results

were observed for Dy where the Dy” peak was centered around 152 eV and Dy>* peaks were centered around
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154 eV and 155 eV. The deconvoluted Tb and Dy peaks were also quantified. The relative concentration of
Tb? and Tb3* for each of the samples is shown in Table 4.1. For the case of Tb, as composition changed from
R = 0.60 to R = 21.05, the concentration of metal Tb, i.e. Tb? increased with concomitant decrease in that
of Tb**. A similar behavior was observed for the Dy, with the relative concentrations of Dy° increasing and
Dy?* decreasing with increasing ratio R. Fig. 4.4(a) demonstrates the trend in the relative concentration of
Fe metal and of all the cations as R increases. The relative concentrations of all the metal cation percentages
decrease with increasing value of R, and remarkably there is no metallic Fe for R = 0.60. Fig. 4.4(b) (right
y-axis) shows the ratio of Fe** to Fe?* as a function of R as well, and it shows almost a linearly increasing
trend with increasing R. More importantly, for R = 0.60, the value of the ratio is 1.84, which has further
significance as discussed later in the paper. In Fig. 4.4(b, left y-axis) the total metal (M° = Fe® 4+ Dy° + Th")
to metal cation (M"+ = Fe>* + Fe3* + Dy’ 4 Th*") ratio is shown as a function of the composition ratio
R (open circular symbols). From this it was evident that for compositions 0.60 and 11.9 more than 75%
(84.5% and 76.3% respectively) of the metal was in oxidized state, while for the R =21.05 case 66.5% was

oxidized.
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Figure 4.4: Plots of (a) metal and cation relative concentrations and (b) the ratio of metal to their cation
states (left y-axis, black, green and blue data points), and the ratio of Fe>* to Fe** (right y-axis, red closed
circles) as a function of R (Fe:Tb+Dy)

The XPS peaks corresponding to oxygen in such oxide systems, i.e. Ols peaks, are generally known to
be broad with multiple overlapping components [123, 124]. In 4.5(c), the O1 peak centered at 529.6 eV was
seen in all three compositions and is generally attributed to the Fe metal oxide, but, according to literature,
can also correspond to the oxides from Tb and Dy [123, 125]. The O2 peak marked and centered around
531.7eV may be attributed to the OH" species that are mostly present on the surface. The formation of the
hydroxide could be due to the reduction of the oxygen in the air to hydroxide at the metal surface by the
moisture in the air. The metal is thus oxidized to cations and the corresponding metal hydroxide also forms
very rapidly. The high binding energy peak centered at around 533 eV belongs to the adsorbed moisture on
the surface. According to literature, this peak also belongs to SiO,; however it is not a plausible explanation
in our case because the deposited film thickness is about 40 nm. Overall, the integrated area of the O1 and

the O2 peaks was seen to increase with the decreasing R value, thus supporting the changing metal oxide
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content with composition ratio R.
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Figure 4.5: XPS plots (a), (b), (c) showing Ols spectra for all three R values.

XPS spectra can provide very useful information on the position of the valence band edge with respect to
the Fermi level, which, in turn, could help correlate the composition with physical properties. In Fig. 4.6(a)
the valence band edge analysis was performed for all three compositions to ascertain the location of the
valence band maximum (VBM) with respect to the position of the Fermi level [which corresponds to 0 eV
binding energy on Fig. 4.6(a)]. From the figure, it can be seen the VBM was quite different for the various
compositions. The R =11.9 and 21.05 cases had a VBM at -0.6 eV and -1.2 eV respectively, implying that
the Fermi level was lower than the VBM, a behavior generally observed in metallic systems. On the other
hand, the R = 0.60 composition had a VBM at 2.2 eV, implying that the VBM was below the Fermi level,
a scenario typically seen in insulating or semiconducting material. To further establish the validity of this
XPS findings, the broadband optical transmission spectra for the various compositions was analyzed and is
shown in Fig 4.6(b). The compositions of R = 11.9 and 21.05 had an extremely low transmission over the
wavelength range investigated (which included the visible optical range between 300 and 800 nm), while the
R =0.60 case showed a significantly higher transmission of > 45% throughout the range. This transparency
measurement generally supported the XPS analysis of Fig. 4.6(a), i.e. the transmission of R =11.9 and 21.05
were more consistent with a metallic system while R = 0.60 was more consistent with a semiconductor. To
establish the nature and magnitude of the band-gap in R =0.60, the Tauc plot was generated, and is shown
in the inset of Fig. 4.6(b). From this plot, the direct band-gap of ~2.4 eV was estimated from the intercept,
as shown on the figure. Therefore, by combining the measurement from the XPS (VBM is at 2.2 eV) and
the optical bandgap value, the conduction band energy was ~0.2 eV above the Fermi level, implying that R
= 0.60 should behave like an n-type semiconductor.

To further understand (and differentiate) the various compositions, the room temperature electrical prop-
erties were measured using four probe technique. Fig. 4.7(a) shows the resistivity p of the films, while the
inset shows the sheet resistance R, as a function of composition ratio R. From this it was evident that a
dramatic decrease in resistivity occurred in going from R = 0.60 (p = 7.15 x 1074Q —cm) toR = 11.9, and
subsequently the resistivity was relatively unchanged (p ~ 9 x 10730 — cm). This resistivity behavior was
generally consistent with the results of XPS and optical transmission suggesting that R = 11.9 and 21.05

were likely metallic (low resistivity) while R =0.60 was semiconducting (higher resistivity). In fact, the
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Figure 4.6: (a) XPS spectra for R = 0.60 (blue), 11.9 (red), and 21.05 (black) showing the valence band
maximum. (b) Plot of percentage transmission vs the probing wavelength for all three samples; inset shows

the Tauc plot for R = 0.60 generated from its transmission data using m = 1/2 for calculating a direct
bandgap.

resistivity for the optically transparent film (having R = 0.60) is comparable to the reported resistivity for
amorphous ITO films of similar thickness (5.93 x 1074Q — cm for a 97 nm thick film) [28]. The resistivity
could be further related to some fundamental quantities of the material through p = 1/ugne, where uy is
the Hall mobility, » is the carrier concentration and e is the electron charge. An independent measurement
of the Hall voltage was used to extract the carrier concentration (with knowledge of the p) and the type of
charge carriers (i.e. n- vs p-type). In Fig. 4.7(b), the measured Hall mobility is shown (open symbols) as
a function of the composition. The sign of the mobility was negative (—ve) for all compositions, imply-
ing n-type carriers, and the mobility value for the semiconductor film (R =0.6) was >300 cm?/V-s, while
those for the two metallic films were 73 cm?/V-s (R = 11.9) and 65 cm?/V-s (R = 21.05). This finding
was not surprising since metals are known to have lower hall mobility values than semiconductors [126].
From the measured p and py values, the carrier concentration was estimated, and, as shown in Fig. 4.7(b,
closed symbols) the carrier concentration dropped by approximately two orders of magnitude from the R
= 11.9 and 21.05 compositions (n ~ 10?'cm™3) to the R = 0.60 case (n ~ 10'°cm™3), again supporting the
semiconducting nature of R = 0.60.

Given the high concentration of iron in these films, we also measured the magnetic response as a function
of composition. Fig. 4.8(a) compares the room temperature hysteresis behavior of the three compositions
measured using a PPMS instrument. All three compositions showed clear evidence for a saturation field as
well as evidence for hysteresis with a small coercive field suggesting soft ferromagnetic behavior at room
temperature. In Fig. 4.8(b), the saturation field and the coercivity values are shown as a function of com-
position. Both quantities were found to increase in going from the metallic compositions (R =11.9, 21.05)
to the semiconducting state (R = 0.60). We also measured the the magnetic behavior using the Surface
Magneto-Optical Kerr Effect (SMOKE) technique that detects change in incident light polarization with
applied magnetic field. Shown in Fig. Fig. 4.8(c) are the relative Kerr intensities as a function of mag-

netic field measured at room temperature for the various compositions. These measurements also displayed
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Figure 4.7: Plot of (a) four-probe resistivity (black, filled circles) with inset showing four-probe sheet resis-
tance (red, filled rectangles), and (b) hall mobility (empty, red squares), and carrier concentration (filled,
green diamonds; right y-axis) as a function of R (Fe:Tb+Dy)

hysteresis behavior with a saturation and coercivity similar to that measured using the PPMS [Fig. 4.8(a)]
supporting the general observation that all the compositions investigated displayed soft ferromagnetism at

room temperature.
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Figure 4.8: (a) Magnetic hysteresis measurements at 300 K are plotted for all the compositions; inset shows
a magnified view near the zero field to highlight the coercivity in each of the plots. (b) Plot of the coercivity
(left y-axis) and saturation field (right y-axis) as a function of composition for all the samples (c) Plot of
Kerr rotation for all three compositions using magnetic field of -6000 Gauss to 6000 Gauss. Inset of plot
shows a magnified view of the plots near zero field to highlight the coercivity.

4.4 Discussion and conclusion

From the XPS results, it was evident that the vacuum deposited metallic alloy film, for all the compositions
investigated, was rapidly being oxidized upon exposure to air ambient at room temperature. This result was
consistent with the recently reported observations that the the Terfenol-D composition (which has R ~ 1.94)
also rapidly oxidizes upon air exposure to yield semiconducting films. From Fig. 4.4(c), it was evident that
the oxidized metal made up ~50% or more of the total metal atoms and so we therefore one could call these
films a highly oxidized film. In this context, the transition from the metal to semiconducting behavior with

composition can be correlated with certain important changes. First, we analyzed the Fe**/Fe?* ratio, and
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this was found to decrease from 2.26 in R = 9 to 1.84 in R= 1, as demonstrated in Fig. 4.4(b). The value
of 1.84 in R =1 is very close to the value typically reported in magnetite (Fe3O4) [127]. On the other hand,
the binding energy of Fe** of 710.82 eV and 711.09 eV in samples 1 and 2 respectively can be assigned
to the Fe 2ps3pvalue observed in y-Fe, O3 (maghemite). Therefore, one important change in the film with
decreasing R appears to be the change in the type of iron oxide, i.e. from predominantly y-Fe,O3 to Fe3O4
(along with the simultaneous decrease in the amount of Fe” content in the film). However, neither of these
forms of iron oxide are known to have the combination of low resistivity and high mobility values measured
here. Fe3;0y is reported to have resistivity of the order of 1073 Q — ¢m [31, 128] while it is of the order
of 10° Q — c¢m for y-Fe,O3 [3]. A 41 nm thickness epitaxial magnetite film has been reported to have an
effective hall mobility of about 0.07cm?/V — s, with a maximum anomalous hall mobility of 35cm?/V —s
[129]. Although a hall mobility for a maghemite thin film was not available, the two oxides (magnetite
and maghemite) are reported to have similar and low mobility values due to the narrowness of the d-bands
[130]. Furthermore, there is little known about the electronic properties of these oxides in their amorphous
state. In this context, it is tempting to assign the general behavior of these compositions as well as the
transition from metallic to semiconducting state to the behavior of the lanthanide elements. With reference
to Fig. 4.4(a) and (b), it was evident that the metal cations of both the lanthanide metals increased with
decreasing R value. However, the Dy showed a dramatic change in the fraction of metallic to oxidized state,
i.e. Dy’/Dy**, dropped from >1.5 for R > 11.9, to ~0.7 for R = 0.60. Such a large drop was not seen in
any of the other metal constituents. Since this change in the Dy cation composition was strongly correlated
with the measured optical and electronic changes, we hypothesize that the among other possible factors, the
oxidation of the Dy metal is one of the most important drivers for the appearance of the novel properties
being evidenced in these materials.

In this study, thin films with varying composition atomic ratio of Fe:(Dy+Tb) (atomic percentages)
were fabricated at room temperature. The films were found to be homogeneous in composition and had
amorphous microstructure. Chemical analysis by XPS studies showed that while the metal cation fraction
increased with decreasing atomic ratio Fe:(Dy+Tb), all the films had a large fraction of oxidized metal
(>66%). Furthermore, XPS valence band edge analysis suggested that high iron compositions were metal-
lic while the high lanthanide composition was semiconducting. These properties were supported by optical
transmission and electrical resistivity measurements of the films. All the compositions were found to have
ferromagnetism at room temperature. The finding of the composition-tunable metallic-semiconducting be-
havior, as well as the presence of room temperature ferromagnetism, optical transparency, and semiconduct-
ing behavior suggests the following: the combination of Fe with the lanthanides (Dy and Tb) can lead to a

class of materials with a range of multifunctional applications in the amorphous phase.
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Chapter 5

High conductivity and magnetism in
Fe;1Dy(.81Thg.19 oxide thin film from cyclic
annealing and oxidation

5.1 Summary

The field of spintronics continues to progress in the quest for obtaining memory devices that can have
higher information density while operating at a lower energy. New materials have been developed that
combine high conductivity and room temperature ferromagnetism, such as the Heusler alloys and dilute
magnetic semiconductors. While Fe3Oj is the oldest known naturally occurring ferromagnetic oxide, its
application towards spintronic devices have been slow due to the deterioration of magnetism as a result of
grain boundaries. Here we report the development of a stable phase of Fe;; Dy g1 Tbg.19 oxide by annealing
the as-prepared films grown by electron-beam evaporation through 14 heating cycles from 300 K to 700 K in
5 mTorr environment. The post annealed oxide film was a stable semiconductor having very low resistivity
of 0.34 mohm-cm, two orders of magnitude lower than that of Fe304 (~10 mohm-cm), and room temperature
magnetism with magnetic moment of 380 emu/cc and coercivity of 200 Oe. Although the magnetic moment
is lower than epitaxial Fe3Qy, it is still better than polycrystalline Fe3O4 thin films. The results presented
here could lead the pathway for new types of spintronic materials that are outside the family of Heusler
alloys and dilute magnetic semiconductors, that are stable in ambient conditions,and that combine high

conductivity and magnetism at room temperature.

5.2 Methods

Full details of film synthesis can be found in chapter 2 and in an earlier publication [17]. The film having R
= Fe:(Tb+Dy) = 21 was used for this study. The details of cyclic annealing and characterization techniques
can be found in chapter 2.

A second film of the same composition was annealed in a furnace (details in chapter 2) at 700 K in 10
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mTorr for 18 hours. Optical transmission and sheet resistance measurements were performed on this film.

5.3 Results

Our studies were motivated by trying to understand the role of oxidation on the stability, transport, mag-
netic, and optical properties of FDTO films that have cation ratios different from the original Terfenol-D
composition. For this study, an as-prepared film having ratio, R = Fe:(Tb+Dy) = 21 was selected because of
its high Fe content. The hypothesis was that a mostly Fe-based film would allow better understanding of the
role of the rare-earth (RE) elements since they can be considered as dopants based on their small amount
in the film. In the study elaborated in chapter 4, a 40 nm thick film of R = 21 exhibited metallic behavior
in the as-prepared state. For this study, a film of nearly 78 nm thickness with R = 21 was put through 14
annealing cycles from 300 K to 700 K in 5 mTorr pressure; no further annealing cycles were carried out
because the resistivity of the film appeared to have stabilized. At each temperature, the resistivity of the film
was measured in-sifu, while both hall mobility and carrier concentration were also measured in addition to
the resistivity for the 14™ cycle. Another film of the same composition was annealed inside a furnace at 700
K for 18 hours, to compare the change in properties of a one-step anneal against cyclic anneal. 18 hours
were selected based on the total time the sample spent in the cyclic annealing process and approximating
that the sample stayed at 700 K for ~30% of the time, based on the cyclic measurements. Magnetic and
optical properties of the oxide film were measured. A cross-section of about 2 um in length and ~80 nm
in thickness was milled out using focused ion beam (FIB) for doing TEM analysis. (Details of electrical,
optical, magnetic, TEM, and GIXRD measurements can be found in chapter 2).

The thickness of the film was confirmed in cross-sectional HR-TEM (high-resolution TEM) image
shown in Fig. 5.1(a), where the R21-oxide film can be seen to have segregated into three separate re-
gions as opposed to being in a homogeneous state. The microstructure of the three different layers were
further investigated by doing FFT of the HR-TEM image in Fig. 5.1(b): FFT from the top 25 nm of the film
showed amorphous rings (bottom right diffraction pattern in Fig. 5.1(b) taken from the area marked with
the smaller yellow box), while that from the bottom 47 nm layer showed significant crystallinity (middle
right diffraction pattern taken from the area marked with the larger yellow box). From the bright spots, the
lattice parameter value was measured to be around 0.5 nm, which was close to that for FezOy4, and so the
conclusion can be drawn that the polycrystalline regions mostly belong to Fe3O4.From the HR-TEM image,
the structure of the middle bright region seems to be a mix of amorphous and polycrystalline structure. Re-
gardless, diffraction measurement shown in Fig. 5.1(d) was obtained from the bottom 47 nm film, with the
particular region shown in Fig. 5.1(c).This confirmed the polycrystallinity of the bottom layer. In order to
find out the origin of the amorphous rings in Fig. 5.1(d), diffraction pattern was obtained from the substrate
SiO; only, and it was found to be amorphous, as shown in Fig. 5.1(e). The microstructure was independently
probed by taking GIXRD measurements (black line in Fig. 5.1(g)), which showed some peaks that matched
with the Ag metal peak positions (red lines in Fig. 5.1(g)) obtained from database. There was a small peak
evident around 37 degrees, which was slightly above that obtained for epitaxial Fe;O4 (35.5) shown using

dotted blue line in Fig.5.1(g) . This peak, combined with the information derived from the HRTEM image,
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made the strong case that the film had a significant amount of polycrystalline FezO4. The diffraction peak
for Fe3O4 in GIXRD might have shifted from the original position due to the different random orientation of
the crystalline nano-clusters, the presence of Dy cations, and presence of some amorphous microstructure.

In order to check the homogeneity of the chemical composition of the R21-oxide film, EELS spectra
were taken from three regions marked by green boxes in Fig. 5.2 (a), (b) and (c). In (a) and (b), Fe3* cation
was found everywhere, whereas the Dy** was seen to be concentrated right around the narrow, bright band
seen in the HR-TEM image in the middle of the film. Fig. 5.2(c) shows the distribution of the Fe, O, and Dy
along the depth of the film, demonstrating that there is a gradual decrease of oxygen from top to bottom, the
Fe is distributed quite evenly except for a region in the middle, where the Dy distribution shows higher Dy
concentration. In this EELS map too the Dy is seen to be present for about 20 nm below the dark band. The
plot on the left-most inset of Fig. 5.2 shows the ratio Fe/O (on the x-axis) along the depth of the film. The
plot shows that from the top of the film to about a depth of 55 nm, the Fe/O ratio is slightly lower than that
of Fe304. Upon close inspection, it can be seen that in the regions between 33 nm to about 50 nm, the plot
is pushed to lower values of Fe/O relative to the trend of the previous data points. This region corresponds
exactly to where maximum Dy is found in the film, indicating that the region contains oxygen bonded not
only to the Fe atoms but also to the Dy atoms. The values of Fe/O were not plotted beyond 66 nm because
the software detected no oxygen in the last 10 nm of the film. This issue will be discussed shortly in this
section. In the z-contrast images in (a), (b) and (c), the bright band from HR-TEM is seen as a dark band,
which indicates that the middle region is has low Z value, and hence has more oxygen, than the top and
bottom regions. The in-homogeneous distribution of the Dy** could be due to cation diffusion during the
heating cycles. The z-contrast images also show the bottom 47 nm to be brighter than the top 25 nm, which
could indicate a less oxidized system at the bottom than on the top. This is supported well by the oxygen
map in Fig. 5.2(c).

The oxygen map also showed the bottom of the film to be completely deficient of oxygen. Since this
could indicate a metallic state of Fe, the EELS spectrum from that region (marked by the red box in Fig.
5.2(c)) was inspected. From Fig. 5.2(d), it can be seen that while the major peak for O K-edge at 540 eV
is visible, there is no signal for the pre-peak at 530 eV typically seen for iron oxides. In addition, it should
be noted that no Tb was detected in any of the EELS spectra. Both of these results (i.e. the absence of
oxygen pre-peak and the absence of Tb) could be due to the small signal intensity obtained at those energies
due to the relatively high thickness of the FIB sample. Upon further inspecting the oxygen distribution in
Fig. 5.2(c), the oxygen concentration is seen to drop right after the end of the dark band. This indicates
that the dark band in the middle could be acting as a protective layer for the bottom 47 nm, which might
explain the high-z values causing the region to appear brighter. The chemical composition of the surface of
the film was investigated independently using XPS measurements. The XPS peaks for Fe 2p, and Tb and
Dy 4d are shown in Fig. 5.2 (c) and (d) respectively. Both spectra confirmed the absence of metallic state of
the elements. By quantification of the area under the peaks, the ratio of Fe3*/Fe?* was obtained to be 1.83,
which is within 20% of that found in Fe3;O4. In addition, it was evident from the Tb and Dy 4d spectrum
that the film contained more Dy than Tb, with the Dy:Tb ratio found to be 8.1 from the quantification of the
peaks. Therefore the top two layers can be described as Fes Oy system interspersed with Dyg g1 Tbg 19.
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Figure 5.1: (a) HR-TEM image showing cross-section of the R21-oxide film on top of the SiO,/Si substrate.
The top two layers show polycrystalline Pt and Ag sputtered (labeled) on top of the film to protect the film
surface. The R21-oxide film has three distinct regions: a 25 nm top layer, a bright 6nm middle layer, and 47
nm bottom layer. (b) A zoomed-in HR-TEM image of just the R21-oxide film. The top surface of the film is
on the left edge, and the bottom of the film is on the right. Yellow boxes mark regions where image FFT has
been performed to get diffraction patterns; the top FFT image is taken for the entire sample, showing that
the film has amorphous as well as polycrystalline regions. The second FFT image is from the bottom 47 nm
of the film (area marked by the bigger yellow box) and shows polycrystallinity, while the third FFT image
is from the top 25 nm of the film (area marked by smaller yellow box) and shows amorphous structure. (c)
Z-contrast image of region containing bottom layer of R21-oxide and SiO; from where diffraction pattern
in (d) has been obtained. The diffraction pattern shows polycrystalline features along with a diffused ring
Jfrom amorphous structure. (e) Diffraction pattern of only SiO; layer to confirm that the amorphous ring in
(d) was originating from SiO, layer. (f) GIXRD pattern obtained from the R21-oxide (black line) showing
peaks, most of which overlap with Ag peaks (red lines) originating from the contact pads on the sample.
There was a small peak around 37 degrees which corresponded closely to the 35.5 degree peak from Fe3O,.
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Figure 5.2: (a)-(c) Z-contrast images of the R21-oxide film obtained by STEM detector. The green boxes
mark regions from where EELS spectra were obtained. Insets for (a) and (b) show the Dy>* distribution
in the EELS region, while the insets for (c) show 0%, Fe&**, and Dy’*distributions along the film depth.
The left-most inset of (c) also shows plot of Fe/O along the depth of the film, where Fe/O is plotted on the
x-axis and the depth values in nm are plotted along y-axis for ease of visual representation, the black line
in the plot marks the Fe/O value of 0.75 found in Fe3;0y4. (d) EELS spectrum from the oxygen deficient
region marked with red box in (c), showing the presence of the major O K-edge peak at 540 eV but not the
pre-peak that is usually present for all iron oxides at 530 eV. (e), (f) XPS peaks for Fe 2p, and Tb and Dy 4d
respectively, both showing the absence of the elements in their metallic state. Quantification of the Fe peak
gave the Fe**/Fe?* ratio as 1.83.

Since this kind of phase segregation in the final oxide film was unexpected, it was important to inves-
tigate how the transport properties of the film evolved with each annealing cycle. Figure 5.3(a) shows the
evolution of resistivity with each annealing cycle. In cycle 1, where the material was in the as-prepared
state, the resistivity increased with increasing temperature up to 550 K indicating metallic behavior, and
then started decreasing after 550 K exhibiting a more semiconducting behavior. This trend continued until
the fifth heating cycle, with a metal to insulator transition (MIT) occurring at 550 K, i.e. the slope of the
curve changed from positive to negative at around 550 K. However, the MIT occurred at a much higher
temperature in cycle two - a behavior that was not repeated or observed in any other cycle. After the fifth
cycle the resistivity decreased with increasing temperature for the entire temperature range, with three dif-
ferent slopes evolving in the plots. By the 13" cycle, the plots had three distinct regimes - steep decrease in
resistivity from 300 K to 350 K, followed by a flatter slope until 550 K, and then a steeper negative slope
again. The transition points can be seen more clearly in the inset, which plots the derivative of the resis-
tivity with respect to temperature. The possible explanation behind these three regimes will be discussed

later in this section. Figure 5.3(b) shows the room temperature resistivity to have stabilized after 13 cycles
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at a value which was almost ten times larger than that of the as-prepared state; however, even this final
stable resistivity of 0.7 mohm-cm is still two orders of magnitude lower than that for epitaxial Fe;O4 (10
mohm-cm) [7, 32]. In contrary, a second R21 film that was annealed inside a furnace at 700 K in ~10 mTorr
for 18 hours showed completely insulating behavior. This indicated that cyclic annealing in a lower partial
pressure of oxygen produced very different films compared to one-step annealing at higher oxygen partial
pressure (atmosphere) at the same maximum temperature for a long time period, i.e. if the film had been
sitting at 700 K for 30% of the total time required for 14 heating and cooling cycles. Resistance measured
at low temperature for the R21-oxide film from cyclic annealing displayed a minimum at around 120 K and
hysteresis below that, as shown in Figure 5.3(c). The dip in resistivity is very similar to the Verwey transition
[78] that takes place at around 125 K for FezO4, suggesting that the overall transport behavior of the film is
close to that of Fe3O4. The observed hysteresis could be due to some form of phase transition occurring in
the polycrystalline layer of the film. No such transition was seen in the as-prepared film where the resistivity
at low temperature demonstrated the typical positive slope expected for a metallic film, as seen in the inset
of Figure 5.3(c).
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Figure 5.3: (a) Evolution of resistivity with different annealing cycles for FDTO film with R = 21; (b)
Room temperature resistivity, i. e. at the beginning of each cycle, vs number of heating cycles, showing a
stabilization of resistivity of the film. (c) Resistivity of the post-annealed film from 10 K to 700 K, showing
a sharp transition from semiconducting to metallic behavior around 100 K and back to semiconducting
behavior around 250 K. There is also a hysteresis present below 100 K. Inset shows resistivity of the as-
prepared film, showing metallic behavior from 3 K to about 550 K.

The hall mobility and carrier concentration of the film were also measured in-sifu as a function of
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temperature for the 14" heating cycle. As seen in Figure 5.4(a), the mobility is p-type and the measured
values are greater than 20 cm?/V-s for the studied temperature regime. This is much higher than reported
p-type hall mobilities in other oxide semiconductors [131, 132]. However, since the ratio of Fe3*/Fe?* and
the dip in resistivity at 120 K hinted the film to be very close to Fe304, some magnetism might be present in
the film. Therefore hall measurement (ex-situ) of the post annealed film at high magnetic fields was carried
out to check for the presence of anomalous hall effect (AHE). The film was found to exhibit AHE, as shown
in the inset of Figure 5.4 (a). From the plot of Ry vs B field, the mobility due to anomalous hall effect
(AHE) was calculated to be 25.1 cm?/V-s while that due to ordinary hall effect (OHE) was found to be 1.72

cm?/V-s.
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Figure 5.4: (a) Hall mobility as a function of temperature with three different regimes following T3, T044,
and T~'%; inset shows hall resistance ( Ryy) vs magnetic field plot of the post-annealed film, demonstrating
the presence of anomalous hall effect. (b) Carrier concentration as a function of temperature shows two
distinct regimes; inset is a plot of In n vs 1/T from where values of activation energies were obtained for
the two regimes. (c) Plot of conductivity vs temperature for the low temperature (200 K-300 K) and high
temperature (300 K-700 K) regimes, showing fits to different conduction models for each regime: the purple
fit from 200-300 K shows variable range hopping while the red fit from 300-700 K shows conduction by
delocalized states. Inset shows the plot of In(conductivity) vs 1/T where the plots were extrapolated to
obtain the focal temperature T¢.

In the plot of log ut vs T for crystalline semiconductors, the first half of the mobility where the mobility
increases as a function of temperature is dominated by ionized impurities and follows T>2. In this regime
the electrons gain more velocity as temperature increases and so they are able to overcome the scattering
due to ionized impurities. This leads to an increase in mobility with increasing temperature. However after
a certain temperature, mobility starts to decrease with increasing temperature due to phonon contributions.

T—3/2

The mobility follows for acoustic phonons and T-'? for optical phonons. In the case of the R21-

oxide, the log p vs log T plot in the inset of Fig. 5.4(a) shows three different regimes of temperature

TO'83, T0.44 and T—1.96

dependence: in that order. Although this is not the typical expected T dependence, the
high temperature regime is similar to that observed for traditional semiconductors such as Si and Ge [133].

The increase in mobility was slower than what is observed in typical semiconductors and this could be due
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to the mixed amorphous-polycrystalline nature of the material which contains more ionized impurities than
normal. It was concluded that the maximum seen in the mobility vs temperature plot is not due to a magnetic
transition such as the Curie temperature because the drop in the mobility value past 550 K would have been
sharper as the mobility due to the much higher AHE contributions (15 times higher than the OHE) would
have been suppressed.

Fig. 5.4 (b) shows the carrier concentration having two regimes as well: from RT to about 500 K the
carrier concentration decreased very slightly while it rapidly increased after 500 K. According to [134] if a

model of thermal activation of carriers from defect states to band states holds true then

n= noe"% (5.1)

where U is the activation energy related to the position of the acceptor level (in the case of p-type
conduction) relative to the valence band edge[134]. A fit of In(n) vs 1/T plot (inset of Fig. 5.4(b)) gives
U = 0.483 eV for the high temperature regime and -0.017 eV for the low temperature regime.

To understand what is happening to the film with each heating cycle, we recall that for undoped n-type
a-Si:H and p-type a-Ch, conduction at high temperature occurs in the conduction band extended states and
valence band extended states respectively [135]. As explained by Singh and Shimakawa [135], this yields a
temperature dependence of conductivity for electrons as ¢ = cpexp(—AE /kT), where AE = Ec — EF, i.e.
the activation energy given by the difference between the Fermi energy Er and the mobility edge at the con-
duction band E¢. The pre-exponential factor correlates with the activation energy as 6y = Gpoexp(AE /Eyn ),
where oOyois a constant and Ejy is a characteristic Meyer-Nedel energy [135]. The Meyer-Neldel character-
istic energy is interpreted as Tc = Eyy/k, where T¢ is the focal point in temperature where ¢ approaches
oo for all doping concentrations. The inset in Figure 5.4 (c) shows that a focal point in temperature can be
derived upon extrapolating the conductivity plots for each heating cycle for the R21 film. In our case, the T¢
value comes out to be 847 K, which corresponds to a Meyer-Neldel energy of 0.073 eV. Therefore with each
heating cycle, the carrier concentration in the material is changing possibly due to continuous oxidation of
the three metallic elements from the as-prepared state until a stable state is reached.

The conduction mechanism of the post cyclic-annealed film is hypothesized to be dominated by variable
range hopping in the range of 200 K to 300 K, and by delocalized states for temperatures above 300 K. This
can be seen from the fitting applied to the low and high temperature conductivity data in Figure 5.4(c). In
the low temperature regime (200-300 K), the dominant transport mechanism can be assumed to be near the
Er and the DC conductivity can be modeled as op¢c = %exp[—(%)y] + Oy fser» Where 0 is a constant, Ty
is a temperature related to the density of states at the Fermi surface, 0,y is a conductivity offset due to
the intrinsic resistivity of the contacts, and v is related to the dimensionality of the localized states in the
valence band. The model predicts a value of 7o ~ 2.0€eV and y = 0.55.

The high temperature conductivity (>300 K) is assumed to be dominated by delocalized states, which
can be modeled as 6pc = Goexp[—%] + O, rfser,Where Ty corresponds to the activation energy of the system
and op = Gooexp(%). This T, refers to temperature corresponding to the Meyer-Neldel energy as already
found to be 847 K or 0.073 eV. Thus using that value of T¢ and the delocalized states model, the Tp is found
to be 0.425 eV, which is in close agreement to the activation energy of 0.483 eV obtained from the carrier
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concentration analysis.
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Figure 5.5: (a) Plot of photoconductivity (red filled circles; left y-axis) and absorbance (blue dotted line;
right y-axis) as a function of photon energy. Absorbance follows the photoconductivity after 2.5 eV, which
is roughly the start of localized states. Onset of delocalized states start at 2.9 eV, confirmed by the Tauc
plot analysis in the inset, where the bands are found to be parabolic (b) Valence band maximum analysis
from XPS, showing non-zero intensity at the Fermi level, meaning the Fermi level is below the valence band.
This confirms: (i) the film is a p-type semiconductor, with conduction happening within the valence band,
(ii) there are degenerate states inside the valence band. (c) Optical absorbance of the R21 film that was
furnace-annealed. Inset of Tauc plot shows two bandgaps - one around 2.6 eV and the second one around
3.8eV.

Since the R21-oxide films by cyclic annealing showed very low resistivity, while the film that was
furnace annealed turned insulating, it was necessary to investigate their bandgaps. The photoconductivity
and absorbance plots of the R21-oxide film by cyclic anneal is shown in Fig. 5.5(a). The inset shows Tauc
plot analysis of the photoconductivity data, revealing that the localized states start at ~2.5 eV while the
delocalized states begin at ~2.9 eV. This is consistent with the absorbance plot also showing an increase
at around 2.5 eV, further confirming the localized states to be below the delocalized states, and giving a
bandgap of 2.5 eV for the film. Upon comparing this to the absorbance of the furnace-annealed film shown
in Fig. 5.5(c), it can be seen that both the films have a bandgap at around 2.5 eV, found from the Tauc plot
in the inset, due to the localized states.

However, the furnace annealed film has an additional bandgap at 3.8 eV. Since the bandgap of Tb,03
is 3.8 eV and that for Dy,03 is 4.9 eV, this second bandgap might arise from the lanthanides. From this
observation, it can be concluded that the distribution of the Lanthanide atoms in the iron oxide matrix play
an important role in the final transport properties of the films. Valence band maximum (VBM) analysis from
the XPS measurement was done to determine the position of the valence band edge relative to the Fermi
level. From Fig. 5.5(b) it can be seen that the Fermi level is inside the valence band for the cyclic annealed
film. This not only confirms that the final film is a p-type semiconductor, but also indicates that there are
degenerate states present, which could lead to the high carrier concentration values in the order of 10?! for
this film.

Because the R21-oxide film showed evidence of anomalous hall effect during transport measurement, it
was important to fully characterize the film’s magnetic properties. Fig. 5.6(a) shows the room temperature

magnetic moment of the R21-oxide film with magnetic field applied both in-plane (IP; black filled circles)
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Figure 5.6: (a) Plot of magnetic moment as a function of magnetic field for the oxide film (left y-axis; black
filled circles — in-plane; red open squares — out-of-plane), and for as-prepared film (right y-axis; green
dotted line — in-plane). The IP and OOP moment for the post-annealed film was about 380 emu/cc, much
lower than that for the as-prepared film (~1700 emu/cc), but very close to that of epitaxial Fe3;04 (480
emu/cc). Coercivity for the post-annealed film (~200 Oe) was higher than that for the as-prepared film (~20
Oe) shown in the inset. (b) %MR for the oxide film showing IP MR (blue open squares) to be higher than
OOP MR (red filled circles); however both are very small compared to that for epitaxial Fe3Oy4. (c)Plot of
Kerr measurement as a function of magnetic field for the as-prepared ( black filled circles) and R21-oxide
(red open squares) films. Kerr data supports the magnetization data in that the coercivity of the oxide film
was higher than that for the as-prepared film, as showing in the inset.

and out-of-plane (OOP; red open squares). The saturation moment for both IP and OOP was about 380
emu/cc. This was significantly lower than the saturation moment of ~1700 emu/cc of the as-prepared film,
shown as green dotted line (right y-axis) in Fig. 5.6(a). However, the final moment of the oxide film was very
close to that for epitaxial Fe;O4 (470 emu/cc) [7, 32] and higher than polycrystalline Fe;O4 (280 emu/cc)
[7]. The inset shows the coercivity of the oxide film (~200 Oe) to be higher than that for the as-prepared
film (~20 Oe). Magnetoresistance (MR) for the oxide film was found to be less than -0.25% with magnetic
field applied both parallel and perpendicular to the plane of the sample, as seen in Fig. 5.6(b); this value
is much lower than that in Fe30,4 (approximately -6% at 285 K [7, 32]). The low %MR could be a result
of the in-homogeneous distribution of the lanthanide cations in the film. Finally, Kerr measurements made
on the as-prepared and oxide films, shown in Fig. 5.6(c) also confirmed the presence of room temperature

magnetism in the oxide film.

5.4 Discussion and conclusion

There were several findings from this cyclic annealing study. First, the cyclic anneal resulted in a microstruc-
ture that had a gradient of crystallinity along the film depth, going from polycrystalline to amorphous state
from the region in contact with the underlying amorphous SiO, substrate to the surface. In addition, there

was a distinct band near the center of the film that had higher concentration of Dy>* than anywhere else in
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the film. This could suggest that with each anneal cycle, oxygen diffused from the surface downward while
the Dy>* cation diffused upward from the bottom of the film. This process slowed down once 700 K was
reached and the film was cooled down to room temperature, causing the cations to be stationary in their
positions. In the next anneal cycle, the same diffusion process repeated, with the cations starting off from
where they were stationed at the end of the previous cycle. In this way, by 14 annealing cycles, the system
stabilized to the state where (i) all the elements were completely in their oxide states, and (ii) most of the
Dy cations migrated to a little above the center of the film. This diffusion of the Dy and oxygen atoms to
the middle could have created a protective layer than prevented further oxidation on the bottom layer. Thus
the stable state might be dictated by the formation of this protective highly-oxidized layer in the middle.

Second, this method of annealing was strikingly different from the furnace anneal where the film re-
mained at 700 K for an extended period of time, thus maintaining the system at sufficient energy for the
cations and oxygen to diffuse for a long period of time. This form of annealing might result in a more ho-
mogeneous microstructure and chemical composition, but certainly had undesirable transport properties of
becoming an insulator. In addition, the absorbance of this furnace-annealed film revealed a second bandgap
at 3.8 eV, which was absent in the cyclic annealed film. This could be the result of a different distribution of
the lanthanide cations throughout the iron oxide matrix. Thus from these observations it can be concluded
that the lanthanides play an important role in the final transport properties of the oxide films.

Perhaps the most important finding of this study, from an application perspective, is a new technique
of annealing metallic films, which is capable of resulting in a completely oxidized system that is stable in
ambient environment over time, is highly conductive and magnetic at room temperature. With an increased
focus of the electronics industry to make memory and switching devices that are faster and more energy
efficient, there is a constant need for new materials that are conducting and magnetic at room temperature.
This particular Fe,; Dygg; Tbg 19 oxide could find application in spintronic devices, while the technique of

cyclic annealing could be applied to other materials to obtain desirable functional properties.
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Chapter 6

Effect of oxygen growth pressure on
transport, magnetism, and optical
properties of amorphous
Fey.66DYyo.24Tbg 1-0xide

6.1 Summary

This chapter presents the study of the change in physical, chemical, transport, optical, and magnetic prop-
erties of thin films of (Fep¢sDy0.24Tbo.1)203.x.y, Where x = Fe?*/(Fe**+Fe?*) and y = Tb>*/(Tb**+Tb*"),
deposited by PLD, as a function of varying oxygen pressure during growth. Upon characterizing the films,
it was found that although all the films were in their completely oxidized states, the conductivity and mag-
netic moment of the films increased with decreasing oxygen pressure, such that at pressures higher than
1x107 Torr, the films were insulating and non-magnetic at room temperature. The direct optical bandgap
increased from ~2.5 eV to about ~3.2 eV while the indirect bandgap increased from ~1.5 eV to ~2.9 eV with
increasing oxygen pressure. The changes in the transport, magnetic, and optical properties can be correlated
to an increase in the Fe>*/Fe* ratio in the films as oxygen pressure decreases. This was accompanied by
the presence of Tb4O7 in the films, indicating mixed valence states of Tb - an information that cannot be
ignored since from the previous chapters it was seen that the lanthanides play a crucial role in the final
transport properties of the film. The findings from this chapter can help determine growth parameters to be

used when depositing FDTO films in order to achieve properties desired for spintronic applications.

6.2 Methods

Thin films (20-30 nm) of FDTO were deposited using pulsed laser deposition. A KrF excimer laser was used
with wavelength of 248 nm, rep rate of 10Hz, and energy density of 1 J/cm?. The target was commercially

available metal alloy Terfenol-D (66%Fe, 24%Dy, 10%Tb), that was polished using a sandpaper prior to
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mounting on the target holder. Quartz substrates were used to allow for transport, magnetic, and optical
measurements on the films, as well as for GIXRD, XRR, TEM, and XPS. The substrates were cleaned by
sonicating in acetone and IPA for ~7 minutes each, and then drying with N, gun. The substrates were
mounted on the substrate holder using regular double-sided tape. After inserting both the substrates and the
target inside the chamber, the chamber was pumped down to the desired deposition pressure. However, to
make sure the environment inside the chamber is oxygen-rich, oxygen gas was leaked inside the chamber
until the pressure inside the chamber was slightly higher than the final deposition pressure. Then using a
combination of the gate valve the and the oxygen leak valve, the pressure inside the chamber was maintained
at the desired deposition pressure. This ensured that the film growth would take place in an oxygen rich
environment. Next, the target holder rotation was started and the target was pre-ablated (with the shutter
covering the substrate) for one minute to remove any surface impurities. The shutter was then removed
and timer started for deposition. After every 5 minutes, the target was moved slightly to allow deposition
from a fresh area - this made sure the stoichiometry of the target surface was not changing and also any
one particular region on the target was not getting more surface roughness than the rest. The entire process
took place at room temperature as there was no substrate heating involved. Once deposition was done, the
samples were promptly removed.

A wide range of oxygen pressures were used for this study: 5x10” Torr; 1.5, 2, 3, 4, 5x10°® Torr; 1x107
Torr; 1x10* Torr; and 1x10 Torr. The following characterizations were done on the films (with more

details provided in chapter 2):
* XRR: for density and thickness of the films
* TEM: microstructure and chemical composition
e XPS: chemical composition, valence band maximum, work function
* 4-probe sheet resistance

* Resistance vs Temperature from 3 K to 300 K

SQUID for measuring magnetic moment

* Magnetoresistance (MR) and anisotropic MR (AMR)

6.3 Results

6.3.1 Chemical composition and microstructure

Following film deposition (~ 1 to 2 hours typically), the FDTO films were characterized using XRR to obtain
the film thicknesses and the respective densities. Fig. 6.1 shows the thicknesses to typically lie between 20 to
30 nm with densities ranging between 5 to 5.8 g/cm>. There is a slight trend of the densities decreasing and
thickness values increasing as O, deposition pressure increases. Given that the deposition times were kept
constant, the increase in the thicknesses was attributed to increasing volume with increasing O, pressures as

a result of higher oxygen incorporation.
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Figure 6.1: Plot of density (blue open circles, left y-axis) and film thickness (red open squares, right y-axis)
as a function of O; pressure. The lines are meant as a guide for the eye. Density values stayed ranged from
5 to -5.8 g/cm’® while thickness values stayed ranged between 20 to 30 nm.

Next, TEM measurements were performed on the film deposited at 1.5x10°® Torr since that had the
highest density. One of the main concerns with the FDTO films was the presence of metallic nanoclusters
at low O, pressure: for this purpose the 1.5x10°° Torr film was appropriate too. The HR-TEM image of this
film in Fig. 6.3(a) shows an amorphous FDTO layer and polycrystalline Au layer on top. The amorphous
microstructure of the FDTO layer was confirmed by the diffused rings seen in the nano-diffraction pattern
(lower left inset) from the area marked by yellow circle in the FDTO layer. EELS spectra were taken from the
region marked by the green rectangle, and the spectra were analyzed according to peak positions described
in chapter 3 to get the distribution of the three metal cations. Some regions near the film surface were
identified with higher iron than throughout the bulk of the film. However, no metallic iron was observed in
those regions. Because the TEM sample was made using FIB, it was inconclusive whether the contrast near
the surface of the FDTO film seen in the HR-TEM image was a result of ion bombardment from the FIB or
if it was there in the original as-prepared film too. The lack of metallic states of any of the three elements
confirmed that any transport and magnetic properties of the FDTO films would arise from an oxide material
free of any metallic nanoclusters. Independent XPS studies were performed on all the films to look at their
chemical compositions at the surface. The peaks obtained from Fe 2p, Tb and Dy 4d, and O 1s for all the
samples are show in Fig. 6.2. It should be noted that no metallic peaks were seen from Fe, Tb, and Dy - a
Tb metal peak causes a double peak to appear around 151 eV, which was absent in all the spectra. Given the
susceptibility of Dy to oxidize, fitting done without Dy metal peaks had good fit to the experimental data.
The absence of metal also supported the chemical compositions obtained from the EELS analysis. Although
the Fe?* and Fe’* peaks could be decoupled during fitting, it was more difficult to segregate the different
cation states for the lanthanides. However, the peak positions that best fit the 4d spectra were at 151.6+0.2
eV from Tb4O7 (a mixed phase of Tb3* and Tb*") and at 154.7+0.1 eV from Dy,0s3. These peak positions
were obtained from the standard XPS database [136].Quantification of the cation peaks were carried out and
the cation percentages were calculated as follows and then plotted as a function of O, pressure in Fig.6.3(b):

Areaunder Fe** peak

QFe*t = ¥100; %Fe>t = 100 — %Fe*t (6.1)

 Total areaunder Fe 2p peaks
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Areaunder Dy** peak

%Dy*t = %100; % (T, Th*") =100 — %Dy*"  (6.2)

Total areaunder Tb and Dy 4d peaks

Fig. 6.3(b) shows the Fe?* decreasing and Fe®* increasing with increasing oxygen pressure - this is
reasonable since more oxygen in the environment leads to more oxidation of the Fe. In addition, the %Tb
was found to decrease and %Dy found to increase with increasing oxygen pressure. To further analyze this,
the ratio of Fe**/Fe**, and Dy**/(Tb>* Tb*") was plotted as a function of O, pressure in Fig.6.3(c). While
Fe’*/Fe?* is seen to increase with increasing O, pressure, the more important aspect to note are the values
- all the films are richer in Fe>* compared to in Fe304, where the ratio of Fe**/Fe”* is 2. In addition, the
Dy**/(Tb**,Tb**) was lower than the stoichiometry of Terfenol-D target (i.e. 2.4) for all the deposited films.
However, the PLD deposition maintains stoichiometry, so the different value of Dy/Tb obtained from XPS

must either be a surface effect or an artifact of data analysis and measurement.

6.3.2 Transport and magnetism

Once it was confirmed that the films were completely oxidized, transport and magnetic properties of the film
were probed since those are two most important parameters for spintronic device applications. Fig. 6.5(a)
shows plots of magnetic moment (left y-axis) and resistivity (right y-axis) of the films as a function of tem-
perature. The magnetic moments were obtained from magnetic hysteresis loops taken at room temperature
and shown in Fig. 6.4(a). The moment was seen to decrease in the FDTO films while the resistivity was
seen to increase with increasing O, pressure. The inset of Fig. 6.5(a) shows that after 1x10 Torr, the films
become insulating (shown as data points corresponding to the maximum measurement limit of the instru-
ment) and non-magnetic (such that magnetic hysteresis loops in SQUID could not be measured). Both of
these could be result of increasing amount of Fe>* in the films. Moreover, the higher oxygen incorporation
could also change the ratio of Tb** and Tb** in the films, which could not be decoupled from the XPS peak
analysis. Given the high magnetic moment carried by the Tb cations, this could also cause the changes
in the magnetism. The coercive field was also seen to increase with increasing O, pressure as seen in the
inset of Fig. 6.4(a); this is consistent with magnetoresistance data in Fig. 6.4(b), where the coercive field is
higher for the FDTO film deposited at 4x10° Torr compared to that at 2x10® Torr. The %MR was seen to
be positive in these films (~1%), and the magnitude was lower than that reported for Fe;04 (6%). To inde-
pendently eliminate the possibility of Fe metal atoms being the origin of magnetism, XMCD measurements
were performed on the film deposited at 2x10°° Torr. The split peak appearing in the XAS data in the top
panel of Fig. 6.5(b) showed the presence of Fe3* in the film. The XMCD measurement shown in the bottom
panel of the same figure showed the XMCD signal also appearing at the same energy as the Fe3* peak in
XAS, thus correlating the origin of magnetic to be Fe** and not Fe?.

To check if the FDTO films were metallic or semiconducting, and also to investigate at what O, pres-
sure they become semiconducting if any of the low pressure films were metallic, temperature dependent
resistance measurements were done from 3 K to 300 K, starting with the film that was deposited at 5x10°
Torr. The resistance vs temperature curve for this, shown in Fig. 6.5(c) displayed semiconducting behavior

with resistance decreasing with increasing temperature. The same behavior was observed for the film de-
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Figure 6.2: Figure panel showing XPS peaks obtained from FDTO films deposited at pressures from 5x107
Torr to 1.5x10°° Torr. The columns represent Fe 2p, Tb and Dy 4d, and O Is from left to right respectively,
while the rows represent different oxygen pressures (labeled) from 5x10°° Torr to 1.5x10° Torr from top to
bottom.
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Figure 6.3: (a) HR-TEM cross-section image showing FDTO layers deposited at 1.5x10° Torr on quartz
substrate. Thin layer of Au was sputtered to protect the surface of FDTO film. The yellow circles show
the areas from where the nano-diffraction patterns were obtained (left insets) showing polycrystallinity in
Au and amorphous rings in FDTO. Panels on the right of the TEM image show the elemental distribution
of Fe, Th, and Dy, obtained from EELS spectrum of the area inside the green box. EELS also confirmed
the absence of any metallic Fe. (b) Relative percentage of the different cation peaks obtained from XPS:
%Fe’* and %Tb** from Th,07 increase with decreasing O, pressure. (c) Plot of the ratios Fe’*/Fe?* (blue
open circles) and Dy>*/(Tb>*, Tb**) (red open squares) as a function of O» pressure. Fe>*/Fe** is seen to
increase with increasing O, pressure, however, the ratio is smaller than that in Fe3Oy (i.e. 2), indicating
that the FDTO system is more rich in Fe’* than the Fe30y system for the O, pressure in the 10 Torr regime.
DY>*ATb>* , Tb** ) increases with increasing O, pressure, which is an artifact of analysis.
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Figure 6.4: (a) Plot of magnetic hysteresis loops for FDTO films deposited at different oxygen pressures;
inset plots the coercive field as a function of O, pressure, showing the coercivity to increase with increasing
O, pressure. (b) Magnetoresistance (%) plotted for FDTO films deposited at 2x10°® Torr (black open circles)
and at 4x10°° Torr (red open squares). The %MR also indicates an increase in the coercive field as O»
pressure is increased.
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Figure 6.5: (a) Plot of magnetic moment (black filled circles, left y-axis) and resistivity (red open squares,
right y-axis) of FDTO thin films on quartz as a function of O, pressure; inset plots the same for wider
pressure range showing that after 1x107 Torr the films become non-magnetic and insulating. (b) X-ray
absorption spectroscopy (XAS, top plot) of FDTO showing split peak as evidence of Fe’* , and XMCD
(bottom plot) confirming Fe>* (and not Fe®)to be the source of magnetism (c) Resistivity vs temperature
(from 8 K to 300 K) for FDTO films deposited at 5x10”7 Torr (black filled circles) and 1.5x107 Torr (red
open squares) showing both films to be semiconducting; inset shows Van der Pauw configuration used for
the measurement. (d) Plot of variable resistance hopping (VRH) fits to the data in (c), showing 3D-VRH
conduction mechanism above ~100 K; inset shows fits to ID-VRH conduction below 100 K.

posited at 1.5x10° Torr. From this data, it could be concluded that since the films deposited at two lowest
O, pressures exhibited semiconducting behavior, the more oxidized states deposited at higher O, pressures
must also be semiconducting. The conduction mechanism in many disordered systems can be explained by
either variable range hopping (VRH) or small polaron hopping (SPH) [54, 137, 138]. However, since the
conductivity values observed in the FDTO system is much higher than those typically observed for systems
with SPH conduction, VRH seemed the appropriate model to fit the resistivity data to. In 3-D VRH, the DC

conductivity, o, is related to the temperature by the following equation [54]:

Opc = Oy CXP[(—TO/T)1/4] (63)

where

00 = *Vou[N(Er)a/327kT]"/? (6.4)

where e is the charge on an electron, V,,is the phonon frequency, N(Er )is the density of states (DOS) at the
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Fermi level, a is the inverse of the tunneling probability, and & is the Boltzmann constant. However, it is

also stated that a more generalized form of Eq. 6.3 is
opc = gexp|(—To/T)"] (6.5)

where 7 is #1, with d being the space dimension of the system [54, 137] and 1/4<y<1.0. The value of y is
largely determined by the localized DOS near the Fermi level, as explained by Singh and Shimakawa in their
book [54]. In case of a constant DOS, y = 1/2 is obtained; however, the value of 7y can be less than unity
in the case of modified VRH if the fractal nature of the system is taken into account [54, 139]. Therefore
selecting the correct model to apply is not trivial. In the case of FDTO, the most typical fit of 3-D VRH was
applied to the low temperature resistance data for both the films. As Fig. 6.5(d) shows, the experimental data
fit very well with 3-D VRH (with T-4) down to 100 K, below which a 1-D VRH (T-'/?) fit the experimental
data best. The transition from 3D-VRH to 1D-VRH could be a result of coulomb interactions playing a

greater role at low temperature where the kinetic energy of the electrons are also low.

6.3.3 Optical properties and bandgap
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Figure 6.6: (a), (b) Tauc plot for direct bandgap for FDTO films deposited at (a) 1x10° Torr (black open
circle), 1x10™ Torr (green filled square), and 1x107 Torr (blue filled diamond), and (b) 5x10°% Torr (cyan
open circle), 2x10°® Torr (magenta open square), and 5x10° Torr (yellow open diamond). Inset for both
plots show the Tauc plot for indirect bandgap. Red lines represent the fits to the linear region of the plots,
and the x-intercept of the red line determine the band gap value.

Finally optical transmission measurements were performed on all the FDTO films to calculate their
bandgap. Fig. 6.7(a) shows the optical transmission increasing for the FDTO films deposited at higher
O, pressures. Tauc plots for both direct and indirect bandgaps were created from the transmission data,
as shown in Fig. 6.6(a) and (b). From the x-intercept of the fits to the linear region of the Tauc plots, the
bandgap value can be determined. The direct and indirect bandgap values are plotted as a function of O,
pressure in Fig. 6.7(b), where both the bandgaps are seen to increase till 1x10® Torr and then stabilize
around that value for the higher O, pressures. The direct bandgap values were seen to start around 2.5 eV
for the low pressure samples and increase up to around 3.3 eV for the higher pressure samples. Given that
the bandgap value of Fe,03, FeO, Tbh,03, and Dy,03 are 2.2 eV[79, 80], 3.5 eV [140], 3.8 eV [86], and 4.9

eV [86], it can be concluded that the lanthanide oxides play an important role in determining the bandgap
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of the films as well. However, the work function of two FDTO films, one deposited at 5x107°® Torr and
another at 1x10° Torr, were the same value of 4.4 eV, as shown in Fig.6.7(c). In contrast, their valence band
maximum (VBM) edges were at different positions as shown in Fig.6.7(d). The Fermi level was found to
lie 0.25 eV inside the valence band for the lower pressure film, while it was 0.34 eV above the valence band
for the higher pressure film. This not only confirmed that both films were p-type semiconductors, but that
at lower pressures, there was evidence for degenerate states. This could be the reason for the flatter shapes

of the transmission curves observed in Fig. 6.7(a) for the lower pressure films when compared to the higher
pressure films.
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Figure 6.7: (a)Plot of optical transmission (%) for all FDTO films deposited at different O, pressures,
showing decrease in % transmission as O; pressure decreases. (b) Plot of direct (black filled circles) and
indirect bandgap (red open squares) obtained from Tauc plots as a function of O, pressure; both bandgaps
increase upto 1x107 Torr, after which they stay consistent. The dotted lines are simply guide for the eyes
(c) Plot showing work function of FDTO films deposited at 5x10°® Torr (red line) and at 1x10°° Torr (green
line); both films have the same work function of about 4.4 eV. (d) Valence band maximum edge obtained
through XPS measurement of FDTO films deposited at 5x10° Torr (red line) and at 1x10°® Torr (black
line). The Fermi level is inside the valence band for the 1x10°® Torr film, indicating degenerate states, while

for the 5x10° Torr, it is 0.34 €V higher than the valence band edge. This indicates the films to be p-type
semiconductors.
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6.4 Discussion and conclusion

Oxygen incorporation is a well-known technique for controlling transport properties of semiconductors since
oxygen vacancies are very common. In chapter 5 of this thesis, it was seen that the way in which oxygen
is introduced to a system can also significantly alter the properties of the final film. From the results of this
chapter, the effect of introducing oxygen during film growth on the final transport properties of the films
allowed better understanding of the FDTO films in general. The chemical composition analysis from TEM
and XPS revealed the films to be of the form Me,>O3.x.y, where Me = Feq 66Dy0.24Tbo 1, x=Fe?*/(Fe?*+Fet)
and y=Tb>*/(Tb>*+Tb*") , indicating that this is an oxygen deficient system. Not only was it verified that the
films are magnetic and conductive at room temperature, but the origin of magnetism was also identified as the
Fe cation state instead of metallic Fe. Several studies have been done by the dilute magnetic semiconductor
(DMS) community to synthesize materials that are conducting and magnetic at room temperature [68]. To
achieve this, typical semiconductors such as GaAs are doped with magnetic atoms such as Mn. Over the
course of years, although the Curie temperature of these materials have increased, it has still not reached
room temperature [33, 68]. The ones that have been reported to show room temperature magnetism were
found to have clusters of magnetic atoms inhomogeneously distributed across the film [68]. In addition,
magnetic oxides have been synthesized by doping transparent conducting oxides with magnetic cations
[33, 35]. Although the Curie temperature in these systems have been observed to be above 300 K, these
materials have not demonstrated any correlation between the charge carriers and the ones carrying magnetic
moment [33]. FDTO films are the first conducting oxides that are also magnetic at room temperature, and
that have displayed correlation between the charge carriers and the origin of magnetism (such as through
XMCD and MR data). The magnetism in this system could possibly be arising from the ratio of Fe>*/Fe3*,
and also from some exchange coupling originating from the lanthanide oxides. Tb** ion is known to carry
a large magnetic moment [89, 141], and in a study where the multiferroic material bismuth ferrite (BFO)
was doped with Tb** [89], enhanced magnetic properties were observed in the doped films. The same
was observed for terbium doped ferrite films [141]. Therefore the Tb ions could play a crucial role in the
magnetic properties of the FDTO films. The conductivity in the films might be more dependent on the Fe
cations since the Tb doped ferrite films [89, 141] have conductivity much lower than that observed in the
FDTO films. In addition, the most promising films displaying magnetic and semiconducting behaviors are
crystalline [33, 68]. In that regard, FDTO appears to be an exceptional and new material system that is
amorphous, semiconducting, and magnetic at room temperature.

The most important finding from this chapter from an application perspective is the ability to control
deposition parameters in order to obtain films with a combination of high conductivity and magnetism
necessary for spintronic devices. The next chapter utilizes this understanding to optimize FDTO film growth

to apply it towards magneto-electric coupling with BFO for memory devices.
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Chapter 7

Magneto-electric coupling of FDTO/BFO
heterostructures for memory device
applications

7.1 Summary

This chapter shows evidence of magneto-electric coupling between FDTO and bismuth ferrite (BiFeOs;
BFO) films. Thin films of FDTO grown by PLD on top of BFO/SRO/STO substrates at room temperature
and in the presence of a magnetic field showed magnetic coupling with the underlying BFO by showing
enhanced coercivity in the magnetic hysteresis loop. Ferroelectric hysteresis and fatigue measurements of
FDTO/BFO capacitors proved FDTO to be a robust top electrode for BFO, showing less than 50% loss in
polarization after 10® switching cycles. Giant-magnetoresistance (GMR) heterostructures fabricated on the
FDTO/BFO films showed electric-field modulation of GMR at room temperature, making FDTO the first
amorphous oxide that showed evidence of room-temperature ME coupling in addition to being a robust top
electrode for BFO.

7.2 Methods

The first step was to select deposition parameters for FDTO and optimize its growth on BFO for repeatable
evidence of magnetic coupling between the two layers. From the results of chapter 6, it was found that
FDTO films grown between 3x10® Torr and 5x1077 Torr exhibit low resistivity and high magnetic moment
at room temperature. For the device studies, 3x10°® Torr was selected as the preferred deposition pressure
due to its practical combination of synthesis time and properties. The initial FDTO films showed no sign
of coupling with BFO, and so the idea of using a magnetic field during the FDTO growth on BFO was
introduced. This was practically feasible since FDTO deposition was done at room temperature and hence
a permanent magnet would not be demagnetized. BFO/SRO/STO and quartz substrates were first cleaned

in acetone and IPA and dried using a nitrogen gun. They were then mounted, using double sided tape,
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on top of a small permanent magnet, which was mounted on the substrate holder also using double sided
tape. The Terfenol-D target was then polished using sandpaper to remove any ablation marks from previous
depositions, and then mounted on the target carousel that has the ability to rotate. The rest of the deposition
was carried out according to the process described in chapter 6. Because the magnetic coupling happens at
the FDTO/BFO interface, very thin films of FDTO were deposited (~3 to 10 nm).

The FDTO/BFO/SRO/STO (which will be referred to as FDTO/BFO from this point onwards) and
FDTO/quartz samples were first characterized by SQUID to check for enhanced coercivity of FDTO on
the BFO as compared to on quartz. Once that was accomplished, the capacitors were fabricated on the
FDTO/BFO samples according to the process described in chapter 2. On a second piece of FDTO/BFO
sample that showed magnetic coupling in SQUID, GMR device structures were fabricated according to the

process described in chapter 2.

7.3 Results

7.3.1 Evidence of magnetic coupling

The very first measurement needed to determine whether the FDTO/BFO sample is worth pursuing further
is the magnetic hysteresis loop that demonstrates magnetic coupling by showing higher coercivity for films
on BFO than on any other regular substrate. For FDTO, coercive field was compared between FDTO grown
on BFO and on quartz. Fig. 7.1(a) shows evidence of magnetic coupling between 4.6 nm FDTO and 50 nm
BFO, where the inset highlights that the coercive field of FDTO on BFO was about 380 Oe while that on
quartz was only about 20 Oe.
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Figure 7.1: (a) Room temperature magnetic hysteresis of 4.6 nm FDTO on BFO (black, filled circles-IP, and
red, open squares - OOP) and on quartz (green filled triangles). Bottom-right inset shows enhancement of
coercive field of FDTO on BFO than on quartz, indicating magnetic coupling between FDTO and BFO. Top
left inset shows coercivity drops as FDTO thickness is increased, confirming exchange interaction between
FDTO and BFO. (b) Magnetic hysteresis loops taken at room temperature with IP magnetic field for FDTO
films on BFO for different thicknesses. Inset shows coercive field enhancement for all films, but higher
coercivity for films between 3 - 4.7 nm than for that at 10 nm.

This result was repeatable as can be seen in Fig. 7.1(b) inset from the high coercive fields obtained for
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three other FDTO films in the thickness range of 3 to 4.7nm on BFO. It can be also seen from the inset in
Fig. 7.1(b) that while coercivity of 10 nm FDTO on BFO was still higher than what is typically seen on
quartz (~20-40 Oe), it was still lower than the coercive fields obtained for the thinner FDTO films. This
finding is summarized in the top left inset of Fig. 7.1(a). This was evidence of exchange interaction between
FDTO and BFO, where the coercive field decreases with increasing thickness of the top ferromagnetic layer.
Since exchange interaction is an interface phenomenon, it was important to check the FDTO/BFO interface
in TEM, as well as to double check the crystalline phase of BFO in these samples by XRD. Fig. 7.2(a) shows
the HRTEM image of the FDTO/BFO interface to be clean without any inter-mixing of the two layers. FFT
images (on the right of the TEM image) taken from the regions marked in yellow boxes show the FDTO
layer to be amorphous and the BFO layer to be crystalline. In addition, XRD pattern of the FDTO/BFO film
shown in Fig. 7.2(b) shows correct crystalline phases of BFO in the film [142, 143]. This concluded that the

FDTO layer was not deteriorating the microstructure of BFO by introducing any kind of strain.
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Figure 7.2: (a)HRTEM image of as-prepared FDTO/BFO layers showing a clean interface; yellow boxes
outline regions from where diffraction patterns were obtained, confirming amorphous and crystalline mi-
crostructures of FDTO (top) and BFO (bottom) respectively. (b) XRD signal from FDTO/BFO film showing
clean peaks from BFO.

7.3.2 Ferroelectric hysteresis and fatigue of FDTO/BFO capacitors

The next step was to ascertain that FDTO was not affecting the ferroelectric properties of the BFO film.
To achieve this, ferroelectric hysteresis loops were measured on FDTO/BFO capacitors of diameter 16 pm,
as shown in Fig. 7.3(a). The plot shows data taken from three different capacitors on the sample with bias
voltage being applied in both directions. The hysteresis loops were observed to have shifted to the left, which
is a typical phenomenon whenever the top and bottom electrodes are made of different materials: in this case
the top electrode was FDTO and the bottom electrode was SRO. The schematic of the capacitor is shown
as an inset in Fig. 7.3(b). Results of the ferroelectric fatigue measurement on the same capacitor is shown
in Fig. 7.3(b) where the polarization drop in both the positive polarization and the negative polarization
was found to be less than 50% up to 108cumulative switching cycles. The positive polarization value (red
and black data points) can be seen to increase from the first cycle to the 103cycle - this can happen if

the polarization is not saturated in that direction, which might be a valid case for this capacitor since the
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ferroelectric loop was shifted towards the negative field.
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Figure 7.3: (a) Ferroelectric hysteresis and (b) fatigue test obtained from FDTO/BFO capacitors (device
schematic shown as inset of (c)) demonstrating FDTO is a stable ferromagnetic electrode for BFO.

7.3.3 Magneto-electric (ME) coupling in GMR heterostructure

The final step of the study was to see evidence of magneto-electric coupling by means of creating GMR
heterostructures. Magnetic hysteresis of a GMR stack typically shows a step in the loop corresponding
coercivity of the more ferromagnetic layer with higher coercive field. Fig. 7.4(a) shows that in the hysteresis
loop for the GMR structure (schematic shown in inset of Fig. 7.4(b)) on the FDTO/BFO layer, represented
by blue open circles, the hysteresis widens or opens up starting around 300 Oe, while it gets very narrow
at around 20 Oe. The widening around 300 Oe corresponds to the bottom CoFe layer that coupled to the
FDTO/BFO layers. This correlated well with the magnetic hysteresis loop for the 3.3 nm film in Fig. 7.1(b),
where the coercivity was around 380 Oe, since that was the sample on which the GMR structures were
made. The pinching of the loop around 20 Oe corresponds to the top CoFe layer. Although the hysteresis
loop for this GMR stack did not resemble sharp steps expected from traditional GMR devices [144], it is
still reflective of the coupling of the bottom CoFe layer to the BFO layer through FDTO. Similar data was
also seen in LSMO/SSMO stacks for spin filter tunnel junction devices (supplementary material from Prasad
et al. [145]). Upon application of a bias electric field of +10 V in the positive direction, the GMR signal
overlaps with that for no bias applied (red and black data points in Fig. 7.4(b)). This indicated that the BFO
was already in the positive polarization in the as-prepared state. However, when a negative bias field of -8
V was applied, the %9GMR signal was observed to change, as shown by the blue data points, the coercive
field was seen to slightly increase along with the %GMR value. This was evidence of magneto-electric
coupling at room temperature because the change in the bias voltage caused the polarization in BFO to
switch, which in turn caused the spins in FDTO layer, and hence the bottom CoFe layer, to switch, leading
to an increase in the coercive field because a higher field is necessary to switch back the spins that were
affected by the BFO layer. Fig. 7.4(c) shows the HR-TEM image of the GMR structure after it underwent
some switching voltages. From the diffraction patterns obtained from the areas marked in yellow boxes,

it could be confirmed that the microstructure of the individual layers did not change, i.e., the CoFe layer
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remained polycrystalline, the FDTO remained amorphous, and the BFO remained crystalline. However,
some bismuth diffusion was observed from the BFO layer to the FDTO layer, marked by the red square.
It was inconclusive whether this diffusion occurred during the anneal step at 90 °C required for device

fabrication, or if it was due to the application of bias voltage for multiple times.
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Figure 7.4: (a) Plot showing magnetic hysteresis (left y-axis, blue open circles) and %GMR signal (right y-
axis, red line) of the Pt/CoFe/Cu/CoFe/FDTO/BFO/SRO/STO GMR heterostructure, shown in the top-right
inset of (b); bottom-right inset of (b) shows the top view of the device. The broadening of the hysteresis
loop starting around 300 Oe is from the coercivity of the bottom CoFe layer coupled to the FDTO/BFO,
while the narrowing of the loop around 20 Oe is from the coercivity of the top CoFe layer. This overlaps
with the %9GMR signal where the resistance starts to increase at around 300 Oe and reaches a maximum at
around 20 Oe before dropping rapidly. (b) Plot of the %eGMR signal of the heterostructure upon application
of bias 0V (black filled square), +10 V (red filled circle), and -8 V (blue filled triangle).The coercivity of
the GMR signal is seen to increase with the application of the negative electric field bias, indicating that
the polarization switch in BFO caused the coercive field of FDTO to increase, which was seen in the GMR
signal. (c) HRTEM image of the cross-section of the GMR heterostructure. The diffraction patterns on
the right panels are taken from the regions marked with yellow boxes. The red box shows bismuth atoms
diffusing into the FDTO layer.

7.4 Discussion and conclusion

Magneto-electric coupling is a much sought-after phenomenon for the purpose of making spintronic devices.
Although some studies have showed evidence of room temperature ME coupling between bilayers [146,
147], they have not reported a functional device. Room temperature ME coupling, with the demonstration
of a working GMR device, of CoFe with BFO has been reported in a study [101] where the anisotropic
magnetoresistance signal from the CoFe/BFO layers was seen to completely switch upon the application
of a bias voltage. However, the interface of CoFe and BFO was not proved to be very robust as the study
reported the device performance degrading after only about 3 switching cycles. In contrast, FDTO is a much
more robust electrode on BFO, sustaining ferroelectric switching of BFO till about 10 switching cycles. An
equally appealing aspect of FDTO is its amorphous microstructure that allows for very easy growth by PLD
without having the need for substrate heating at high temperature. Very low %GMR was observed for this
system, which could be explained using the following hypothesis. GMR signal is a result of the opposite

spin directions of the bottom ferromagnetic layer and the top ferromagnetic layer. In this case, the bottom
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ferromagnetic layer is CoFe coupled to FDTO which, in turn, is coupled to BFO. It typically takes upto 1
Tesla or higher for FDTO magnetization to saturate in MH loops (indicating that all spins are aligned). This
is evident in the MH loops for the GMR device as well. It might be possible that all the spins in FDTO are
not completely being flipped in the GMR measurement, and while that causes the resistance to change, it is
relatively small compared to when all the spins are flipped. Regardless, there is evidence of ME coupling in
the device. Through this room temperature ME coupling, FDTO has proved to be a very attractive material

with huge potential for application in spintronic devices.
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Chapter 8

Conclusions and future work

In this chapter we summarize the key findings of this thesis and will discuss potential future applications of
FDTO.

8.1 Conclusions

* Chapter 3: We have summarized discovery of novel amorphous oxide system, (Feg 66Dy0.24Tbg.1)203.x
(FDTO) by depositing thin films of the material by PLD using the Terfenol-D metal alloy target. The
resulting films were transparent, with the highest transparency reaching >90% for a 9 nm film. In ad-
dition, the films exhibited the combination of high conductivity and high mobility, far exceeding that
of any of the constituent oxides. This discovery, summarized in Fig. 8.1, could lead to understand-
ing of new materials physics and the option to design and synthesize new materials with desirable

multifunctional properties.

Terfenol-Dtarget from PLD; <100 nm Me,0; (Me = 66% Fe, 24% Dy, 10% Tb)

| EtremaProducts 4 ¢
; : <10 x10
: 7E T(K)
4 6%, e Expt  _ 420 360 300 | 2.0f%%
e == =Fit g 8-.- T L ‘. =@ =Expt
[(@) 2mm g Z- * IR < s
— — n 3 i *. % -9 1.0 “
K v 5[ ‘oo 5 05 3's 3256 kY
’ 2 ey 1000/T(K) 0.5- .
N Lo, Oree-- ~~
—— L N 0 1 1 1 1 Pl laliel whali 0.0=— L ?
OF N |
—~ _10(b) e Expt e) -’
T ;8 -=eFit 2 108 ” |
= —20r pi” =32+4em® [V-s —20k . -
9 2 -30F e feefememmmaaT - !
g : -l---;}-_ + } -30- ,° 4
F S _40- é =eo-Expt
! 5 s, 4o ]
§ ' I I 1 1
=

_60 1 1 1 1 _5 1 1
0 10 20 30 40 50 60 70 80 AP N2 02
Thickness (nm) Ambient

PR S T S S S
1.0 1.5 20 2.5 3.0 3.5 4.0 45
Energy (eV)

Figure 8.1: Figure showing extraordinary optical and electrical properties of FDTO

* Chapter 4: We have described the effects of changing cation stoichiometry on the properties of FDTO
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Figure 8.2: Figure showing high conductivity and magnetism in FDTO films of different cation stoichiometry

by synthesizing and characterizing films of three different Fe:(Tb+Dy) ratios. The results showed a
transition from metallic to semiconductor behavior in the as-prepared films going up in Fe amount.
All the films demonstrated high conductivity and magnetism showing in Fig. 8.2 , the two properties
desirable for spintronic applications.

» Chapter 5: We have investigated the effects of cyclic annealing on the properties of an iron rich FDTO
film with Fe:(Tb+Dy) of 21. With each annealing cycle the film got more an more oxidized, similar
to the case of a semiconductor whose doping is being changed. The final oxide state was stable in
ambient conditions, had high conductivity and magnetism, although the microstructure showed some
phase segregation and a mix of amorphous and polycrystalline regions. The results are shown in Fig.

8.3. This could help design annealing processing steps in order to modify the transport and magnetic
properties of materials.
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Figure 8.3: Figure showing the effect of cyclic anneal on the resistivity, microstructure, and magnetic prop-
erty of iron-rich FDTO film.
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* Chapter 6: We have described the effects of changing oxygen content in thin films of FDTO deposited
by PLD. Given how excess oxygen can create acceptor states and oxygen vacancies can create donor
states in the band structure, the changing oxygen pressure gave insights into the origin of magnetism
and conduction. The films were all amorphous, and p-type according to valence band maximum
analysis. We found that reducing oxygen pressure decreased the band-gap and resistivity of the films,
while the magnetic moment increased, as shown in Fig. 8.4. The conduction, therefore could be
happening by increasing number of donor states from oxygen vacancy that gives a very high carrier
density near the VB. The source of magnetism could either be the Fe>* cation, or Tb** cation since
both are used as dopants to introduce /enhance magnetism in non-magnetic films. Regardless, the
findings from this study could help control deposition parameters for FDTO to obtain films having

application-targeted properties.
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Figure 8.4: Figure showing microstructure and chemical composition, resistivity and magnetism, and
bandgap (from left to right respectively) of FDTO films deposited as a function of O pressure.

* Chapter 7: We optimized the deposition of FDTO on BFO to obtain repeated magnetic coupling in
the two films. Capacitor devices from FDTO/BFO samples showed FDTO as a robust top electrode
for BFO. A GMR device was fabricated to look for evidence of ME coupling, and upon electric-field
application, the GMR signal was seen to change, indicating ME coupling at room temperature. The
results are summarized in Fig. 8.5. This is the first observation of ME coupling at room temper-
ature using an amorphous ferromagnet. Further optimization of this system could lead to practical

applications in memory devices.

8.2 Future work

Since FDTO is such a promising system for applications in the spintronics industry, some more work is
necessary to fully understand this amorphous system and optimize deposition parameters for applications in

devices. Some of the key studies for the future are listed below:

» X-ray fine absorption spectroscopy to look at the atomic arrangement in FDTO. This information,
coupled with pair distribution function analysis of TEM diffraction pattern, could help identify the

presence (if any) of short range order in the system.

» Studying the properties of ternary systems with varying metal composition as well as the binary
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Figure 8.5: From top-left corner in clockwise direction: TEM image of clean FDTO/BFO interface, good
ferroelectric hysteresis, and robust fatigue test for FDTO/BFO capacitors. TEM image of GMR device

structure, room temperature ME coupling in GMR device, magnetic hysteresis showing magnetic coupling
between FDTO/BF O films.

systems, such as FeTb or FeDy to gain better understanding of the interaction of the iron cations with
the lanthanides.

* PLD growth of films with different cation stoichiometry, especially iron-rich ones, could produce

films that are even better for ME coupling.

* Finding the Curie temperature of FDTO via Mossbauer spectroscopy.
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