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During my graduate research I have synthesized materials known as diluted magnetic
semiconductors (DMS) as epitaxial thin film structures using the process of pulsed laser
deposition (PLD). These materials are envisioned to be of importance in the emerging
field of spintronics where the charge as well as the spin of the charge carriers can be
combined to yield unique functionalities. It was envisaged that if spin polarized charge
carriers can be injected into a semiconductor efficiently at practical working temperatures
then some novel devices can be fabricated. Few applications include on-chip memories,
ultradense non-volatile semiconductor memory, ultra-low power devices, optical emitters
with polarized output and far reaching applications in quantum computations. The
material of interest in this dissertation was zinc oxide, a wide bandgap optoelectronic
semiconductor. ZnO has a bandgap of 3.3 eV which can be tuned to higher or lower
values by appropriate doping. It is an ideal candidate for spintronics applications, because
Zn is the last of the first row transition metals, which leads to pretty high solubility of
transition metals such as Co, Mn and V in ZnO. In a diluted magnetic semiconductor a
fraction of the host atoms are substituted by the transition metal dopant ion. We have
found that we can synthesize very high quality, single phase and single crystalline
ZnTMO thin films on the basal plane sapphire single crystals (α-Al2O3). We have
analyzed the magnetic properties of the three systems of ZnVO, ZnCoO and ZnMnO at
various concentrations of the dopant ion and found that ZnCoO and ZnMnO exhibit
ferromagnetic ordering upto room temperature, when synthesized under high vacuum. In
these conditions, the samples have a reasonable concentration of point defects which

drive ZnO to n-type conductivity.By a combination of insitu and exsitu variation of
parameters we have been able to tune the electronic properties of these systems and
correlate the magnetic properties with the electronic properties. The as-deposited
conducting samples exhibiting room temperature ferromagnetism, become highly
resistive upon high temperature annealing in oxygen. As a result we observe either a
transformation of the samples to the paramagnetic state or a drastic reduction in the
moments of the samples. From these studies we conclude that the main mechanism of
magnetic ordering in these DMS materials is through a defect related carrier induced
exchange. Very rarely, the observation of a feeble magnetic ordering in the insulating
samples is postulated to be due to bound magnetic polaron formation. Device structures
were fabricated using the as deposited samples to study the possibility of spin injection
through semiconductors. We have observed that at low temperatures we see a
considerable effect from this phenomenon in a magnetic tunnel junction kind of
configuration. Hence, this study opens up new avenues and possibilities for a variety of
spintronics applications.
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1. Chapter 1: Introduction
The field of magnetism has enchanted humans over a span of several centuries. It all started
with the observation of the attraction of lodestone to a piece of iron. Mankind has come a
long way from then to understand magnetism as one of quantum mechanical phenomena and
also to control and commercialize the processes to produce state of the art devices like hard
disks and magnetic random access memories which are based on metallic multilayers.
Presently, magnetic devices utilize only the spin degree of freedom of the electrons to bring
about these functionalities.

Conventional electronics utilizes only the charge degree of

freedom of the carrier. Recently, a new field named Spintronics1 has emerged wherein it is
envisioned that novel functional devices can be fabricated if the charge as well as the spin
degrees of freedom can be combined. It is envisaged that such a technology will give rise to
devices which have improved efficiency and less power consumption. Some devices that
have been conceptualized are Spin LEDs, Spin FETs, Spin valves, magnetic recorders (based
on Giant Magnetoresistance effect) 2, Non-volatile memories and many ultra low power
devices. Futuristic developments include using ferromagnetic contacts to inject spin
polarized electrons into semiconductors and bring about GMR effects. The development of
such devices also promises to reduce the fabrication cost as it would mean combining two
different steps in one.
One of the ingenious ways to combine the spin and charge of the carriers in a material and
achieve these effects, is by synthesizing a material with both semiconducting as well as
magnetic properties. Since, conventionally used semiconductors such as Si and GaAs are
diamagnetic and possess a very small g-factor (measure of the interaction strength with an
applied magnetic field), there must be a way to integrate the semiconducting and magnetic
1

property by some other means. These were the ideas that prompted the evolution of a new
class of materials known as “Diluted Magnetic Semiconductors” (or DMS, in short), where a
fraction of a host semiconductor material’s atoms are substituted by ferromagnetic atoms. A
schematic representation of this idea is shown in figure1-13. Typically, use of magnetic metal
contacts to make GMR devices has resulted in poor efficiency due to conductivity mismatch
and lattice mismatch that exists at the interface of metal / insulator or metal / semiconductor
junction. Development of DMS materials can help reduce both of these deleterious effects if
one can realize spin polarized current injection using DMS materials.
The most well studied system in this area was the II-VI systems doped with4-6 Mn. Up
through the late 1980s there was an enormous amount of study in bulk semiconductors such
as CdSe, CdTe, ZnSe, ZnTe etc doped with Mn. The interest in the field started with the
possibilities to probe many interesting properties, such as the ability to control lattice
parameter, band gap and electrical properties. In addition, the magnetic properties which
stem from the random presence of d-ions for the substituted cations, gives rise to new effects
which manifest in terms of magneto-transport and magneto-optical properties. Also,
phenomena like spin-glass formation, bound magnetic polaron formation7 and magnetic
field-dependent metal-insulator transition have been related subjects of interest studied with
DMS materials. The field has progressed since then, to presently include many more
compound semiconductors to date. Some widely studied systems are GaAs, GaN and ZnO
doped with various transition elements.

2

Magnetic material

DMS material

Non magnetic
semiconductor

Figure 1-1: Schematic showing three categories of materials, viz, magnetic, DMS and a nonmagnetic semiconductor material3

As mentioned, the initial thrust was on the DMS materials in the bulk form based on Mn
doping of II-VI compounds. Simultaneously, interest started to evolve in the areas of thin
film DMS materials with the realization that any device application would require epitaxial
thin films. It was demonstrated then in the III-V InAs system that epitaxial thin films grown
at temperatures about 200°C were homogeneous but paramagnetic. However, a slight
increase of deposition temperatures to 300°C led to phase separation and consequently the
material became ferromagnetic8 . In the same work it was also proposed that GaAs could also
be used to make a DMS material. This was very important then because GaAs was already
widely being used for fabricating semiconductor lasers, compact discs and microwave
transistors. In 19969, GaMnAs was identified as a promising candidate. Since then there have
been a flurry of papers in growth of III-V DMS materials and also II-VI10-11. More recently,
there have been works in new materials such as wideband gap nitrides and oxides. Particular
interest exists in the area of transition metal doped GaN and ZnO thin films which have
already been found to have Curie temperatures well above room temperatures.

3

Beyond just the search for DMS materials, there has been a lot of research lately, to
understand the primary mechanisms causing these materials to exhibit the properties they do.
Some of the basic principles used to describe the properties of conventional magnetic
materials still apply to these materials, nevertheless, a host of new conjectures have been
proposed by various groups. It is indeed very important to realize the importance to
understand the root cause of such properties if we have to tailor the materials to suit any
device.
Also, the interest has shifted primarily towards synthesis of thin films of such materials to
allow them to be directly incorporated into devices based on spintronics. A prime
requirement for making such devices is the ability to efficiently inject spin polarized
electrons into semiconductors12.
In this dissertation, ZnO based DMS materials will be dealt with in detail with different
dopants such as Co, Mn and V. Thin films of these materials have been synthesized by
pulsed laser deposition technique. Of prime scientific interest have been: whether such
materials are inherently ferromagnetic or is the ferromagnetism just due to some secondary
phases that cause the magnetic property; what is the correlation between the carrier
concentration to the magnetic property and what is the role of intrinsic defects (which are
found in abundance in these materials) in tuning the magnetic properties. Answers for many
of these questions were obtained through, detailed characterization procedures. Finally, from
an application point of view, the implementation of certain device structures using these
materials has been explored, to further characterize the injection of spin polarized carriers
into semiconductors. The following chapters are directed towards achieving this goal.
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2. Chapter 2: Background
2.1 Atomic origin of magnetism
In this section, a brief overview of how a material exhibits magnetic properties will be
discussed. It is now well understood that magnetism is a quantum mechanical phenomenon.
Magnetism stems from the basic quantized motion of an electron around a nucleus. We know
that any electron has four quantum numbers describing its state. These are: Principal (n),
Azimuthal or Angular Momentum (l), Magnetic (ml) and Spin (s) quantum numbers. When
we solve the Schroedinger’s equation for an electron in the polar coordinate system, the wave
function can be expressed as1:
Ψ = R(r) ………..(1)
where, r, θ and φ are the polar coordinates. Assuming a potential which depends on only the
distance from the nucleus and solving the motion of electron represented by
H Ψ= E Ψ………..(2)
where H is the Hamiltonian operator and E is the Eigenvalue of the respective state, the
following equation is obtained for the φ component of the wave function:
Φ = Α exp (i ml φ)………..(3)
The entity ml is the magnetic quantum number. It can be shown without going into details
that the z-component of the orbital angular momentum Lz is nothing but the magnetic
quantum number times the Planck Constant. In other words, magnetic quantum number is a
measure of one component of the angular momentum of an electron. Again, it can be shown
that the magnitude of L, the angular momentum is given by2,3,4:
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|L| = {l (l + 1) ћ }1/2………..(4)
where, ћ is the h/2π, where h is the Planck’s constant.
Thus, magnetic quantum number measures a component of L and angular momentum
quantum number is a measure of the magnitude of L. Thus, l ≥ |ml| always. That is why the
values of ml range from –(l-1) through 0 to (l-1) consisting of 2l +1 values.
We now turn to the spin state of an electron. Because of the spinning, an electron possesses
an invariant spin momentum of value

3 /2 ћ. This can be considered in analogy with the

orbital angular momentum when we introduce the spin quantum number s such that
spin momentum , S = {s (s + 1) ћ }1/2………..(5)

1
1
which gives values for s as + and - .
2
2
For an electron, the spin state produces a magnetic dipole moment. Also, the magnetic
moment produced by the spin interacts with that of the moment produced by its orbital
motion. This gives rise to the famous “Spin-Orbit” coupling effect which might be neglected
in some cases. In general, the spin-orbit interaction is much weaker compared to other forces
inside an atom including electrostatic force of the nucleus.
It is easily realized now, that since both the orbit as well as spin of the electron produce
magnetic moments, these two are instrumental in producing the magnetic properties of a
material as a whole.
We can define the total Angular momentum of an electron as
J = L + S………..(6)
where, L = orbital angular momentum and S = Spin angular momentum. J becomes the total
angular momentum which takes into consideration the spin-orbit coupling as well.
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As mentioned, the motion of the electron generates a magnetic moment. This magnetic
dipole moment is given by
µS = - gs µB S/ ћ………..(7)

where µB is the basic unit of magnetic moment called “Bohr magneton” and is given by:
µB =

e
ћ………..(8)
2mc

gS is the spectroscopic splitting factor. For the spin component of an electron the gS =2. For
just the orbital motion of an electron, the value of gL =1
Therefore, magnetic moment due to the orbital motion5:
µL = - gl µB L / ћ………..(9)

Without going into details, the effective magnetic moment of an atom with many electrons is:
µeff = g µB J ( J + 1) ………..(10)

It is pointed out here that g for a free atom is given by (Landau Equation):
g = 1+

J ( J + 1) + S ( S + 1) − L( L + 1)
………..(11)
2 J ( J + 1)

The total angular momentum J for an atom with many electrons is defined in different ways
depending on the relative strength of the spin-orbit coupling. This depends directly on
whether the atom is light or heavy. If the atom is light, the spin-orbit coupling is weaker than
the interactions between the orbital angular momenta of individual electrons. In such a case
the J is a vector addition of the total orbital momentum of all electrons L, and the total spin
momentum of all the electrons S.
Hence, S= s1 + s2 + s3 +.............. and L = l1 + l2 + l3 + ............... and J = L + S
This type of coupling is called LS coupling or the Russel-Saunders coupling. There is
another type of coupling predominant in heavier atoms named j-j coupling. Here, the orbital
9

and spin angular momenta of a single electron couple together before they add up with the
same of other electrons.
n

i.e. J1 = L1 + S1 and J2

= L2 + S2 ….. J =

∑ Ji ………..(12)
1

Usually, we are only concerned with the z-component of the total angular momentum.
Hence, we need to worry about only the z-components of L (which for an electron is nothing
1
but ml) and spin, s, which is ± . Normally, in 3d elements, which are the main elements of
2
concern in this dissertation, the LS coupling is the predominant type of spin-orbit coupling.
What moment is associated with these 3d elements is decided primarily by the electronic
configuration of these elements. The electronic configuration is in turn decided by the
Hund’s rules for maximum multiplicity. There are a few rules that govern these. 1) The
lowest energy configuration of an atom is achieved only when all the electrons have a
parallel spin orientation as much as possible. For example, for Mn2+ ion there are 5 unpaired
electrons. These electrons fill one each in each of the five 3d orbitals to have five electrons
with parallel spins. In such a case, the Σ s i= S = 5/2 and the total angular momentum L=0
because Σml = 0 (as ml takes values of -2,-1,0,1 and 2 for the 5 electrons). Hence, J=5/2 for
the Mn2+ ion. Another important rule is the one which governs the sign of spin-orbit
coupling. If the shell is less than half filled, then J=|L-S| and if the shell is more than half
filled, then J = |L+S|. All these rules are followed to arrive at the electronic configurations of
the elements (both 3d and 4f elements). In figure 2-12, a schematic of the 3d and 4s spin-orbit
coupling is shown.
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Figure 2-1: Spin-orbit coupling in 3d and 4f metals

For all the above electronic configurations there is a specific nomenclature to denote the
states. The Russell Saunders term symbol that results from these considerations is given by:
(2S+1)

L

An example: for d2 configuration, there are two unpaired electrons and hence S= ½ + ½ =1
and L=-2 + (-1) =-3. Therefore, 2S+1 = 3 and since |L|=3 represents a F state, the ground
state configuration is:

3

F. All other configurations are simple to derive from this rule. The

energies of any ground state dn will be equal to any d10-n state. All the ground state energies
are evaluated in terms of integral over single electron wave functions (of each of the
electrons) and the set of three parameters derived from these are called “Racah parameters”
3

4

A, B and C. For an example F has an energy of A-8B and F has an energy of 3A -15B and
so on. More information on this can be found in reference 2. Up to this point, only free ions
were considered. What happens when these ions combine to form a solid will be discussed in
the following section.
11

2.2 Crystal Field Effects:
The orientation dependence of L and S are decided by: a) Spin-orbit coupling and b) Crystal
field effect generated by neighboring ions. We can segregate these effects to produce three
classes of transition elements: (i) the 4f group where the coulomb interaction is stronger than
spin-orbit coupling which is in turn stronger than crystal field energy (ii) the 3d iron group
where the crystal field effects and coulomb interactions are stronger than or spin-orbit
coupling (iii) some iron group ions in complexes where crystal field effect ~ L-S coupling ~
Coulomb interaction.
In iron group ions which are usually in 2+ or 3+ oxidation states, in an octahedral crystal
field, “Quenching” of orbital moment occurs due to the crystal field effects. This is because
there is an uncertainty in the orientation of the orbit of an electron and the crystal field acts in
a way to continually change the orientation such that the average value of the orbital angular
momentum is zero. Nevertheless, due to spin orbit coupling a small amount of L is still
preserved inspite of quenching. But for all practical purposes we can consider in 3d ions, the
orbital angular momentum being quenched and spin-orbit coupling to be weaker than crystal
field effects.
In the rare earth group ions, the unpaired 4f electrons are the ones giving them a magnetic
character. Beyond the 4f electrons are the 5s and 5p which sort of “shield” the relatively
compact 4f electrons and hence there is not much of a wave-function intermixing between 4f
electrons between various ions. This reduces the crystal field effects as it is dependent on the
strength of wave function overlap farther away from the nucleus. Hence, in the rare earth
ions, the Spin-orbit coupling effects are much stronger than the crystal field effects. In such
cases, where there is value of J dependent on both L and S usually Spin-orbit coupling is
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called as J-J coupling which is nothing but a perturbation of the L.S or Russell Saunders
coupling.

2.3 Ions in a magnetic field
It is important to have a look at what happens to systems in a presence of magnetic field. It is
here that the Lande’s g factor is important. In principle g is defined as the ratio of the
component of permanent magnetic moment that is parallel to J to that of the magnitude of J.
Without going into the mathematics, the energy of interaction of the ion with the magnetic
field is directly a function of the interaction of the component of the effective magnetic
moment of the ion with the applied magnetic field. This is given by:
EH = - g µB MJH, ………..(13)
where H is the applied magnetic field in the z-direction (such that the component of moment
parallel to z-direction is directly given by the summation of magnetic quantum numbers.
For ions in crystal fields: There is not a lot of difference for the 4f ions in a crystal field when
the magnetic field is applied. They still behave the same way as they do when in the isolated
state. The g-factors on average is the same as that for a free-ion. This is due to the fact that
the crystal field effect in these materials is much weaker than the spin-orbit coupling. The
same is not true for the 3d group ions. The crystal field is pretty strong for them and so there
is a definite interaction of 3d elements with the applied magnetic field. In the presence of a
field, there is a small component of the spin-orbit coupling that is produced in spite of the
fact the orbital angular momentum is quenched. The energy of interaction between the field
and the residual orbital momentum is :
ΕΗ ≈

1
……… (14)
∆

13

where, ∆ is the crystal field splitting energy. Thus the equation 13 has to be modified to
include a term in the g-factor (which is slightly different from a spin-only value of 2).
The section above concludes the fundamental aspects of magnetism. In the remaining part of
this dissertation the main topic of concern will be the 3d transition elements, and how they
behave and modify the magnetic properties of semiconductors. All the above considerations
of electronic configurations give rise to different kinds of magnetic materials. Some of the
broad classifications of magnetic materials are ferromagnetic, diamagnetic, paramagnetic and
antiferromagnetic. In addition there could be variations such as superparamagnetic and
ferrimagnetic which are usually parts of a more complex material systems. Some of the
materials will be discussed in appendix A. The rest will be discussed at some point or other
in the work as the situation warrants.

2.4 Theories of Ferromagnetism
It is indeed fascinating to note that few elements such as Fe, Ni and Co are ferromagnetic
whereas others are not. It all started in 1907 with the Mean-Field theory by Pierre Weiss6,
later modified by Heisenberg7,8. It was proposed that a direct exchange interaction between
atoms is required to induce a ferromagnetic character in a metal. Whether the material
behaves as ferromagnetic or antiferromagnetic depends on the type of interaction present
which is very much influenced by the distance between the two atoms in the crystal of the
material. It was predicted using this theory that only Fe, Co and Ni can be ferromagnetic in
the 3d element series. It basically says that when the atoms are too close to each other the
interactions become antiferromagnetic and when they are at particular distances the material
becomes ferromagnetic. The energy of interaction between two spin electrons of spin
momenta S1 and S2 are given by:
14

E= -J S1.S2
Where, J is the exchange integral, which when positive leads to a reduction in energy for the
spin aligned state and so, ferromagnetic ordering. But what happens in a real band that is
caused in a crystal is not clear in this theory. There have been several modifications of these
essential ideas by subsequent researchers such as Slater and Zener9,10. Zener’s work is a good
place to pick the topic up. By that time (1951) it was clear that the 3d electrons were the real
cause of ferromagnetism. Zener stated that the interactions between the electrons are same
whether they are part of a continuous solid or isolated atoms. Moreover, he stated that direct
exchange interactions between neighboring atoms always leads to antiferromagnetic
coupling. However, there can be indirect exchange mechanisms present. The most important
and consequential theory was the coupling of d-electrons spins and the conduction electron
spins. This so-called s-d exchange leads to ferromagnetic ordering and when it is stronger
than the direct exchange, the material becomes ferromagnetic. This was not proposed in the
Heisenberg model. In 1954, in the lines of Zener, Ruderman and Kittel and Yosida and
Kasuya11,12,13 (independently) proposed a far reaching model which later became the famous
RKKY mechanism for the analysis of magnetic properties of materials (a slightly elaborate
description of RRKY will be given later in an appropriate section). Essentially, their theory
describes how the nuclear spins can couple through the conduction electrons. Ultimately such
theory describes an oscillatory behavior of the spin polarization as a function of distance
from a magnetic ion. In essence, RKKY theory calculates the polarization of s-electrons
through s-d exchange interaction. But a close look at the s-electron polarization from a
hyperfine interaction consideration suggests that if the interaction were solely from the
RRKY theory then the usual metals will be antiferromagnetic. Later, in 1973, Mary Beth
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Stearns14, in an extension of the above model proposed that in addition to the s-electron,
about 5% of the d-electrons in iron have an itinerant character. The calculations that followed
have been to a good degree, able to predict the Curie temperature and other well known
parameters of atleast the three metals, Fe, Co and Ni. It is noted that the topic of
ferromagnetic has been one of constant research and even as late as 1990-199215 researchers
have tried to analyze this problem by invoking complicated band theory. The primary
proposition of the band theory is that, there should be a relative difference of the spin up and
spin down electrons at the Fermi Level for the metal to have a magnetic property. As of
today, almost all the properties of the 3d transition elements are well understood with the use
of the band theory and advnces in molecular dynamics simulation. A fairly brief overview of
how the above concepts can be utilized to understand diluted magnetic semiconducors will
follow eventually in a subsequent section.
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3. Chapter-3 Wide bandgap Semiconductors
Wide bandgap (WBG) semiconductors are categorized in general as having a bandgap Eg >
3eV. The bandgap of a semiconductor is given by:

Eg =

1240
--------------------------(1)
λ (nm)

where, l is the wavelength absorbed by the material for a band to band transition. Most of the
WBG semiconductors have a bandgap around 3eV, which implies that the bandgap emission
of these occurs in the blue-ultraviolet range of wavelengths. In the last two decades the area
of wide bandgap semiconductors has captured the attention of many researchers. A few novel
and important applications such as, blue-green light emitters, LED’s, high temperature/ high
power electronics, high density optical storage using CD-ROMs1,2, and lately spintronic
devices3,4 based on wide bandgap semiconductors have been topics of intense interest.
Microelectronic technology heavily relies on Si and other indirect band semiconductors
whereas many of the WBG semiconductors have been found useful in potential optical
applications in addition to the high performance FETs etc. ZnSe in the II-VI family and GaN
in the III-V family have been widely used direct band gap semiconductors and the
technology has advanced a great deal in the last decade or so. Other popular wide bandgap
semiconductors are silicon carbide (SiC) and diamond which are typically used for high
power/temperature applications5-8. In the last decade GaN has undoubtedly been the most
widely used WBG material for LEDs (blue and white) and the expected market value of such
optoelectronic products is about $9 billion by 2010. The largest market potential is in the
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areas of electronic signs and signals, automotive lighting, and backlighting in mobile phones
and other handheld appliances.
Recently a few oxide-based wide band gap semiconductors have also been intensely studied,
zinc oxide (ZnO) being one of the most important of these and it is also the material of
research in this dissertation. Therefore, a detailed look at the properties of ZnO is imperative.
ZnO has definite potential edge over the III-V counterparts, in terms of: (1) its free exciton is
bound with 60 meV, much higher than that of GaN (21–25 meV); (2) it has a native
substrate; (3) wet chemical processing is possible; and (4) it is more resistant to radiation
damage (although both are much better than Si or GaAs)9. Other advantages include easy
growth of single crystal ZnO on common substrates such as sapphire (or corundum or αAl2O3). Also, ZnO is commercially very cheap and environmentally friendly. Thus, both
from a scientific as well as commercial point of view ZnO is a good candidate. But there are
many issues facing this material, which varies depending upon the applications, that limit the
use of ZnO. For example, it is still a challenge to produce p-type ZnO. Some of these issues
will also be discussed in the next section dedicated to ZnO.

3.1 Zinc Oxide
ZnO crystallizes in a wurtzite crystal structure at normal ambient conditions (although zinc
blende and rock salt structures do appear under some specific ambient conditions, such as
hydrostatic pressure). Other famous compound semiconductors such as GaN in III-V family,
and ZnSe, ZnTe in the II-VI family, also crystallize in the same structure. The Bravais
Lattice describing ZnO is a hexagonal close packed lattice. Schematic figures of the wurtzite
structure and the bravais lattice are shown in figure 3-110. The crystal structure of ZnO can be
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perceived as two interpenetrating hexagonal lattices composed of either zinc atoms or oxygen
atoms staggered along the c-axis at a distance equal to the c-axis bond length for the bond
between Zn and O. As shown in Figure 1(b), the lattice constants of ZnO are a=3.250 Å and
c=5.206 Å11. Each of the ions (or atoms) is in a tetrahedral crystal field surrounded by four
ions of the opposite kind. This is typical of sp3 hybridized covalent bonds, though this
compound has substantial ionic character. The space group to which ZnO crystal belongs is
P63mc. The bond distances of the tetrahedral bonds are as follows: 1.992 Å for the

tetrahedral bond parallel to the c-axis and 1.973 Å in the other three directions of the
tetrahedral arrangement 12. In other words, it is not a perfect tetrahedron like diamond, but a
slightly distorted tetrahedron. The primary reason again, is the difference in the
electronegativities between Zn and O which results in a departure of c/a ratio from 1.633 for
an ideal hcp to 1.60 for ZnO. The covalent radii of Zn2+ ion and the O2-+ ion are 81 and 121
pm respectively, which might vary in ZnO depending on the ionicity of the bond.

Figure 3-1: (a) Schematic of Wurtzite structure (b) Schematic of the Bravais Lattice
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ZnO is a wide bandgap semiconductor with Eg = 3.37 eV (corresponding to λ =368nm). ZnO
has been synthesized both in bulk and thin film form for many decades now13-17.
Polycrystalline ZnO has found numerous applications in such diverse areas as facial
powders, piezoelectric transducers, varistors, phosphors, and transparent conducting films.
Recently, advances in the area of high quality thin film growth of ZnO has led to its use in
several state of the art applications in the electronics industry, for example in the fabrication
of thin film transistors, where the protective covering preventing light exposure can be
eliminated as ZnO based transistors are insensitive to visible light. Moreover, the
conductivity of ZnO can be varied from insulating to n-type semiconductor to even metallic
by substitutional doping with Al or Ga. All this can be achieved without even affecting the
transparency of ZnO. But a major bottleneck for a fully ZnO-based device is the
unavailability of p-type ZnO. Several groups have tried addressing this aspect but with little
success. While p-type ZnO is still elusive, the advantages of n-type ZnO are being utilized by
using it as an active layer on other p-type materials and by utilizing heteroepitaxy. For
example, n-ZnO/p-AlGaN heterojunction has been successfully used for high-intensity UV
emission. The reason for the difficulty in p-type doping of ZnO is the presence of native
defects that are unintentionally introduced during synthesis. Some of these are described in
the next subsection.

3.2 Native defects
As-prepared ZnO is always n-type due to its non-stoichiometry. ZnO almost always has
excess zinc which renders ZnO an n-type semiconductor. The most common reason as
proposed is either the presence of oxygen vacancies or zinc interstitials10, but it is still a
controversial topic. In general such point defects appear in crystals as Schottky (vacancy
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pairs of anions or cations) or Frenkel (vacancy-interstitial pairs of the same ion) defects. Just
from the basic principles of formation of these defects, it is hard to understand or predict
what kind of defects will be present in ZnO. However, it is known that the defect
concentration will be dictated by its formation energy, Ef18.
C =C0exp (-Ef/kT), -------(2)
where Ef is the formation energy and k is the Boltzmann constant.
And the formation energy of any charged defect in charge state q is given by:
Ef(q) = Etot(q)- noµO – nZnµZn- qEf ----------(3)
where, Etot(q) is the total energy of the system with nZn Zn atoms and no O atoms where µZn
and µO are the chemical potentials for Zn and O respectively, and Ef is the Fermi Energy.
From first principle calculations, it has been deduced that oxygen vacancies (Vo) have a
lower formation energy than zinc interstitials and are more likely to be present in ZnO, and
this is definitely the case for Zn-rich conditions. Under oxygen rich conditions zinc vacancies
(VZn) will dominate. It is also proposed that the VZn level is about 0.8eV18 above the valence
band edge. This particular defect is believed to be the cause of one famous phenomenon
called “green-band emission” in ZnO. But as with other phenomena in ZnO this is also not
totally agreed upon as the VO energy level also matches very close with the VZn level. Most
of

the

experimental

defect

analyses

have

been

done

using

low

temperature

photoluminescence experiments. In undoped ZnO, the defect related part in the spectrum is
dominated by the Green luminescence (GL) band peaking around 2.5 eV. Also there is a
shallow donor-acceptor pair (DAP) band around 3.22 eV. This DAP band seems to be
associated with unintentional nitrogen doping at Oxygen sites. It is also believed
consequently, that doping ZnO with nitrogen may produce p-type conductivity. But such
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claims have also been only marginally substantiated. The more famous defect manifestation
seems to be the GL band around 2.5 eV. Very early on, it was believed to be a result of
copper impurities in ZnO. Later, it was attributed to oxygen vacancies arising in ZnO. There
have been many studies to elaborate both points of view but it still remains unclear as to what
the real cause of GL could be. For example, in copper doped ZnO, a band near 2.45 eV was
observed with characteristic fine structure19. A variety of analyses using EPR, Zero-Phonon
studies, electrical conductivity and Hall measurement indicated the possibility of a Cu in the
Zn site as a probable cause of GL. Structureless GL band analysis has been attributed to
various causes including VZn acceptor20,21 or a complex defect involving Zni, OZn, and VO.
Other types of transitions have also been suggested to account for GL, such as, from VO to
deep VZn acceptor level, from conduction band (CB) to VZn etc. Presently, the theory relating
VO to the GL band has drawn huge support due to excellent correlations between the changes
in GL band intensity and the conductivity of ZnO, and the concentration of a defect identified
as VO after various annealing or oxidation conditions. This theory is also to be taken with
caution, though. There are other features in the PL spectrum of ZnO namely, the yellow
luminescence (YL) (in Li doped ZnO) attributed to a DAP type transitions with Li acceptor,
and a red luminescence (RL) band in undoped ZnO at 1.75 eV. The RL band’s origin is not
yet understood.
Regarding the unintentional n-type conductivity observed in ZnO several conjectures exist to
date, such as zinc deficiency and presence of oxygen vacancies. As already pointed out the
native defects in ZnO may be many, including VO, VZn,Zni etc. Moreover, these will also
have charges associated with them. There is specific nomenclature that has been adopted to
denote these defects. For example, zinc vacancies with effective charges of –q and –2q are
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represented as VZn’ and VZn’’, respectively. The symbols of Zni
interstitials with effective charges of zero and +q, respectively.
×

×

*

and Zni are the Zn
The O vacancies are

*

indicated by VO and VO with neutral charge and effective charge +q. Also, there are specific
energy levels in the mid gap that these defects occupy in ZnO. A schematic of these defect
levels with respect to the CB and VB of ZnO is shown in figure22 3-2 below. The activation
energy for the two acceptor levels of VZn’ and VZn’’ as a function of temperature T are given
-4

-3

by Ea1=0.7-2×10 T (eV) and Ea2=2.8-10 T (eV), respectively. The binding energies of the
-4

two Zn-interstitial donor levels are Eb1=0.05 eV and Eb2=0.5-1.5×10 T (eV). For the O
vacancy, the binding energies of the two donor levels are given by Ec1=0.05 eV and Ec2=2-4

6×10 T (eV).

Figure 3-2: Electronic energy levels of native defects in ZnO

It is now established that native intrinsic defects in ZnO, particularly the ones causing n-type
conductivity play a very important role in tuning the magnetic properties of these materials.
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In other words, the ferromagnetism of the DMS materials in this dissertation is largely
controlled by defects. This aspect will be addressed in a later chapter.

3.3 ZnO crystal growth
Bulk growth of ZnO has been carried on for many years now. Bulk ZnO single crystals are
deemed to be very good substrates for growing ZnO thin films. High-quality large ZnO
single crystals that result from homoepitaxy are thought to be beneficial for the UV and blue
light- emitting devices, because of the: (a) reduced strain/thermal mismatch (b) clean
interface between substrate and film (c) lower defect density including threading dislocation
density and (d) control of polarity. The most popular method of growing bulk ZnO is the
hydrothermal process23,24, because of the low supersaturation of the solution during
hydrothermal reaction. In this method the growth rates in different crystallographic directions
are different. Another way to produce very high quality bulk ZnO is by vapor transport25,
where ZnO is produced using a reaction in a horizontal tube. In this technique, pure ZnO
powder is placed at the hot end of the tube (1150 °C). ZnO is transported to the cooler end of
the tube, maintained at about 1100 °C, by using H2 as a carrier gas. The reaction that
supposedly takes place at the hotter end is: ZnO(s) + H2(g)Æ Zn(g)+ H2O(g). At the cooler
end ZnO is formed using a seed, by the reverse reaction. A third synthesis method is the
Cermet Inc.26 melt method where a ZnO melt is contained in a cooled crucible. Radio
frequency (rf), induction heating is employed to melt the starting ZnO powder to about
1900°C. Once the molten state is attained, the crucible is slowly lowered out of the hot zone
to allow crystallization of the melt resulting in a bulk ZnO crystal.
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3.4 Thin film ZnO growth
Having reviewed the main techniques to produce bulk ZnO, now we turn to growth of thin
films of ZnO on various substrates. Lattice parameters of a number of prospective substrates
are listed in table 3-1.
Table 3-1: Lattice parameters and thermal expansion coefficients of prospective substrates
for ZnO thin film growth

Material

Crystal
structure

Lattice
parameters
a(Å), c (Å)

Lattice
mismatch
(%)

ZnO

Hexagonal

na

GaN

Hexagonal

AlN

Hexagonal

-Al2O3

Hexagonal

3.252
5.213
3.189
5.185
3.112
4.980
4.757
12.983

6H-SiC

Hexagonal

Si

Cubic

ScAlMgO4

Hexagonal

GaAs

Cubic

3.080
15.117
5.430
3.246
25.195
5.652

1.8
4.5
(18.4% after
30° in-plane
rotation)
3.5

Thermalexpansion
coefficient,
(K–1)
–6
a (10 )
–6
c (10 )
2.9
4.75
5.17
4.55
5.3
4.2
7.3
8.1

40.1

4.2
4.68
3.59

0.09

…

42.4

6.0

Thin film growth of ZnO can be accomplished by various techniques. Some of these are: rf
magnetron sputtering, molecular beam epitaxy (MBE)27, pulsed laser deposition (PLD)28,
chemical vapor deposition, vapor phase epitaxy etc. In this work all the growth of epitaxial
ZnO is done using pulsed laser deposition. The details will be discussed in the experimental
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section chapter. The most important substrate for ZnO thin film growth has been sapphire or
α-Al2O3. We will discuss the properties of sapphire in detail in the following section.
5.4.2

Sapphire (α-Al2O3)

The most stable form of aluminum oxide is α- Al2O3 (sapphire), with a corundum structure as
shown in figure 3-3. It has a hexagonal close packed Bravais lattice with lattice constants of
a=4.75 Å and c=13 Å29. In this structure, Al atoms occupy two thirds of the octahedral
interstitial voids of each successive hcp packed layer of oxygen atoms. Sapphire has a large
bandgap of 9.7 eV, resulting in transmission of light over a broad wavelength range.
Sapphire has a melting point of is 2040 °C, is very hard, and is very inert up to very high
temperatures. Sapphire has been extensively used in various applications in the areas of
optics, laser, semiconductors, optoelectronics, industry and military. Sapphire is also widely
used as substrate for thin film growth of optoelectronics such as GaN and ZnO as these
materials also have hexagonal structure like sapphire. The large bandgap of sapphire permits
optical characterization of the thin films developed on it

Figure 3-3: The corundum structure of sapphire (α- Al2O3)
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to be carried out without disturbing the properties of the thin film. Also, the high inertness
means, interface reaction between the thin film and substrate is considerably reduced so that
thin films can be grown with high crystalline quality. Various materials grown on sapphire,
include ZnO30,31, MgZnO22, GaN
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, AlN33, CuInS2
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, YBCO35, and LiNb1–xTaxO3

36

, etc.

The physical, thermal, electrical and mechanical properties of sapphire are listed in Table 32.
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Table 3-2: Properties of sapphire

PROPERTIES OF SAPPHIRE
PHYSICAL
THERMAL
Chemical
formula
Crystal
structure
Unit cell
dimension
Density
Hardness
Melting point
Boiling point

Al2O3
Hexagonal system
(rhombohedral)
a = 4.758 Å , c =
12.991 Å
3.98 g cm-3
9 mohs, 15252000 Knoop
2040 °C
2980 °C

MECHANICAL
Tensile strength

Flexural strength

Young's modulus

40,000-60,000
psi (design
criterion)
70,000-130,000
psi (design
criterion)
50 x 106 psi

Compressive
modulus

55 x 106 psi

Flexural modulus

52 x 106 psi

Rigidity modulus

21.5 x 106 psi

Volumetric
modulus of
elasticity (bulk
modulus)
Poisson's ratio

35 x 106 psi

Thermal
conductivity

Thermal
expansion
coefficient

0.065 cal cm-1
s-1 °C-1

8.40 x 10-6 °C-1

Specific heat
at 25 °C

0.10 cal g-1

Heat capacity
at 25 °C

18.6 cal °C-1
mol-1

ELECTRICAL
Volume
resistivity

1014 Ohm-cm

Dielectric
strength

480,000 V cm-1

Dielectric
constant
E
perpendicular
to c- axis
E parallel to caxis
Dissipation
factor, tan
delta

9.4

11.5
10-4

0.29

Data obtained from http://www.crystalsystems.com/proptable.html
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3.5 Thin Film Epitaxy and an overview of ZnO epitaxy on
sapphire37
Epitaxial growth of high quality thin films with the least defect density in thin film
heterostructures is the key to next-generation microelectronic, optical and magnetic devices.
In the conventional Lattice Matching Epitaxy (LME) where the misfit is 7-8% at the
maximum films grow pseudomorphically up to a “critical thickness” where it becomes
energetically favorable for the film to have dislocations. This was the theory proposed
initially by Mathews and Blaskeslee solely on the basis of thermodynamic considerations.
The one issue that was not addressed adequately was that of the kinetics of the growth of the
film. In the LME theory, dislocations originate after the critical thickness at the film surface
and glide to interface of film-substrate and therefore, the burgers vector is determined by the
slip systems of the thin film material. But for a three dimensional growth of Ge islands on Si,
the Burgers vector is determined by geometrical constraints. In the case of Ge islands on Si,
the 90° dislocations with a/2 <110> originate at the edge of the islands and lie in the (001)
plane of the film-substrate interface. Fundamentally then, it has to be realized that any strain
relieving mechanism makes use of misfit dislocations, and dislocations are nothing but
missing or extra half planes. Hence, instead of the lattice constants matching across the
interface of a film-substrate interface, it is worth considering directly, the matching of lattice
planes across the interface. This is the primary assumption of the Domain Matching Epitaxy
(DME) paradigm.
The DME paradigm effectively describes the epitaxy of high misfit systems (systems where
misfit >8%). In essence, DME states that epitaxy in any system occurs by the matching of
integral number of lattice planes across the film substrate interface and the size of the domain

31

is an integral of the plane spacing. Eventually, for small misfit systems, this is again reduced
to the matching of same kind of lattice planes and therefore lattice constants across the
interface. Hence, in the lower misfit case DME becomes LME. The important point to note in
DME is that the large misfit strain is relieved within a couple of monolayers, so that the
misfit strain can be confined near the interface, if the film is grown in a completely 2dimensional manner. And, just as in the case of the 3-dimensional Ge islands, the Burgers
vector of the dislocations are dictated by geometrical constraints and not the slip systems.

3.6 Fundamental considerations in DME
Mathematically, the DME concept can be explained by the matching of lattice planes. The
matching planes across the interface may not be same for the film and the substrate. The
number of planes, each of the film and the substrate that match across the interface are
termed as “domains” and there is one extra half plane per domain. Moreover, if the misfit is
not accommodated with perfect integral matching of lattice planes, then there could be 2
different domains that may vary alternately, with a specific periodicity, to relieve the
additional misfit. Mathematically, the concepts envisaged in the DME can be written as:
εr = (mdf /nds –1 )……………………………..(1)
where, εr is the residual strain between film and substrate after m planes of film with planar
spacing of df and n planes of substrate with spacing ds match. If the matching is perfect, then

εris zero. When is not zero, two domains may alternate with a frequency factorα, such that:
(m+α)df = (n+α)ds……………………………….(2)
Assuming df > ds, we have n>m.
Thus,

n - m = 1 or f(m)……….…………………………….(3)

where, f(m) is some function of m. From equations (1) through (3), we can derive,
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(m + α ) ε =1 or f(m) ……………………………….(4)
Equation 4 governs domain matching epitaxy. Figure 3-4 shows a unified plot of strain vs
film-substrate planar spacing ratio. It is also to be noted that the LME region is above 12/13
ratio or below about 7.7%. In this figure, n -m = 1 for ε = 0 –50% and n – m = f(m) for ε = 50
to 100%. A basic assumption in the DME model is complete relaxation of the strain without
any barrier for dislocation nucleation. A more elaborate explanation of the DME paradigm

Figure 3-4: Domain Matching Epitaxy Planar spacing to the strain

can be obtained from reference 37 where at least 3 different thin film systems have been
described in detail. In the following few paragraphs a brief description of the DME of ZnO
on Sapphire will be discussed.
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3.7 Epitaxial growth of ZnO on Sapphire
The growth of high quality ZnO (having wurtzite hexagonal structure, a = 3.252 Ǻ, c = 5.213
Ǻ) on a practical substrate such as sapphire (a = 4.758 Ǻ, c = 12.991 Ǻ) presents a major
challenge. The epitaxial growth of high quality of ZnO has been accomplished by DME.
Figure 3-5(a) shows a HRTEM image of the ZnO/ Sapphire interface grown by pulsed laser
deposition. It is taken in the Sapphire [2110] zone axis. Figure 3-5(b) shows a Fourier-filtered

image from which it is seen that, 5 or 6 [2110] planes of ZnO match with 6 or 7 [0110] planes
of sapphire. The epitaxial relations derived from a corresponding diffraction pattern shown in
figure 3-5(c) are ZnO [0110] || Sapphire [2110] and ZnO (0001) || sapphire (0001). From

these epitaxial relations it is also deduced that, the c-plane of ZnO is rotated by 30° or 90°
with respect to the basal plane of sapphire as shown in figure 3-5(d).

(b)

Figure 3-5: (a) ZnO/ Sapphire interface in High resolution Image (b) Fourier Filtered Image
showing DME
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(d

Figure 3-6 (c ) : SAED pattern of the ZnO/Sapphire interface, (d) schametic plan view of the
epitaxy

The misfits between the film and the substrate can be analyzed as follows: aZnO planes of
ZnO match with the

a

3

planes of sapphire. We can see that 5.5 aZnO ≈ 6.5 a – Al2O3 for a

=0.5. From this analysis we get a planar misfit of about 15.4 % which is in between 5/6 and
6/7 plane matching.
Thus with DME, it is now possible to grow films having small as well as large misfits with
substrates. When the misfits are not perfectly accommodated, there is a periodic variation of
the domain sizes to accommodate for the residual misfit. Also, as the domain size changes,
the nature of the dislocations remains the same. Typically, in systems like ZnO / sapphire the
critical thickness is about a couple of monolayers and beyond that the thin film grows fully
relaxed. Thus DME can be used to grow films with hardly any defects in the active regions,
compared to films grown by LME. In a later chapter we will also describe another system
where a metallic thin film of platinum was grown epitaxially on ZnO by DME.
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4. Chapter 4: A general introduction to Spintronics

and Diluted Magnetic Semiconductors
Today’s microelectronic revolution and information technology relies heavily on
semiconductor-based technology which primarily exploits the charge of the carriers in the
semiconductors. Complementary to this, information storage which is vital for this revolution
is dependent on magnetic recording using hard disks, and compact disks (magneto-optical
recording) which use the spin property of the electron found in ferromagnetic materials. It is
then indeed quite a thought to combine these two effects to achieve both functionalities at the
same time in the same device. Such a device may help us store and process information at the
same time. The recent field of “Spintronics” aims to achieve this by using some novel device
concepts and materials. One very effective way to incorporate both effects in a material is to
make Diluted Magnetic Semiconductor (DMS) materials. Diluted magnetic semiconductors
(DMS) are materials where a fraction of the host atoms of a semiconductor is substituted by a
magnetic ion. Typically, in the semiconductors studied to date, it is cation substitution by a
transition metal ion that has been investigated to produce DMS materials. As mentioned in
the introduction chapter, one of the main reasons for the development of DMS materials is
the fact that early devices using the conventional ferromagnetic metals like Fe and Co or
their alloys have been very inefficient in terms of the percentage of spin polarization. This
was attributed to the conduction mismatch and scattering at the hetero-interfaces, both of
which can be avoided by adopting a DMS material to inject spin-polarized electrons into the
host semiconductors itself. Thus, basic research in developing DMS materials has become
very important and significant.
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A basic introduction to DMS materials was given in chapter 1. As more and more wide
bandgap semiconductors are grown as epitaxial films there is a big thrust to utilize them to
make DMS thin films. Nevertheless, a vast amount of literature exists in the fundamental
studies of II-VI (mostly) and III-V bulk DMS also, which have laid the foundation in
understanding many of the basic properties of even thin film DMS. In this chapter’s
subsections we will briefly review the development of the following fields:
¾ Diluted magnetic semiconductors and oxide DMS
¾ A few mechanisms proposed to explain the magnetic properties of DMS
¾ A few other possible magnetic interactions and their significance in DMS materials

Overview and development of DMS materials:
The field of DMS has been of interest since the 1960’s with lot of work in the area of Eu or
Cr based chalcogenides1-8. Later, II-VI DMS were studied in detail during the 1970s and
1980’s9-28. Most of the work up to that point on II-VI DMS was done on bulk DMS so much
so that there was a specific conference arranged in the 1987 MRS meet. DMS materials have
gripped the attention of scientists for several reasons, some of which are: (a) possibility of
tuning the electronic band structure parameters by varying the composition of the dopant (b)
ferromagnetic effects produced by the random substitution of magnetic ions and, (c) Highly
efficient electroluminescence (important for flat panel displays)29. Usually, magnetic
moments originate from 3d unpaired spins in the shells of transition metals. In addition to
these the sp-d exchange interactions lead to large Zeeman splitting of electronic levels
comprising of the host band and the dopant impurity levels. This leads to fundamentally
interesting effects such as giant Faraday rotation, magnetic field induced metal-insulator
transition and very importantly, formation of “Bound Magnetic Polarons” which will be
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discussed in a later chapter to explain some of the properties observed during the course of
this work. With the demonstration of the GMR effect using metallic multilayers30-32, the
research in this field moved more into the exploration of thin film DMS materials. In 1989,
Munekata et al33, reported the first ever growth of a thin film DMS based on n type-InAs
doped with Mn, using MBE. Moreover, that was the first time that a III-V semiconductor was
used to make a DMS after the plethora of work that transpired in the II-VI’s. Although the
homogeneous InMnAs films exhibited paramagnetic behavior in this study, the important
advancement was the ability to grow good quality thin films with a high concentration of a
magnetic dopant. This was followed by a study of the magnetotransport properties of p-type
InMnAs, by the same group in 199234. In 1996 another report in the area of III-V
semiconductors reported the first ever growth of GaMnAs DMS thin films35. This was
significant because it was based on GaAs, a very widely used semiconductor for
optoelectronic applications. Since 1990s there has been a surge in the field of DMS, using
different crystal growth techniques which can help incorporate dopants well beyond the
equilibrium concentrations. Such techniques include MBE and PLD. Different growth
parameters were tried in search of the best quality homogeneous films with that displayed
ferromagnetic properties. Even so, the maximum Curie temperature (Tc ) that was obtained
was just 110K in GaMnAs. The first time, room temperature FM was observed in GaMnN
was by M.L.Reed et al36. At that time it was believed that p-type conduction was essential for
the observation of ferromagnetism according to the theory of carrier-induced
ferromagnetism. Therefore, a few carrier based phenomena such as magnetoresistance, and

spin injection using III-V DMS were studied37-39. Typical II-VI semiconductors that have
always been of particular interest have been: ZnMnTe, CdMnTe, CdMnS, CdMnSe, ZnMnSe
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etc. One of the major challenges in materials science is understanding the ferromagnetism of
these DMS materials and to synthesize DMS materials whose Tc comfortably exceeds room
temperature. In the following subsections, energy levels of these dopants in the hosts, will be
discussed and a few mechanisms that are operative in these DMS materials will be
overviewed.

4.1 Energy levels of d-impurities
There are two kinds of electron states of interest here: (1) conduction and valence bands
primarily consisting of the outer s and p orbitals of atoms comprising the material, and (2)
localized states derived from open d shells of dopant transition metals40. In figure 4-1
below41, 42, the calculated energy levels are shown for the transition metal ions in the III-V
and II-VI host semiconductors. It is apparent that some of the dopant atoms form acceptor
like states and some others form donor states with the d-electronic bands. From these figures
we can have a preview of what electronic state / valence the d-metal would be in, and what
effect can be expected from extrinsic doping. The d-metals will provide electrons if the donor
state is above the bottom of the conduction band (e.g., Sc in CdSe) or holes if the acceptor
state is below the top of the valence band (e.g., Mn in GaAs). Another very important aspect
to consider when we have an ion in a regular lattice of a semiconductor is the crystal field
splitting. Many of the interesting effects which affect the magnetic and optical / magnetooptical properties can be explained when we analyze the crystal field effects. An exhaustive
review of crystal field effects in all these lattices is beyond the scope of this dissertation, the
case for a transition metal ion in the tetrahedral field of ZnO, which is directly relevant to the
current study, will be presented later.
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Figure 4-1: Energy levels of d-elements in (a) III-V and (b) II-VI compounds
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There are a few models to explain the magnetic interactions in these DMS systems. All of
these require a basic understanding of the energy levels of the dopants in the host. An
additional complication, is the presence of defects, both intrinsic and extrinsic (e.g.,
vacancies, dislocations etc) which can form complexes in the energy band that either enhance
or kill the interactions magnetic interactions. In the following subsection we will review a
few of these interactions.

4.2 Mechanisms operative in DMS materials
Interactions in magnetic materials can be broadly classified into two categories (i) Direct
exchange and (ii) Indirect exchange. The direct exchange mechanism was formulated to
describe magnetic behavior in conventional materials like Fe, Co and Ni. The concept was
thought to originate from an interaction brought about by a direct overlap of the wave
functions of two neighboring atoms. In the simplest form the direct exchange is represented
by the Heisenberg model as:
Hi,j = -Ji,j SiSj

………………….(1)

It was soon realized that direct exchange is too weak an interaction to be able to completely
explain all the properties of even simple metals. Therefore, the second theory of indirect
interactions was proposed. Even indirect exchange in combination with direct exchange
cannot describe many of the effects seen in magnetic materials. Nevertheless, the science is
much more advanced now that computational tools are at our disposal that model the
interactions and properties of various classes of magnetic materials. A few important indirect
exchange mechanisms are as follows:
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(A) Carrier-induced interaction and RKKY exchange: This mechanism forwards a direct
interaction between the conduction electrons / holes and the localized d-spins of the magnetic
dopants. The RKKY mechanism was proposed simulataneously by Rudderman, Kittel,
Kasuya and Yoshida in different works. Of importance here are the modifications proposed
by Dietl that include a Zener Mean field theory applied to semiconducting systems.
Essentially the Zener model postulates that there are three possible types of magnetic
interactions:
i) direct exchange between the incomplete d-shells of the neighboring atoms,
resulting in an energy43,

Edirect =

1
α Sd1.Sd2
2

………………(2)

where, Sd is the net moment on each ion / atom and α is positive in all situations,
but whose magnitude is proportional to the wave functions overlap.
ii) The second exchange mechanism arises from the spin coupling between the
conduction electrons and the inner d-electrons, written as:
E=-βSdSc ..................(3)
where, Sc is the net magnetization of the conduction electrons, and β is always
positive.

(This energy is important in the context of carrier-induced

ferromagnetism)
(iii) The last coupling arises from the Fermi kinetic energy of the electrons. This is
represented as:
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Ekinetic=

1
γ Sc2 ………………(4)
2

where, γ = 2 ε / 3n, and ε= kinetic energy at the top of the Fermi distribution and
n, is the number of conduction electrons per atom. Without going into the details
it can be proven that the conditions for ferromagnetic and antiferromagnetic
behavior are as follows:
β2 > α γ for ferromagnetism, ………………(5)
and
β2 < α γ for antiferromagnetism

………………(6)

It is reiterated here, that the 2nd term is a very important term, which forms bulk of
the interaction formulated in the RKKY mechanism, which envisages an
“Indirect exchange coupling of atomic magnetic moments by conduction
electrons”. The final form of the RKKY interaction is given by
2

J
J(Ri-Rj)=9π 0 F(2κF|Ri-Rj|) ………………(7)
EF

where, κF is the radius of the conduction electron Fermi surface, Rs denote the
position of the moment in the lattice and

F(x) =

x cos x − sin x
x4

………………(8)
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The functional form of the JRKKY, the RKKY exchange integral oscillates as
shown in Figure 4-2. Hence, depending on the separation distance between ions,

J(Ri-Rj)

the moments are coupled either ferromagnetically or antiferromagnetically.

0

Separation distance
Figure 4-2: Variation of RKKY Exchange integral JRKKY with the separation distance
between the localized moments
(B) Double exchange Interaction: This is typically present in covalently bonded systems, eg,
the perovskite, compounds such as (La, Sr)MnO3. In Particular, this mechanism seems to
dominate when the width of the band is smaller than the exchange energy, which happens for
the bands formed by d-states. Spin ordering facilitates the hopping of a charge carrier over
the d states. Ferromagnetic ordering is driven by the associated lowering of the carrier
energy, ie resulting from an increase in the width of the carrier band. Accordingly, in such
systems spin ordering is always accompanied by a large increase in the conductivity, an
effect leading to so-called colossal magnetoresistance, typically orders of magnitude greater
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than the giant magnetoresistance and at pretty practical temperatures. But so far, there is no
evidence that this is the mechanism responsible in II-V or III–V DMSs.
(C) Superexchange interaction: Due to the sp–d exchange interaction, the electrons residing
in the sp bands are either attracted to or repulsed by a given magnetic ion, depending on their
spin orientation. This results in a spatial separation of spin-down and spin-up electrons if the
bands are entirely occupied, as typically seen in insulators or intrinsic semiconductors. Such
a separation may lead to an antiferromagnetic interaction between neighboring localized
spins, a mechanism known as superexchange (very rarely ferromagnetic ordering is also
seen).
(d) Bound Magnetic Polaron mechanism (BMP): A BMP is a defect related entity which is
very likely to be present in compound semiconductors such as ZnO due to the presence of
point defects such as oxygen vacancies and zinc interstitals. In short, BMPs are formed by
the alignment of the spins of many transition-metal ions with that of much lower number of
weakly bound carriers such as excitons within a characteristic Bohr radius. These localized
polarons interact with the transition-metal impurities within their radius of influence
providing an effective exchange interaction that acts to align all spins. The strength and the
field of interaction increases as the temperature decreases. Ferromagnetic behavior emerges
as the neighboring BMPs begin to overlap and magnetic dopants interact forming correlated
polarons and the size of such clusters grows to dimensions equal to the size of the material, to
effect long range magnetic ordering. This model can explain the magnetic ordering in low
carrier density systems such as many of the electronic oxides. The polaron model is
applicable to both p- and n-type host materials. Even though the direct exchange interaction
of the BMPs with the d-ion is antiferromagnetic. For sufficiently large concentrations of
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magnetic impurities the effective interaction between transition metal dopants is
ferromagnetic. In brief, BMP formations in insulating materials can lead to ferromagnetic
ordering under specific conditions. This aspect will be described in chapter 9 at which time a
few appropriate experiments are also described.
A combination of one or many of the above mechanisms may be present in the DMS
materials. It is to be realized that complications arise due to presence of defects in the
material in question, ZnO. All these mechanisms can lead to mixed behavior in the DMS,
e.g.: paramagnetism, ferrmomagnetism, antiferromagnetism, etc at the same time. The
randomness of the d-dopant substitution also has a very strong effect in inducing such
properties which is what make the study of DMS even more interesting from a basic
scientific perspective.

4.3 ZnO based diluted magnetic semiconductors
ZnO has been extensively researched as a candidate material for developing functional
materials for spintronic devices. The research to develop and build devices out of ZnO based
DMS has come a fairly long way over the past decade. Many transition element dopants have
been used to fabricate DMS out of ZnO, the most popular dopant elements being manganese
(Mn) and cobalt (Co). Practically, the whole of the first row has been incorporated into ZnO
in search of magnetic properties and in some cases, interesting optical and electronic
properties.
Fukumura et al44 studied the incorporation of Mn into ZnO by PLD and found that the
solubility of Mn in ZnO could exceed the equilibrium limit (13%) reaching as much as 35%
Mn in ZnO. It was found that both the lattice constants (a and c) and the band gap increased
with increasing Mn content, a behavior confirmed in a later related chapter in this
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dissertation. In a later study, Fukumura et al. measured the magnetization for a Zn0.64Mn0.36O
thin film grown by PLD. It was observed in FC and the ZFC measurements that there was a
large amount of spin-glass type of behavior and a negative Curie Weiss temperature
suggested a dominant antiferromagnetic component was present in the system. Also it was
noted that the effective moment corresponded to a mere 2.1% Mn contene, ie, most of the
Mn moment was not contributing to a net moment. The antiferromagnetic component of
interaction was found to increase with Mn content. Jung et al45, also found that with
increasing Mn concentration the lattice parameter and the band gap of the material increases,
corroborating earlier reports. These earliest papers have been followed by several other
reports in the last 6-7 years on Mn doped ZnO and even today it remains a widely studied
material.
The Co-doped ZnO system has become a favorite with many researchers for several reasons.
Firstly, very similar ionic radii of Co2+ and Zn2+ ions in the tetrahedral field leads to, a high
solubility of the Co ions in ZnO. Furthermore, the reports of ferrmognatism in n-type CoZnO are more prevalent and reproducible compared to Mn doped ZnO. Ueda et al46, studied
various TM doped ZnO [TM= Co, Mn, Cr and Ni] films grown on a-Al2O3 by PLD. They
showed that Co doping into ZnO can be pushed to as high as 30%. In their films, some
exhibited spin glass transitions, while some were ferromagnetic with Curie temperatures
above room temperature. In figure 4-3 it is seen that the Co-ZnO lattice parameter increases
with rising Co content implying a uniform substitution of Co in ZnO46. Furthermore, there
was no secondary phase detected in X-ray diffraction. The authors conjectured a double
exchange mechanism being the cause of ferromagnetism in these films, though without
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Figure 4-3: Lattice parameter variation of ZnCoO with increasing Co content46
any particular evidence. Again, a large number of reports on Co-doped ZnO have been
published reporting on the various aspects of magnetic behavior.
There were very few reports on V-ZnO until 2003. The earliest works were Ando etal‘s
work47 on Magnetic Circular Dichroism (MCD) of ZnO-V where any evidence of a DMS
like character was absent, and the work by Saeki et al who reported48 Curie temperatures
higher than 350K. Ferromagnetic behavior was found for V-doped ZnO with about 5-15%
dopant concentration, but only in conjunction with a moderately high carrier concentration of
about 1018 / cm3. Ni-ZnO was studied by Wakano et al49 where it was found that Ni can be
incorporated in ZnO up to 25% by PLD without forming secondary phases although FM was
observed only at 2K.
In all the above works the primary magnetic characterization technique was SQUID
magnetometry and VSM measurements to primarily study the hysteresis behavior. Other
interesting properties of ZnO based DMS stem from the magneto-optical character of these
materials. Ando et al47 studied the magneto-optical properties of ZnO doped with all the first
row d-elements using MCD. This measurement detects the relative difference of the circular
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polarization-dependent optical absorption under an applied magnetic field. It was found that
Sc, Ti, V and Cr did not show any magneto-optical effect whereas ZnO doped with Mn, Co,
Ni, and Cu had pronounced negative MCD peaks near the band edge of ZnO, indicating a
strong sp-d exchange interaction in the material, which indicated these materials to be
potential DMS materials. Also, the effects were more pronounced at low temperatures and
decreased with increasing temperature. A few Co-ZnO samples showed effects up to about
200K. The MCD signal near the semiconductor band gap comes from the Zeeman splitting of
the conduction and valence bands, which may be estimated along with the effective g factor
using the equation:
MCD = -

45

π

∆E

dα
dα
45
= - gµΒH
…………(9)
dE
π
dE

where α is the optical-absorption coefficient, E is the photon energy, µΒ is the Bohr
magneton, and H is the magnetic field. The appearance of MCD signal was put forth as a
major criterion by the authors, for a material to be named as a diluted magnetic
semiconductor.

4.4 Underlying mechanisms
More recent studies have begun to speculate on the underlying mechanisms that are operative
in these materials. The original theory proposed by Dietl50, had assumed that the
ferromagnetic phase was a consequence of p-type conductivity in the material. Earlier
experimental studies confirmed that the carrier concentration and the separation distance
between the Mn ions do have a big role to play in determining the magnetic properties of Mn
doped ZnO system. But all the reports on ZnO were for n-type material. This included a
study by Pearton et al51, that examined the Mn-ZnO doped with Sn for n-type conductivity.
They reported ferromagnetism, though the results were highly subjective. Following that,
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Norton et al52, reported a Curie temperature of about 250K in Mn doped ZnO, with Sn as the
donor dopant. But there are still speculations as to whether a second phase such as Mn3O4
could be the reason for such magnetization behavior. When all these reports are considered,
there seems to be no general trend, in the sense, some groups report RTFM, some report Spin
glass like behavior and some only paramagnetism. A work by Kim et al, on Mn-ZnO53
suggested that secondary phases such as MnO, MnO2, and particularly Mn3O4 were forming
at the interfacial region between the film-substrate interface. Around the same time, Tiwari et
al’s work work on ZnMnO54 along with Cheng and Chien’s55 seemed to find no evidence of
ferromagnetism in this system with varying concentrations of Mn in ZnO. Again, HRTEM
showed no evidence of any secondary phases in this system, and the band gap increased with
increasing Mn content with significant mid-gap absorption, which was attributed to the
charge-transfer transition between the donor and acceptor ionization levels on Mn ions and
the band continuum. Cheng and Chien55 performed Auger electron spectroscopy (AES) on
this material to prove that the films had a uniform distribution of Mn in ZnO. Similarly, also,
several reports on Co doped ZnO have reported conflicting results, in terms of whether the
system is spin-glass like or ferromagnetic or paramagnetic. The main reasons for the
controversies are basically, the different growth conditions, the randomness of substitution
and the high density of point defects in ZnO. Moreover, the present understanding of the
magnetism in these systems definitely warrants a closer look at the complexes that defects
can make with the d-ions, which implies a thorough investigation of the microstructure, the
local environment of the dopant, and oxidation states of the dopant ions. With all the above
results and conjectures at best, it can only be said that the real reason for ferromagnetism in
these systems in not yet understood.
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5. Chapter 5: Experimental Details
5.1 Thin film growth by Pulsed Laser Deposition: A brief overview
of the methods and science
In this dissertation all the synthesis of thin films has been done with pulsed laser deposition
(PLD). In this subsection a brief description of the essential processes occurring in PLD will
be given. PLD became a popular method to synthesize novel thin film materials and
heretostructures, after 1970’s when a host of nanosecond lasers were invented1,2. In the late
1980s and mid 1990s3,4 it was very popular particularly for complex high Tc superconducting
oxides comprising of 4 components or more, due to the fact that stoichiometry of the target is
replicated directly onto the thin film. Moreover, PLD is an extremely non-equilibrium
process and can be used to deposit thin films at low temperatures, which makes it suitable for
systems where thermal budget is a concern. All these facts arise out of the complex plasma
plume characteristics of PLD process. Though PLD is a sufficiently developed technology
today, the history of PLD is quite long with intervening times of silence in the field.
The first ever laser was reported by Smith and Turner in 19655, whey they used a ruby laser
to deposit thin films on semiconductors, dielectrics and organometallics. This was the first
demonstration of stoichiometric, clean thin films. But due to lower power and energy
delivered, these lasers sort of did not make it big. But developments on the same lines,
ushered the era of CO2 gas lasers (10.6µm) (1969) which could be used with higher
repetition rates than ruby lasers to deposit much thicker films. But even the CO2 laser
encountered problems relating to the subsurface heating (due to greater absorption depth of
10.6 µm wavelength) and consequent splashing of particulates leading to poor film quality.

Hence, PLD still remained in an experimental stage. During 1970s two major developments
occurred6. Firstly, reliable electronic Q-switches became available to generate very short
optical pulses with peak power as high as 108 W/cm2. Such high power input into any
material can easily cause dielectric breakdown which can create a plasma plume containing
all the elements of the target and consequently the stoichiometry of the target is well
preserved in the thin film. Second was the development of second harmonic generator for
shorter wavelength radiation. This considerably reduced the absorption depth and consequent
subsurface heating which helped in deposition of higher quality films. These two
improvements greatly advanced the field in terms of the materials that can be grown as thin
3+

films using PLD. As an example, for the Nd : YAG laser fundamental emission occurs at
1064 nm, but the out-put radiation frequency could be brought to the desired region by using
3+

a nonlinear crystal and repetition rates of high power Q-switch Nd : YAG laser could be as
high as 30Hz. Gaponov et al in 19797, demonstrated growth of superlattices, and reduced the
particulate formation in PLD. They had also grown oxides using reactive deposition in an
oxygen ambient using PLD, thereby maximizing the utilization of the high energy plasma
which can further enhance the oxygen ionization. In 1980s that with improved laser
instrumentation and better control of parameters resulted in epitaxial growth of
semiconductors and high quality heterostructures was possible with PLD. The advance was
so much so, that the properties and quality of PLD grown films and devices were comparable
to that grown by even K-cell MBE. For example, Cheung and Madden8 could synthesize a
ternary HgCdTe alloy, with a compositional resolution of about 2 monolayers with precise
control of evaporation flux, which was better than what could be achieved by MBE. There
was considerable advance in PLD use during the 1980s and a large number of new materials
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were added to the list of materials that could be efficiently synthesized with this novel
technique. In the late 1980s and early to mid 1990s there was a huge boost to PLD due to the
synthesis of complex multi-component high-Tc superconductors and other oxide
semiconductors and heterostructures. Latest breakthroughs involve epitaxial TiN on Si and a
few nitrides. Also, Diamond like carbon (DLC) films by PLD have attracted a lot of attention
due to the novel properties achievable with simple experimental set up. Presently, the efforts
are directed towards efficient integration of PLD in mainstream production. All the various
systems, novel nanostructures and unique properties achievable with PLD primarily rely on
the extremely high energetic plasma plume characteristics of the ablated material.

5.2 Types of lasers
The important kinds of lasers that have been extensively used are the solid-state Nd: YAG
and the excimer lasers. The usual useful range of laser wavelengths for thin film growth by
PLD is between 200-400nm, in which spectral range materials exhibit a strong absorption.
The more the energy of the laser the better is the absorption, so that the heating and
sublimation is confined to the first few monolayers of the target. This is good for thin film
growth as it eliminates problems like subsurface heating and particle generation. The lasers
mentioned above have the ability to easily supply energy densities of > 1J/cm2 in 200-400nm
range of wavelength. In the Nd: YAG system the Nd ions are the impurities in the YAG host.
These ions are pumped optically to their excited states by flashlamps. Two YAG rods are
used in the oscillator/ amplifier configuration alongwith Q-switching to produce energies of
the order of 2J/pulse. This energy can be delivered with a pulse repetition rate of as high as
30Hz. Even though the fundamental Nd3+:YAG laser operates at 1064nm emission
wavelength, it can be frequency doubled using a nonlinear crystal to yield a 532 nm laser.
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This can then be again mixed with the 1064nm laser to give a laser at 355nm or 266nm with
a 15% efficiency with respect to the fundamental laser. These days the excimer lasers have
become more popular as they can deliver energies up to 500mJ/cm2 at repetition rates of
more than 100Hz. In these gas excimer systems, the light output is derived from a molecular
gain medium in which the lasing action occurs between a bound upper electronic state and a
weakly bound ground electronic state. As the ground state is repulsive, dissociation of the
excimer can occur rapidly (within 10-13s) during which it emits a photon. The high ratio of
upper state lifetime to lower state lifetime means population inversion and hence high gain,
easily achievable, which makes the excimer a very good lasing medium. A few examples of
excimer lasers are F2, ArF, KrCl, KrF,XeCl, XeF (all these molecules are the excimer
species) lasers. The excimer molecule is produced in a gas mixture of the component gases.
For example, XeCl is produced from a mixture of Xe, HCl, and Ne through an avalanche
electric discharge excitation. Complex reactions occur in the gas mixture due to this
discharge which produces the excimer. For a KrF laser, some of the steps that produce the
excimer species are:
Kr+ e- Æ Kr+, Kr*,Kr2+
F2 + e- Æ F + FKr++ F-+ X Æ KrF *+ X
Kr2++ F- Æ KrF *+ Kr
Kr*+ F2 Æ KrF *+ F
The various excimer lasers that are being used with their corresponding wavelengths are
listed in table 5-1
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Table 5-1: Various Excimer Lasers
Excimer
F2
ArF
KrCl
KrF
XeCl
XeF

Wavelength (nm)
157
193
222
248
308
351

Figure 5-1: A PLD chamber2
Figure 5-1 shows a schematic of a PLD system similar to the one that was used for the thin
film growth in the dissertation. The chamber was evacuated to a pressure of either low 10-7
torr or 10-7 torr for all the film growth. The evaporated material is deposited onto the
substrate at a distance of 3-5cm from the target. The temperature of the substrate can be
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varied from room temperature up to 800ºC. A specific oxygen partial pressure can also be
maintained in the chamber during deposition using gas nozzles. In a PLD setup, usually a
multi-target assembly is used. For the system in this work, four targets could be loaded at the
same time, which is useful in growing multilayer structures.

5.3 Theory and Mechanisms operative in PLD
Though a thorough description of the underlying mechanisms in PLD is beyond the scope of
this work, a brief overview of the related mechanisms and their effects on the film properties
will be discussed in this section3. The interaction between the laser and the target material
can be divided into 3 categories, (a) interaction of laser with the target resulting in
evaporation of surface material (b) interaction of the evaporated material with the incident
beam resulting in isothermal plasma formation and expansion and (c) anisotropic expansion
of plume. In general the usual particle density in the plume is estimated to be around 10191021 / cm3 and the temperature of the plasma can reach as high as 104K Essentially, the laser
couples to the target material by photon-electronic coupling and the target material undergoes
an electronic excitation. The time frame for this interaction is about a pico second. This
electronic excitation is then transferred to the material through electron-phonon coupling,
which occurs in about a nanosecond. The material is now heated to a very high temperature
and is converted to a high density, high energy plasma. This plasma then, deposits on the
substrate as a thin film.
(a)

Interaction of the laser beam with the target9: This can be divided into (i) Laser-bulk

target interaction (ii) Laser –evaporated material interaction. The removal of material from
the target depends on the photon-solid coupling in the material. Intense heating of the
surface layers by highly powered nanosecond laser pulses occurs which results in melting
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and evaporation of the target material. The thermal history during this process depends
essentially on the pulse energy density, pulse duration (25ns for KrF), shape and
wavelength and material properties such as absorption coefficient, heat capacity and
thermal conductivity. The thickness of evaporated material is given by:
∆xi =

(1 − R)( E − Eth )
…………….(1)
∆H + C v ∆T

where ∆xi, R, ∆H, Cv and ∆T are the evaporated thickness, reflectivity, latent heat,
volume heat capacity, and the maximum temperature rise, respectively. This equation is
valid for conditions where the thermal diffusion distance

2 Dτ is larger then the

absorption length, or attenuation distance of the laser beam in the target material (1/at),
which is a safe assumption for ZnO as most of laser-solid interaction is in the first few
monolayers. Here, D is the thermal diffusivity of the target, and t is the laser pulse
duration. Here Eth is the threshold energy beyond which we observe appreciable material
evaporation.
(b) Interaction of laser beam with evaporated material: When a laser beam interacts with a
target, the high temperature induces the emission of positive ions and electrons from
the free surface. The main absorption mechanism for a plasma is the electro-ion
collision. The abosrptio of laser energy into the plume occurs primarily by an inverse
bremsstrahlung process involving the absorption of a photon by a free electron. The
absorption coefficient αp of the plasma is given by:

αp = 3.69x108(z3ni2/T0.5ν3) [1-exp (-hν/kT)]……………………..(2)
where Z, ni, and T are the average charge, ion density, and temperature of the plasma,
reflectively, and h, k, and ν are the Plank constant, Boltzman constant, and frequency of
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the laser light respectively. The term [1-exp (-hν/kT)] in equation (2) represents the
losses due to stimulated emission. The absorption of a plasma is proportional to ni2which
implies that the plasma absorbs the beam very close to the target surface more, as the
particle density of the plume is more concentrated there. Because of the high expansion
velocities of the plume, the electron and ion density decreases rapidly away from the
target surface. As new particles augment the plasma near the target, a thin region forms
near the target surface which absorbs most of the laser radiation.
Y

LASER BEAM

X
A

B

C

D

BULK TARGET
PLASMA CLOUD
Figure 5-2: Different regions in the PLD-target interaction
Figure 5-2 shows the four different regions that can be conceptualized from the above
discussion, namely (i) unaffected bulk target, (ii) evaporating target surface, (iii) area
near the surface of the target absorbing the laser beam, (iv)rapidly expanding outer edge
which is transparent to the laser beam. There is a feedback kind of mechanism between
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the plasma absorption coefficient and the rapid transfer of thermal energy into kinetic
energy that determines the isothermal temperature near the target surface. The result of
these complex processes is a plasma particle density which can be approximated with a
Gaussian decreasing away from the surface of the target. Schematically, this is shown in
figure 5-3.

Figure 5-3: Variation of velocity and density of plasma with distance
This process in essence defines the plume shape as well as the profile of the spatial
variation of the plume as the plume approaches the substrate, which is described the
adiabatic expansion of the plasma as described in the following section.
(c) Adiabatic plasma expansion and deposition of thin films: The basic gas equation for
adiabatic expansion:
T[X (t) Y (t) Z (t)]γ-1 = const …………………………………(3)
can be applied to the expanding plasma. Here γ is the ratio of specific heats at constant
pressure to that at constant temperature. The expanding plasma can attain very high
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velocities even 10 times the velocity of sound. The increase in velocity occurs due to a
decrease in thermal energy of the plasma as a result of the adiabatic expansion. So, after
the thermal energy is converted to kinetic energy, there is not enough energy left in the
plasma. Hence, the plasma becomes elongated in the shorter dimensions and retains its
profile during the deposition process. In figure 3, (a, b & c), it is shown that the plasma
is initially, elliptical with the y-axis as the major axis. As the plume expands
adiabatically, the elliptical shape is maintained but with the z-axis as the major axis. As
figure 3(c) shows, elliptical isothickness contours similar to the plasma shape after
expansion is observed, for a YBCO (superconductor material) thin film on Si. With
these we have covered the physical processes starting from the interaction of the laser
beam with the target to the deposition of thin film.

5.4 Other factors and effects in PLD
Spatial thickness variation: The thickness of the deposited film on the substrate can vary
spatially on the substrate. Assuming a plasma temperature of 104 K the thickness variation is
computed by summing up all the particle density striking the substrate. The result shows that
most of the deposition occurs perpendicular to the irradiated target spot and the deposit has a
Gaussian thickness variation. The thickness variation depends primarily on the substratetarget distance, irradiated spot size and the energy density of the laser plume.
Substrate-target distance and irradiated spot size: As the distance between the substrate and
target is increased the maximum thickness of the deposit decreases substantially, but the
thickness is more uniform across the substrate. The variation of the maximum thickness of
the deposit with substrate-target distance d can be expressed as d-p where p is the expansion
coefficient. The value of p is 3 for a spherical expansion and is 1 for a linear expansion. Also,
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p depends on the spot size as well. It is found that the larger the spot size, more linear is the
expansion, which means the plume is forward directed. For smaller spot sizes the plume is
more spherical. This is also borne out by the (cosθ)n dependence of the plasma shape where
n=8-12 for a forwarded directed plume. In addition to the thickness variation there are other
effects such as compositional variation in the films. A detailed treatment of the PLD process
describing all these effects and mechanisms can be found in references 1 and 3.
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5.5 Characterization Techniques
The thin films in this study which are synthesized by PLD are all characterized for the
following properties:
(1) Structural properties by X-Ray diffraction
(2) Microstructural and nanostructural properties by transmission electron microscopy
(TEM)
(3) Electrical properties by Four point probe technique and Hall measurements
(4) Magnetic and Magnetoelectronic properties by superconducting quantum interference
device (SQUID) and physical property measurement system (PPMS).
(5) Optical properties by Absorption spectrophotometry.

5.4.1 X-Ray Diffraction
X-ray diffraction10 is a non-destructive, convenient way to check the crystal structure, lattice
parameter, preferred orientation of thin films, stress in a material etc. The basic principle is
that when a monochromatic beam of X-rays interacts with a periodic crystal, there will be
peak intensities in the reflected / diffracted beam when the planes satisfy the Bragg’s law:
nλ = 2d sinθ ……………………….………………(1)
where, λ is the wavelength of the X-ray beam, d is the interplanar spacing of the material in
the crystal and θ is the angle of incidence. Thus the peaks are characteristic to the material, as
the crystal structure is the one, that determines the diffraction of the incident beam, and the
relative intensities between the different reflected peaks. The relative intensity of the
diffracted beam can written as:
2
2 ⎛ 1 − cos θ
I = Fhkl p⎜⎜ 2
⎝ sin θ cosθ

⎞
⎟⎟ …………………………………(2)
⎠

73

In this equation, Fhkl is the structure factor which is an extension of the atomic scattering
factor, given by:
N

Fhkl =

∑f
n −1

n

exp{2πi (hx n + ky n + lz n } where, fn is the atomic scattering factor and (hkl) are the

plane indices. In equation 2, p is the multiplicity factor and the term in the parenthesis is the
Lorentz Polarization factor.
The kinds of instruments used to detecting the intensity of diffracted

x- ray beam in

diffractometer method:
1. Fixed crystal and fixed detector.
2. Moving crystal and fixed detector, in which the crystal is rotated slowly through its
reflecting range about the detector axis (ω scan), while the detector is stationary at the
appropriate 2θ angle.
3. Moving crystal and moving detector, in which the crystal and detector are suitably
coupled for each reflection, and both rotate through the diffractometer axis (ω, 2θ scan).
Figure 3-5 shows the schematic diagram of X-Ray 2θ scan
Advantages of X-ray Diffraction:
a) It’s fast and easy
b) Its non-destructive
c) It gives information over a wide area of a material.
Disadvantages:
a) Composition resolution is poor, that is, if a component is present in very minute
quantities (<5%), it is often times not detected by XRD.
b) Particles which are very small in size, such as nano-clusters or nano-precipitates may not
be detected by XRD.
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c) Nano-scale atomic information is missing. For example, local environment or oxidation
state of the dopant is not revealed just with XRD.

5.4.2 Transmission Electron Microscopy(TEM): Atomic resolution
Characterization
Due to the disadvantages of XRD, to find material in small quantities or to identify the local
structure, one has to resort to TEM11. It is by far the most effective and direct technique
available to fully characterize a material in the atomic scale. Moreover, while X-ray
diffraction can reveal the texture perpendicular to the substrate plane, to get the inplane
orientation of an epitaxial thin film on the substrate, TEM is the preferred technique. These
aspects are important considerations for a complete analysis of diluted magnetic
semiconductor.
A transmission electron microscope is an instrument that relies on the fact that we can probe
the atomic nature of a material because the resolution obtainable is comparable to the
wavelength of the probing beam. In the case of the electron beam accelerated with a voltage
V, the wavelength is given by:

λ=

h
2m0 eV

………………………(3)

For a 200keV electron beam, the wavelength can be as small as 0.03 Å. The actual resolution
obtainable though, in a TEM is about 0.16nm in high reolution Z-contrast mode, and 0.18nm
in the high resolution TEM mode. This is due to the spherical aberrations and stigmatism.
Essentially, in a TEM electrons are generated from an electron gun and then accelerated by a
high voltage (200kV) and focused using multiple electromagnetic lenses. This high energy
beam interacts with the material of the TEM sample and the resulting image can be captured
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on film or a CCD camera. In the JEOL 2010 TEM used for analysis in this dissertation, the
electron source is a field emission gun (FEG). It is equipped with capabilities to obtain
images on both film and the CCD camera.
Advantages of TEM:
a) It is a direct imaging technique with a very high resolution (0.18nm)
b) Accurate crystal structure information can be obtained using selected area diffraction.
c) It is the only technique that can determine the Burgers vector.
d) It can provide information about the local environment of the elements in the material
in terms of bonding and oxidation states
Disadvantages of TEM:
a) It is a destructive techniques and is expensive
b) Some materials are sensitive to electron beam radiation.
c) Sample preparation is very time consuming, and the data obtained is from a very
small region (3 mm diameter, less than 100 µm thick.).
In this dissertation, the following types of analyses were done using TEM:
(a) Conventional diffraction contrast imaging (bright field and dark field imaging)
(b) Selected area diffraction
(c) High resolution TEM
(d) Electron energy loss spectroscopy (EELS)
(e) Z-contrast imaging

(a) In conventional diffraction contrast bright field (BF) and dark field (DF) imaging, first a
condition known as 2-beam condition is reached using the diffraction pattern. To achieve this
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condition, the sample is tilted until only one of the spots corresponding to a chosen g-vector
appears along with the transmitted beam. Usually, this is done in the Kikuchi pattern by
tilting the sample so that the “deficient” line of one of the pairs of Kikuchi lines is brought to
the center. BF image is obtained then, by inserting the objective aperture on the transmitted
beam. Dark field image is obtained by tilting the sample further so that the diffraction spot is
at the center and in the objective aperture. The contrast obtained from bright field and dark
field are of opposite kind. In a bright field the vacuum is bright and vice versa for a DF
image.
(b) High resolution TEM: This is a phase contrast imaging techniques which relies on the
interference effects between the various planes of atoms of the material. The prime
requirement of this technique is a highly coherent and monochromatic electron beam. The
important point here is to reach the correct focus for the best resolution, given by the contrast
transfer function. This particular focus is called “Scherzer defocus” which is typically an
underfocus value. After reaching this condition, one has to minimize the objective
astigmatism to obtain a HRTEM image.
(c) Electron energy loss spectroscopy: As the name suggests this is a spectroscopy technique
in which a transmitted electron beam, after inelastic scattering through the material is
analyzed by a spectrometer. The energy loss of the transmitted beam is plotted with intensity.
There are typical peaks of energy loss characteristic to the material being probed. The most
important peaks are the Zero loss peak, Plasmon loss peak and the core loss peak. Except for
the zero loss, the other two peaks are characteristic to the elements in any material. The ZLP
is used to align the spectrometer to the electron beam. By analyzing the peaks one can
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determine locally, the environment, bonding and the oxidation state of an element in the
material. For the d-elements in this study, the L2 and L3 core loss peaks have been analyzed.
(d) In Z-contrast imaging, electrons that are scattered incoherently to high angles due to
Rutherford backscattering are collected by a high angle annular dark field detector. The
contrast here is proportional to Z2, where Z is the atomic number of the element through the
column of which, the electron beam gets scattered.
Cross section TEM sample preparation: All cross section TEM samples in this work were
prepared by first sticking two pieces together, with film sides facing each other using Mbond glue. The sample is then ground to level the top surface. A series of diamond polishes
with decreasing grain sizes is then employed to smooth out the first side of the sample. The
sample is then flipped over and ground to a thickness of 100microns, beyond which again,
diamond polishing is done to reduce the thickness to about 35-40 microns. The sample is
then dimpled to the point where the dimpled region is about 10-15 microns thick. After this a
precision ion polishing system is used to create a small hole near the interface of film and
substrate, within the dimpled region around which there is very thin area (10-100nm in
thickness) which can then be viewed in the TEM.

5.4.3 Magnetic Characterization using SQUID
A Superconducting quantum interference device (SQUID)12,13 is a Josephson junction
consisting of a superconducting ring having a gap filled with a very thin insulting material. A
superconducting current can tunnel through this thin insulating layer. A SQUID may have
one or two Josephson junctions. There are usually two kinds of SQUIDs alternating current
(AC or also called RF) having one Josephson junction and direct current (DC) having two
Josephson junctions, the DC SQUID being more sensitive than the AC SQUID.

The
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principle of SQUID is that, electrons tunneling in the two Josephson junctions in the DC
SQUID can undergo quantum interference depending on the magnetic field within the loop.
Under a constant biasing current in the loop, the measured voltage oscillates with the changes
in phase at the two junctions, which depends upon how the magnetic flux changes in the
loop. Counting the oscillations allows you to evaluate the flux change which has occurred.
Using this technique, very tiny magnetic fields of the order of 10-14 Tesla (10—10 Gauss) can
be measured. Figure 5-4 shows a schematic of a Jospehson junction used in a SQUID
magnetometer. In this dissertation all the magnetic measurements were done with a Quantum
Design, MPMS system.

Figure 5-4: A schematic of a Josephson junction in a SQUID
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The magnetic properties that were measured using SQUID were:
a)

Hysteresis: Magnetization vs Applied magnetic field, in which the magnetic field is
applied and is swept from zero up to a positive value (say 5000 Guass) and then back
through zero to a negative value and then back up again to the positive value through
zero. The important parameters obtained from the hysteresis measurements are
coercivity, saturation magnetization and saturating magnetic field.

b)

Field Cooled measurements: In this, the sample is first heated to 300K and then
cooled in an applied magnetic field. There are two variations possible in collecting
the data. One can obtain data while the sample is being cooled in the field, or while
the sample is being heated in a field after being cooled in a field. Both methods were
employed for most of the samples in this dissertation, but for DMS materials with
weak magnetic moments, the difference is negligible.

c)

Zero Field cooled measurements (ZFC): In this, a sample is heated beyond what is
supposedly a blocking temperature, and then cooled down to a low temperature of say
5K without applying any magnetic field. At 5K, a magnetic field is applied and the
sample is heated in the presence of a magnetic field and data for magnetization is
obtained. Usually, if there are precipitates or nanoclusters of any kind, the FC and
ZFC curves will depart at a particular temperature (blocking temperature), which is a
signature of both secondary phases and a phase which is superparamagnetic.

Magnetoresistance measurements on the DMS samples are done using a Quantum Design
physical property measurement system (PPMS) equipped with a SQUID coil. The transport
measurements are done in the magnetic field using a four point probe configuration, which is
described in the following section.
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5.4.4 Electronic Characterization
The electrical resistivity of the thin film samples is measured by four-point probe technique.
Four point probe method14 is a standard technique to measure the resistivity of both bulk and
thin film samples. Here four probes are made to contact with the specimen with known
distances between them, two of which are used to pass a current and the other two are used to
measure the voltage drop. Using four probes eliminates measurement errors due to the probe
resistance, the spreading resistance under each probe, and the contact resistance between
each metal probe and the specimen material as shown in figure 5-5.
Current source
Voltmeter

Sample

Figure 5-5: Schematic of Four point probe measurement of electrical resistivity
In a thin film where the thickness of the film is << the spacing between the probes (s), we
can consider the current profile from the probes to be rings. In such a case, the resistance
given by :

dR= ρ

dl
……………(4)
A

where dl = dx, and A= 2πxt
The total resistance is then the integral of the above from s to 2s and becomes:
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R= ρ

ln 2
……………(5)
2πt

If the voltmeter measures a voltage V and if current passed through the sample is I, then,
Resistance is R=V/2I and hence, Sheet resistivity of a thin film is given by,
ρ=

πt

V
]……………(6)
ln 2 I
[

Sheet resistance can be expressed as Rs = ρ/t, therefore, ρ = Rs t. This way we can obtain the
sheet resistivity of the thin film material. In this dissertation all the four point probe
resistivity measurements were conducted in a temperature range of 300 -15K using a close
cycle helium refrigerator set-up.
Hall Measurements were done to obtain the mobility and carrier concentration of the thin
film samples, at room temperature. The basic principle of Hall measurement is the
development of a Hall voltage due to the Lorentz force exerted on the charge carriers in
presence of a magnetic field. If a magnetic field is applied perpendicular to the motion of an
electron, it experiences a force according to F = e (V x B) (cross product of vectors), which is
perpendicular to both the motion of the electron and the magnetic field. In addition to this the
internal electric field also acts on the electrons. Figure 5-6 shows a n-type bar with current I
flowing from left to right along the x-axis and the magnetic field is along z-direction.
Electrons in this condition. drift towards the negative y-axis, resulting in a excess negative
charge on this surface of the sample. This charge results in the Hall voltage (VH), across the
two sides of the sample.
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Figure 5-6: Schematic showing Hall effect
VH = IB/end, where I is the current, B is the magnetic field, e is the electronic charge, n is the
carrier density and d is the thickness of the material being inspected. Therefore, the carrier
density becomes: n = IB / edVH. The sheet density is defined by ns=nd. The sheet resistance

RS of the semiconductor involves both sheet density and mobility, one can determine the Hall
mobility from the equation, µ

= 1/ e ns RS.

Usually, the sheet resistance of a semiconductor (or

a thin film) can be easily determined by the van der Pauw technique.

5.4.5 Optical characterization: Absorption/ transmission
spectrophotometry
Absorption or transmission measurements15 are done usually to identify what the different
electronic and optical transitions in a material. When an incident light beam reaches a
medium, part of the beam is transmitted, part reflected and the rest absorbed. Absorption of
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photons arises because of transition of the electrons from lower to higher energy levels. The
absorption of a material is measured by its absorption coefficient. Absorption coefficient α
for a uniform medium is defined in terms of the change in the intensity of a monochromatic
light beam in traversing a unit distance through the medium:

dI (λ )
= −α (λ ) I (λ ) ……………………………………………….(1)
dx
Therefore, the intensity at any point in the material at a distance x is given as:

I (λ ) = I 0 e −α ( λ ) x ………………………………………………..(2)
The value of the absorption coefficient depends on the wavelength. The reason for this is
easy to understand. As long as the energy associated with the monochromatic beam is less
than a critical energy for a particular energy transition (for example, the band gap, Eg) all the
light will be transmitted. As soon as the energy of the beam excites a transition, the beam is
absorbed by the material. Hence, the absorption coefficient will be high for energies above
the critical energy and almost zero for energies less than this energy. The absorption
spectrum of the medium is the variation of absorption coefficient plotted against the
wavelength. Sometimes, when the reflection is negligible, we can also perform transmission
measurements. Transmittivity, T(λ) is defined as the ratio of the intensity of the transmitted
beam to that of the incident beam,

T (λ ) =

I (λ )
= -αd……………………………………………………….(3)
I 0 (λ )

If , d is know, one can determine the absorption coefficient.
An absorption spectrometer (or transmission spectrometer) consists of one (or two)
monochromator, a continuous light source, and a photomultiplier. The spectrometer in this
work (Hitachi A3031 visible-uv spectrometer) has two continuous light sources i) W lamp
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for the visible range (from 1000 nm to 320 nm) and ii) a deuterium lamp for ultraviolet range
(from 320 nm to 200 nm). Light beam is first split into a monochromatic one by the premonochromator, and then is made incident onto the sample. After the transmitted beam
passes through the main monochromator, its intensity is measured by the photomultiplier and
recorded by the computer. A reference sample of just the sapphire substrate is used to obtain
the absorption spectrum of the film relative to the substrate.
The above few pages conclude the description of the characterization techniques used in this
dissertation. The forthcoming chapters comprise of the work on the DMS materials, which
have employed the following broad categories:
1. Synthesis of thin films materials by pulsed laser deposition.
2. Detailed characterization as mentioned in this chapter .
3. Structure-Property correlation and some modeling
4. Demonstration of devices using spin injection.
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6. Chapter 6: Logical sequence of experiments
1. Search for atleast 2 different DMS materials which have same ground state,
preferably, ferromagnetic at room temperature. In this study the materials that were
studied are: V, Co and Mn doped ZnO.
2. Vary the properties of the two similar materials to correlate the effect of the physical
property of the observed magnetic properties. In this work, the point defect
concentration in the materials has been varied by exsitu processing.
3. Mechanisms for the cause of the observed magnetic properties are identified in these
materials. A comparison of properties between two materials under similar processing
conditions has been performed, and a general picture has emerged. In this work, the
two materials compared were Co and Mn doped ZnO.
4. Any practical application will require the manifestation of the magnetic properties in
terms of either magneto-optical or magneto-transport. Therefore, magnetotransport
properties have been studied in these materials.
5. Device structures based on spin transistor and tunneling magnetoresistors, have been
fabricated to study the ability of these DMS materials to inject spin polarized
injection into semiconductors. In this case Co-doped ZnO has been specifically used
to inject spin polarized electrons into ZnO and magnetotransport properties of these
homoepitaxial structures have been studied.
6. New device heterostructures based on spin valves have been demonstrated based on
an epitaxial non-magnetic metal sandwiched between two DMS materials. These
could be used to study the interlayer exchange coupling between two DMS materials.

7. Chapter 7: Epitaxial Growth and Properties of Zn1xVxO Diluted Magnetic Semiconductor Thin Films

Abstract
Here we report systematic studies on the epitaxial growth and properties of Zn1-xVxO thin
films deposited onto sapphire c-plane single crystals, with x varying from 0.01 to 0.2. The
thin films were deposited using pulsed laser deposition technique at temperatures ranging
from 400-600 °C and were found to be epitaxial in nature. X-Ray diffraction and high
resolution transmission electron microscopy were employed to study the epitaxial relations of
Zn1-xVxO with the Sapphire substrate and Electron Energy Loss Spectroscopy was used to
establish the bonding characteristics and oxidation states of vanadium inside the ZnO host.
The main emphasis is on the magnetic properties of this system taking into consideration the
phase purity and microstructural characteristics of these films. Our results show that the Zn1xVxO

system, with V in zinc substitutional sites, does not exhibit any signature of

ferromagnetism, both at room temperature as well as at lower temperatures down to 10K.

7.1 Introduction
Recent interest in spintronic devices, which utilize the spin degree of freedom of the electron,
has attracted widespread attention. There are various novel device concepts, which have been
proposed that are based on this technology, and a few (e.g. read heads for magnetic recorders
and non-volatile memory components) that have already found practical applications1.
Diluted magnetic semiconductors (DMS), obtained by incorporating magnetic impurities into
host semiconductors, have been shown to be promising candidate materials for such
applications. But owing to the low Tc of the early DMS (e.g. Mn-doped GaAs has a Tc below
180K) the initial demonstrations were only possible at low temperatures2. Practical
applications will require ferromagnetism in these systems to extend above room temperature.
Following the theoretical works of Dietl et al3, Kazunori et al4 and several other reports,
which predicted RT ferromagnetism in systems such as III-V and II-VI wide-bandgap
semiconductors, there have been experimental reports confirming the presence of room
temperature ferromagnetism. Both GaN and ZnO have been studied as potential systems and
a variety of dopants have been studied with mixed results. For example, several works on Co
doped ZnO5 and Mn doped GaN have reported room temperature ferromagnetism in these
systems. Ueda et al studied various transition metal doped ZnO systems and found that
particular compositions of Co in ZnO resulted in room temperature ferromagnetism6. Also,
there are contradicting reports on Mn doped ZnO where a few have ruled out the possibility
of room temperature ferromagnetism at higher concentrations7 but a more recent report has
found RT ferromagnetism in Mn doped ZnO at relatively low concentrations8. It appears that
the presence or absence of ferromagnetism is fundamentally tied to the exact microstructure
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of these materials9 and that careful microstructural characterization of the systems is required
to understand their magnetic properties.
In the sparsely studied V-doped ZnO system, ferromagnetism was observed by Saeki et al10,
and Venkatesan et al11 but there has been no microstructural characterization done in this
system so far, to confirm whether the properties were due to dopants in substitutional sites or
precipitates / clusters of a second phase. Hence, we have performed a systematic study of the
vanadium doped ZnO thin films for concentrations of 1% to 20%, prepared using pulsed
laser deposition technique. Special emphasis has been placed on the correlation of
microstructural and optical characteristics of the films with their magnetic properties. We
have probed this aspect to conclusively provide evidence for the absence of ferromagnetism
in this system using various techniques including High Resolution Transmission Electron
Microscopy (HRTEM) and Electron Energy Loss Spectroscopy (EELS).

7.2 Experiments
Zn1-xVxO (x = 0.01, 0.02, 0.05, 0.1 and 0.2, nominal composition of the target) thin films
were grown on the c-plane of sapphire single crystal substrates, by pulsed-laser deposition.
The targets were prepared by the conventional solid-state reaction technique. A pulsed KrF
excimer laser with a wavelength of 248 nm was used for the deposition. The energy density
and the repetition rate of the laser beam were 2-4 J/cm2 and 10 Hz, respectively. Thin film
growth was carried out over a temperature range of

400-600 °C and at a pressure of 10-6

Torr, for 15-20 minutes yielding films about 0.2-0.4 microns in thickness. X-Ray diffraction
measurements on the grown films were performed using a Rigaku X-Ray Diffractomer with
Cu-Kα radiation and a Ni filter. Magnetic measurements were carried out using a Quantum
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Design (SQUID) magnetometer over a temperature range of 10-300K. Microstructural and
epitaxial characterization including atomic structure and chemistry investigations were
conducted using High Resolution TEM and EELS in a JEOL-2010 field emission
transmission electron microscope equipped with a GIF (Gatan Image Filter) tuning
attachment. It should be pointed out that X-ray diffraction (θ-2θ) investigations reveals axial
alignment only in the direction perpendicular to the film/ substrate interface. However, cross
section TEM provides information on the alignment in all the three axes thus confirming
epitaxial growth or single crystal growth of the thin films. Optical measurements (absorption/
transmission) were made using a Hitachi Spectrophotometer. Electrical resistivity
measurements in the temperature range of 300-14K were done using a four point probe
technique with cold pressed indium dots and thin gold wires. A close cycle He refrigerator
was used to vary the temperature.

7.3 Results and Discussion
Figure 7-1 shows X-ray diffraction measurements (Intensity Vs 2θ) on the doped ZnO films.
The inset shows an increase in the c-axis parameter with increasing V concentration in the
ZnO. Samples used for this study were grown at 400°C but for a particular composition, the
temperature of growth does not seem to affect the lattice parameter significantly. The films
are highly textured up to a concentration of 5%. At a concentration of 10% the films grown at
the lower temperature of 400°C do not show any second phase, whereas films grown at
500°C show signatures of a segregating second phase (possibly a spinel of β−Ζn3(VO4)2 or
ZnV2O6 as deduced from X-ray diffraction). For 20% vanadium the phase segregation occurs
even at 400°C. These results are shown in figures 7-1, 7-2 and 7-3. This may be due to
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enhanced diffusion and chemical reactions that become activated at higher temperatures. The
systematic increase in the c-axis parameter with V concentration implies that a uniform
substitution of V is occurring in the lattice of ZnO atleast up to 10% vanadium. It is clear
then, that the solubility limit of vanadium for a moderate-good quality film using PLD is
somewhere in between 10 and 20%. The change of lattice parameter with concentration is
shown in figure 7-4. The high amount of incorporated solute can be attributed to the highly
non-equilibrium nature of the laser processing technique.
Low-magnification diffraction contrast bright field / dark field images did not show any
evidence of clustering in the form of nano-sized particles. The precipitates or clusters in the
nanosize range would show up as a black-white contrasted images with the black-white
vector always perpendicular to the diffraction (g) vector in the case of specified threedimensional precipitates, or making a certain angle in the case of two-dimensional
precipitates12. To confirm these observations, a detailed High-resolution TEM analysis was
done to analyze the microstructure. Low magnification images indicated the thickness of the
films to be around 400nm for the Zn0.95V0.05O sample. Figure 7-5 shows a HRTEM
micrograph of the interface between the Zn0.95V0.05O film and the sapphire substrate,
showing the highly epitaxial nature of the film. The inset shows nearly perfect epitaxy of the
film with the substrate, with the following orientation relationships: (0001)s║(0001)f,
(01 1 0)s║( 2 110)f , [2 1 10]s║[0110]f (this represents an in-plane rotation of 30° or 90°, of
the film relative to the substrate about the c-axes). Also, the interface is compositionally
sharp with no evidence of any interfacial reaction. In addition, below concentrations of 5% V
in ZnO there are no signs of any additional phases separating from the parent material.
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Typical defects found in hexagonal systems, including stacking faults and dislocations, are
observed, but the film is still highly epitaxial.
The bonding characteristics and the oxidation states of vanadium in the films were
investigated with EELS at various points in the cross sectioned samples. Figure 7-6 shows
the background reduced characteristic EELS spectrum of vanadium showing the L2 and L3
peaks in addition to the O-K peak. A detailed high-resolution scan of the peaks indicates the
nature of the bonding of oxygen atoms to the vanadium atoms in the film. The results clearly
show characteristic vanadium peaks of L2/L3 corresponding to an oxidation state of +2 or
+313. The inset shows a high-resolution scan at the O-K peaks. The slope change at the onset
of the oxygen peak, matches very closely to a mixture of +2 or +3 oxidation states for the
dopant V ions. This is possible if vanadium is stable in various oxidation states, and would be
facilitated by the presence of point defects in the system. Thus, both the High Resolution
TEM and EELS measurements suggest that most of the V atoms have substituted into the
ZnO lattice points.

Optical absorption measurements were done on the V doped ZnO samples. Observations on
samples doped with 1%, 5% and 10% are shown in figure 7-7, where the transmitted
intensity is plotted with the wavelength. All the samples for the optical measurements were
grown at 450°C. The spectra clearly illustrate the bandgap absorption edge for all these films
in the range of 330 to 375 nm (corresponding ZnO bandgap wavelength at ~380nm) with the
bandgap increasing for increasing V concentration. This implies that the band to band
absorption increases with the lattice parameter. This is shown in figure 7-8. This systematic
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change of bandgap with composition suggests a uniform substitution of the V for Zn ions in
the lattice.

Resistivity as a function of temperature is shown in figure 7-9. The sample with 1% V in
ZnO has a resistivity of about 20 ohm-cm as compared to the resistivity of 5% sample, which
is 400 ohm-cm at room temperature. Magnetic measurements on Zn1-xVxO films were
performed in the temperature range 6K-300K using a squid magnetometer and a vibrating
sample magnetometer (VSM). To preclude the existence of even a minute coercive field,
measurements were taken in 25 gauss steps up to a magnetic field of 1.5 T. All the
measurements were corrected for substrate effects. Figure 7-10 shows a vibrating sample
magnetometer data for magnetization as a function of applied magnetic field (M vs H) of
Zn0.99V0.01O at 6K. This graph is not corrected for substrate effects. In figure 7-11 we have
shown M vs H data (measured by SQUID) for Zn0.95V0.05O film recorded at 10K; the M vs H
curve at 300K shows similar behavior. Here the plot is corrected for substrate effects. The
plot clearly indicates that both the films do not exhibit any ferromagnetic character either at
room temperature (300K) or at 10K, even up to fields of 5T. Similar measurements were
done on samples with upto 20% vanadium, and again no evidence of ferromagnetic behavior
was observed.
Finally, magnetization vs temperature measurements were performed on Zn1-xVxO films
under zero field (ZFC) as well as field cooled (FC) conditions at a field of 500G. In both
cases very similar behavior was observed, indicating that the films are not superparamagnetic
and again ruling out the possibility of any kind of nanoclustering/ precipitation in the system.
In figure 7-12 we have shown a typical M vs T graph for Zn0.95V0.05O taken at a field of 500
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Gauss. The inset of this figure shows a plot of inverse dc magnetic susceptibility (1/χ=H/M)
as a function of temperature. As is clear from this figure, 1/χ vs T follows a linear CurrieWeiss type behavior with a positive, nonzero intercept of the y-axis. This behavior is
suggestive of paramagnetic behavior that is dominated by antiferromagnetic exchange
coupling between the transition metal spins.

7.4 Conclusions
In summary, we have grown V-doped ZnO thin films by pulsed-laser deposition on c-plane
sapphire single crystal substrates. As grown films were single crystals, as shown by X-ray
diffraction and TEM, with an epitaxial relationship on sapphire having a 30° or 90° rotation
relative to the sapphire substrate. Atomic scale structural characterization, including HRTEM
and EELS, suggests that these films are devoid of any nano-sized clusters or second phases.
Optical measurements also indicate a systematic rise in bandgap with increase in
concentration of the dopant. These results clearly suggest that vanadium was substituting for
the Zn2+ in the ZnO lattice in both +2 and +3 oxidation states. Magnetic measurements
showed the dc susceptibility of these films to follow a Curie-Weiss type of behavior.
However, the possibility of any kind of magnetic ordering at lower temperatures (< 10K)
cannot be ruled out at this point.
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Figure 7-1: X-ray diffraction of Zn1-xVxO (x=0.01-0.1)
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Figure 7-2: X-ray diffraction of Zn0.9V0.1O grown on sapphire at 500°C
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Figure 7-3: X-ray diffraction of Zn0.8V0.2O grown on sapphire at 400 and 500°C
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Figure 7-4: Change of c-axis lattice parameter with concentration

101

Zn0.95V0.05O

Sapphire

Figure 7-5: High resolution TEM image of Zn0.95V0.05O (grown at 500°C) showing highly
epitaxial film on sapphire, with a clean interface. Inset shows the fast Fourier transform of
the interface depicting a high degree of epitaxy.
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Figure 7-6: Electron Energy Loss Spectrum from the Zn0.95V0.05O film grown at 500°C
showing L3/L2 peaks of vanadium along with O-K peak. Inset shows resolved O-K edge
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Figure 7-7: Optical Transmission Spectrum of ZnxV1-xO (x=0.99,0.95 &0.1) films grown at
450°C, showing the change in the absorption edge
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Figure 7-8: Variation of bandgap with c-axis lattice parameter
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Figure 7-9: Resistivity of Zn0.99V0.01O and Zn0.95V0.05O thin films as a function of temperature
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M (emu)

Applied Field (Oe)

Figure 7-10: Magnetization as a function of Applied Magnetic field
(M vs H) for Zn0.99V0.01O at 6K.
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M (emu / gm)

H (Oe)

Figure 7-11: M vs H for Zn0.95V0.05O up to fields of 5 Tesla, at 10K. Inset shows a close scan
at low field intervals of 25 Gauss up to a field of 1.5 Tesla.
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1/ χ (x107) oe x gm/emu

M (emu / gm)

T (K)

T (K)
Figure 7-12: Magnetization as a function of temperature of Zn0.95V0.05O at a field of 500
Gauss showing a linear drop in magnetization with temperature. Inset shows 1/ χ as a
function of temperature.
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8. Chapter 8: Zn1-xCoxO- based Diluted Magnetic
Semiconductors
Abstract
This chapter reports systematic study of structural, optical and magnetic measurements on
epitaxial Zn1-xCoxO (x=0.01-0.2) films grown on c-plane sapphire single crystal, at various
temperatures (500-650°C), using pulsed-laser deposition. . The main emphasis in this work
has been on the correlation of microstructure with properties, specifically with magnetic
properties and the fate of cobalt ions into substitutional sites versus precipitates. The reasons
for room-temperature ferromagnetism are explored, and convincingly proved to be as one of
the inherent properties of the material. Most importantly, presence of nanoclusters of any
magnetic phase was ruled out. This was determined by high-resolution transmission electron
microscopy, coupled with electron energy loss spectroscopy (EELS) and STEM-Z (Scanning
Transmission Electron Microscopy-Atomic Number) contrast studies.

8.1 Introduction
Recent advances in the emerging technologies of spintronics and related devices have
attracted widespread attention. Consequently, the quest for integrating the semiconducting
properties with the magnetic properties in a material has become a pre-requisite for
successful fabrication of useful devices such as high-performance read-heads, non-volatile
memories and other state of the art storage devices1,2. Diluted Magnetic Semiconductors
(DMS), obtained by incorporating magnetic impurities into host semiconductors serve just
this purpose. There has been much advance in the recent past in this area, particularly the
wide band gap, III-V and II-VI based DMS materials, where not only the charge but also the
spin of the electron is used to bring about the unique functionalities3. Till now, applications
using such materials were possible only at low temperatures owing to the Low Tc of such
DMS4, though theoretical predictions of Dietl et al5 and Kazunori et al6 have suggested the
possibility of room-temperature ferromagnetism in such materials. In particular, Zinc Oxide
based Thin Films doped with some transition metal elements (e.g. Co) have already
strengthened this belief by exhibiting a Tc much above 300K 3. Ueda et al found that a few
Co doped ZnO films showed systematic ferromagnetic behavior and rest of the doped films
showed spin glass behavior7. Although, RT Ferromagnetism was ruled out in Mn, Cr or Ni8
doped film a recent report 9 has found it otherwise in Mn doped ZnO. However, because of
the lack of detailed microstructural characterization in these works, there is still a lot of
controversy over the fate of these magnetic impurities (nanosize clusters / precipitates and /
or individual atoms in substitutional sites) and whether the magnetic behavior is an intrinsic
property of the films or due to the presence of nanoclusters of a magnetic phase or a
combination of both10. For example, a study11 reported presence of Co nanoclusters in Co+
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implanted ZnO (exhibiting RT ferromagnetism), but did not preclude the possibility of the
component of the magnetic property due to Co substitution of the Zn in ZnO lattice.
In this work, we report the properties of Zn1-xCoxO (x= 0.01-0.2) with special emphasis on
clarifying the origin of magnetic behavior from the perspective of the microstructural
characteristics, specifically the presence of nanoclusters / precipitates and second phases. We
have probed into this aspect to provide direct evidence for the cause of ferromagnetism using
various advanced atomic scale characterization techniques including High resolution
Transmission electron microscopy and EELS.

8.2

Experiments

For this study, Zn1-xCoxO (x=0.01, 0.05, 0.1 and 0.20, nominal composition of the target)
thin films were grown on the c-plane of sapphire single crystal substrates, using pulsed-laser
deposition. The targets were prepared using conventional solid-state powder reaction
approaches. A pulsed KrF excimer laser with a wavelength of 248 nm was used for the
deposition. The energy density and the repetition rate of the laser beam were 2-4 J/cm2 and
10 Hz, respectively. Thin film growth was carried out over a temperature range of 500-650
°C and at a pressure of 10-6 Torr, for 15-20 minutes yielding films about 0.5 microns in
thickness. X-Ray diffraction measurements on the as-grown films were performed using a
Rigaku X-Ray Diffractomer with Cu-Kα radiation and a Ni filter. Magnetic measurements
were carried out using a Quantum Design (SQUID) magnetometer over a temperature range
of 10-300K. Microstructural characterization including High Resolution TEM and electron
energy losss spectroscopy (EELS) were conducted using a JEOL-2010 field emission
transmission electron microscope equipped with a GIF (Gatan Image Filter) tuning
attachment. Optical measurements (absorption/ transmission) were made using a Hitachi
Spectrophotometer. Electrical resistivity measurements in the temperature range of 300-14K
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were done using a four point probe technique with cold pressed indium dots and thin gold
wires. A close cycle He refrigerator was used to vary the temperature.

8.3 Results and Discussion
X-ray diffraction of the target material for Zn1-xCoxO is shown in figure 8-1. We can see the
ZnO and Co3O4 peaks in the target which is expected. Figure 8-2 shows the X-ray diffraction
of the different films in the composition range of 5-20% Co in ZnO, all synthesized at
temperatures between 500 and 650°C. X-Ray Diffraction suggests formation of a highly
aligned phase in this temperature range, with a c-axis preferred orientation, as shown in
Figure 8-2. Comparison of (0002) peak of Zn0.9Co0.1O with the corresponding peak of pure
ZnO, (see inset of Figure 2), suggests an increase in the lattice parameter. This increase in ‘c’
as a function of Co concentration is consistent with substitution of Zn by Co7, 13. It is to be
noted that the ionic radii of Zn2+ and Co2+ in a tetrahedral field are almost similar (74 and
72pm respectively). In addition, very slow scans near the peaks of both hexagonal and cubic
cobalt phases showed no signatures of any kind of additional phases in our thin films even
upto a concentration of 20% Co in ZnO.
Detailed TEM analysis was carried out on a representative Zn0.9Co0.1O sample/ Diffraction
contrast bright field images did not show any possibility of clustering or nano-sized particles,
because any precipitates or clusters of that order of size should show up as a black-white
contrast images with the Black-White vector always perpendicular to the g vector in the case
of three-dimensional precipitates, or making a certain angle for two-dimensional precipitates.
Figure 8-3 shows a bright field image of the Zn0.9Co0.1O film on sapphire substrate in the g
vector indicated. High-resolution TEM and Z-Contrast studies were conducted on this sample
to investigate the different phases that might have formed in the nanosize range and to
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determine the fate of Co atoms which could not be detected by X-ray analysis or diffraction
contrast imaging. This aspect is very important to analyze the origin of magnetic properties
of such systems. Figure 8-4 shows the high-resolution micrograph of the thin film. The inset
shows a perfect epitaxy of the film with the substrate, having the following orientation
relationships:

(0002)s║(0002)f,

(01 1 0)s║( 2 110)f

,

[2 1 1 0]s║[01 1 0]f.

Further

characterization was done using Electron Energy Loss Spectroscopy (EELS) on the same
sample to determine the oxidation state at various points in the film. EELS spectra were
obtained from three different points, viz near a dislocation, near the interface and inside the
film. The peaks do not shift with different points of observation, indicating that the oxidation
state of cobalt does not change at various points in the film. Figure 8-5 shows the spectrum
from the bulk of the film. The characteristic cobalt L2 and L3 peak can be seen. Further
calculations on the ratio of the integrated intensity counts, done on the L3 and L2 peaks of
cobalt, correspond to an oxidation state of +213. This strengthens the belief that Co
substitutes Zn in the lattice uniformly. In addition, STEM-Z contrast imaging was done
which also did not show the presence of any precipitates as is evident from the inset in Figure
8-5. Similar results were obtained from samples grown at higher temperatures of 650 °C.
Figure 8-6 shows optical transmission measurements on the Zn1-xCoxO thin films. The
spectra show characteristic absorption edges around 568, 616, and 658 nm wavelengths,
which are labeled as (1), (2) and (3) respectively. In the literature

14, 15

, these edges are

correlated with the d-d transitions of the tetrahedrally co-ordinated Co2+ ions and attributed
respectively to the 4A2(F) → 2E(G), 4A2(F) → 4T1(P) and 4A2(F) → 2A1(G). This indicates that
the Co ions have substituted the Zn2+ ions. It is to be noted here that the peak 3 for the
sample having only 1% Co is weaker than that for the ones with higher concentrations. These
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characteristic peaks in the spectra appear only when the Co2+ ion is bonded in the tetrahedral
crystal field of ZnO and substituting for Zn ions. A detailed analysis to this effect can be
obtained from reference 14. Additionally, the band gap shift is towards the blue regime, with
increase in concentration. This is in direct contrast to the effect seen for vanadium doping of
ZnO. From the EELS results and the optical transmission observations it can be easily
inferred that Co is substituting Zn as Co2+ in the tetrahedral crystal field of ZnO.
Resistivity measurements of as-deposited samples, including pure ZnO films, indicate that
the samples have resistivities in the range of a few mOhm-cm and display n-type
semiconductor behavior.

This behavior is attributed to oxygen deficiencies (off

stoichiometric deposits) in the as-deposited samples, which lead to a high concentration of
oxygen vacancies. The temperature dependence of the resistivity for the 10% Co doped
sample is shown in Figure 8-7. Table 8-II summarizes the carrier concentration and mobility
(Hall measurements) on Zn1-xCoxO samples at room temperature (300K).
Magnetic measurements on Zn1-xCoxO films were performed in the temperature range 10K300K using SQUID magnetometer. M vs H data taken for all these samples at 10K and 300K
are plotted in samples in Figures 8-8 and 8-9. The plots are also shown in terms of the
effective Bohr Magnetons per atom of the dopant ion in figures 8-10 and 8-11. The plots
clearly shows magnetic hysteresis and ferromagnetic behavior upto room temperature (300K
The effective Bohr magnetons per atom of the dopant indicates a decreasing value in samples
with higher Co concentrations. Also, in some samples (1% Co and 10% Co) one can notice
that low temperatures the hysteresis loops may not show explicit signatures of saturation,
which implies the surfacing of a paramagnetic component in the material at low
temperatures. This component gets reduced at a room temperature. In effect what is observed
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is a combination of ferromagnetic and a paramagnetic component in these systems, which is
by far due to the randomness of the substitution of cations. It should be also noted that due to
the nature of the measurements, the kind of samples used, and the different times at which
these measurements are done, the shape of these curves may not be the same. The effective
moment is estimated to be about 0.3 µB per Co at the lower concentrations levels, well below
the value of 1.5 µB that is associated with a Co2+ in the 3d7 spin state. This trend would
certainly be expected to increase at higher concentrations of the transition metal, where
antiferromagnetic superexchange mediated by a central oxygen anion would begin to
dominate as Co ions begin to occupy adjacent lattice sites in greater frequency. A complete
summary of the magnetic properties of the samples are as compiled in table I. Magnetization
as a function of temperature for the Zn1-xCoxO is shown in figure 8-12. All the field cooled
data were obtained at an applied field of 500 Oe. The plots suggest a steady drop of the
sample magnetization with increasing temperature in the range of 10-300K. For the 10% CoZnO sample the drop is nearly linear with the equation M = -4*10-9*T+ 3*10-5, describing
the character. Also, the zero field cooled plots of these DMS materials are almost identical to
the field cooled ones. Similar magnetic behavior has been reported in earlier works in the
literature as well3.
Having ruled out the possibility of the presence of nanoclusters through our structural and
optical investigations, we infer that the presence of nanoclusters could not be the cause of the
observed room-temperature ferromagnetism. Furthermore, if the nanoclusters were of such
small size that they could not be detected by HRTEM, then they should exhibit
superparamagnetic behavior with a much lower Blocking temperature17, which was not the
case. These facts help to rule out the possibility of the presence of nanoclusters / precipitates

116

as the cause of magnetic behavior. Hence we conclude that the room-temperature
ferromagnetism is an inherent property of the material caused by the presence of cobalt in
high-spin configuration in a tetrahedral crystal field. High spin state of Co2+ (3/2 moments
per ion) arises because of the crystal field splitting of 3d state in t2g and eg orbitals, with 4
electrons in eg state and 3 unpaired electrons in t2g state.
In conclusion, we have doped Co

2+

ions in ZnO to produce Zn0.9Co0.1O thin films

grown by pulsed-laser deposition on c-plane Sapphire Single Crystal substrates. The films
were single crystalline, epitaxially grown on sapphire with a 30° or 90° rotation relative to
the substrate. These films exhibited ferromagnetism at room-temperature. Atomic scale
structural characterization including high resolution TEM, STEM-Z Contrast and EELS was
done to provide evidence for the absence of any nano-sized clusters or second phase. Optical
measurements also showed the presence of the Cobalt ions in a tetrahedral crystal field. This
proves that the magnetic properties of the film were a result of the replacement of Zn2+ in the
ZnO lattice by Co2+ ions. This is possible because of the capabilities to exceed the constraints
posed by thermal equilibrium18, with the help of pulsed-laser deposition. Further work in the
area could be to determine the maximum concentration that can be doped into ZnO and to
study the effect on the structural as well as magnetic properties.
Acknowledgement: This work was partly supported by ARO and NSF. Authors want to
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Table 8-1: Summary of the magnetic properties of Zn1-xCoxO films
Sample Saturating
Magnetic Field
(Oe)

Saturation
Saturation
Magnetization (total Magnetization
emu)
(mb / atom)

Coercivity
(Oe)

10K

300K

10K

300K

10K

300K

10K 300K

1%

-

1700

-

2.5e-5

-

0.45

75

5%

3000

1100

1.55e-4

6e-5

0.35

0.25

145 85

10%

-

2020

-

1.55e-4

-

0.2

80

20%

3400

2000

1.5e-4

1e-4

0.15

0.1

220 200

55

50
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Table 8-2: Summary of Hall measurements on Zn1-xCoxO at room temperature
Sample

Carrier Concentration
(/cm3)

Mobility
(cm2/Vs)

ZnCo(5%)O

3.2 x 1018

30

ZnCo(10%)O

5.3 x 1018

17

ZnCo(20%)O

6 x 1018

17
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Figure 8-1: X-ray diffraction of Zn0.9Co0.1O target material
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Sapphire (0 0 0 6)

Zn1-xCoxO (0002)

Intensity Arb Units

2θ (Degrees)

Figure 8-2: X-ray diffraction of Zn1-xCoxO (x=0.05-0.2). Inset shows a comparison of the
(000l) peaks and change in lattice parameter of pure and Co-doped ZnO

123

ZnCoO

150nm

g

Sapphire

Figure 8-3: Low magnification diffraction contrast bright field image of the film on sapphire.
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Figure 8-4: High resolution Image of the interface. Inset: Diffraction pattern of the interface
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Figure 8-5: Background reduced Electron Energy Loss Spectrum from the bulk of the film.
Inset: STEM Z-Contrast image
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Figure 8-6: Optical Transmission Spectra of Zn1-xCoxO films
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Figure 8-7: Reistivity versus temperature for Zn0.9Co0.1O
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Figure 8-8: Total magnetization (in emu) as a function of applied magnetic field for
Zn1-xCoxO (x=0.01-0.2) at 10K (b) 300K
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Figure 8-9 Total magnetization (in emu) as a function of applied magnetic field for Zn1xCoxO

(x=0.01-0.2) at 300 K
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Figure 8-10 Magnetization as Bohr magneton per dopant atom as a function of applied
magnetic field for Zn1-xCoxO (x=0.01-0.2) at 10K
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Figure 8-11 Magnetization as Bohr magneton per dopant atom as a function of applied
magnetic field for Zn1-xCoxO (x=0.01-0.2) at 300K
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Magnetization

Temperature (K)

Figure 8-12: Magnetization as a function of temperature for Zn1-xCoxO (x=0.05-0.2)
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9. Chapter 9:Mechanisms in ZnO based diluted
magnetic semiconductor
Abstract
We have investigated the properties of Zn1-xMnxO [x=0.01-0.1] and Zn1-xCoxO [x=0.01-0.2]
thin films grown on c-plane sapphire single crystals by pulsed laser deposition. The
electrical, magnetic, optical and microstructural properties of these thin films have been
characterized systematically, with a primary focus on establishing the correlation between
magnetic properties and electrical conductivity. We have shown that this system exhibits
ferromagnetism at room temperature when in the conducting as-deposited state. However,
upon high temperature annealing in excess oxygen, the samples become insulating and
exhibit nonferromagnetic behavior at room temperature. Thus, it is possible to tune
ferromagnetism in Zn1-xMnxO diluted magnetic semiconductors by controlling the
concentrations of oxygen vacancies and substitutional Mn dopants.

9.1 Introduction
The subject of transition-metal doped semiconductors exhibiting room temperature
ferromagnetism (RTFM) has generated widespread interest because of their potential for use
in sprintronic devices1,2. After theoretical work by Dietl

3

suggesting RTFM may exist in

wide-bandgap semiconductors, ZnO doped with Transition Metals (TMs) has been
investigated extensively. However, studies to date have been contradictory.

Sharma et al4

reported RTFM in ZnO-Mn system, whereas Rao et al5 and Tiwari et al6 found no evidence
for RTFM. Kundaliya et al

7

attributed ferromagnetism to the precipitation of ZnxMnyO

spinel. Previous investigations by our group8,9 emphasized detailed microstructural
characteristics of different ZnO-TM systems and found that RTFM exists in ZnO-Co system
but not in ZnO-V system. High-resolution transmission electron microscopy studies on both
of these systems showed the absence of second phases or dopant clusters.
Another important consideration in oxide based systems is the role of vacancies and the
resulting carrier concentrations on magnetic properties10,11. The natural presence of intrinsic
defects, primarily oxygen vacancies in these oxide systems greatly complicates the analysis
and makes a clear interpretation of the magnetic behavior more difficult. When grown as an
epitaxial thin film in high vacuum, ZnO has a high conductivity due to intrinsic defects that
lead to n-type doping. Several studies have shown that additional extrinsic n-type doping is
ineffective in further increasing the carrier concentration, in vacuum grown ZnO12. In a
recent study Zhang13 et al have tried to correlate annealing effects in the ZnO-Mn system to
the magnetic properties but were inconclusive primarily due to the lack of microstructural
characterization. Therefore, it is imperative to study the properties of ZnO doped with just a
TM, to point out the actual cause of FM in this system.
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9.2 Experiments
To investigate the role of carriers (electrons), we have investigated ZnO films with different
manganese and cobalt concentrations (from 1 to 20 %) systematically, and correlated
magnetic properties with free carrier density (or conductivity). Special attention is focused to
establish the absence of secondary phases and study effects due to substitutional dopant
concentration.
Zn1-xTMxO [TM: Mn & Co; x=0.01-0.2] thin films were grown on c-plane sapphire single
crystals by pulsed laser deposition technique. The targets used for deposition were
synthesized by conventional solid-state reaction technique, wherein appropriate amounts of
ZnO and MnO (or Co3O4) were mixed thoroughly, pressed and sintered for several hours in
flowing oxygen. A pulsed KrF excimer laser with a wavelength of 248 nm and energy
density 2-4 J / cm2 was used with a repetition rate of 10Hz to ablate the targets. The time of
growth was 15-20 mins, at a temperature of 575ºC. The in-chamber pressure was maintained
at either 4 x 10-7 or at 3x10-3 torr for Mn-ZnO and in the range of 9 x 10-7- 1 x 10-6 for CoZnO growth, by controlling the oxygen partial pressure. The samples grown at higher partial
pressure were annealed at 600ºC in flowing oxygen for 30 minutes in a clean furnace. X-ray
diffraction of the grown films was carried out using a Rigaku x-ray diffractomer with Cu Kα
radiation and Ni Filter. Magnetic measurements were performed using a Quantum Design
(superconducting quantum interference device) magnetometer in the temperature range of

10–300K. Structural characterization was done using a JEOL-2010 field-emission
transmission electron microscope equipped with GIF (Gatan Image Filter) tuning attachment.
Electrical resistivity measurements were done using a four-point probe method over a
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temperature range of 12-300K. Optical measurements (absorption / transmission) were made
using a Hitachi Spectrophotometer.

9.3

Results

9.3.1 ZnMnO
X-ray diffraction of the target material of Zn1-xMnxO is as shown in figure 9-1. Results of Xray diffraction (XRD) measurements on thin films are shown in figure 9-2. The results are
shown for as grown (at 10-7 torr) and annealed samples of three different compositions
(Zn0.99Mn0.01O, Zn0.95Mn0.05O and Zn0.90Mn0.10O). The films appear highly textured through
the composition range of 1-10% Mn doping, with no signs of stray peaks suggesting that
there is no secondary phase formation. Detailed atomic-scale characterization was done using
high-resolution transmission electron microscopy (HRTEM), to investigate the possibility of
any nanoclustering / secondary phase formation which might not have been detected by
XRD. Figure 9-3 shows a representative HRTEM micrograph of Zn0.90Mn0.1O thin film. Inset
in this figure shows the Selected Area Diffraction Pattern (SAED) across the interface, which
shows no additional spots. From the diffraction pattern the epitaxial relationship is derived
as:(0001)s║(0001)f, (0110)s║( 2 110)f , and [2 1 10]s║[0110]f. The thickness of the
deposited films was determined to be about 500nm. The oxidation states and the atomic level
chemistry of the system were probed with Electron Energy Loss Spectroscopy (EELS) which
was performed on both the as-grown sample (PO2=10-7 torr) as well as the annealed sample of
10% Mn concentration. Full range spectra of both the annealed and unannealed samples are
as in figure 9-4. A comparison of the high-resolution O-K peaks for both annealed and
unannealed samples showed slightly different fine edge structures in the two cases. By
comparing the shapes and the fine edge structures with those reported in the literature14, as
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shown in figures 9-5 and 9-6, it can be deduced that the oxidation state of the Mn dopant
varies from +2 to +3 in the as grown sample and it is predominantly +2 in the annealed
samples. Thus, the dopants are definitely bonded to the oxygen ions and there is no
segregation or secondary phase formation, consistent HRTEM and diffraction data. From
these results, we can conclude that the Mn ions are indeed bonded to the oxygen atoms in the
tetrahedral sites, and that the samples of devoid of any secondary phases.
Optical absorption spectroscopy results are shown in Figure 9-7, where absorption of the thin
films is plotted as a function of wavelength. The primary band edge of these materials is
clearly observed in the wavelength range 384-330 nm. The band gap increases systematically
with increasing Mn content in the films. Moreover, the near bandgap energy spectrum
becomes broader with increasing Mn concentration due to creation of Mn energy levels in the
bandgap15. The Mn2+ levels are very close to the band gap of ZnO and hence are smeared out
for higher concentrations of Mn in ZnO. These results again suggest a uniform substitution of
Mn for Zn in the ZnO host lattice. Four point probe electrical resistivity measurements (sheet
resistance) over a temperature range 12-300K show that the resistivity of the as-grown
samples is around 10-20 mΩ-cm as shown in Figure 9-8. The resistivity increases by at least
4 orders of magnitude upon high temperature annealing. All the as-deposited samples (grown
at 10-7 torr of pressure) had a carrier concentration in the range of 5x1018 to 1x1019 / cm3 with
mobilities in the range 20-40 cm2/V-s. Furthermore, there is no effect of Mn concentration in
the conductivity of the as-grown samples. Unfortunately, the carrier concentration in
annealed samples could not be measured as they were below the detection limit of the
instrument (carrier concentration is estimated to be <1016 /cm3). A summary of the Hall
measurements is shown in table I. These results are consistent with our earlier conclusion
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that the main source of conduction is oxygen vacancies (and perhaps zinc interstitals) and
that these are removed upon annealing.

Magnetic measurements were conducted on samples with varying dopant concentrations for
the two extremes of conductivities, ie samples grown at 10-7 Torr (semiconducting) and
annealed samples (highly insulating). The measurements were done in the temperature range
of 10-300K. The results of the magnetization as a function of applied magnetic field
(hysteresis) are shown in Figures 9-9 and 9-10 for semiconducting and insulating samples
respectively. The insets in figures 9-9 and 9-10 show a close scan near origin to show the
hysteresis for Zn0.9Mn0.1O (as grown) at 300K (coercivity ~85Oe) and for Zn0.99Mn0.01O
(annealed) at 10K (coercivity ~100Oe) respectively. The diamagnetic contribution from the
substrate has been subtracted in the plots to obtain the film contribution only. The salient
observations from these are: (i) all of the conducting samples show ferromagnetic ordering at
both low temperature (10K) and room temperature (300K), (ii) none of the insulating
samples show any ferromagnetic ordering at room temperature and only the Zn0.99Mn0.01O is
ferromagnetic at 10K, and (iii) in the semiconducting samples, the moment per Mn atom at
300K steadily decreases with increasing concentration, from about 1 µb / Mn atom for the 1%
Mn sample to 0.3 µb / Mn atom for the 10% Mn in ZnO sample. It should be noted that a Mn
moment of 5 µb / atom is expected4. Temperature dependent hysteresis plots for the
anamolous Zn0.99Mn0.01O annealed sample are shown in figure 9-11. Though the moments
are very small, it is pretty clear from these plots that the sample ceases to be ferromagnetic
by even 40K. There is no sign of coercivity and the sample does not saturate.
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Magnetization as a function of temperature for selected films is plotted in figure 9-12. These
plots are very similar to the ones observed for Co-ZnO where we see a steady drop in the
moment of the samples with increase in temperature. The shape of the curve reminds one of
the fact that there is a significant quantity of material which shows paramagnetism
superposed on a ferromagnetic component. It can be easily realized that the paramagnetic
component is pretty strong at low temperatures upto 50K and then most likely, the
ferromagnetic component starts taking over.

9.3.2 ZnCoO
A detailed analysis of the results for as grown samples of Zn1-xCoxO can be found in chapter
8. This section will deal with the magnetic properties of annealed Zn1-xCoxO and a
comparison with the properties of Zn1-xMnxO. Figure 9-13 shows the hysteresis curves of
annealed Zn1-xCoxO at 10K. Temperature dependent hysteresis curves for 20% Co-ZnO are
shown in figure 9-14. Finally a comparison between the hysteresis of as deposited versus the
annealed samples is as in figure 9-15. Some of these figures are not corrected for the
background magnetization from sapphire, since this can give a better picture of the shape of
the plots. The salient features from these plots are: (i) There is a drop in the magnetization
moment as we anneal the samples (ii) only the 10% sample shows some sign of remnant
magnetization. (iii) The 20% sample shows the same characteristics from low temperatures
to high temperatures, but seems as a superposition of two paramagnetic signals. From these
observations it is clear that annealing does reduce the moments in the Zn1-xCoxO samples.
Also, the moments per atom of the dopant decreases constantly with increase in
concentration of the dopant (as in the case of Mn doped ZnO).
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The consistent decrease in the moments per atom of dopant at higher concentrations could be
attributed to an increasing occurrence of antiferromagnetic (AF) coupling for dopant pairs
occurring at shorter separation distances which has also been, postulated previously in the
literature4. A typical magnetization as a function of temperature (both field-cooled and zero
field-cooled measurements) reveal a near linear drop of less than 4-5% over the temperature
range of 10 to 300K (Chapter 8 for Co-ZnO), consistent with ferromagnetic behavior. A
comparison between as deposited and annealed samples also shows a clear decrease in the
effective moment per atom after annealing. Thus, these results clearly indicate a direct
correlation between ferromagnetism and carrier concentration as reflected in the conductivity
of the samples, leading us to conclude that the ferromagnetism in these systems is
predominantly driven by a carrier-mediated mechanism. A couple of exceptions are the
observed retention of ferromagnetic ordering at 10K in the insulating Zn0.99Mn0.01O sample
and Zn0.9Co0.1O.

This might mean that there is a specific concentration where the

ferromagnetic ordering may just overcome the antiferromagnetic coupling by some
means.Temperature dependent hysteresis studies for both these samples are also shown
which indicate a possible change in the character at some temperatures. Thus, our findings
suggest a strong relationship of magnetic ordering with the oxygen stoichiometry of ZnO.
Another mechanism referred to in the literature suggests15 the so called Bound Magnetic
Polaron (BMP) mechanism that may also be operative in our system particularly in the
insulating Zn0.99Mn0.01O sample at low temperatures of the order of 10K.
In summary, we have grown epitaxial single crystals of Zn1-xMnxO using pulsed laser
deposition process and have varied the electrical properties to investigate magnetic properties
at the two extremities of resistivivties, namely, semiconducting and highly insulating states.
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Microsructural characterization of the films has been done using X-Ray diffraction and
HRTEM which indicate an in plane rotation of 30 or 90 between sapphire and the film. The
HRTEM results along with EELS convincingly exclude any possibility of nanosize clustering
or secondary phase formation. Optical characterization using absorption spectroscopy
indicated the band gap to increase with increasing Mn concentration implying a uniform
substitution of Mn ions for Zn in the lattice. We observe ferromagnetism at both the room
and low temperatures in conducting samples but in the insulating samples no sign of ordering
is apparent except at very low temperatures and very low concentrations of the dopant. This
is consistent with a case where ferromagnetic ordering is dominated by a carrier-mediated
(electrons in this case) process. It is envisaged that in insulating samples, where free carriers
are not present, a bound polaron exchange mechanism may be operative at very low
temperatures and Mn concentrations. But more research is needed to understand the low
temperature magnetic behavior of the insulating samples.
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Figure 9-1: X-ray diffraction of Zn0.9Mn0.1O target material
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Figure 9-2: X-ray diffraction of Zn1-xMnxO (x=0.01-0.1) thin films grown at a partial
pressure of 10-7 torr and annealed films.
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Figure 9-3: High resolution TEM image of Zn0.9Mn0.1O (grown at 575°C) showing highly
epitaxial film on sapphire, with a clean interface.
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Figure 9-4: Background reduced electron energy loss spectra of Zn0.9Mn0.1O annealed and
as deposited thin films.
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Figure 9-5: O-K peak comparison in EELS of the as-deposited sample of Zn0.9Mn0.1O

149

Figure 9-6: O-K peak comparison in EELS of the annealed sample of Zn0.9Mn0.1O
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Absorbance

Wavelength (nm)
Figure 9-7: Optical Absorption Spectra of Zn1-xMnxO (x=0.01-0.1) films after annealing,
showing the change in the absorption edge and the observation of Mn energy levels with
increasing Mn concentration.
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Temperature (K)
Figure 9-8: Resistivity vs Temperature for Zn1-xMnxO (x=0.01-0.1) as deposited films
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Table 9-1: Hall Measurements at room temperature for ZnMnO as-deposited samples
Sample
(pO2=10-7 torr)

Carrier
Mobility
Concentration (/cm3) (cm2/Vs)

ZnMn(1%)O

1.2 x 1019

38

ZnMn(5%)O

4 x 1018

23

ZnMn(10%)O

6 x 1018

40
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Figure 9-9: Magnetization as a function of Applied Magnetic field for Zn1-xMnxO (x=0.010.1) thin films grown at a partial pressure of 10-7 torr at 300K. Inset (i) shows the same at
10K. Inset (ii) Shows a close scan near the origin for Zn0.9Mn0.1O at 300K, showing a
coercivity of ~85Oe.
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Figure 9-10: Magnetization as a function of Applied Magnetic field for the annealed Zn1xMnxO

(x=0.01-0.1) thin films at 10K. Inset (i) shows the same at 300K. Inset (ii) Shows a

close scan near the origin for Zn0.99Mn0.01O at 10K, showing a coercivity of ~100Oe.
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Figure 9-11: Temperature dependent hysteresis for Zn0.99Mn0.01O annealed film.
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Magnetization (emu)

Temperature (K)
Figure 9-12: Magnetization as a function of temperature of various
Zn1-xMnxO (x=0.01-0.1) thin films.
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Comparison
at 10 K

Figure 9-13: Hysteresis of Zn1-xCoxO (x=0.01-0.2) annealed films at 10K
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20% Co-ZnO
Temperature
Dependent Hysteresis

Figure 9-14: Temperature dependent hysteresis of Zn0.8Co0.2O annealed film.
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Figure 9-15: Comparison of as deposited and annealed films of
Zn0.9Co0.1O and Zn0.8Co0.2O at 10K
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10. Chpater 10: A brief discussion of magnetic
properties of DMS materials
From chapters 7,8 and 9, a general trend emerges as one looks at the properties of the DMS
thin film materials. The salient features are:
(a) As grown samples at partial pressures of 10-6 torr or lower oxygen pressures are
pretty conducting at room temperatures with carrier density mid-high 1018/cm3. The
resistivity of the samples (ZnMnO) increase frombout 0.01 to 0.06Ω-cm as
temperature is reduced from 300-12K.
(b) The samples are all magnetic from 5K up to 300K.
(c) As soon as the samples are annealed in oxygen (both ZnMnO and ZnCoO), the
samples become highly resistive.
(d) The samples lose their magnetic moment by a large amount, with the exception of a
few samples with fairly lower transition metal dopant concentrations, showing
magnetization at lower temperatures of the order of 5-10K.
These observations can be explained very briefly as follows: The magnetization at fairly
higher temperatures (20-300K) is controlled by the carrier-induced ferromagnetism model
(Zener model) described in the mechanisms section of chapter 4. Essentially, as proposed by
Dietl et al1, there is a cloud of carriers which can effectively interact with the magnetic ion
core. The model proposed by Dietl was for p-type GaMnAs but fundamentally, the type of
carriers should not really make a difference as far as the qualitative description is concerned2:
what is important is the “exchange integral” and the relative competition between the
ferromagnetic (FM) and antiferromagnetic (AF) contributions, that arise due to the sp-d
exchange and the nearest neighbor dopant interactions.

The treatment favors magnetic

interactions in hole-doped materials through a super-exchange model of interaction. This
could also be thought of as an indirect exchange interaction mediated by the anions, thus
involving the valence band. It was postulated that for sufficiently high p-type carrier
concentrations, both in GaN and in ZnO the Tc could be raised well above room temperature.
The difference is that in III-V semiconductors, Mn acts as both a localized spin generator and
a shallow acceptor. In II-VI Mn produces only localized spins.
However, the magnetic properties in the dissertation cannot be completely described by the
carrier-induced model (which specifically envisages high Tc for p-type conduction) alone.
ZnO is n-type in the as grown state. Also, the carrier concentrations are not as high as has
been calculated for p-type GaAs for the Curie temperature to be higher than room
temperature. Nevertheless, the exchange that exists between the electrons provided by the
point defects and the localized donors is pretty strong. The g-factors are of the order of
atleast 2 in these systems:

g=2 for ZnMnO3 (spin only) and g≈4-5 for ZnCoO4. The

ferromagnetism can be explained as in chapter 4 under the subsection on carrier induced
ferromagnetism. The question which arises then is what happens in the insulating regime. To
specifically study this, the annealing experiments were done, from which it is seen that the
magnetization gets reduced by atleast 2 times in ZnCoO and most of the samples turn
paramagnetic (ZnMnO). Therefore, as soon as the carrier density goes down, ferromagnetic
properties are gone as well. From the framework of carrier induced ferromagnetism it is easy
to understand this phenomenon. Also, at higher concentrations the effects of disorder,
anitferromagnetic exchange and presence of phonons will reduce the long range order so
much so that the effective moments are only as much as for a paramagnetic material. In few
cases though it is seen that at low temperatures and sufficiently low concentrations of
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dopants, where these effects are minimal, a certain magnetic order emerges. This is
postulated to happen through the Bound Magnetic Polaron (BMP) percolation.
In the annealed samples where there is a very small point defect concentration (most
probably oxygen vacancy), each of these defects will bind a donor level within a
characteristic Bohr radius of the order of about 8Å for ZnO. There is now an exchange of
these electrons with the localized ion of the magnetic dopant described by2,5:
H=

r r r r
i
j ) s i .S j …………(1)

∑ J (r , R
i, j

where, Sj is the spin of the dopant ion at Rj and si is the electron spin at ri. Thermodynamic
considerations show that at a temperature T< J/kB where kB is the Boltzmann constant and J
is the exchange integral, all the dopant spins within the distance of
r = (aB/2) ln(Jo/ kBT)……………(2)
order their spin in an AF manner with respect to the carrier spin. This region around the
dopant with a large magnetization is termed as a Bound Magnetic Polaron (BMP). Also, the
radius of this region increases logarithmically with decrease in temperature. This AF
interaction is not as strong as the effective ferromagnetic interactions between BMPs due to
the dopant spins in between the polarons which favor ferromagnetic alignment of the dopant
spins. As a result of this a long range ferromagnetic order emerges as one expects the radius
of this influence to increase with decreasing temperature. A schematic to understand these
effects is as in figure 10-1 below.
It is to be noted that these effects which favor ferrmomagnetic alignment of the BMPs are
rather weak and can occur only at very low temperatures. Despite this, some authors believe
that such effects could even describe the high Tc of DMS. But, that is only a very remote
possibility. We believe that in our systems the residual magnetism in the annealed samples

163

can be attributed to the presence of BMPs. A feature in the magnetoresistance measurements
of these materials also points to a similar conclusion, which will be discussed in the
following chapter on Magneto-transport.

T decreases

Figure 10-1: BMPs percolate throughout the sample as temperature decreases to cause long
range ferromagnetic order.
In conclusion, ferromagnetism in the oxide DMS systems is caused primarily due to the
carrier-induced mechanism. As carrier densities are lowered, additional mechanisms emerge
to accomplish long range ordering at low temperatures and when the dopant concentration is
just right so that the AF interactions do not overwhelm the ferromagnetic interactions. One
such widely believed mechanism is the one which envisages the occurrence of defect related
entity in the ZnO system called as the Bound Magnetic Polaron which can explain magnetic
properties of our system to a large extent. The real mechanisms causing the magnetic
properties are still in debate and it would require many more experiments and better
theoretical understanding to really pin-point the cause of the observed magnetic properties.
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11. Chapter 11: Growth of highly conducting
epitaxial ZnO-Pt-ZnO heterostructure on α-Al2O3
(0001): Demonstration of Spin Valve structures
Abstract
Here we report the growth of epitaxial ZnO-Pt-ZnO trilayer structures on sapphire (0001)
substrate by using pulsed laser deposition technique. These structures can form the basis for
spin valves using diluted magnetic semiconductors in conjunction with epitaxial metallic
films. These structures were characterized using X-ray diffraction, conventional and highresolution transmission electron microscopy, STEM (scanning Transmission Electron
microscopy-Atomic number) Z-contrast, optical transmittance and electrical resistivity
measurements. X-ray diffraction and TEM experiments revealed the epitaxial nature of these
structures, the orientation relationship being: <111>Pt║<0001>ZnO║<0001>sapphire (out of
plane) and <110>Pt║<2110>ZnO║ <0110>sapphire(in Plane) for the trilayer structure.
Electrical and optical measurements showed that these heterostructures exhibit quite good
electrical conductivity and at the same time possess moderate optical transmittance.

11.1 Introduction
Epitaxial metallic films have attracted considerable attention in the last decade due to the
multitude of applications associated with such structures. Noble metals typically, have been
of particular interest in many applications owing to their many useful properties such as
electrical conductivity and chemical inertness even at high temperatures. Scientific interest
also exists in the possibility to grow epitaxial metallic thin films on different substrates and
to study the interface stability of such heterostructure interfaces. Several studies have
reported the growth and analysis of noble metals such as platinum [1] on various substrates
by techniques including sputtering [2,3] , laser ablation [4,9] , electron beam deposition [5],
molecular beam epitaxy [6] and chemical vapor deposition [7,8]. The different substrates
used for the deposition range from, insulators such as MgO [4], NaCl [10], sapphire [1,11],
ferroelectric oxides [12], Glass [13] oxides such as NdGaO3, LCMO [2] ZnO [14] to
semiconductors (Si [15], Ge [5]) and metals [16]. Different grain sizes varying from
nanocrystalline [17] to single crystal (via epitaxial growths) have been reported. Moreover,
different orientations of the single crystals have also been reported namely, <100> or <111>
which vary depending on the substrate orientations and the growth parameters. Different
applications in which the platinum films have been used are: Electrodes for ferroelectric
devices [18, 19], magnetic devices [6, 14], next generation sensor applications, and as layers
on which various other materials can be grown epitaxially for catalytic applications [20, 21].
Such wide variety of possibilities and applications make the study of the growth of platinum
thin films particularly interesting from a scientific point of view.
In addition, there has been renewed interest in the areas of platinum thin film growth on
oxides typically to study the metal ceramic interfaces and also as potential candidate as a
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non-magnetic layer for spintronic devices such as spin valves. Thus, probing the microstructural stability and epitaxial relationships of such thin film heterostructures is of critical
importance. Some of these oxides have high lattice mismatch with Pt and it is, therefore,
difficult to grow epitaxial films on such oxides. ZnO, for example, has a mismatch of about
15% with Pt. Moreover, metals in general have high surface energies, and therefore, exhibit
propensity for island type of growth, which should be considered in assessing the quality of
thin films.
In this paper we report the growth of ZnO/Pt/ZnO trilayer structures on sapphire(0001)
which could have significant impact as test structures in the potential demonstration of future
spin based devices if used in conjunction with ZnO based diluted magnetic semiconductors.
Particular emphasis in the present work is placed on the characteristics of thin film epitaxy,
atomic scale nanostructural characterization and interface stability.

11.2 Experiments
Films of multilayers of ZnO /Pt/ ZnO were grown on c-plane sapphire single crystal
substrates by using a multitarget Pulsed Laser Deposition (PLD) system with a KrF excimer
laser (Lambda Physik 210, λ =/248 nm, 10 Hz). The energy density and repetition rate of the
laser pulse were 3-5 J/cm2 and 10Hz, respectively, and the angle of incidence of the laser
beam was 45°. The depositions were carried out at different temperatures for different layers,
viz, 600°C for ZnO layers and 400°C for the Pt layer at an ambient pressure of 5×10- 5 torr
during growth (The base prssure was better than 10-7 torr). Two samples were grown one
with the Pt layer grown for 2 minutes and other with Pt layer grown for 4 minutes. X-Ray
diffraction was then used to determine the crystal structure of these films, using a Rigaku X-
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Ray diffractometer with Cu-Kα radiation and Ni filter. Further microstructural and
nanostructural characterization was done by transmission electron microscopy (TEM) using a
JEOL 2010 TEM, with a point to point image resolution of 0.18 nm and STEM-Z resolution
of 0.16nm. Electrical resistivity measurements were performed using a four-point probe
technique in a temperature range of 15-300 K. Optical transmission measurements were
carried out using Hitachi spectrophotometer.

11.3 Results and Discussions
A schematic of the thin film structure is shown in figure 11-1. Results from X-Ray
diffraction are shown in figure 11-2. X-Ray diffraction clearly illustrates the highly textured
nature of both the zinc oxide and the platinum films on sapphire with a {111} plane of
platinum aligned to the basal planes of zinc oxide and sapphire. The only peaks observed in
the scan correspond to (0002) and (0004) planes of ZnO, the (0006) planes of sapphire, and
the (111) plane of Pt. From these X-Ray diffraction observations, the orientation relationship
is derived as follows: Pt (l l l) || ZnO (000l) || α- Al2O3 (000l). Earlier works on thin films of
platinum directly on sapphire showed an orientation relation similar to this [6]. There was no
splitting of the peaks for the two zinc oxide peaks observed (one from the top and one form
the bottom) suggesting the relaxed nature of these films.
It is to be pointed out that X-ray diffraction gives the orientation relationship only
perpendicular to the plane of the foil. Hence, it is only apparent that the thin film is textured
along the perpendicular direction. To get the in plane orientations and to study the epitaxial
relationship, cross sectional transmission electron microscopy (TEM) was performed on the
thicker Pt sample (grown for 4 minutes).
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Figure 11-3 shows a low magnification diffraction contrast bright field image of the
structure. It is clear from this image that there is a large dislocation density but the Pt layer is
uniform and there are no grain boundaries or cracks observed in the film. Furthermore, the
interfaces between the various layers are pretty clean with no signs of interfacial reactions.
The thickness of the Pt film from this figure is about 20nm.
Figure 11-4(a) shows the high resolution (HR) TEM micrograph from the interface of
platinum and ZnO grown on sapphire. For our purposes, we have labeled this layer of zinc
oxide as ZnO (I). Figure 11-4 (b) shows the HRTEM micrograph of platinum with the ZnO
layer on top. This ZnO layer is labeled as ZnO (II). The epitaxy of ZnO on sapphire has
already been discussed in detail elsewhere [22]. Presence of stacking faults (or low angle
boundaries) can be observed in the Pt foil at some places as illustrated in figure 4(b).
Figure 11-5(a) illustrates an indexed selected area diffraction pattern from the ZnO (I) / Pt
interface. Figure 11-5(b) shows a SAED pattern from all the four layers. From these patterns
the zone axes aligned are as follows: <011>Pt || <2110>

ZnO

|| < 0110 >sapphire. The epitaxy

which occurs here can be described very well by the Domain Matching Epitaxy (DME)
paradigm where integral multiples of planes of the film and substrate match across the
interface. This paradigm has been described in detailed, elsewhere [23]. Briefly, in the DME
paradigm, it is envisaged that in any high misfit system, the misfit dislocations originate
within the first few monolayers and can be effectively confined if the initial growth of the
thin films occurs in a 2-dimensional mode. We define misfit as ε =

|df − ds |

(d f + d s )

where df and

2

ds are the plane spacings of the corresponding planes of film and substrate, respectively, that
match across the interface. Also, if the matching leaves out a small residual misfit, there may
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be two different domains alternating with each other to completely account for the strain.
Mathematically, (m + α) df =(n + α) ds, wherein m planes of film match with n planes of
substrate and α is the alternating or the frequency factor. For the case ZnO/Pt epitaxy, d{112}
of platinum (1.602 Å) match with {0 1 10} type planes (spacing

a ZnO
3

) of ZnO (1.8775Å)

with a 16% misfit. Here, 6 or 7 planes of Pt alternate with 5 or 6 planes of ZnO (6/5 and 7/6
domains alternate), with the frequency of 1:4 (ie α =0.2). In the perpendicular direction in
plane, the {220} planes of Pt match with { 2 110} planes of zinc oxide with a DME relation
similar to the above case. It is also worthwhile to mention that if there were a 30° rotation in
Pt / ZnO layers, d(112) planes of platinum match with { 2 110} planes of ZnO (d=1.626Å) with
a much reduced misfit, however the chemical interaction energy between Pt and Zn seems to
dominate the misfit strain energy and control the orientation in the basal plane. The faint
beating spot marked (422/3) in the SAED pattern is a forbidden refelction, which arises out
of dynamic diffraction of the electron beam in TEM. Table 11-1 summarizes the epitaxial
relationship at the ZnO / Pt interface. The epitaxial relationship for ZnO/ sapphire interface
can be found in reference [22].

This orientation relationship of ZnO / Sapphire implies a 30° rotation of ZnO (0001) plane on
basal (0001) plane of sapphire and no rotation between ZnO and Pt layers.

To further characterize the structure and to study the interface stability, STEM-Z contrast
imaging was employed. Here, incoherent Rutherford electrons backscattered at high angles
are collected by a High Angle Annular Dark Field Detector (HAADF) to give rise to a
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contrast that is proportional to the square of the atomic number of the scattering material
(Z2). Figure 11-6(a) shows a STEM-Z contrast image of this multilayer structure which
demonstrates a very sharp interface at both ZnO (I)/ Pt and ZnO (II) /Pt interfaces. Figure 116(b) shows a corresponding bright field image. In this structure, Pt being the heavier material
shows up as a bright layer in the dark field image (and vice versa in the bright field image).
Also, it can be clearly seen that there is no interfacial reaction at the interfaces.

Electrical resistivity measurements were done using a four-point probe technique to
determine the sheet resistance of this structure. Cold indium contacts were used with gold
leads for the measurements. The measurement was performed over a temperature range of
13-300 K for the thicker Pt film as shown in figure 11-7. The sheet resistance of this
multilayer structure was found be 2 Ohms, which is much lower than that of pure ZnO of
thickness equal to the combined thickness of the trilayer(at least one or two orders of
magnitude lesser depending on substoichiometry of the pure ZnO thin film). Furthermore, the
resistance behavior showed a positive temperature coefficient of resistivity (TCR) suggesting
that the conduction in this structure is predominantly through the intermediate Pt layer. This
is because of the fact that there are 2 layers, which are of high resistance in parallel with a
layer, which is metallic, and hence the total resistance is much less than resistances of the
individual layers. It is noteworthy to mention that the sample with thinner Pt film (that grown
for 2 minutes, with Pt thickness about 7-8 nm) has a resistance of about 50 Ohms at room
temperature and showed a negative TCR implying that the film might have discontinuities
that tend to deteriorate the electrical properties.
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The optical transmission characteristics were measured for both the thinner and thicker films.
The percentage transmission was more for the thinner film as expected, with a peak intensity
of about 60% whereas that for the thicker film was only about 25%. Figure 11-8 shows a
typical transmission spectrum at room temperature of the thinner film. The peak at 370nm is
the band edge of ZnO and that at the 550nm is believed to be arising out of the interference
of the reflected waves from the interfaces in the heterostructure. We believe that at a certain
thickness, both conductivity and the optical transmission could be optimized. Figure 11-8(b)
shows the optical transmission spectrum for the spin valve heterostructure grown with
epitaxial ZnCoO layers to sandwich the Pt layer. Further magneto-transport studies are
underway for this structure.

11.4 Conclusions
In summary we have grown highly epitaxial trilayer heterostructures of ZnO / Pt / ZnO on cplane sapphire single crystals. The orientation relationships can be described as follows:
<111>Pt║<0001>ZnO║<0001>sapphire

(out

of

plane)

and

<110>Pt║<2110>ZnO║

<0110>sapphire(in plane). Also, a complete study of the epitaxy reveals an in-plane rotation of
30º or 90º of the ZnO film with sapphire whereas no in-plane rotation was observed between
the ZnO and Pt film. The structure was characterized with X-ray diffraction, conventional
cross sectional TEM, atomic resolution TEM and STEM-Z contrast imaging and it is shown
that the interfaces between different layers are atomically sharp with no signature of
interfacial reactions. The electrical property of the film reveals a metallic conducting
behavior. The optical transmission of these films is moderate. Such structures, if optimized
fully can be harnessed for multiple applications such as conductive transparent windows, in
microelectronics packaging and several devices in spintronics in conjunction with diluted
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magnetic semiconductors. Further electronic property characterization is also required to
decide the applicability of these thin films.
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Table 11-1: Epitaxial Relationship between
sapphire / ZnO / Pt with corresponding misfits

sapphire

ZnO

Pt

Misfit ZnO/Pt

[2 1 1 0]

[0 1 10]

[211]

16%

[0 1 10]

[2 1 1 0]

[022]

16%

DME
relationship
between
ZnO/Pt
5/6 ZnO with
6/7 Pt (α=0.2)
Same as
above
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ZnO
Pt
ZnO

α-Al2O3(0001)
Figure 11-1: Schematic of the heterostructure grown
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Intensity (Arb Units)

2 θ (Degrees)

Figure 11-2: X-ray diffraction data for ZnO-Pt-ZnO heterostructure
grown on sapphire (0001)
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ZnO
Pt
ZnO

Sapphire (0001)

50nm

Figure 11-3: A low magnification diffraction contrast bright field image of the structure
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(a)

Topmost
ZnO

Pt

(b)

Bottom
ZnO

Figure 11-4 : (a) High resolution (HR) TEM micrograph from the interface of platinum with
the topmost ZnO layer (b) HRETM of platinum and ZnO grown on sapphire elucidating the
highly epitaxial nature of the film
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(a)
(111)Pt
(0002)ZnO

(b)

(422/3)Pt
(01-10)ZnO

Figure 11-5 (a) Selected area diffraction pattern of a representative ZnO / Pt interface (b):
SAED from all the four layers
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(a)

ZnO
Pt

ZnO

(b)

ZnO
Pt

ZnO

Figure 11-6 (a) A STEM-Z image of ZnO-Pt-ZnO heterostructure on sapphire (0001), (b)
bright field image of the same structure as in figure 6(a)
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Resistance (Ohms)

Temperature (K)

Tranmission (%)

Figure 11-7 Electrical Resistance of the composite heterostructure with thicker Pt film

Wavelength (nm)

Figure 11-8: (a) Optical transmission spectrum of the heterostructure ZnO/ Pt /ZnO (b) For
the ZnCoO/Pt/ZnCoO spin valve structure
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12. Chapter 12: An Epitaxial Oxide Spin Injection
Device
Abstract
Diluted magnetic semiconductors (DMS) exhibiting ferromagnetism have been used to
inject spin-polarized current through semiconductors. In this work we have synthesized
thin film epitaxial devices with an intermediate spacer layer of the same semiconductor
(zinc oxide, ZnO) used to produce the DMS material (ZnCoO) ensuring a homoepitaxial
junction to help reduce the interface states and conduction mismatch. We observe a very
large magnetoresistive effect of 32%, in giant magnetoresistive (GMR) devices at low
temperatures. We can also tune the resistance of these devices by changing the
intermediate layer thickness of pure ZnO. These devices show interesting changes in the
magnetotransport properties at low temperatures and show a strong dependence on
magnetic field orientation.
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12.1 Introduction
Spin injection using diluted magnetic semiconductors (DMS) materials has been a subject
of immense interest over the past few years. After the early work by Datta and Das
conceptualizing a spin field effect transistor1, attempts to utilize magnetic metals in
conjunction with widely used semiconductors have yielded marginal results due to spin
scattering by interfacial states at the hetero-interfaces2,

3

and due to the conduction

mismatch between metals and semiconductors. Therefore, DMS materials play a very
important role from this perspective, as efficient spin injection into semiconductors can
be achieved by synthesizing a homoepitaxial interface with the same semiconductor
which is used to make the DMS. In this regard, a few wideband gap semiconductors
have captured the imagination of many scientists in the past few years. It has been shown
by several groups that materials such as zinc oxide (ZnO)4,5, Gallium Nitride (GaN)6 etc
can be made ferromagnetic to above room temperature by doping with magnetic elements
such as cobalt (ZnCoO) or manganese to produce a DMS material. From a materials
perspective ZnO has been a good candidate to produce DMS materials and several works
have indicated this possibility. ZnO is n-type in the as grown state and has a good spin
coherence length7 which is an important requirement for making spintronic devices.
Moreover, it can be grown as an epitaxial material on commonly used substrates such as
Sapphire (0001).
But whether ZnO based DMS can be utilized to make a device to inject spin polarized
electrons has been a question that has not been addressed adequately. A direct
demonstration of the magneto-electronic effects using devices synthesized with ZnO
based DMS materials is, therefore, especially significant. The ZnCoO/ZnO/ZnCoO
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epitaxial structures reported here satisfy two primary requirements for spin injection,
namely, minimum conductance mismatch and highly spin polarized contacts.
There have been few reports to demonstrate spin injection by various groups with both
metals and DMS materials as magnetic injectors. For example, Jiang et al.8 used MgO as
a tunneling barrier and a metal (Co-Fe) as the magnetic injector and Waag et al.9 used a
DMS material, ZnBeMnSe. Both the above works investigated only the optical effects.
Schmidt et al.10 have studied the magnetotransport properties using ZnBeMnSe as the
DMS injector but the non-magnetic layer was much thicker and, therefore, many of the
interesting effects presented here were missed.
In this work we report, for the first time, a direct demonstration of spin injection into ZnO
using ZnCoO DMS. The spin injection effects are manifested directly in the
magnetotransport properties.

12.2 Experimental Procedure
To demonstrate spin polarized electrical injection we have grown two tunneling magnetic
junction configuration based devices as illustrated in reference 11 with a semiconductor
sandwiched between two DMS materials instead of an insulator. In each of these devices,
two ferromagnetic layers composed of ZnCoO based DMS materials are separated by a
very thin nonmagnetic layer of the same host i.e. ZnO. The entire structure is grown on
Sapphire c-plane single crystal substrate via domain matching epitaxy. Here the ZnCoO
films are fully relaxed after a couple of monolayers with very little residual strain in spite
of large initial strain of 16% with sapphire substrate12. This aspect is very important
because, to fabricate devices we have to grow high quality thin films with reduced defect
densities and also have to minimize strains that introduce interfacial states. Both these
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conditions are achieved in our devices. A shadow masking technique has been used to
expose enough area of the bottom layer to provide for electrical contacting probes. A
schematic of the structure synthesized, and the electrical probe configuration is shown in
figure 12-1. Two different concentrations (20% and 5%) of the magnetic dopant (cobalt)
have been used to study the switching characteristics of magnetotransport properties. The
layers were grown by pulsed laser deposition technique with sintered ceramic targets
made by conventional solid-state reaction technique. The repetition rate and energy
density used are 10 Hz and 3-6 J/cm2 , respectively, and the laser pulse was directed at an
angle of 45° to the target. All layers have been deposited at 575°C at a base pressure of 1
x 10-6 Torr. For both devices, the bottom layer of Zn0.8Co0.2O and the top layer of
Zn0.95Co0.05O have been deposited for 20 minutes and 8 minutes, respectively. The spacer
layer of pure ZnO has been deposited for 140 seconds (corresponding to 50 nm) for
device I and 65 seconds (corresponding to 25 nm) for device II. Figure 12-2 (a) shows a
cross-section Transmission Electron Microscopy (TEM) low magnification image of the
sample with a thicker intermediate layer. Figures 12-2 (b) and (c) show high resolution
TEM (HRTEM) images of interface and the film (at a higher magnification) respectively.
In HRTEM, the individual layers are indiscernible because of the near zero strain
between the various layers at the interfaces (it is to be noted that the ionic radii of Zn and
Co are nearly identical). These results clearly show that the film is epitaxial. Magnetic
and microstructural properties of the magnetically doped layers have been investigated
extensively by our group previously4. We have shown that thin films of about 500 nm are
ferromagnetically ordered at room temperature and that these films are highly epitaxial in
nature and devoid of any secondary phases / nano precipitates / clusters4. Electrical
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characterization of the films indicates the carrier concentration (n-type) to be around 1018
/ cm3 with a carrier mobility of about 30 cm2/Vs.

12.3 Results and Discussion
We have investigated the magnetotransport properties of the Zn0.9Co0.1O thin film and the
devices in the temperature range of 2-300 K using a Physical Property Measurement
System (Quantum Design). Magnetic fields up to 6.8 Tesla were applied in both positive
and negative directions. The contacts used on both the top and bottom layers were
pressed cold indium dots with thin gold wires.
Sheet resistance as a function of temperature, over a temperature range of 3-300 K, for a
monolithic Zn0.9Co0.1O film about 500 nm thick, is shown in figure 12-3 (a). The sharp
rise in the resistance near a temperature of about 10 K is reminiscent of a semiconductorinsulator transition. Magnetotransport properties of the same film are shown in figure 123 (b). In figure 12-3(c), we show the angular dependence of the magnetotransport
property of one of the layers used to make the device, ie: Zn0.8Co0.2O. It can be easily
observed that changing the angle of the applied magnetic field with respect to the film
plane has very little effect on the magneto-resistance (MR) properties. This point is
important to note, as will be discussed in the discussion of the MR behavior of the device
structures. The plots in figure 12-3(b) and 12-3(c) indicate positive MR at very low
temperatures. The positive MR apparently saturates and starts decreasing at particular
intermediate magnetic fields. The value of this magnetic field decreases with the decrease
in temperature. The MR property has been observed to diminish with increasing
temperature. Below 3 K, the resistance of the film is too high to be measured. These
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salient features of the thin film magnetotransport behaviour of a similar DMS material
have been reported in other works13.
Device Structures: The sheet resistances of the individual layers in the device structures
are of the order of kilo-Ohms whereas the transverse resistance measured between the
layers through the semiconducting layer is of the order of 106 Ω for device I and 104 Ω
for device II. This, we believe is due to the thickness effect. Magnetotransport properties
of the layered device structures are shown in figures 12-4 and 12-5. We report the MR
properties of such structures based on DMS spin injectors, in two different
configurations, viz, (A) where the applied magnetic field is parallel to the direction of the
cross-plane current and (B) where the magnetic field and cross-plane current are mutually
perpendicular. It is to be noted here that in these plots for the device structures the
resistance measured is not the sheet resistance but the resistance across the plane of the
films comprising the devices. Hence, a direct comparison between the resistances of the
monolithic film to the device structures may not be made. Hysteretic magnetoresistance
is plotted only for the 2 K measurements for both devices. All the MR results for both
devices are shown in figures 12-4 (a) and (b). The salient features observed in the plots
are: (1) the MR of the device I in configuration (A) is positive up to a field of about 5 T
after which it starts decreasing, and (2) the cusp-like feature observed near the origin
between 2-3 K vanishes above 3 K in both the devices. Moreover, in device II the cusp
like feature is even weaker than in device I. At higher temperature the MR properties
persist up to about 30 K and then vanish above 30 K. Similar features are observed for
Device II as well, as shown in figure 12-5 (a). In hysteretic MR measurements, the
forward and reverse cycles are retraced showing no hysteresis. For devices I and II in
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configuration A, we observe a maximum magnetoresistance change of about +32% at a
field of 5.2 T. The maximum MR for device B in the same configuration is about 21% at
about 3.5 T {(Rmax-R0)/ R0}.
In figures 12-4 (b) and 12-5 (b) we show the MR behaviour of devices I and II in
configuration B. Again, we conducted hysteretic MR measurements for both the devices
only at a temperature of 2 K. In device I, a hysteretic switching behaviour is observed,
between the forward and reverse cycles of the MR experiment. This could be due to the
slight difference in the coercivities of the top and the bottom film due to varying
concentrations of 5% and 20% cobalt. Such a difference in coercivities would be
enhanced at low temperatures. But in figure 12-5 (b) the difference between the forward
and reverse cycles of the MR is negligible. It is also pointed out that device II has almost
two orders of magnitude lower resistance compared to the device I due to an intermediate
layer thickness which is about half that present in device I. It is also seen that in the
device II, the hysteresis in configuration B is much reduced compared to that of device I,
suggesting a resistance dependence on thickness. The properties in configuration (B) are
easily understandable in terms of the behaviour of conventional GMR devices. The only
difference is the lack of a strong pinning layer. As a result we do not observe the usual
sharp transition as one switches between the minimum and maximum resistance state of
the device. Instead, in the absence of the pinning layer a slow change of resistance from
the minimum to the maximum resistance state is observed as the magnetization of the
magnetic layers is free to rotate under an applied field. The pinning layer in these devices
has been omitted to avoid confusion over which material is responsible for the spin
injection.
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We now turn to a brief discussion of the observed magnetotransport behaviour eventually
strengthening the proof of spin injection. In the thin film of ZnCoO the positive MR can
be attributed to the spin splitting of the conduction band and a consequent redistribution
of conduction electrons when an s-d exchange interaction is present. The variation of MR
and some of its attributes observed in our experiments are qualitatively similar to those
observed in ZnAlO and Cd1-xMnxSe DMS systems investigated by Andrearczyk et al13
and Shapira et al14 respectively, where a detailed theoretical account of the underlying
physics was described.
In the case of our device structures we can still understand the properties in terms of the
above work. We also point out that in addition to the spin splitting of the conduction
band, the observed positive magnetoresistance may also occur due to the resistance
change and a consequent potential difference development at the interface created due to
spin injection of the carriers at the interface into a nonmagnetic semiconductor 10 and the
DMS material.
Another interesting point to note is the appearance of a negative MR at high fields, at
least in the device structures. There are two different explanations possible for such a
behaviour. It has been envisaged by Kawabata15 that at high fields, a decrease in spin
disorder scattering can lead to a decrease in the resistance of the material. The second
possibility is the formation of bound magnetic polarons at very low temperatures. For a
DMS material, a decrease in resistance can be attributed to the delocalization of trapped
carriers in a bound magnetic polaron (BMP) when the temperatures are low and the
magnetic field is high. Whether the delocalization of such carriers, simultaneously, leads
to a decrease in the spin-disorder scattering, has not yet been established. This proposal

192

that negative MR might be due to BMP has been forwarded previously by Andrearczyk et
al13.
From these experiments, it is now clear that we have accomplished the objective of
efficient spin injection into a semiconductor using DMS materials synthesized out of the
same semiconductor host. The observation of a two orders of magnitude decrease in
resistance for the structure with the thinner intermediate semiconducting layer argues that
this is a result of a coherent spin current passing through the semiconducting ZnO layer.
We also observe a thickness dependence of the hysteresis behaviour in configuration B,
again suggesting the key role of the intermediate ZnO semiconducting layer in
determining the magnetotransport behaviour of the structure. Thus, the layered device
structure as a whole exhibits obvious magnetic field dependent transport properties.
These results confirm that spin injection through the intermediate semiconducting ZnO
layer plays a dominant role in these Co-ZnO DMS based devices.
In summary, we have demonstrated spin injection into ZnO using diluted magnetic
semiconductors based on ZnO (Cobalt doped ZnO). Trilayer structures were grown on
sapphire (0001) substrates and all the layers were determined to be epitaxial as deduced
from the cross-sectional TEM characterization. Magnetotransport measurements on these
layers indicated very interesting manifestations in the resistance profiles with the
application of magnetic field. The magnetotransport effects due to spin injection are
observed only at low temperatures, though. Further work is needed to optimize the
parameters or search for other dopants, which can result in these magnetotransport at
higher temperatures. Also, a better understanding of the physical phenomena is needed
and warrants further efforts in this field. We strongly believe that the present work opens
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up new avenues and challenges in the field of spin injection using ZnO based DMS
systems and provides a basis for the realization of novel devices that combine all the
unique effects discussed above.
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Figure 12-1: Schematic of the layered devices grown
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(a)

(c)

(b)

Film

Sapphire

Figure 12-2: (a) Low-Magnification Cross-Sectional TEM image showing the total
thickness of the film (b) High resolution TEM image of the interface showing the epitaxial
nature of the film on the substrate(c) HRTEM of the film
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Resistance (Ω) x105

T (K)
Figure 12-3 (a) Resistivity as a function of temperature(3-30K) for the Zn0.9Co0.1O thin
film, Inset shows the resistance scan across the whole range of temperature from 3-300K.
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Figure 12-3(b) Magnetoresistance of the Zn0.9Co0.1O thin film at temperatures ranging
from 3K-300K.
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Figure 12-4: a) Magnetotransport of device A in configuration (i), (b) in configuration
(ii)
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Figure 12-5 (a) Magnetotransport of device B in configuration (i), (b) in
configuration (ii).
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