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A bbreviations

Abbreviations

AC Alternating current

AFM Atomic Force Microscopy

BMP Bound Magnetic Polaron

CVD Chemical Vapour Deposition

CCVD Catalytic Chemical Vapour Deposition

DC Direct current

DMS Diluted Magnetic Semiconductor

ESAVD Electrostatic Spray Assisted Vapour Deposition

EDAX Energy Dispersive Analysis o f  X-ray’s

FM Ferromagnetic

FMS Ferromagnetic Semiconductor

FWHM Full width at half maximum

GMR Giant magnetoresistance

He Coercive Field

ITO Indium Tin oxide

LPCVD Low Pressure Chemical Vapour Deposition

MTJ Magnetic tunnel junction

MR Magnetoresistance

MOCVD Metalorganic Chemical Vapour Deposition

MBE Molecular Beam Epitaxy

M(tmhd)n Metal Tetramethylheptanodionate

M(acac)„ Metal acethyl acetonate

MFM Magnetic Force Microscopy

Ms Saturation magnetisation

M r Remanence

NM Nonmagnetic

PI MOCVD Pulse Injection Metalorganic Chemical Vapour Deposition

PLD Pulsed Laser Deposition

RKKY Ruderman-Kittel-Kasuya-Yoshida

RT Room temperature

RMS Roughness mean square

Ra Roughness average



A bbreviations

RIXS Resonant Inelastic X-ray Scattering

SEM Scanning Electron Microscopy

SIMS Secondary Ion Mass Spectroscopy

SQUID Superconducting Quantum Interference '

Tdep Deposition temperature

TMR Tunnelling magnetoresistance

Tc Curie temperature

TEM Transmission Electron Microscopy

TGA Thermogravimetric Analysis

TM Transition metal

TPA Thermal Pressure Analysis

UV Ultraviolet

VSM Vibrating Sample Magnetrometry

XAS X-ray absorption spectroscopy

XPS X-ray Photoemission Spectroscopy

XRD X-ray diffraction

XRR X-ray Reflectivity
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Summary

Summary
The main aim o f  this project is to prepare oxide based DM S and ferrimagnetic 

oxide layers for potential application in new generation spintronic d evices. This work  

involves the preparation o f  C o-doped ZnO, Cr-doped ln203  and also ferrimagnetic 

Fc304  and C oFc204  thin film s using PI M O C V D  and investigation o f  their 

m orphology, structure and m agnetic properties. The new approach o f  grow ing thin 

film s in external m agnetic field is also developped in this work. It is anticipated that 

the external m agnetic field can be used to tune the m agnetic properties o f  the film s 

during their growth and apply it for the preparation o f  spintronic devices.

Chapter 1 g ives an introduction into spintom ic devices and also review s the 

properties and potentials o f  know n diluted m agnetic sem iconductor materials. A ll up 

to date theories explaining m agnetism  in diluted m agnetic sem iconductors are also 

discussed  in Chapter 1. A lso discussed are different thin film  preparation techniques.

A ll experim ental procedures and techniques, which are used to characterise 

the prepared thin film s are given  in Chapter 2. Som e o f  them include X -ray diffraction  

(X R D ), m agnetisation measurem ents, Raman measurem ents. Scanning Electron  

M icroscopy (SE M ) and A tom ic Force M icroscopy (AFM ).

In Chapter 3 the preparation o f  Co-doped ZnO film s is discussed. In order to 

determ ine the best experim ental conditions for the preparation o f  C o-doped ZnO  

film s, undoped ZnO film s w ere prepared under various deposition conditions. 

Carefully exam ining prepared ZnO film s by the means o f  X R D  and SEM  w e were  

able to estim ate the best deposition conditions. The next step involved doping ZnO  

film s with Co. Careful exam inations using X R D , elem ental analysis, X-ray  

photoem ission  spectroscopy (X P S) and Secondary Ion M ass Spectroscopy (SIM S) 

analysis were performed on the thin film s that exhibited room  temperature 

ferrom agnetism  to exclude the possib ility  o f  secondary phases, w hich  could  

contribute to the observed ferromagnetism. Second part o f  this chapter includes 

deposition  o f  Co-doped ZnO film s in external m agnetic field. The structural, 

crystalline and m agnetic properties o f  as deposited film s are then carefully exam ined  

and compared w hen film s are grown in and without external m agnetic field.

The preparation o f  another oxide based DM S system: Cr-doped In203  is 

described in Chapter 4. Similar to C o-doped ZnO film s, structural and crystalline  

properties o f  IniOa film s are carefully exam ined by variety o f  techniques in order to
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Summary

ascertain the absence o f  secondary phase or possible ferromagnetic impurities. The 

magnetic properties o f  the films are then evaluated. The effects o f  vacuum annealing 

and external magnetic field on structural and magnetic properties o f  the films are also 

examined.

Chapters 5 and 6 are dealing with preparation o f  ferrimagnetic oxides Fe304 

and CoFe204 respectively. Fc304 and CoPe204 films were prepared by PI MOCVD 

technique on different substrates and at different deposition conditions, in and without 

external magnetic field. The crystalline, structural and magnetic properties o f  the 

films are examined. One o f  the most interesting finds o f  this thesis is that magnetic 

properties o f  Fe304 and CoPe204 films could be tuned by external magnetic field 

during the film growth. It is expected that this approach can be used for the 

preparation o f  new generation spintronic devices.

Finally Chapter 7 details the conclusions o f  this work and also further studies 

to be carried out with some other prepared thin films. In summary a number o f 

materials with intriguing magnetic properties have been prepared by PI MOCVD 

technique. It is expected that this research and some o f  our materials could be utilised 

in the field o f  spintronies.
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Chapter 1 Introduction

C hapter 1: Introduction

1.1. Spin electronics

Electron spin was known about for m ost o f  the 20th Century, but until recent 

tim e, conventional electronic systems have ignored the spin o f  the electron using a charge 

o f  the electron as a basis for information processing. However, employing o f  independent 

families o f  current carriers with opposite spin polarization could open the way for 

realisation o f  whole new generation o f  sem iconductor spin transfer electronic devices, 

also known as spintronics Spintonics exploit the spin dependent electronic properties 

o f  magnetic materials in semiconductors Two o f  the m ost successful technologies in 

last years have created the Si integrated circuit industry and the data storage industry 

based on hard magnetic materials. Even though integrated circuits include high speed 

signal processing and excellent reliability, but the memory elements are volatile, i.e., 

when the pow er is switched o ff  the stored information is lost, as data stored as charge in 

capacitors. At the same time, magnetic memory technologies are not volatile since they 

em ploy ferromagnetic materials, which have remanence. Spintronics are expected to 

com bine both features: the charge and the spin o f  the electrons. The discovery o f  giant 

magneto resistance (GM R) o f  the Fe/Cr magnetic multilayers in 1988 opened the 

large research field o f  spintronics. Ten years after the discovery o f  GM R all hard drives 

included GM R based read heads. This was a significant improvement in data density and 

m ore important have demonstrated the potential o f applications for spintronics. Another 

spintronics effect is the tunnelling magneto resistance (TM R) observed in magnetic 

tunnel junctions (MTJ). Non-volatile random access magnetic memories including MTJs 

as the storage element using low pow er consumption could be another great application 

o f  spintronics.

1.1.1. Mechanism o f  spintronics and devices

The technical basis o f  spintronics first appeared in 1936 when M ott suggested that 

current in bulk ferromagnets is carried by two independent ‘spin channels’ consisting o f  

electrons with spin-up and spin-down charge carriers This is a first and the simplest
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spintronic device possible. It is a two terminal passive device, also known as a ‘spin 

valve’. Its sim plest form consists o f  magnetic trilayers, in which a layer o f  nonm agnetic 

metal (NM) is sandwiched between two layers o f  ferromagnetic (FM ) metal As two 

spin channels pass through the m agnetically orientated FM layer they experience a 

different resistance. Parallel alignment o f  FM layers gives low resistance (F ig .la ) and 

antiparallel alignm ent high resistance (F ig .lb).

V
e I
e 1

e
e

Fig. 1.1 Spin dependent scattering, for the explanation o f  the GMR effect. Only minority (spin down) 

electrons are scattered. Unscatered majority (spin up) electrons cause a short circuit effect, appearing for 

parallel alignment o f  the magnetisation (a) but not for antiparallel alignment (b)

Therefore, the resistance o f  the stack is dependent on the field applied. This is called a 

m agnetoresistive effect and first was discovered in Fe/Cr/Fe trilayers by Baibich The 

m agnetoresistance (M R) can be presented by the equation:

MR =  X I   ( 1 )R t i

W here, and r TT are the resistances o f  the anti-aligned and aligned states o f  FM 

layers. Note, that M R expressed by equation (1) cannot be more than 100%.

M agnetic information is encoded onto the carrier population by the first FM layer 

(the polariser) and transferred to the second FM layer (the analyser). In the o ther words.
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spin electronic devices work by transferring spin information from one part o f  the device 

to another. At the interface between FM and NM materials, the contribution o f each spin 

channels changes. Let’s assume, if the conductivity in FM layer is larger for spin up 

electrons, then the larger part o f  spin flux is carried by spin up channel. While, NM is 

symmetric and both spin channels contribute equally to the current. Due to the incoming 

and outgoing currents, in both sides o f the interface, the density o f spin-up and spin-down 

electrons is out o f  equilibrium. This effect is known as spin accumulation (Fig. 1.2). Any 

spin flip scattering will preferentially scatter a spin-up to a spin-down until equilibrium 

has been restored. Although, information is mediated by the electrical carriers and it 

decays on some characteristic length scale known as spin difHision length (A,sd), which is 

the average distance diffused by a carrier before spin flipping occurs. Spin difflision 

length is given by the equation:

Where X is the mean free path o f  the carriers, Uf is the Fermi velocity and rn  is the spin- 

flip time. The spin diffiision length is dependent on the mean free path, so a large number 

o f  scattering sites such as defects or impurities tend to reduce A.sd. For example, Let

dimensions o f the structures should be smaller than spin diffusion length.

Another quantity we can derive from the mechanisms o f spintronics is the

the other channel - and it is defined as the difference in carrier concentration at the Fermi 

surface divided by the sum o f carriers:

where nr, m are the carrier concentrations for the up and down channels, respectively.

(2)

reduces from about 1 /xin for pure silver, to roughly 100 A for silver with 3% o f added 

gold impurity Therefore, in order to exploit these spin electronics, the physical

polarisation - the extent to which the population o f  one channel exceeds the population o f
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Current of electrons 
 ►

t t t t t
I I Ferrom agnetic  | | Non magnetic

i ►

Zone of spin 
accumulation

F ig. 1.2 Illustration o f  spin accum ulation efFect

The aim for fiiture spintronic devices is the reahzation o f  three-term inal devices, 

such as the m etal-spin transistor (Fig. 1.3). In a spin transistor an additional contact is 

added to the central layer and conditions at temiinal 3 may be set by adjusting conditions 

at term inals 1 and 2, as in conventional electronic three tenninal devices The 

difference between electronic devices is that these conditions are switchable by applying 

an external magnetic field.

Another step o f  realization o f  spintronic devices is hybrid spin electronics, 

combination o f  conventional sem iconductors with spin asymmetric conducting materials. 

A lthough, to make a full use o f  hybrid spin electronic devices a spin dependent transport 

should be exploited in semiconductors itse lf
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Pump

Fig. 1.3 Johnson transistor

1.1.2. Materials for spintronics

Conventional Si, Ge or GaAs semiconductors widely used in industry do not 

posses ferromagnetic properties, thus can not be used in spintronics. Existing magnetic 

devices exploiting GM R, such as read heads or magnetic data storage devices are based 

largely on ferromagnetic metals, iron, cobalt and nickel and their alloys. Current spin 

valves, for example, use CoFe or NiFe layers with Cu as a spacer. A lthough, the 

conduction electrons in the 3d ferromagnets are not fully spin polarized, for example, in 

3d ferromagnets in the diffusive limit, the spin polarization is always positive and close 

to 40%. In addition, due to dissim ilar materials properties o f  a metal and 

semiconductor, spin injection efficiency in diffusive transport regime is low, unless 

material is nearly 100% spin polarized, i.e. ha lf metallic. For practical applications o f  

spintronics the development o f  new class materials is essential. There are a num ber o f  

essential requirem ents for achieving practical spintronic devices:

1) Spin dependent transport. It is essential for spintronics to have two 

independent spin channels with different transport properties. Non-m agnetic 

materials, such as semiconductors do not exhibit this property.

2) High Curie temperature (Tc). For the integration o f  spintronic devices into 

semiconductor based electronics, they will have to operate at practical 

temperatures, i.e. room temperature or higher.
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3) Large spin diffusion lengths and high mobilities. The spin diffusion length 

needs to be large enough to survive spin orientation during operation o f 

spintronic device.

4) For device fabrication, n- and p-  type semiconductors arc required. The ability 

to control carrier concentration in semiconductors can be useful for spintronic 

devices.

Based on the criteria listed above the ideal material should be inexpensive, non

volatile and non-toxic, compatible with common semiconductor materials (Si, GaAs) and 

have high Tc. For these reasons, there is a great interest in developing high T( 

ferromagnetic semiconductor, which combines the properties o f ferromagnetic and 

semiconducting systems. High T( diluted magnetic semiconductor (DMS) that will be 

discussed in chapter 1.4 would satisfy all requirements listed above.

In the next chapter, a brief introduction into semiconductor materials and their 

properties will be given.

1.2. Semiconductors

Originally, semiconductors were defined as materials that have conductivity 

between metals and insulators. This means that resistance o f semiconductors can be 

varied over eleven orders o f  magnitude, in the range between 10‘ and lO'*̂  fl/cm. 

Although, a more advanced definition o f semiconductors, which explains variation o f 

conductivity, reads: A semiconductor is a solid state material, which is insulating at low 

temperatures and has a measurable electronic conductance at higher temperature. The 

electronic conductivity is due to the well-defined chemical composition, which does not 

change in high electric fields or due to some influence from outside the solid state 

material

In the middle o f the periodic system -  between the metals and the insulators there 

is a group o f elemental semiconductors (group IV). The most important group IV 

semiconductors are Si and Ge. Semiconductors can also be binary compounds o f  groups 

III and V elements, like GaAs and InP, or binary combinations o f  group II and VI 

elements, like ZnS and CdTe. These materials tend to have the same or very similar 

structures in their solid state, because o f the same number o f the electrons involved in the
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bonding. At absolute zero tem perature (T = 0 K), all electrons are bound to their atoms, 

so there are no electrons involved in the current flow. This means, that semiconductors 

are insulators at low temperatures.

1.2.1. Simple band structure

Depending on the conductivity materials can generally be classified as 

conductors, sem iconductors and insulators. Each category can be understood o f  as having 

a conduction band o f  electrons (i.e. electrons involved in the conduction processes) and a 

valence band, whose electrons are involved in the binding o f  the material (Fig.l .4).

It is very easy to explain how semiconductors work by introducing simple band 

structure (Fig 1.5). At absolute zero temperature, when sem iconductor is insulating all 

states in the valence band are occupied and conduction band is empty. At any 

tem perature above zero, electrons can absorb some fonn o f  energy i.e. lattice vibrations, 

photons and etc., and electron bond can break. Thus, electron becomes a free charge 

carrier capable o f  conducting electrical current. In the place o f  electron there is a hole 

left, which is im m ediately filled with other valence electrons from surrounding bonds. 

Therefore, hole is also considered to be a free charge carrier o f  positive sign, which 

contribute to the electrical conductivity o f  the semiconductor. This process o f  free 

electron formation, illustrated in Figure 1.5-1 is called electron-hole pair generation. The 

opposite process, when after some time electron will jum p into another broken bond in 

the crystal, cancelling the hole is called electron-hole recom bination (Fig. 1.5-2). The 

energy difference between the valence and conduction band, the forbidden energy zone is 

called energy gap. Energy gap is the m ost important param eter for semiconductors, as it 

detennines which energy needs to be absorbed to generate charge carriers.
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a) b) c)

Fig. 1.4 Band diagrams for a) an insulator, b) a semiconductor and c) metal. The parabola at the bottom 

represents the valence band and conduction band at the top. Shading represents the carrier population

For instance, in insulating materials, the energy required to promote an electron is 

larger than the thermal energy o f  the electron and thus the conduction band is empty. 

Therefore, the material has no charge carriers available for the conductions and is 

insulating. In the metal, the bands are overlapping, so any free electrons in a valence band 

a free to populate the conduction band, enabling electrical conductivity in the material. 

W hile in semiconductors, the conduction band does not overlap the valence band, but the 

gap is narrow  enough for thermal or optical activation process to enable charge carriers in 

the conduction band. Usually, the band gap, Eg_ in semiconductors is o f  the order o f  leV .
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Fig. 1.5 Simple band structure

1.2.2. Intrinsic semiconductors

Pure sem iconductor materials are called intrinsic semiconductors as their 

properties are intrinsic to the material itself. In intrinsic semiconductors, free charge 

carriers are generated exclusively by the process o f  electron-hole generation. Therefore, 

the concentration o f  electrons in equilibrium equals to the concentration o f  holes. For an 

evaluation o f  the conductivity o f  semiconductors the num ber o f  charge carriers (i.e. 

charge carriers distribution) has to be calculated. The charge carrier distribution is the 

product o f  the num ber o f  electron states per unit energy per unit volume, which is known 

as the density o f  states, and the fraction o f  occupied states at each energy, which is given 

by Fermi fianction. Electrons and holes occupy states near the band edges with parabolic 

dispersion relations. For electrons near the lower edge o f  the conduction band the density 

o f  states D (E) is found to be:

=  (4 )
n '

and, accordingly for holes near the valence band edge:
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4^(2wJ)
(5 )

where, w* and m*, are the effective masses o f electrons and holes, respectively. Knowing

density o f states for electrons and holes we can calculate the density o f  electrons in the 

conduction band:

and density o f holes in the valence hand:

Where, £'/. is called the Fermi energy or Fermi level. It is the energy where the probability 

o f  a state being occupied by an electron or a hole is one half Nc and jV^are called the 

effective density o f  states for the conduction band and for the valence band, respectively, 

n and p depend only on the temperature and the kind o f semiconductor, but not on hole or 

electron densities. In intrinsic semiconductor the electron density equals to the hole 

density and the name intrinsic carrier density is given:

np -  nf (8)

This equation is called the semiconductor equation and it is very important in the study o f 

semiconductors and it is an example o f the chemical law o f mass action. Semiconductor 

equation holds for any n and p as long as thermal equilibrium is satisfied. Dividing two 

equations for n and p we can determine Ep:

(6 )
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E ,
E( ,  + E y 3 (9)

2 m

This equation shows that Fermi level for intrinsic semiconductor is at the average o f Ec 

and Ev, when w* ^  m*,. When p n, then the Fermi level shifts towards the band with 

majority carriers.

1.2.3. Extrinsic sem iconductors

An extrinsic semiconductor is defined as a semiconductor in which controlled 

amounts o f  dopant or impurity atoms have been added. In extrinsic semiconductor the 

electron and hole concentrations are different, so the electrical properties o f extrinsic 

semiconductor is different form intrinsic. One type o f  carrier will predominate in 

extrinsic semiconductor. Impurities that cause the increase o f electron concentration are 

called donors. If concentration o f electrons in semiconductor is higher than concentration 

o f  holes semiconductor is called an n-type. By adding acceptor impurities the hole 

concentration in semiconductor becomes higher than electron concentration and 

semiconductor is called p-type. Adding donor or acceptor impurity atoms to a 

semiconductor will change the distribution o f electrons and holes in the material, and will 

also change the position o f the Fermi level. For a donor, say, the energy needed to excite 

the electron to the conduction band is the donor ionization energy Ed. As the charge 

neutrality condition in the system has to preserve we can write:

where p and n are intrinsic hole and electron concentrations, and are the 

concentrations o f ionized donors and acceptors, respectively. If the concentrations o f  

impurities are not too high almost all o f them will be ionized at room temperature. So it 

can be assumed that the concentrations o f ionized impurities are equal to the total 

concentration. For n-type semiconductor, the concentration o f  ionized donors is given as:

( 10)
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n : = N,
\ + U x p [ { E , - E , ) ] / k T

( 1 1 )

Similarly, for p-type semiconductor, for known concentration o f  Na that introduces an 

energy level Ea within the band gap, the concentration o f  ionized acceptors will be;

\ + 4 e x p [ { E ^ - E , ) / k T ]
( 12 )

Using a charge neutrality equation for n-type and p-type semiconductors the Fermi level 

Fe can be determined.

Ef^ -  Ef,- = k T  In (13)

For n-type sem iconductor the Fermi level places in between the donor band and 

conduction band. And consequently, for p-type semiconductors:

Ef. -  Ey = k T  In (14)

1.3. Magnetic semiconductors

The first wave o f  research on spintronics began with the observation that there 

was a num ber o f  outstanding phenomena associated with the interplay between 

ferromagnetic phenom ena and semiconducting properties in CrBr^, EuO and other 

europium and m anganese based chalcogenides These m aterials have been strictly 

termed as ferromagnetic semiconductors as they exhibit a long-range ferromagnetic order 

at some finite tem perature In these materials, the ferromagnetic behaviour is due to 

the nearest-neighbours spin-spin interactions. Even if  there is a strong interaction 

between carriers in the bands o f  the semiconductor, this interaction gives the oppoilunity 

to tune the magnetic properties through the carrier density The problem  with
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ferromagnetic semiconductors (FMS) was their low Curie temperature, Tc, which would 

rarely break 100 K. For any practical application, it has always been understood that a 

Curie temperature o f  well above 300 K, room tem perature, would be needed. These FMS 

dropped out o f  favour due to their inability to push the Curie temperature higher than 100 

K. and also preparation difficulties.

1.4. Diluted magnetic semiconductors

The most com m on class o f  m aterials that would qualify as ferromagnetic 

semiconductors is the diluted magnetic semiconductors (DMS). A DMS typically consist 

o f  a nonm agnetic semiconductor doped with a several atomic percent o f  som e open shell 

transition metal (usually 3d metals), so that they combine magnetic and semiconducting 

properties. Such compound is an alloy betw'een nonmagnetic sem iconductor and 

m agnetic material, as shown in Figure 1.6. A true DMS is one in which the magnetic 

dopant spins retain their remanent alignment under the influence o f  spin-polarized free 

carriers. Free carriers could be introduced into system either by magnetic dopants or by 

some secondary electronic dopant. Also, it is generally believed that it is necessary to 

achieve a single phase DMS in order to realise useful devices. In DMS it is the polarized 

carriers that carry the spin information. In case, if  precipitates or clusters which 

responsible for ferromagnetism are present and carriers do not m ediate magnetic 

interaction, then the practical usefulness o f  such m aterials in spintronics is under 

question. The developm ent o f  reliable high Tc diluted magnetic oxides with large spin 

polarization at room  temperature and above, and electrically tunable m agnetic and 

electronic properties m ight pay a role in future spintronic devices.

In the early period o f  searching the best candidates for spintronic devices the most 

com m on and intensively studied DMS were II-VI compounds, such as CdTe, ZnSe, CdS, 

CdSe and etc., doped with transition metal atoms, usually Mn Often such magnetic 

sem iconductors are difficult to grow and have low Tc. Also, they are incom patible with 

com m on sem iconductor m aterials such as Si and GaAs.

The quest to achieve room tem perature carrier induced ferromagnetism  has 

m otivated significant efforts on wide band gap semiconductors such as GaN and ZnO.
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Fig. 1.6 Different types o f  semiconductors: a) magnetic semiconductor, b) diluted magnetic semiconductor, 

c) not-magnetic semiconductor

1.4.1. Theories o f  ferromagnetism in DMS oxides

There have been a lot o f  successful experiments carried out on transition metal 

doped oxides. Despite the experimental success a fundamental description o f  

ferromagnetism in oxides remains incomplete. Dietl et al. have applied Zenere’s 

model for ferromagnetism. It implies, that exchange interactions between earners and 

localized spins can explain the ferromagnetic transition temperature in Ill-V and II-VI 

compound semiconductors. There are three limiting cases o f  carrier mediated exchange: 

the Rudem ian-Kittel-Kasuya-Yoshida (RKKY) interaction, Zener carrier mediated 

exchange (mean field m odel) and Zener double exchange.

The basic idea behind the RKKY interaction is based on the exchange coupling 

between the magnetic ion and the conduction band electrons. The conduction electron is 

m agnetised in the vicinity o f  the magnetic ion, with polaiisation decaying with distance 

from the magnetic ion in an oscillatory manner. The oscillation causes an indirect 

superexchange interaction between two magnetic ions on the nearest or next to the 

nearest magnetic neighbours. This coupling may result in a ferromagnetic or 

antiferrom agnetic interaction o f  the moments.

The mean field Zener model has been successful in explaining the transition 

tem peratures observed in p- (Ga,M n)As and (Zn,lVln)Te. Compared to the RKKY 

interaction the mean field Zener model takes into account the anisotropy o f  the carrier
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mediated exchange interaction associated with the spin-orbit coupling in the host 

material.

Finally, the Zener double exchange model was first proposed to explain the 

experim entally observed ferromagnetism in the doped manganites like La|.xAxMn0 3 , 

with A = Ca, Sr, or Ba. In the double exchange mechanism magnetic ions in different 

charge states couple with each other by virtual hopping o f  the electron fi-om one ion to 

the other. In the case o f  DM S, in the ferromagnetic configuration, introducing carriers in 

the d band can lower the band energy. In this case the 3d electron in the partially 

occupied 3d orbital o f  the transition metal is allowed hop to the 3d orbital o f  the 

neighbouring transition metal i f  they have parallel magnetic moments.

Other basic classes o f  m odels for the ferromagnetism in the absence o f  the 

ferromagnetic clusters or second phases include the bound magnetic polaron and virtual 

transition. Most o f  the theories describing ferromagnetism in DM S materials assume that 

the transition metal ions (typically Mn^^) are randomly substituted on the cation sites 

where they act as acceptors.

The concept o f  bound magnetic polarons (BM Ps) in connection with magnetic 

sem iconductors was first introduced to explain the low  temperature metal-insulator 

transition in oxygen deficient EuO The BM Ps are formed by the alignment o f  the 

spins o f  many transition metal ions with w eakly bound carriers such as exitons within the 

polaron radius. The localised holes o f  the polarons act on the transition metal impurities 

surrounding them and produce an effective magnetic field and align all spins. As 

temperature decreases the interaction distance grows. Neighbouring magnetic polarons 

overlap and interact via magnetic impurities forming clusters o f  polarons. 

Ferromagnetism is observed then the size o f  such clusters is equal to the size o f  the 

sample. The polaron model is applicable for both p- and n- type semiconductors

Virtual excitations were suggested by Litvinov and Dugaev According to 

them virtual excitations fi’om the magnetic impurity levels to the valence band or the 

ligand orbitals could produce the p-d exchange needed for the ferromagnetism in the 

absence o f  large density o f  fi'ee carriers.
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1.4.2. III-V DMS

In the 1990’s the apphcation o f  new crystal growth techniques such as molecular- 

beam epitaxy (MBE) renewed interest and progressed the development o f  ferromagnetic 

DMS. Most efforts were focused on III-Mn-V compound semiconductors such as Gai. 

xMnxAs and Ini-xMnxAs, which are p-type and exhibit ferromagnetic ordering. 

Ferromagnetic ordering in these materials is commonly believed to be induced by carrier 

mediated interactions between the magnetic atoms, but the precise mechanism is still to 

be clarified. However, the highest Tc reported for Gai-xMnxAs, has a maximum value o f  

172 K Reported Tc for Ini_xMnxAs is even lower, reaching only ~61 K This is a 

significant limiting factor for practical applications o f  these DMS in spintronic devices.

Table 1.1 Sum m ary o f  the m agnetic properties o f  som e G aN -based DM S

Compound TM 

cont 

cn t,

(% )

Substrate 

(or bulk)

Fabrication

method

Growth 

tem pera tu 

re CO

Post

annealing

CO

Tc, (K) Notes Refer

ence

(Ga,Mn)N 1 - 2 p-GaN Solid state 250-800 220-230 Ferromagnetic I--I

ditTusion

(Ga,Mn)N 3 c-sapphire MBE 580-720 940 Ferromagnetic 123]

(Ga,Mn)N 7 c-sapphire MBE 865 10-25 Ferromagnetic 1241

(Ga,Mn)N 1 - 3 p-GaN Ion 350 700-1000 250 Ferromagnetic (2S|

implantation

(Ga,Mn)N 2 Bulk Ammonother 1200-1250 >425 Para + |26)

mal & ferromagnetic

rcsublimation

(Ga,Mn)N 7 - 4H-SiC MBE 710 750 Ferromagnetic, [27]

14 ( 0 0 0 1 ) from Mn

clusters

lGa,Cr)N 3 Bulk Sodium flux 750 280 Ferromagnetic (28)

growth

(Ga,Fe)N 1 0 P-GaN Implantation 700-900 >350 Ferromagnetic 129]

(Ga,Mn)N 7 4H-SiC MBE 710 Spin-glass [30]

( 0 0 0 1 )

(Ga,Co,V) 3 - 5 p-GaN Ion 350 5 min at V; 131]
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N implantation 700 paramagnetic, 

Co: spin glass

(Ga,Cr)N 3 - 5 p-GaN Ion

implantation

350 5 min at 

700

>300 Ferromagnetic 1 3 1 )

(Ga,M n)N 1 - 3 p-GaN Ion

implantation

350 5 min at 

700

>300 Ferromagnetic [3 2 ]

The search for a new  DM S was given a jump-start in 2000 after theoretical 

predictions made by Dietl e t  al. His calculations based on the Zener mean field model 

o f  ferromagnetism predicted above RT Tc in w ide band gap semiconductors; such as 5 %
20 3Mn doped p-type GaN and p-ZnO with acceptor concentrations o f  3.5 x 10 cm' . This 

discovery has triggered a great experimental and theoretical activity aiming to understand 

the properties o f  these materials. Das e t al. showed by first-principle calculations that 

Cr-doped GaN can also be ferromagnetic with Tc as high as 900 K which was also 

observed experim entally In the case o f  Mn-doped GaN a formation o f  ferromagnetic 

secondary phases, such as Mn4 N Mn3 GaN and Mn2 Ga have to be taken into 

consideration. As a result, som e report on RTFM while others have concluded that 

material is paramagnetic The question is whether the material is intrinsically 

ferromagnetic or it is GaN with clusters, precipitates or secondary phases that are 

responsible for the observed magnetic properties. List o f  recently reported magnetic 

properties o fG aN -based  DM S is presented in Table 1.1.

1.4.3. Metal oxide based DMS

The theoretical prediction and observation o f  RT feiromagnetism in oxides doped  

with transition metals is one o f  the most interesting and provocative scientific 

developm ents o f  the early 21̂ * century. In fact, one o f  the 125 critical unanswered 

scientific questions posted in Science magazine asks: “Is it p o ss ib le  to crea te d ilu ted  

m agnetic sem iconductors that work a t room  tem perature? "

Recently several oxide-based DM S have received much attention. In particular 

the Co-doped T i02  system  received much attention after Matsumoto e t al. first 

reported ferromagnetism with T c ~  650K. Follow ing theoretical prediction by Dietl e t al. 

a lot o f  work was also focused on ZnO based system . Many researchers have grown
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ZnO  doped  w ith the entire series o f  3d transition m etal atom s (Sc, V , Cr, M n, Fe, C o, N i 

and C u) and rare earth elem en ts that have partially filled f  states (Eu, Gd, Er). Som e o f  

them  reported high RT ferrom agnetism  w h ile  others report observation o f

param agnetic or sp in -g lass behavior in their film s

R ecently , rev iew s have also  appeared on  experim ental status o f  S n 0 2 , CU2O and 

In2 0 3 . In203  b ecam e another in ten sively  studied transparent ox id e  after d iscovery  o f  RT  

ferrom agnetism  in C r-doped In203  observed by Philip e t  al.  A  sum m ary o f  different 

t jp e s  o f  o x id e  D M S is g iven  in the T able 1.2.

Table 1.2 Summary o f  the magnetic properties o f  tiie oxide-based DMS

Compound TM

cont

cnt,

(% )

Substrate  

(or bulk)

Fabrication

method

Growth

temperature

(“C)

Post

annealing

Tf, (K) Notes Refer

ence

ZnO:Mn 36 c-sapphirc PLD 600 N/A Spin-glass 146|

ZnO:Co 3-5 c-sapphirc PLD 300-700 N/A Spin-glass |47]

ZnO:(Co,Fe <15 SiOySi Magnetron 600 600, for 10 >300 Ferromagnetic 148]

) sputtering min. in vac.

ZnO:Co 3-5 Buli< Ion 700,5 in in. >300 Co precipitates |4g|

implantation under O2

Anatase <8 La A 10 ,, 677-727 >400 Ferromagnetic (41]

TiO.iCo SrTiOj PLD

Rutile 5 r-sapphire 700 >400 Ferromagnetic |50|

Ti02:Co PLD

An at at se 3-12 SiOj/Si 400-500 700, Ih in >300 Ferromagnetic [51]

TiO .Co MOCVD vacuum

Anatasc 4 SrTiOj 600 C o metal clusters 152)

T iO jC o PLD

CujO;Mn 5 M gAli04 300-700 48 M n3 0 4  precipitates [.M]

PLD

SnOiiCo 5 r-sapphire 700 650 Ferromagnetic [.M]

SnO,: 5-34 r-sapphire PLD 300-600 N/A Paramagnetic

iMn.Sb) PL.D
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It is very important to distinguish tme ferromagnetic semiconductor from those 

semiconductors, which merely show magnetic properties. These weak magnetic 

properties could come from phase separation leading to magnetic secondary phase 

formation. Table 1.3 shows some potential second phases which could form during the 

growth o f transition metal doped DMS. Nonmagnetic semiconductors with the presence 

o f  ferromagnetic secondary phases my also exhibit an anomalous Hall effect, indicating 

an internal magnetic force on free carriers however, any spin polarization in the

majority carrier band is not controllable in a way is usefiil in spintronic devices. Thus, 

such materials might be referred to as semiconductors, which are ferromagnetic, which is 

different from true ferromagnetic semiconductors. Failing to distinguish between these 

two different classes o f materials has led to a lot o f  confiision in a field o f  DMS.

T able 1.3 Potential m agnetic phases observed in transition m etal doped o x id e  DM S

Phase N ature o f  m agnetism Curie tem perature (Tc) 

or N eel temperature  

(T n), K

R eference

C o Ferrom agnetic 1373 14V|

....... .Cr A ntiferrom agnetic 311

Fe Ferrom agnetic 1040 ■ |5»l

Mn Anti ferrom agnetic 100 I58|

N i Ferrom agnetic 627 ■ ■ |3RT ■■ ■ ■ ■

C u clusters A ntiferrom agnetic 154 rw|- - - ■ ■

C oO A ntiferrom agnetic 291 |44. 60]

M nO A ntiferrom agnetic 116 |6 I |

M n02 A ntiferrom agnetic 92 |62 |

M n 2 0 3 A ntiferrom agnetic 76 ■ IS2] ......

M n 3 0 4 Ferrom agnetic 43 162] ■■

M n 3 0 4  (hausm anitte) Ferrim agnetic 40 163|

CuO A ntiferrom agnetic 230 15>)|

( Z n , M n ) M n 2 0 4 Ferrim agnetic 40 [641

Z nF c2 0 4  (invert sp in el) Ferrom agnetic 165|

(Z n ,P e ) 3 0 4 Ferrom agnetic 440 144|
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In the next chapters a detailed review on recent status in the field o f  ZnO and 

ln203  based DMS will be presented.

1.4.3.1. ZnO based DMS

ZnO occurs in nature as the mineral zincite. ZnO crystallises in a hexagonal 

wurtzite structure shown in Figure 1.7. The zinc atoms are nearly in the position o f  

hexagonal close packing. Every oxygen atom lies within a tetrahedral group o f  four zinc 

atoms. The wurtzite lattice constants ofZ nO  are a=3.24 A and c=5.19 A.
Amongst the most important characteristics o f  ZnO is the large band gap o f  

3.37eV  at room temperature, a unique combination o f  piezoelectric, conducting, thermal 

and optical properties. ZnO has electron n-type conductivity naturally (due to oxygen 

vacancies), but p-type conductivity can also be induced. Until now the most commonly 

employed techniques for the growth o f  ZnO films were PLD, MBE, magnetron sputtering 

and MOCVD.

Fig. 1.7 Crystal structure o f ZnO

The search for novel magnetic materials, with ideally large spin polarization, high 

Tc has triggered an intense activity on doping nonmagnetic semiconducting oxides with 

magnetic ions. The choice o f  oxide was motivated by the prediction by Dietl et al. in Mn- 

doped ZnO with Tc above 300K. ZnO is a particularly promising candidate for the
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application o f  spinronics, due to its long spin lifetim e A lso , spintronics applications 

based on ZnO would benefit from the use o f  ZnO in optoelectronic devices. Although, 

theoretical predictions suggested room temperature ferromagnetism in p-type doped ZnO, 

unfortunately realisation o f  p-type ZnO is quite difficult. Follow ing D ietl’s work, Sato et  

al. performed an ab initio calculations and found ferromagnetism in n-type ZnO doped 

with the entire series o f  transition metal ions, such as Co, Cr, Fe, N i, V , but predicted no 

ferromagnetism for Mn doped ZnO These predictions are consistent with 

experim ental results, where ferromagnetism is not observed in n-type Mn- doped ZnO. 

As for exam ple, in the first experiment on Mn-doped ZnO performed by Fukumura et  al.

where an antiferromagnetic behaviour was indicated for ZnO films doped with 36 % 

Mn using PLD technique. However, ferromagnetism is observed in Sn implanted n-type 

M n-doped ZnO. Although, it is not clear what role the Sn dopant plays in enabling 

ferromagnetism in Mn-doped ZnO. Han et al. observed ferromagnetic behaviour in 

polycrystalline M n-doped ZnO films prepared by solid state reaction. It was later 

concluded that (Zn,M n)M n2 0 4  is responsible for the observed ferromagnetic transition. 

The bulk sample o f  Mn-doped ZnO without second phase precipitate showed  

paramagnetic bechaviour. hi contrast to these results ferromagnetism has also been 

observed in M n-doped ZnO. For exam ple, Jung et  al. observed ferromagnetism in 

MBE grown ZnO films doped with 10 % and 30 % Mn, although Tc was only 30 and 45 

K for 10 % and 30 % Mn doped samples respectively. Kim et  al. also reported Tc =  

30-40  K for 10 and 30% Mn-doped ZnO, deposited on Si substrate by sol-gel. The 

equilibrium solubility limit o f  Mn in ZnO has been determined to be ~  13 % 

However, due to the non-equilibrium nature o f  the different thin film growth techniques, 

solubility o f  up to ~  35 % have been obtained, w hile maintaining wurtzite structure

After conducting numerous experiments it was found that lower Mn dopant 

concentrations lead to better magnetic properties. W hile ferromagnetic ordering has been 

reported for Mn concentrations between 2.2 and 30 % both the m agnetic

m om ent per Mn ion and the ferromagnetic Tc seem s to decrease with increasing Mn 

concentration.

The substrate temperature during the growth and the annealing temperature have a 

significant influence on the magnetic interactions. It w as generally observed that lower
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temperatures, typically < 400 °C, seem to be favourable o f  obtaining ferromagnetic 

samples [‘*2.61.75,76]  ̂which tum ed paramagnetic after annealing at higher temperatures.

Oxygen partial pressure is believed to have crucial influence on magnetic 

properties o f  m agnetically doped ZnO films. A low oxygen partial pressure favours the 

formation o f  oxygen vacancies that dope the system with electrons. A lthough, it has been 

recently proposed that oxygen vacancies might stabilize a secondary ferromagnetic phase 

ofZ nM nO

First experimental work on Co-doped ZnO was carried out by Ueda et al. He 

used PLD to grow ZnO doped with Co, Mn, Cr and Ni. Only Co-doped ZnO was found 

to be ferromagnetic with T r  o f  ~  280- 300 K, however reproducibility in the 

ferromagnetism was less than 10 %. The possibility o f  fonnation o f  magnetic secondary 

phases could not be ruled out as only X-ray diffraction (XRD) was used to characterise 

the films. XRD is known to be quite insensitive to the secondary phases.

Following this report thin Co-doped ZnO films have been grown by different 

groups and using various growth techniques like: PLD [“*7,78-81]̂  m agnetron sputtering 

sol-gel and others.

Different thermal solubility o f  Co in ZnO was reported. Prellier et al. found 

that solubility limit in his PLD grown samples is 10 %. Park et al. observed the 

formation o f  Co nanoclusters for the concentrations more than 12 % in samples grown by 

sol-gel and rf magnetron sputtering techniques. In other report formation o f  C 0 3 O4 

phase was observed for dopant concentrations above 25 %.

The influences o f  substrate temperature and oxygen pressure were studied in 

It was concluded that films deposited at lower temperature (< 600 °C) and higher oxygen 

pressure (> 10'^ Torr) had a hom ogeneous distribution o f  Co. Secondary phases formed at 

higher tem perature and lower oxygen pressure. As for magnetic properties, the films 

grown at lower tem perature were param agnetic. At higher tem peratures mixed phases o f  

wurtzite ZnO, rock salt CoO and hexagonal Co phases formed and ferromagnetism was 

observed.

The presence o f  a m agnetic m oment in Co-doped ZnO was confirmed by several 

groups but w ithout any consistency in a magnitude o f  magnetic inoments.
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The measured values o f  saturation magnetisation spread over a wide range, from 0.56 

//ij/Co to 2.6 //b/Co

These controversial results raise questions about the origin and the intrinsic nature 

o f  ferromagnetism in Co doped ZnO. While the origin o f the ferromagnetic phase is well 

established for most o f the semiconductors (Gai-xMnxAs Zni.xMnxTe MnxGei-x 

it is still debated for Co-doped ZnO. The question o f  whether the Co-doped ZnO 

really is a high temperature magnetic semiconductor remains open. It may be that n-type 

carriers associated with lattice defects play a critical role in ferromagnetism. To avoid 

antiferromagnetic ordering, the concentration o f  magnetic cations ‘x’ must lie below the 

cation nearest neighbour percolation threshold Xc, which is « 0.17 for the wurtzite 

structure

In addition to the large number o f  experiments focused on Mn and Co-doped ZnO 

there have been numerous reports on V Cr Fe and Ni

doped ZnO films. Table 1.4 summarizes published reports o f  magnetism in a transition 

metal doped ZnO.

T ab le  1.4 S u m m ary  o f  re p o rte d  m ag n e tic  p ro p e rtie s  o f  Z n O  based  D M S.

Com pound TM Substrate Fabrication Growth Post T c  (K) Notes Referen

contc (or bulk) method tempera tu annealing ee

nt. re (»C) Tempera tu

(% ) re (°C)

ZnO;Mn <35 c-sapphire PLD 600 N/A 1W “  ■

ZnO:M n 36 c-sapphire PLD 600 N/A Spin-glass [4 6 )

ZnO;M n 1-36 c-sapphire PLD 610 Paramagnetic [721

ZnO:M n 0-30 c-sapphire PLD 600 > 3 0 ^ 5 Ferrom agnetic [611

ZnO:Mn <4 Bulk Sintered 500-700 >425 Ferrom agnetic [421

ZnOiMn 2,21 Fused

quartz

pellets

PLD

400 >425 Ferrom agnetic [421

ZnO:M n 4-9 c-sapphire

Reactive

200-380 >400 Ferrom agnetic (921

ZnOiM n 7 a-sapphire. sputtering 400 Paramagnetic 193]

ZnO:M n 3 ;2 0 GaAs (001) Sputtering 500-600 [4 3 ]

ZnO:M n,Sn 0-30 Bulk Sputtering

Implantation

700,5 min. 

RTA in Ni

250 Ferrom agnetic [9 4 ]

ZnO:M n,Sn Mn

30,

c-sapphire PLD 400-600 >300 Ferrom agnetic 1951
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Sn<l

ZnO:Co 5-25 c-sapphirc PLD 350-600 280-300 Co: [60]

(M n,Cr, or Ferromagnetic

NO

ZnO;(M n,Co 2-15 Crystalline N/A Antiferromagnet [%]

) precursor ic

ZnO:(M n,Co <5 M eh growth 700,5  min N/A Paramagnetic [97]

) in Oi

ZnO:Co 3-5 Bulk ZnO Ion RTA 700, Co nanocrystals |49]

implantation Imin in Oi

ZnO:Co 0-25 c-sapphire Sol-gel <350 >350 Ferromagnetic [84]

ZnO:Co 1.5 c-sapphire PLD 650 >300 Ferromagnetic [80]

ZnO:Co,Al 4-12 Glass R f  sputtering >350 Ferromagnetic (83)

ZnO:Co 2-50 c-sapphire PLD 300-700 Spin-glass [47]

ZnO:Co 10 ZnO PLD Antiferromagnet [98]

ZnO:Co <35 r-sapphirc M OCVD 300-650 500, 20 >350

IC

Ferromagnetic [99]

min in

vacuum

ZnO:Co,Fe <15 SiO:/Si Magnetron 600 >300 Ferromagnetic [48]

sputtering

ZnO:Cu,Fe Fe<7 Bulk Solid state 897 600, 10m in 550 Ferromagnetic [100]

C u<l Reaction at 10 '' torr

ZnO:Ni 1-25 c-sapphire PLD 300-700 Super para- or [101]

ferromagnetic

ZnO:V 5-15 r-sapphire PLD 300 Ferromagnetic [89]

ZnO:Mn 10 r-sapphire PLD 650 >350 Ferromagnetic [102]

ZnO:M n,Cu Mn: r-sapphire PLD 650 Ferromagnetic [I02[

10, 400

Cu:5

ZnO:

Sc,Ti,(V,Fe, 5 r-sapphire PLD 600 >300 Ferromagnetic [78]

Co,Ni)

As seen from Table 4, work on magnetically doped ZnO has resulted in a range o f  

different results. This controversy could rise due to the range o f  growth methods and
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conditions and inadequate material characterisation. In order to get a clear picture, well 

characterised magnetically doped oxides o f high structural quality must be prepared and 

carefially studied.

1.4.3.2. In203 based DMS

In203 is n-type transparent semiconducting oxide material with a wide band gap 

o f  -  3.6 eV. In general, undoped IniOi films are insulators in the stoichiometric form. 

The conductivity o f pure oxide layers can be improved to the level o f doped layers (such 

as highly conducting Sn-doped In203) by controlling the density o f oxygen vacancies, 

each o f  which donate two electrons to the conduction band. In203 occurs in two crystal 

structures: body-centered cubic, with a = 10.118 A and rhombohedral, with a = 5.478 A 
and c = 14.51 A All deposited In203 films show cubic crystal structure, with only 

few exceptions being reported on rhombohedral In203

In203 is very important material for microelectronic applications. It is widely used 

for transparent electrodes in electronic devices, such as liquid crystal displays solar 

cells and barrier layer in tunnel junctions as a sensing material in gas sensors 

and in nanowire technology Since In203 is so widely used in semiconductor 

industries, it should be a good challenge to achieve FM in this oxide.

In203 films have been prepared using various deposition techniques like vacuum 

evaporation sputtering spray pyrolysis atomic layer deposition

thermal oxidation ion assisted deposition PLD ultrasonic CVD

and sol-gel MOCVD was also successfijlly used for the deposition o f In203

Magnetism was first reported in thin In203 films in 1999 by Zhang et al. for 

granular films o f  Fe clusters in Ih203 matrix. The Fe formed clusters in the material, 

which were superparamagnetic at room temperature and ferromagnetic below 50K.

Later Shim et al. observed ferromagnetism in Mn and Fe-doped In203 films, 

prepared by sol-gel process No ferromagnetism was observed for Co dopant.

In 2005 Yoo et al. presented evidence o f  room temperature ferromagnetism in 

Cu co-doped (lni.xFex)03 bulk samples. Solubility o f Fe was up to 20% in the host In203. 

A high magnetic moment o f  up to ~ 6 was reported for this system. From XRD and 

TEM only small amounts, about 1% o f Fc304 impurity phase for dopant concentrations
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above 10% were observed. Authors claim  that impurity phases such as Fc304  or 

CuFe204  are not responsible for the observed moment, as T( o f  750 K differs slightly  

from two possible impurity phases.

This report was soon followed by experiment o f  He et  al. with discovery o f  

room temperature ferromagnetism in 2% Cu co-doped (ln|.xPex)0 3  (x = 0.1 and 0.15). 

The films also had Tc =  750 K and exhibited an anomalous Hall effect. The resistivity o f  

the films was p ~  6 X 10'  ̂ Qcm and a carrier concentration o f  n =5 x  10'''^cm'^.

Later Brize et al. exploited Mn and Cu for substitution o f  In in In203 grown  

on M gO substrates by PLD. The authors found that Mn doping does not bring any 

enhancement to the ferromagnetism o f  the In203 films and Cu doping degrades 

enormously the magnetic ordering o f  the films.

Peleckis et  al. observed room temperature ferromagnetism in Fe and Mn co-doped  

ln203 samples prepared by solid state reaction In contrast to the already reported 

data only the Fe only doped sample was paramagnetic at room temperature. The Mn 

only doped sample was ferromagnetic below  Tc = 46 K. Fe and Mn co-doped sam ples 

were ferromagnetic at room temperature with maximum saturation moment o f  0.35 /xb/ 

(Fe+M n) and 0.98 /in/ (Fe+M n) at 300 and 10 K, respectively, for dopant concentrations 

4% o f  Fe and 6 % o f  Mn. High temperature ferromagnetism was also observed by the 

same group in Ni-doped In203  and Ni, Sn co-doped In203 with the magnetic 

moments o f  0.03 -  0.06 /Zfj/Ni and 0.1 //[j/Ni at 300 and lOK, respectively. Enhanced 

room temperature feiTomagnetism was also observed in polycrystalline (Ino,9Feo,i- 

xNix)203 sam ples with magnetic moments o f  0.28 fiu/ (Fe+Ni), 0.453 fXs/ (Fe+N i) and 

0.442 /zr/ (Fe+N i) for x =  0 .02 , 0 .04, 0.06, respecfively, which is much higher as 

compared to Hong et  al. have doped In203 with a range o f  transition metals (V, 

Cr, Fe, Co and N i) and found them all to be ferromagnetic at room temperature (Fig. 1.8). 

In addition, same author also observed room temperature ferromagnetism in undoped 

ln203 when deposited on M gO substrates
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The search for an ideal magnetic semiconductor with high T( and tunable 

ferromagnetic behaviour over a w ide range o f  doping is crucial for developing spin-based  

devices. Recently, .1. Philipp et  al. found a set o f  unique properties in Cr-doped In203 

prepared by reactive sputtering. Authors observed that In203 films doped with 2 % Cr 

exhibit room temperature ferromagnetism with T c o f  up to 850-930K . M ost importantly, 

both the electronic and magnetic phases o f  the films can be controllably tuned by the 

oxygen defect concentration. By changing oxygen partial pressure during the growth o f  

the films it was found that ferromagnetic metallic phase is observed when the films are 

highly oxygen  deficient, whereas reducing the defect concentration results in the 

ferromagnetic sem iconducting state. Nearly stoichiom etric films showed a paramagnetic 

insulating phase. Another advantage o f  this system  is that Cr has a large magnetic 

mom ent in the ionic state and it is antiferromagnetic in the bulk, thus ruling out the 

ferromagnetism i f  Cr metal segregation occurs. In addition, it is not trivial to form any 

ferromagnetic secondary phases o f  Cr oxide. Soon after this report P. Kharel et  al. 

have also prepared Cr-doped In203  both in thin film and bulk forms using sol-gel. Similar 

to J. Philipp et  al. room temperature ferromagnetism was observed in both samples 

but only after vacuum  annealing, suggesting a carrier mediated model for the
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ferromagnetism, in which the ferromagnetism is produced by n-type earners that arise 

from oxygen  vacancies in the samples.

Cr was also used to dope Sn-doped ln203  (ITO) up to 20% without formation o f  

secondary phases confirmed by X R D  and high resolution TEM PLD grown films 

were room temperature ferromagnetic and sem iconducting with conductivity changing 

from n-type to p-type at about 15% mol Cr doping. Authors claim ed that observation o f  

anomalous Hall effect proved intrinsic nature o f  carrier mediated ferromagnetism in Cr- 

doped ITO films.

Other 3d metals like Fe Co and Mn were also used to dope into ITO. 

For the Mn and Co doping films were found to be room temperature ferromagnetic and 

exhibited anomalous Hall effect. Although, in the case o f  Co dopant there is an evidence  

that two magnetic subsystem s, interacting nanoclusters (o f  Co metal and Co-rich ITO) 

and a ferromagnetic matrix are present in ITO films doped with 30 atomic % o f  Co. 

Doping o f  Fe into ITO films have resulted in magnetic and electric properties which  

system atically varied with oxygen partial pressure . PLD grown films were paramagnetic 

and sem iconducting at 1 and 5 Pa, ferromagnetic and sem iconducting at 10"' Pa and 

ferromagnetic and metallic at 10'  ̂ and 1 0 Pa. These results are similar to those reported 

m and

1.5. Other magnetic oxides

Another spintronic effect which gave rise to a large number o f  experimental and 

theoretical studies is w ell known as TMR. Large TMR effects were obtained when using  

special magnetic materials (the so called half-metals). H alf metals have a finite density o f  

states at a Fermi level for one spin direction and a gap for the other spin direction. M any 

materials that were believed to have this unusual electronic structure were magnetic 

ox;des. For exam ple, Cr02 was found to be one o f  the materials having electrons o f  a 

single spin at the Fermi energy with polarisation values in the range o f  85-100%  by 

electronic structure diagrams o f  Goodenough H alf m etallic character was also found 

in double-exchange oxides such as Fc304  in 1984 and manganites in 1996 

Positive spin polarisation o f  90 % was reported for manganites and a maximum TM R  

o f  83 % found in La2/3Sri/3Mn0 3 /SrTi0 3 /La2/3Sri/3M n0 3  MJTs. This discovery has
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triggered an active research on magnetic oxides and oxide tunnel junctions in order to get 

high TM R effects.

M any o f  known half-m etals have a low  Tc, thus can not be used in practical 

devices as spin polarisation declines with temperature. To achieve a typical operating 

temperature range o f -  50 to 120° C, it is necessary to have a Tc in excess o f  500 K. The 

one half-metal w hich actually m eets this requirement is Fc3 0 4 .

1 . 5 . 1 .  F 6 3 0 4
M agnetite is one o f  the oldest known magnetic materials. It is ferrimagnetic with 

a T(- o f  858K . Fe3 0 4  crystallises in the spinel structure w hose tetrahedral A sites are 

occupied by Fe^^ ions and octahedral B sites by a mixture o f  Fe^  ̂ and Fe^  ̂ ions. A s in 

m ost spinel ferrites the ferromagnetism arises from the strong antiferromagnetic coupling  

between the A and B sublattices. Within the B sublattice the Fe ions are coupled  

ferromagnetically. This g ives a net spin moment o f  4 /Xuper formula, since Fê "̂  (3d^) and 

Fe^  ̂ (3d^) have spin mom ents o f  5 and 4 respectively.

At room temperature Fc30 4  is a bad conductor. It was reported that metallic 

behaviour occurs in the temperature range o f -  300 -  8 0 0 K. B elow  room temperature, the 

resistivity is thermally activated with a transition to a charge-ordered insulating state 

occurring below  the V erw ey transition temperature (Tv ~120K ).

Many groups were grow ing Fe304  by a large number o f  deposition techniques 

such as sputtering MBE and PLD Magnetic properties o f  thin Fe304  films

are usually different from those o f  the bulk. It was found that magnetisation is often  

low'er and harder to saturate '‘**1 Films usually have higher electrical resistivity and 

som etim es show  a disappearance o fV erw ey  transition

Spin polarisation o f  Fc30 4  was measured by spin-polarised photoem ission  

spectroscopy and is found to be negative, ranging from -  40% to -  80% 

Although, spin-polarisation values found from spin-dependent tunnelling experiments are 

very different. Positive polarisation o f  up to 50 % was found in TM R experim ents 

but negative was also observed
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O ther sp intronics dev ices based on Fe304 have also been fabricated, these include 

m agnetic  tunnel transistors w ith a m agnetite em itter and current-in-plane G M R
. . [158, 159]structu res .

T here have been  lim ited efforts to in tegrate Fc304 into sem iconductor structures 

in o rder to fabricate devices that w ould  explo it its spintronics properties T he

surface and in terface p roperties o f  Fe304 are still under investigation  to understand spin- 

p o larisation  m easurem ents. So far, the  po ten tial o f  Pe304 for spintronic devices has no t 

been exploited .

1 .5 .2 . C o F e 2 0 4

CoFe204 is a ferrim agnet and belongs to the spinel structure ferrite m aterials. It 

crysta llises in the sam e inverse cubic spinel structure as Fc304 in w hich the octahedral B 

sites are occupied  by  eight Co and eight Fe cations, w hile the tetrahedral A sites are 

occupied  by  eight Fe^^. Co^^ ions on the B sites give rise to large anisotropies 

A lthough, CoFe204 has the sam e crystal structure as Fc304 it is a hard m agnetic m aterial 

w ith  a saturated m agnetic m om ent o f  3 .7  f in p er formula.

H igh coercivety , good chem ical stability , high resistance, relatively  high 

saturation  m agnetisation o f  C oFe204 has found various m agnetic applica tions such as 

m agnetic reconding and m agneto-optical devices

R ecently , C oFe204 has been studied as a potential m agnetic cand idate  for 

m ultiferro ic com posites fabricated in bulk com posites, po lycrystalline bilayers o r  

m ultilayers

M ultiferroics is a n ew  fam ily o f  m ateria ls in the field o f  spintronics. T hese are 

m ultifijnctional m ateria ls w ith  tw o o r m ore ferroic properties like ferrom agnetic , 

ferroelectric, ferroelastic o r  ferrotoroidic. For exam ple, m agnetoelectric m ultiferroics in 

w hich  ferrom agnetic and ferroelectric o rders coexist w ith m agnetoelectric coupling  

betw een them  open  the p o ssib ility  o f  contro lling  the po larisation by a m agnetic field o r 

the m agnetisation  by  an electric field An extrinsic m agnetoelectric effect has been 

observed  in the bulk  m ultiferro ic  com posites consisting o f  ferroelectric B aT i03 and 

p iezom agnetic  CoFe204
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1.5.3. C 0 3 O4

C o  f o r m s  tw o  s t a b le  o x id e s :  C o O  a n d  C 0 3 O 4 . C 0 3 O 4  is  s t a b le  a t  l o w e r  

t e m p e r a t u r e s  a n d  h a s  a  n o r m a l  s p in e l  s t r u c tu r e  ( A B 2 O 4  ty p e )  w h e r e  C o ^^  o c c u p y  th e  

t e t r a h e d r a l  A s i te s  a n d  C o^^  o c c u p y  th e  o c ta h e d r a l  B s i te s .

C o  o x i d e  b a s e d  c e r a m ic s  h a v e  a t t r a c t iv e  m a g n e t ic  p r o p e r t i e s  a n d  th e i r  f i lm s  a n d  

m u l t i l a y e r s  h a v e  b e e n  s tu d ie d  f o r  d e c a d e s  a n d  s t i l l  m o t iv a t e  r e s e a r c h  a n d  d e v e lo p m e n t  

e f f o r t s  C o a t i n g s  o f  C 03 O 4  c a n  b e  u s e d  a s  s o l a r - s e l e c t i v e  a b s o r b e r s  a n d  a s  p r o t e c t i v e  

l a y e r s  T h in  f i lm s  o f  C 0 3 O 4  m a y  b e  u se f ia l a s  b u f f e r  l a y e r s  o n  S i s u b s t r a t e s  f o r  th e  

o r i e n t e d  g r o w th  o f  f u n c t io n a l  f e r r o e le c t r i c  a n d  s u r e c o n d u c t i n g  o x id e s  M o r e  r e c e n t ly ,  

C 0 3 O 4  h a v e  b e e n  s tu d ie d  in  th e  c o n te x t  o f  n e x t  g e n e r a t i o n  o f  L i - io n  b a t t e r i e s  T h e  

p h e n o m e n o n  o f  a n o d ic  e le c t r o c h r o m is m  o f  c o b a l t  o x id e  a l l o w s  p o te n t i a l  a p p l i c a t i o n  a s  a  

c o u n t e r  e l e c t r o d e  in  e le c t r o c h r o m ic  d e v ic e s

W e  p la n  to  d e p o s i t  c o b a l t  o x id e  f i lm s  a n d  to  s tu d y  t h e i r  s t r u c tu r e ,  m o r p h o lo g y  

a n d  m a g n e t i c  r e s p o n s e .  W e  a ls o  p la n  to  d e m o n s t r a t e  t h e  p o t e n t i a l  o f  P I M O C V D  

e q u ip p e d  w i th  e x te r n a l  m a g n e t  a s  a n  a l t e r n a t iv e  t e c h n i q u e  to  f i lm  d e p o s i t i o n  m e th o d s .

1.5.4. Mn304

H a u s m a n n i te ,  M n 3 0 4  is  k n o w n  to  c r y s t a l l i s e  in  th e  n o r m a l  s p in e l  s t r u c tu r e  w i th  

t e t r a g o n a l  d i s to r t i o n  e lo n g a te d  a lo n g  th e  c - a x i s ,  w i th  la t t i c e  p a r a m e te r s  a  =  h  =  5 .765A  

a n d  c  =  9 .442A . M a n g a n e s e  io n s  a r e  p l a c e d  o n  th e  t e t r a h e d r a l  /4- s i te  (M n ^ ^ ) a n d  

o c t a h e d r a l  5 - s i t e  (M n ^ ^ ), w h ic h  c o r r e s p o n d s  to  th e  n o r m a l  s p in e l  s t r u c tu r e .  T h e  o x y g e n  

o c t a h e d r a  a r e  t e t r a g o n a l ly  d i s to r t e d  d u e  to  th e  J a h n - T e l l e r  e f f e c t  o n  M n ^^  io n s  A t 

1160° C  M n 3 0 4  e x p e r i e n c e s  J a h n - T e l l e r  t r a n s i t i o n  ( J T T )  T h i s  is  t h e  f i r s t  o r d e r  p h a s e  

t r a n s i t i o n  a c c o m p a n ie d  b y  th e  s i g n i f i c a n t  l a t t i c e  d i s to r t i o n .  A b o v e  th i s  t e m p e r a t u r e  th e  

s t r u c tu r e  b e c o m e s  c u b ic .  A ls o ,  M n 3 0 4  s h o w s  f e r r o m a g n e t i c  lo n g - r a n g e  o r d e r  w h e n  th e  

t e m p e r a t u r e  is  b e lo w  th e  T c  (46K ).

T h e  s t a b le  a n d  w e l l - k n o w n  M n  o x id e s  a r e  M n O , M n 3 0 4 , M n 2 0 3  a n d  M n 0 2 .  T h e i r  

m a g n e t i c ,  t r a n s p o r t  a n d  o p t i c a l  p r o p e r t i e s  a r e  c lo s e ly  r e l a t e d  to  t h e i r  s t r u c tu r e s ,  

c r y s t a l l i n e  q u a l i t y  a n d  s t o ic h i o m e t r y  M a n g a n e s e  o x id e s  a r e  o f  g r e a t  in t e r e s t  d u e  to  

t h e i r  w id e  a p p l i c a t i o n s  in  e l e c t r o d e  a n d  a l lo y  m a t e r i a l s  F u r t h e r m o r e ,  i f  s t r u c tu r a l  a n d
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physical properties o f  the film s cou ld  be controlled  w e ll, it w ould  be p ossib le  to fabricate 

m ultilayer M n ox id es w ith d ifferent structures and properties, such as ferrom agnetic and 

antiferrom agnetic behaviours. T h ese have potential applications in m agnetic storage and 

sensor d ev ices

M ost o f  the studies on m agnetic properties o f  M n304 have been  perform ed on the 

bulk sam p les On the other hand, the properties o f  the thin film s can be essen tia lly  

different fi-om th ose o f  the bulk due to the strain effects. M oreover, there is very little  

inform ation on  m agnetic properties o f  M n304  film s. In this work w e  plan to adopt PI 

M O C V D  technique to grow  thin film s o f  M n304  and to study their m agnetization  and 

phase transition tem perature, as w ell as the effects o f  interface and crystal quality  on  

m agnetization.

1.6. CVD

O ne o f  the best m ethods to produce m ulticom ponent epitaxial o x id es is ch em ica l 

vapour deposition  (C V D ). T he industrial exploitation  o f  C V D  can be traced back to a 

patent b y  de L odygu ine in 1883 w ho had deposited  W onto carbon lamp filam ents 

through the reduction o f  W CI2 by  Hj. H ow ever, it is on ly  in the past 4 0  years that a 

considerable in-depth understanding o f  the process and an increase in the application o f  

C V D  has been  m ade. In the early 7 0s C V D  had attained sign ificant su ccess  in the 

m anufacturing o f  e lectron ic sem iconductors and protective coa tin gs for electronic  

circuits. T oday C V D  tech n o lo g y  has found increasing im portance in the fields o f  

aerospace, m ilitary, sc ien ce  and engineering. It is w ell suited for the preparation o f  m any  

advanced products, including bulk m aterials, as w ell as com p osites, coa tin gs and film s.

In C V D  the substrates are im m ersed in the gas stream  and so -ca lled  boundary  

layer are d evelop ed  near the substrate surface. T he boundary layers are d efin ed  as the 

region near the substrate surface w here the gas stream velocity , the concentration o f  the  

vapour sp ec ies  and the tem perature are not equal to those in the m ain gas stream.

In general, the C V D  p rocess in v o lv es  the fo llow in g  k ey  steps. Each o f  these steps  

m ay b e rate-lim iting in the absence o f  therm odynam ic lim itations. T he p lausib le rate- 

lim iting steps are as fo llow s:
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1) Transport o f  the gaseous reactants to the boundary layer surrounding the 

substrate (free and forced convection)

2) Transport o f  the gaseous reactants across the boundary layer to the surface o f 

the substrate (diffusion and convection)

3) Adsorption o f the reactants on the surface o f  the substrate

4) Chemical reactions (Gaseous reactants undergo gas phase reaction and form 

intermediate species, for example at high temperature above the 

decomposition temperature o f intermediate species inside the reactor, 

homogeneous gas phase reaction can occur where the intermediate species 

undergo decomposition and/ or chemical reaction forming powders and 

volatile by-products in the gas phase. In the other case, at temperatures below 

the dissociation o f  the intermediate phase, diffusion/convection o f the 

intermediate species across the boundary layer occur, which undergo further 

steps).

5) Nucleation

6) Desorption o f some o f the reaction products from the surface o f the substrate

7) Transport o f  the reaction products across boundary layer to the bulk gas 

mixture

8) T ransport o f  the reaction products away from the boundary layer

The described process is very well illustrated in the below figure:
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Fig. 1.9 Schematic illustration o f  the key CVD steps during deposition^'™’

The analysis o f the CVD processes includes the understanding o f the 

thermodynamics, chemical kinetics and mass transport phenomena. However, 

thermodynamic calculations only provide basic information as to whatever a process is 

feasible or not. In addition, thermodynamics can provide guidelines for selecting process 

conditions based on the equilibrium analysis o f the phases and the amount o f the solid 

and gaseous species present in the CVD system. A more precise and accurate analysis o f  

the CVD reactor system requires the consideration o f the chemical kinetics and mass 

transport phenomena.

The kinetics o f a CVD process involves chemical reactions in the gas phase, on 

the substrate surface, chemisorption and desorption.

The rate o f mass transport is dependent on the concentration o f  reactants, 

thickness o f the boundary layer, ditUisivity o f active species. These factors are influenced 

by the deposition temperature, pressure, gas flow rate, and geometry o f  the reactor.

A well-established model for thermal oxide growth has been proposed by Deal 

and Grove '̂*®  ̂ in the middle o f  the 60 's and because o f its simplicity it is still applied 

frequently. One reason for this simplicity is that the whole physics o f  the oxidation 

process is contained in two so-called Deal-Grove parameters, which must be extracted
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from experiments. Furthermore, it is assumed that the structure is one-dim ensional. 

Therefore, the model can only be applied to oxide films grown on plane substrates. 

G rove’s model is a simplified approach to predict the growth rate o f  films, which 

assumes that reaction rate flux depends linearly on the surface concentration. The model 

also neglects the effect o f  any tem perature gradients on the gas phase mass transfer.

— B o u n d a r y  layer  H

GasCg

Cs

Silicon

F2

Fig. 1.10 O ne-dim ensional model o f  oxidation o f  silicon

If one assumes that the oxidation process is dominated by the inward m ovem ent 

o f  the oxidant species, the transported species must go through the following stages:

(1) It is transported from the bulk o f  the oxidizing gas to the outer surface o f  

oxide, where it is adsorbed (not shown in the figure)

(2) It is transported across the oxide film towards silicon.

(3) It reacts at the interface with silicon and forms a new layer o f  Si02.
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Each of these steps can be described as independent flux equation. The flux Fi 

represents the diffusion o f the oxidants through the oxide layer to the Si-Si02 

interface, which can be expressed as:

where ha is the mass transfer coefficient expressed in cm/sec, Cg is the 

oxidant concentration near oxide surface at any give time, Cs is the oxidant 

concentration at the oxide-silicon interface.

The second part of the oxidation process is the flux of oxidants consumed by the 

xidation reaction at the oxide-silicon interface given by:

where ks as the surface reaction rate , expressed in cm/sec, constant, which represents a

-^2 0 ), Si-Si bond breaking, and/or S i-0  bond formation. The rate at which this reaction 

takes place should be proportional to the oxidant concentration at the interface Cs.

In the steady conditions the fluxes are equal, which allows expressing them as:

F,^h,,{Cc,-Cs) (15)

(16)

number o f processes occurring at the Si/SiOT interface. These may include oxidant (O^

F  = F , = F ,

Equating equations (15) and (16) leads to:

(17)

(18)
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T he rate o f  the oxide grow th is p roportional to the flux o f  o x idan t m olecules and 

given  by:

Y ^  ( 19)
V k s + h c  N  ks +  he N

w here N is the num ber o f  atom s incorporated p er un it vo lum e in the film s and Y is the 

m ole fraction o f  the  incorporating species.

From  equation (19) one can see i f  m ass transfer th rough  gas boundary  lay er is 

fast, i.e. ks «  he, then surface reaction control is achieved, w hich is tem perature 

sensitive process. W hen k s »  he the reaction rate is con tro lled  by  m ass transport, o r gas 

phase  d iffusion  controlled case and not tem perature sensitive.

T he recent developm ent o f  C V D  variants, such as pulsed in jection m etal o rgan ic 

vapour deposition  (PI M O C V D ), electrostatic spray assisted vapour deposition  

(E SA V D ), cataly tic chem ical vapour deposition  (C C V D ), low  pressu re  chem ical v apour 

deposition  (LPC V P) have been enabled the deposition  o f  m u lticom ponen t film s w ith 

w ell-contro lled  stoichiom etry and m icrostructure. T h e  variation o f  C V D  used in this 

w ork is know n as pulsed  injection m etalorganic chem ical vapour deposition  (PI 

M O C V D ). M etalorganic chem ical vapour deposition  (M O C V D ) is a varian t o f  C V D , 

w hich  has been classified according to the use o f  m etalo rgan ics as precursor. D uring  the 

deposition  process the m etalorganic precursors generally  undergo decom position  o r 

pyro lysis reactions. In general, m etalorganic precursors have low er decom position  o r 

pro lysis tem peratu res than halides, hydrides o r halohydrides, w hich  are used in 

conventional CVD. Thus, enable M O C V D  process to  perform  at a lo w er deposition  

tem peratu re than conventional CVD.

M O C V D  has been w idely  used to grow  m etal ox ide films such  as ferroelectric 

(e.g. P bT i0 3 , PbZrT i0 3 , B aT i0 3 ) sem iconducting  (e.g. Z n O  ) and

superconducting  (e.g Y B a2C u3 0 x) films H ow ever, the M O C V D  o f  th ese  films is still 

in its infancy and m ore suitable m etalorganic precursors are yet to be  developed  for these 

applications. T he influence o f  p rocess param eters and the deposition  m echanism  in the 

ox id ising  grow th environm ent are still to be understood and optim ised.
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The synthesis o f  high quality films requires volatile precursors that will undergo 

p;/i'olysis easily. However, the low thennal stability o f  the m etalorganic precursors due to 

their polym erisation or hydrolysis changes the rate o f  evaporation with time. This has led 

to difficulties in controlling the composition o f  both the vapour phase and films. In 

addition, the low vapour pressure o f  some available precursors such as Ba, and earth 

elements, as well as ‘ageing’ o f  the precursors have led to the loss o f  volatility and 

formation o f  residue hence affecting the chemical reaction and resulting in coating 

reproducibility problems.

1.6.1. Pulsed Injection Metal Organic Chemical Vapour Deposition 

(PI M OCVD)

To overcom e the problem s mentioned above, in 1993 Senateur and his group 

developed a new PI M OCVD method. The main difference o f  this method to m  

conventional M OCVD was new precursor delivery system. PI MOCVD uses fuel 

injection principles in thermal motors. The method involves sequential injection o f  m cro 

amounts (mg) o f  a metal organic precursor solution into an evaporator through a h:gh- 

speed m icroelectrovalve with aid o f  pressure inert gas inside a container, where the 

injected solution is flash vaporised. The flow rate is controlled by the fast opening of the 

valve sim ilar to a fuel injection system. The control is relatively simple and versatile 

using two com puter controlled parameters: injection fi'equency (1-lOOHz) and electrical 

pulsed width (2-8ms) which controls the num ber o f  precursor drops injected with fixed 

injection param eters (size o f  each drop, frequency).

The distinct advantages o f  the pulsed injection M OCVD technique over 

conventional CVD technique are:

a) The thickness o f  the layer, coating stoichiometry and the growth rate car be 

controlled precisely by changing the concentration o f  the solution, number o f  

pulses, pulse duration and injection frequency. This is especially important for 

the synthesis o f  superlattice and multilayers with complex stacking at a 

nanom eter scale level. A mean thickness as low as 0.1 nm can be obtained at 

each injection by adjusting the valve opening time and solution concentraton.
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Complex multilayer stacking can be achieved by using few injection sources 

sequentially.

b) Reservoir with precursor solution is kept at room temperature outside the 

reactor. This helps to keep the metalorganic precursor stable for a longer time, 

until it is injected into the evaporation system.

c) Different metalorganic precursors can be used in the same solution. This is 

very convenient for the growing o f  multicomponent layers (Lai-xSrxMn03, 

YBa2Cu30y) or doping^'*^^.

d) Reproducibility o f  the properties o f the deposited layers is enhanced using the 

pulsed injection MOCVD.

A wide range o f films can be deposited using the pulsed injection MOCVD 

method. This technique has the potential to produce integrated structures with different 

physical properties. For example SrTi03/YBa2Cu307 double layer or 

Lai-xSrxMn03/SrTi03/YBa2Cu307 trilayers complex stacking o f muhilayers o f

crystallised Ta205/amorphous Si02 for optical guides, antireflective layer applications. 

The precise control o f the growth behaviour enables this process to be used in the 

synthesis o f  nanometer thin multilayer or oxide superlattice materials for the 

development o f  improved piezoelectric actuators, IR detectors and non-volatile 

meinories.

1.7. Aims and objectives o f this work

It has been drawing research attention on transparent semiconducting oxides for a 

long time because o f their application in many scientific and industrial areas, such as 

optical waveguides, conducting gas sensors, transparent conductive electrodes. Recently, 

transition metal doped semiconducting oxides received much attention after several 

reports o f successful deposition o f  magnetic thin films DMS materials, like

(Zn,Co)0 have a great potential for spintronic devices. The magnetic exchange 

interaction is these oxides predicted to be mediated by electrons and most 

experimental data confirms that electrons play a major role. In detail, however, the nature 

o f  the magnetism is not clearly understood.
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All these  potential app lications have boosted  research related to the growth o f  

h:gh quality  sem iconducting  oxide film s by various techniques am ong w hich M O CV D  

occupies a s ign ifican t place.

T he m ain aim  o f  this p ro jec t is to develop the deposition  o f  high crystalline 

quality Z nO  and In203 based DM S film s by  PI M O C V D  technique and investigate their 

m agnetic properties. T he scientific and technical ob jectives o f  this w ork  are to:

•  D evelop new  PI M O C V D  technique for the deposition  o f  samples in an 

external m agnetic field

•  O ptim ize deposition  param eters in o rder to get good crystalline quality  

transition  m etal doped Z nO  and In203 films by PI M O C V D  technique

•  Fully  characterize crysta lline quality  o f  the film s and their m orphology 

using X -ray d iffraction  and atom ic force m icroscopy  (A FM )

•  Investigate m agnetic properties o f  the film s using vibrating sam ple 

m agnetrom etry  (V SM ) and superconducting  quan tum  interference device 

(S Q U ID ) m agnetrom etry

•  Investigate the possib le  effect o f  the grow th in external m agnetic field on 

m agnetic properties o f  DM S oxides

•  Investigate the possib le  effect o f  the grow th in external m agnetic field on 

selected  m agnetic ox ide film s (Pe304 and CoFe204)

T here are several reports on Z nO  grow n by  liquid injection MOCVD^'*^^, how ever 

to the best o f  o u r know ledge there are no reports on Z nO  and In203 grow th using PI 

M OCVD. A lso, no reports w ere found on the grow th o f  m agnetic oxides, such as Fc304 

ard  CoFc204 using  PI M O C V D . W e believe that PI M O C V D  w ill give a good 

opportunity to p rep are  doped transparen t sem iconducting  ox ide films with unique 

m agnetic properties. E arlier papers w ere pub lished  on the grow th o f  Z nO  and YBa2Cu304 

frm s in m agnetic field '*^1 It has been  found that m agnetic field changed the 

m orphology and the structure o f  the  film s. H ow ever, m agnetic properties o f  the DM S 

ffm s grow n in m agnetic  field have never been  investigated. T hus, it is very  im portant to 

stidy  the effect o f  g row th  in external m agnetic field on structural and m agnetic properties 

o fo u r D M S films.
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Overall, the successful realisation o f this project should result in the development 

o f  new DMS materials with potential application for spintronics devices. This research 

should also contribute in better understanding o f  the nature o f magnetism in these 

systems.
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Chapter 2: Experimental

2.1. Starting materials

2.1.1. M etalorganic precursors and solvents

/?-diketonate based precursors were used as a starting m aterials for the deposition 

o f  oxide films. The general structure o f  metal y9-diketonate is presented in Figure 2.1. The 

main criteria, which have guided the choice o f  precursors, have been their relatively good 

therm al stability, high volatility over a wide temperature range, safety and availability.

C(CH 3)3 

O

M

/
C

^CH
O

_  . /  
- C

\
C(CH 3)3^3 n

M(tmhd)n

Fig.2.1 Structure o f  M ( t m h d ) n

Anhydrous 1,2-Dimethoxyethane 99.5 % was purchased fi'om Sigma-Aldrich and 

used as a solvent for metalorganic precursors.

Elemental analysis o f  synthesised precursors was carried out in University 

College Dublin using an External Analytical CE-440 elemental analyser.

2.1 .1 .1 .Z n(tm hd)2

A 97%  purity Zn(tm hd )2  precursor was purchased from Sigma-Aldrich. 

Additional purification was performed by sublimation in the laboratory. The melting 

point o fZ n (tm hd ) 2  is 140-144°C and decomposition tem perature is 256°C.

53



Chapter 2 Experimental

2.1.1.2. Co(tmhd )2

Co(tm hd ) 3  precursor was donated by the Department o f  General and Inorganic 

Chem istry o f  V ilnius University. M elting point for Co(tm hd ) 3  was found to be in a range 

o f  242-245°C, this is in a good agreement with literature reference Elemental analysis 

calculated for Co(tm hd ) 3  (C 0 C 3 3 H 5 7O6 ): C, 65.11; H, 9.36; found: C, 59.00; H, 9.03; N, 

2 .6 .

2.1.1.3. In(acac )3

99.9 % purity Cr(acac ) 3  was purchased from Sigma-Aldrich. Melting point o f  

Cr(acac)3 is in the range o f  180-185 °C

2 . 1 . 1 .4 . In ( tm h d ) 3

ln2 0 3  films were also grown using In(tm hd )3  precursor. ln(tm hd ) 3  precursor was 

synthesized according to the procedure described in see equation below. In(N 0 3 ) 3  and 

excess o f  N aC H 3COO (ratio i :2) were dissolved in distilled water. An ethanol solution o f  

the /?-diketone was added to an aqueous In(N 0 3 ) 3  solution.

In(N0 3 )3  + NaCH3C00/H20 +Htmhd/CTHjOH ÎnCtmhd), i

The In(tm hd ) 3  was removed by filtration and recrystallized from hexane. 99.9 % 

purity ln(N 0 3 ) 3  was obtained from Sigma-Aldrich. 98 % purity Htmhd ligand (/?- 

diketone) was purchased from Fluka. 99.9+ % purity In acetylacetonate (In(acac)3 ) 

obtained from Sigma-Aldrich was also used for the deposition o f  In2 0 3  films.

Analysis calculated for In(tmhd ) 3  (InC 3 3 H 5 7 0 6 ): C, 59.63; H, 8 .6 6 ; N, 0; found: C, 

59.69; H, 8.52; N, 0. The melting point o f  In(tmhd ) 3  is 167°C
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2.1.1.5.  Cr(acac ) 3

99.9 % purity Cr(acac) 3  w as purchased from Sigm a-Aldrich. M elting point o f  

C r(a ca c)3 is2 1 4 °C

2.1.1.6.  Fe(tmhd ) 3

Fe2 (S 0 4 ) 3  and excess ofN aC H sC O O  (ratio 1:2) were dissolved in distilled water.

An ethanol solution o f  the /?-diketone was added to an aqueous Fe2(S 0 4 ) 3  solution. The 

Fe(tmhd ) 3  was removed by filtration and recrystallized from hexane (see equation 

below).

FcjCSOJj + NaCH3C00/H20 + Htmhd/C2H5 0 H >Fe(tmhd)3 i

99.9 % purity Fe(S 0 4 ) 3  was obtained from Sigma-Aldrich. M elting point o f  

Fe(tmhd )3  is 163 °C

Analysis calculated for Fe(tmhd ) 3  (FeC33Hs706): C, 65.44; H, 9.51; N , 0; found:

C, 65.52; H, 9.52; N , 0 .

2.1 .1.7.  Mn(tmhd ) 3

M nS 0 4  and excess o f  NaCH 3 COO (ratio 1:2) were dissolved in distilled water.

An ethanol solution o f  the /?-diketone was added to an aqueous M nS 0 4  solution. Reaction  

mixture was stirred until organic layer turned into dark colour and then concentrated  

NH4OH solution was added (see equation below). The Mn(tmhd ) 3  was removed by 

filtration and purified via sublimation.

M n S O , + N a C H 3 C Q Q / H , 0  +  Htmhd/CH 3 0 H >Mn(tmhd ) 3  i

99.9 % purity M nS 0 4  was obtained from Sigma-Aldrich. M elting point o f  

Mn(tmhd ) 3  is 165 °C

Analysis calculated for Mn(tmhd ) 3  (MnC33H5v06): C, 65.54; H, 9.52; N , 0; found:

C, 65.61; H, 9.30; N, 0.
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2.1.2. Substrates

In th is w ork  m onocrystalline (0001) AI2O 3 (C -cut sapphire), (1102) AI2 0 3  (R -cut 

sapph ire) and (100) M gO  substrates from Crystal G m bH  cornpany w ere used for the 

deposition  o f  the  films. Substrates w ere 5 x 5 x 0 .5  mm^ squares, polished on both sides. 

T he m ain  advantage o f  sapph ire  substrates is their low  cost, although there is a significant 

lattice m ism atch betw een  AI2O 3 {a = 4 .754 A, c = 12.99 A) and ZnO  {a = 3.250 A, c = 

5.213 A), reach ing  as m uch as ~  32% . In spite o f  this fact, there  are m any reports 

pub lished  on h igh ly  orien ta ted  and even  epitaxial z inc ox ide film s grow n on sapphire 

substrates

M gO  is an ideal substrate  for epitaxial grow th o f  F c3 0 4  and C oFe2 0 4  due to the 

sm all lattice m ism atch. Som e o f  the im portant param eters o f  the substrates used in this 

w ork are p resen ted  in T ab le  2 . 1 .

T able 2.1 Important substrate param eters for the deposition  o f  tlie film s

S u b stra te
o r ie n ta t io n ,

la ttice

S u rfa ce
str u c tu r e

L a ttice
p a ra m e te r s

( A )

L a ttice  m ism a tch  w ith  film , %

Z n O
h ex a g o n a l

I n 2 0 i
cu b ic

F e , 0 4
cu b ic

C o F C 2 0 4
cu b ic

(0 0 0 1 )  AI2O 3 hexagonal a -  4 .7 5 8 Aa/a = -31 .8 Aa/a ■ 0 .25 Aa/a == 24.8 Aa/a = 24 .7
hexagonal c =  12.991

( U 0 2 ) AI2O 5 pseudo a = 4 .7 5 8 Aa'a =  18 Aa/a =  0 .25 Aa/a =  -1 1 .8 Aa/a = - 1 1 .8
hexagonal square b = 5 .1 2 9 Ab/b = - 0 .4 4 Ab/b =  - 1 ,3 6 Ab/b = -18 .2 Ab/b = -18 .2

(1 0 0 ) M gO  
cubic

Square a = 4.211 — — Aa/a = -0.31 Aa/a = -0 .3 6

All substrates w ere ready to use and no additional c leaning  procedures w ere 

required .

2.2. Sample preparation techniques 

2.2.1. PI MOCVD

T he system  used in th is w ork is a vertical ho t wall stain less steel PI M O C V D  

reac to r equ ipped  w ith one evaporator. A schem atic d iagram  o f  PI M O C V D  reacto r is 

show n in Figure 2.2.
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The method operation principle is as follow s: a volatile metalorganic compound  

or the mixture o f  several metalorganic compounds is d issolved in organic solvent. 

Prepared solution is placed into the reservoir, where the argon pressure o f  0.5 -  2 

atmospheres is build-up. Reservoir is connected to the injector system , which is computer 

driven. Under the sw ay o f  argon pressure minute solution m icrodoses are injected 

through the injector system  into the reactor’s evaporation zone. The m icrodose is flash- 

evaporated exposed to the high temperature in evaporation zone. Evaporation 

temperature has to be higher than the evaporation temperature o f  the least volatile 

precursor, but does not have to exceed the decom position temperature o f  the precursors. 

A mixture o f  com plexes and solvent’s vapours is transported towards the heated substrate 

into the deposition zone by the carrier gases (Ar + O2). O xide layers are formed on a 

heated substrate during the decom position reaction. Unreacted vapours and gaseous 

decom position products are carried out from the reactor and condensed in a nitrogen trap.

To ensure a good reproducibility o f  m icrodose size injector was washed with 

hexane after each deposition.

The main and the longest stage working with PI M O CVD reactor was 

optimisation o f  deposition conditions. The most important factors in PI M OCVD  

deposition technique which have to be optimised were:

1. Deposition temperature (Tdep) is one o f  the most important parameters 

which determines the growth and the properties o f  the films

2. Temperature gradient near substrate surface, which depends on:

a) Substrate temperature and substrate position in the fiamace

b) Fumace temperature gradient

c) Total reactor pressure

d) Thermal balance (carrier gas temperature, carrier gas flow  rate)

e) Decom position reactions

3. Carrier gas flow which determines the concentration o f  precursor vapours 

near substrate, travelling speed and time the vapours stay in 

decom position zone. As a result, carrier gas flow  rate influences the 

precursor decom position reaction, film com position, growth rate and 

hom ogeneity
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4. Total gas pressure, influences gas flow rate and vapour concentration

5. Partial oxygen pressure which affects the decomposition rate o f  precursors 

and m icrostructure o f  the films

6. Carrier gas temperature. Has to be set to avoid the condensation o f  

precursor vapours and to prevent its prem ature decomposition

7. Evaporation temperature. Has to be sufficiently high to ensure the rapid 

evaporation o f  precursor microdose, but not too high to exclude the 

prem ature decomposition in evaporation zone

8. Injector param eters, i.e. impulse length and fi^equency

9. Solution com position (molar ratio o f  precursors, concentration)

One o f  the main obstacles during optim isation was that all these factors are very 

closely related. Changing only one param eter would often resuh in the change o f  the 

other optimisation parameters. The main criteria estimating the param eters influence in 

this work while approaching the optimal deposition conditions were:

a) If  the film growth occurs

b) Film growth rate

c) X-ray diffraction analysis, showing formation o f  desired phase

d) Film m orphology (SEM and AFM)

All these factors and param eters will be discussed in detail in following results 

chapters.
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Thermocouple
Ar, 0 2

M anometer

Sample
holderDeposition 

chamber

Furnace

Substrate

Heating tape

vacuum
com puter

tnjcck<3T̂  coatTDi bkack

I - ..............

Evaporation system

Thermocouple

Thermocouple /Water Ar, 0 2

Optical Window

Fig. 2.2 Schematic diagram o f  PI M OCVD reactor

2.2.2. PI MOCVD with IT magnet

One o f  the novelties o f  this work was construction o f  PI M OCVD reactor 

equipped with 1 Tesla perm anent magnet (Figure 2.3). The idea behind was that
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introduction o f  m agnetic field  during the grow th o f  D M S and m agnetic film s could  lead  

to im proved m agnetic properties o f  th ese film s. T his idea w as supported by previous  

w ork on  ZnO  and Y B a 2C u3 0 y w here crystalline and m orphological changes w ere  

observed  w hen  film s w ere grow n in high m agnetic field , although m agnetic properties o f  

th ese film s w ere never investigated . Im provem ent o f  m agnetic properties w as also found  

in F e304 film s grow n by m agnetron sputtering in m agnetic filed  o f  up to 0.3 T esla.

For the construction o f  reactor the furnace equipped w ith w ater co o lin g  line w as  

placed in sid e 1 T esla  perm anent m agnet w hich had an inside h o le  o f  8 cm  in diam eter. 

T he furnace co o lin g  has to b e very e ffic ien t to avoid  the overheating o f  the m agnet and 

thus destroying its m agnetic properties. A  quartz tube with 3.5 cm  in d iam eter serving as 

dep osition  cham ber w as p laced  inside the furnace. O ne additional heater w as placed at 

the top o f  the vertical tube to keep uniform  temperature inside reactor. M agnet 

introduction resulted in the sm aller deposition  cham ber (3.5 cm  in diam eter) com pared  

w ith  the previous reactor (1 0  cm  in diam eter), thus reducing the d im en sion s o f  sam p le  

holder to 2 cm  rather than 5 cm  for the reactor w ithout m agnet. The rest o f  the reactor 

geom etry rem ained the sam e. T he m ethod operation principle is the sam e as d escn b ed  in 

the Chapter 2 .2 .1 .

M agnet sp ecifica tion s a llow ed sw itch in g  m agnetic field o f f  and on by ch an gin g  

co il d irections. W hen m agnet w as sw itched  o f  the remanent field o f  0 .0 1 5T  w as detected  

by H all probe in the centre o f  m agnet, w h ile  at the ed ges o f  the m agnet it w as 0 .1 7T. 

M axim um  m agnetic field  o f  1.2T w as also detected to be in the v e iy  centre o f  the  

m agnet. For this reason sam ple holder w as adjusted in the deposition  cham ber so as to be 

exactly  in the centre o f  the m agnet. T his d istance w as never changed w hen grow ing film s 

in PI M O C V D  reactor equipped with m agnet. M agnetic field w as oriented p eipend icu lar  

to the substrate surface.
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Fig. 2.3 Schematic diagram ot'PI M OCVD reactor with 1 Tesla magnet.

2.3. Characterisation techniques 

2.3.1. X-ray Diffraction  

X -ray radiation is the name given to that part o f  the electrom agnetic spectrum that 

has a wavelength o f  the order o f  an angstrom, which is also the order o f  m agnitude o f  the 

separation o f  the atoms in a ciystal, thus crystals can diffract the X-rays.

W hen X-rays interact with a crystalline substance, one gets a diffraction pattern. 

The X-ray diffraction pattern o f  a pure substance is like a fingerprint o f  the substance. 

The main aim o f  the XRD is to identify the crystalline phases present in the sample. The 

phases can be identified by comparison o f  the sample diffraction pattern with a set o f
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Standard references provided by the Joint Committee on Powder Diffraction Standards 

(JCPDS) database.

SoHd material can be described as amorphous and crystalline. In amorphous 

materials the atoms airanged in a random way similar to the disorder we fmd in the 

liquid. For example, glasses are amorphous materials. While, in ciystalline materials 

atoms are arranged in a regular pattern, and there is a smallest volume element that by 

repetition in three dimensions describes the crystal. This smallest unit volume element is 

called a unit cell. About 95% o f all solid materials can be described as crystalline.

When an X-ray beam passes through a material its intensity is reduced due to two 

main effects: absorption and scattering. Absorption phenomena are utilized in various 

ways, such as X-ray fluorescence analysis. The scattering o f  X-rays by an atom may 

occur in either o f two ways incoherent and coherent scattering. The interference 

phenomenon associated with coherent scattering are the basis o f X-ray crystallography.

Fig.2.4 X-ray diffraction in Bragg-Brentano 0/2 geometry

X-rays irradiate the sample at an angle 0 to the surface plane o f the sample. A 

detector is rotated to x -  ^ and collects the intensity o f  the diffracted X-rays (also called 

0/29 scan in Bragg-Brentano geometry). The X-rays are diffracted then the Bragg 

condition is satisfied:
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nX -  2d sin 6 (20)

0 is the incident angle (20 is the diffraction angle) and d is the inter-planar spacing 

(also expressed as d/,w ) ,  as shown in Figure 2.4. Using Bragg equation the d-spacing in 

the crystal can be calculated. The Bragg condition will be satisfied for one incident angle 

for each inter-planar distance.

Crystal is a regular three dimensional arrangement o f unit cells and it can be 

regarded as acting as a three dimensional diffraction grating for X-rays. The effect o f the 

grating is to limit the directions in which an observable diffracted beam occurs. 

Directions o f  the diffracted X-rays beams depend on the dimensions o f  the unit cell and 

their intensities on the nature and disposition o f atom within the unit cell. The cell 

constants, crystal system and space group o f the specimen may be detennined form the 

X-ray diffraction pattern. For a cubic ciystal system:

1 _ h  +k  +l  
d

where a is a cell constant. And for hexagonal system:

1 f  l 2 +l (22 )

In addition to crystal structure and preferential orientation, XRD can be used to 

estimate the crystallite size in the sample using Scherrer’s formula. 1918 Scherrer 

derived an equation to describe the broadening o f a reflection in terms o f crystallite size:

D = —^  (23)
Pcos9

where D is the crystallite size, K is a shape factor, ranging from 0.7 to 1.2 (taken as 0.9), 

X, is the wavelength o f the X-rays ( in this thesis, \  = 1.5406 A) and |3 is full width at half 

maximum (FWHM) o f the peak. It should also be noted that the error o f  detennination is 

20-30%.
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From 9/20  scan we can also get information on the specimen texture, i.e. preferred 

perpendicular to the substrate surface crystallite orientation (found from reflection peak’s 

FW HM).

Om ega (co) scans were also performed, co scan is used to investigate the 

orientation o f  the crystallites perpendicular to the surface o f  the sample. In om ega scan 0 

and 20  angles are fixed, thereby satisfying the Bragg condition for only one t/-spacing, 

for example (002). The sample is set at a small co angle regarding to the X-rays incident 

angle (Figure 2.5) and the change o f  intensities o f  the diffracted X-rays is recorded. 

Resulting reflection intensity change from co angle is called rocking curve. The FW HM 

o f  the rocking curve is a direct m easure o f  the range o f  orientation present in the 

irradiated area o f  the crystal.

Generator
Detector

Sample

oj-offset

Fig. 2.5 Graphic presentation o f  co scan

Schultz geometry was also used in this work to study the orientation (epitaxy) o f  

the crystallites in the sample. In this geometry the sample is rotated at (f) angle between 0 

and 360”, while 0 and if/ angles are set for the chosen dhki spacing, as shown in Figure 2.6. 

In this geometry a 4> scan is obtained.
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Sample

Detector .

Generator

Fig. 2 .6  Graphic presentation o f  4> scan in Shultz geom etry

In this work a Philips’s X ’Pert Pro diffractometer with an X ’Celerator and PRS 

Pass detectors and Cu cathode w’ith a wavelength ?tK.a = 1.54056A was used to 

characterise the deposited films. The X ’Celerator detector is an advanced detector that 

uses an array o f many detectors and performs scans much faster than conventional 

detectors.

2.3.2. X-ray Reflectivity

X-ray reflectivity (XRR) measurements were performed using a Philips X ’Pert 

Pro diffractometer. XRR allows measuring the thicknesses o f up to 200 nm depending on 

film’s roughness and density. Another advantage o f XRR is that it is able to indirectly 

measure the surface and interface roughness o f the films. From XRR measurements it is 

also possible to determine the density o f  the film (Figure 2.7). The index o f refi-action n 

for X-rays is less than one, thus at a critical angle total interaction refraction occurs for 

the X-ray beam passing fi'om the ambient medium (air) into the thin film. The index o f 

refraction, n, is given by:

n = \ - S  + ij3 (24)
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w here 5, the dispersion is given by

where is the classical electron radius, ng is the electron density and k  is the wavelength 

o f  radiation. The dispersion can be related to the mass density o f  the material. Thus, this 

allows us to then relate the critical angle, 6c, where the beam first begins to penetrate the 

film, to the mass density, p,  o f  the film neglecting (3:

l - S  X (26)

cos 6^=nJn^.^  (27)

(28)

where is dispersion at critical angle and given by:

^ r / r =  — = — ( 29)
2 271  ̂ A

where Na is Avogadro number, Z is the num ber o f  electrons per atom and f  is a 

correction term due to the X-ray absorption edge. Thus, we can detennine the mass 

density o f  the material. The Kiessig fiinges that result fi'om interference after the beam 

has entered the sample can be used to determ ine the thickness:

4^2

where t is the thickness o f  the film, m is the order o f  the fiinge and a,„ is position o f  the 

fringe in radians. Surface roughness can be also determined by m odelling the extinction 

o f  the reflected intensity and the attenuation o f  the Kriessig fiinges.
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Plateau: sam ple size, flatness, ab so rp tio n , in s tru m e n t 

'C r i t ic a l  ang le :density

D istance o f oscillations: layer th icknesses

A m plitude: roughness, reso lu tio n , 
in te rface  quality, 
density  varia tionsShape:

roughness,
density background:

in s tru m e n t

0.0 0.5 1.0 I.S 2 0 2.5 3.0 3.5 4.0

Angle of incidence 0 [deg]

F ig .2 .7  P ossib le  features w ith explained  sources in X -ray reflectiv ity  curve, fi'om P hilips 

Panalytical .

XRR measurements were perfonTied by doing 0/20 scan from 0” to 3". The 

intensity curves are then modelled using Philips X ’Pert Reflectivity software which 

calculates the optical properties o f the layers and fits using a least squares method.

2.3 .3 . White Light Interferometry

White Light Interferometer was also used for thickness measureinents for the 

samples with thicknesses over 200nm. Measurements were performed using Zygo New 

View 100 white light interferometer located in Centre o f Microscopy and Analysis, 

Trinity College Dublin. Prior the measurements samples were masked using photoresist 

and then etched using HF or HCl acid creating a sharp film-substrate step.

Interferometry is a traditional technique in which a pattern o f bright and dark lines 

(fringes) result from an optical path difference between a reference and a sample beam. 

Incoming light is split inside the interferometer, one beam going to an internal reference 

surface and the other to the sample. After reflection, the beams recombine inside the
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interferom eter, undergoing constructive and destructive interference and producing the 

light and dark fringe pattern. A precision translation stage and a camera together generate 

a three-dim ensional interferogram o f  the sample, which is stored in the com puter 

memory. The 3D interferogram is then transform ed by frequency domain analysis into a 

quantitative 3D image. The m inimum  vertical resolution o f  Zygo New View 100 is 0.1 

nm.

Interferometry is a non-contact technique for measuring surface roughness (Ra) 

on a range o f  samples. A surface profile is also generated to coincide with the area used 

for m easuring surface roughness.

2.3.4. Atomic Force Microscopy

Atom ic force m icroscopy (AFM, Digital Instruments) was used to study 

m orphology o f  the samples. This technique does not require any special sample 

preparation. Using pressurised Ar gas, the dust was removed from the surface o f  the 

films, after that, sam ples were attached to the holder.

AFM m easurem ents were performed using a tapping mode AFM. In tapping 

mode, it measures topography by tapping the surface with an oscillating tip. This 

eliminates shear forces, which can dam age soft samples and reduce image resolution. As 

the cantilever bounces vertically, the reflected laser beam is deflected in a regular pattern 

over photodiode array, generating a sinusoidal electronic signal. The signal is converted 

to a root mean square (RM S) am plitude value, which is displayed in AC volts on the 

Tapping M ode output signal meter. The reflected laser beam ("return signal") reveals 

inform ation about the vertical height o f  the sample surface, and some characteristics o f  

the sample material itse lf These may include elasticity, (hardness) magnetic and/or 

electric forces present.

2.3.5. Magnetic Force Microscopy

M agnetic force m icroscopy (M FM , Digital Instruments) was used to study 

m orphology o f  the ferromagnetic samples. MFM uses the same tapping cantilever as in 

AFM, although cantilever is equipped with a ferromagnetic tip, which scans the surface
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o f  the ferromagnetic sample. This provides a map o f  the topology o f  the sample. The 

cantilever is then lifted a certain distance from the surface. The scan is repeated without 

the “tapping” o f  the surface, keeping a fixed height using the topology recorded in the 

first scan. Any deflection o f  the tip during the scan will occur only due to a magnetic 

interaction between the surface o f  the film and ferromagnetic cantilever tip. This 

deflection is m easured using a laser and m apped to an image. From the scans performed 

in this mode it is possible to see magnetic domains o f  the sample and the size o f  domains.

2.3.6. Scanning Electron Microscopy

M orphology o f  the samples was also studied using a scanning electron 

m icroscope (SEM , variable pressure Hhachi S-3500N).

The scanning electron microscope accelerates electrons that have been generated 

by heating a tungsten filament through a many kilovolt potential. The electrons are 

focused to a beam by magnetic lenses and irradiated onto the sample. The electrons 

interact with the sample under investigation. The most important interactions o f  the 

electrons in SEM are leading to the emission o f  backscattered electrons, secondary 

electrons and X-rays.

filament

source of electrons

anode

condenser

magnification

catliode

image

condenser
scan generator

I I
beam■ objective

photo multiplier

specimen collector

Fig. 2.8 Principal schem e o f  SEM
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Backscattered electrons are formed when the beam electrons encounter the nuclei 

o f  atoms within a sample. If they interact at an angle close to that o f  the incident beam, 

they m ay be backscattered. The num ber o f  backscattered electrons depends on the atomic 

num ber o f  the atoms in the sample. The higher the atomic number, the more likely 

electrons will interact with the nuclei. Backscattered electrons can be used to produce an 

image, which will give details o f  the specimen in terms o f  the elements that make it up. 

Thus, elem ents with higher atomic numbers will give a brighter image.

Secondary electrons are the m ost important in the SEM technique. They are 

formed when the electrons interact with the electrons in the sample, rather than the 

nucleus. Energy loss is observed during this interaction resulting in a slight deflection in 

the path o f  the incoming electrons and the ionisation o f the sample electrons. The 

electrons that exit the sample at lower speed than backscattered electrons are called 

secondary electrons. Because secondary electrons have a low energy they have to be 

collected by detector near the surface o f  the sample, thus giving an impression o f  the 

topography o f  the sample.

2.3.6.1. Energy Dispersive Analysis o f  X-rays

The X-rays in SEM microscopy are used in a technique called Energy Dispersive 

Analysis o f  X-rays (EDAX).

The SEM used for morphology studies was also equipped with (EDAX) elemental 

analyser. The bom bardm ent o f  electrons from the beam produces X-rays as well as the 

backscattered and secondary electrons. Once the secondary electrons are produced, there 

is a resulting vacancy in the shell (usually the K-shell) o f  the ionised atom. Then the 

higher energy electrons from higher outer energy levels can occupy the position with the 

low er energy thus emitting the excess energy in the form o f  X-rays. The X-rays produced 

are characteristic o f  the elem ent and can be detected and separate into energy spectrum. 

From the peaks positions and their intensities in the energy spectrum, the elements and 

their relative abundances in the sample can be found.

Approxim ately 5 measurements were taken for each o f  the analysed samples. The 

error in m easurem ent was determined from the standard deviation o f  these measurem ents.
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2.3.7. SIMS and XPS

Secondary ion mass spectroscopy (SIMS) and X-ray photoem ission spectroscopy 

(XPS) analysis was performed in the Material Research institute o f  Vilnius University 

using RIBER LAS-SIA2000 (SIMS AUGER XPS) analyser. In SIMS a beam  o f  ions is 

used to sputter the surface and the ionised fragments are monitored using a mass 

spectrometer. For depth profiling the intensities o f  these fragments are recorded as a 

fijnction o f  erosion depth. Using standards the signal m ay then be translated into 

concentration. Quantification in SIMS is generally applicable for m easurem ent o f  dilute 

im purities in dilute matrices. The main application o f  depth profiling SIMS is 

m easurem ent o f  dopants and impurities in semiconductor materials. During SIMS 

analysis, the sample surface is slowly sputtered away. Continuous analysis information as 

a function obtains composition o f  depth. Depth resolution o f  a few Angstrom s is possible. 

High sensitivity mass spectra can be recorded or reconstructed at any depth o f  the depth 

profile.

In XPS, the surface is irradiated with X-rays, which excite the photoelectrons. A 

m ajor advantage o f  the technique is that the energy spectrum  o f  the photoelectrons is 

dependent on the precise chemical configuration o f  the surface atom s and that 

pronounced chemical shifts are produced in the position o f  the peaks in spectrum 

providing information regarding chemical bonds. Chemical bonding will clearly have an 

effect on both the initial state energy o f  the atom and the final state energy o f  the ion 

created by emission o f  the photoelectron. So the presence o f  chemical bonding (and 

hence, neighbouring atoms) will cause binding energy shifts that can be used to extract 

information o f  a chemical nature, such as atomic oxidation state, from the sample surface. 

For this reason, XPS is also known as Electron Spectroscopy for Chem ical Analysis 

(ESCA).

2.3.8. Optical Spectroscopy

Optical spectrometry m easurem ents were performed using a dual-beam 

PerkinElm er Lambda 900 Spectrophotometer, which measures transmission for 

wavelengths ranging from 180-3300nm. To balance the signal difference between two 

arms transm ission was first m easured with the sample holders, without any samples.
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Effect o f  the substrate was also determined by m easuring transmittance with the substrate 

loaded in one sample holder. Then measurements were carried on the samples. Analysed 

sam ple was placed in one sample holder and the reference substrate in the second sample 

holder and transmission spectra was obtained in the visible wavelength range from 300- 

800nm.

2.3.9. Raman Spectroscopy

Raman spectroscopy is named by Indian physicist C. V. Raman who first 

observed the inelastic scattering phenomenon in 1928 and for it he was awarded the 

Nobel Prize for Physics in 1930. The Raman Spectroscopy technique is based on the 

interaction o f  electrom agnetic radiation with a molecule. The interactions o f  photons with 

a m olecule can yield three phenomena: absorption, emission and scattering. In absorption 

event, the photon transfers its energy to the molecule, resulting in its transition to a higher 

energy state. Emission occurs when the m olecule drops from a higher energy state to a 

low er one, and the energy lost in this process is emitted as a photon. Scattering occurs as 

an immediate etTect (~ 10''“* s) o f  the interaction o f  the photon with the molecule. The 

vast majority o f  scattered photons have exacdy the same energy, thus the same 

wavelength, as the incident photons and are known as Rayleigh scatter. A small portion 

(approxim ately 1 in 10^) o f  the scattered radiation is shifted to the different wavelengths. 

The process leading to this inelastic scatter is termed Raman effect. The most o f  the 

Raman scattered photons are shifted to the longer wavelengths (Stokes scattering), but a 

small portion o f  these photons are shifted to shorter wavelengths (anti-Stokes scattering). 

Figure 2.8 shows a diagram o f  scattering effects occurring in Raman. Raman scattering 

can occur with a change in vibrational, rotational or electronic energy o f  a molecule.
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Fig. 2.9 Energy-level diagrams o f  Rayleigh scattering, Stokes R.aman Scattering and anti-Stokes

Raman scattering

Stokes scattering is much more common than anti-Stokes scattering because at any given 

time an electron in the m ost common temperature range is more likely to be in its lowest 

energy state, in accordance with Boltzmann distribution. For this reason, it is the 

m easurem ent o f  Stokes bands, which are o f  m ost importance in Raman spectroscopy. A 

Raman Spectrum is a plot o f  the intensity o f  Raman scattered radiation as a fianction o f  its 

frequency difference from the incident radiation (usually expressed in cm '). This 

difference in a frequency is called Raman shift.

The energy o f  a vibrational mode depends on m olecular structure and 

environm ent. Atomic mass, bond order, m olecular substituents, m olecular geom etry and 

hydrogen bonding all affect the vibrational force constant which, in turn dictates the 

vibrational energy. Vibrational Raman spectroscopy is not limited to intram olecular 

vibrations. Crystal lattice vibrations and other m otions o f  extended solids are Raman- 

active. Their spectra are important in such fields as polym ers and semiconductors. In the 

gas phase, rotational structure is resolvable on vibrational transitions. The resulting 

vibration/rotation spectra are widely used to study com bustion and gas phase reactions 

generally.

Raman spectra were measured with a Renishaw 1000 M icro-Raman system. The 

laser used was an Ar^ ion laser (Laser Physics Reliant 150 Select M ulti-Line) with an 

excitation wavelength o f  514.5 nm and a typical laser pow er o f  3mW.
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2.3.10. SQUID

M agnetic m easurem ents were performed using a Quantum Design MPMS XL 

m agnetom eter, which has a SQUID and 5T magnet in its heart. In a SQUID 

m easurem ents can be performed at the temperatures o f  2 - 300K. SQUID is a 

superconducting quantum  interference device, which consists o f  a superconductor with 

two parallel Josephson junctions. I f  a magnetic field is applied perpendicular to the plane 

o f  the superconductor, the electrons undergo a different phase shift in the two Josephson 

junctions, resulting in destructive interference, which yields a field dependent voltage 

that can be accurately m easured. The output voltage o f  the SQUID is proportional to the 

moment.

The ferromagnetic m oment o f  the thin DMS films is very small compared to the 

diam agnetic moment o f  the much thicker substrate. The film’s magnetic moment was 

obtained by subtracting the substrate’s linear diamagnetic moment, using a straight line 

fit (in Origin program ) o f  the values at higher magnetic field, where the ferromagnetic 

m om ent is saturated and does not contribute to the increase o f  the actual moment o f  the 

film.

Before measuring the samples, the dust was removed from the surface. Also silver 

ink, which is used to attach the film to PI MOCVD sample holder, was removed from the 

back side o f  substrate. Then, the com ers o f  quadratic samples were cut off, so that the 

sam ple could be fitted into a straw (5mm in diameter). After that, the straw was loaded 

into the SQUID to perform a scan. Typically, scans were performed at 300K.

2.3.11. Vibrating sample magnetrometry

M agnetisation m easurem ents o f  up to 900 K were m ade by vibrating sample 

m agnetrom etry (VMS). The applied field o f  up to 1.1 T was created in the bore o f  two 

concentric Hallbach cylinders. M agnetic field can be varied by rotating the cylinders with 

respect to each other. The m agnetisation o f  the sample is vibrated at a frequency Of 29.4 

Hz and induces a voltage in a set o f  pick-up coils, which are also located inside the bore. 

The vohage can be expressed by Faraday’s Law;
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The obtained voltage is then referenced against that o f  a known calibration sample 

(Ni sphere) and the magnetisation is deduced. The magnetisation o f Ni sphere is 55.86 

Am^kg'.
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Chapter 3 Codoped ZnO films

Chapter 3: Co-doped ZnO films

3.1. Introduction

ZnO  is a transparent oxide that crystallises in a hexagonal wurtzite structure. In 

the nature ZnO occurs in the form o f  white hexagonal crystals or white powder 

com m only known as zinc white, although, high quality single-crystalline zinc oxide is 

almost transparent. Bulk ZnO has a density o f  5660 kg/m^. M elting point o f  ZnO  is 1975 

"C and decomposition occurs upon melting

ZnO  is a very important chemical compound that found a numerous applications 

in different areas o f  industry, including pharm acy and cosmetics. ZnO is one o f  the 

ingredients in the commercial manufacture o f  rubber goods. It found the use in the 

preservation o f  plantation latex as it reacts with the enzyme responsible for the 

decomposition. In the production o f  latex foam ZnO is particularly eflective in gelation 

o f  the foam with increased stability. ZnO provides a high degree o f  whiteness and tinting 

strength in rubber products (surgical gloves) also acting as an effective stabiliser as it is 

very effectively absorbs the UV. In the plastic industry ZnO is used to increase the heat 

resistance and mechanical strength o f  acrylic composites. It contributes to the fomiation 

o f  epoxide resin, while adding ZnO together with aliphatic polyamines imparts higher 

tensile strength and water resistance. Applications in development for ZnO  stabilised 

polypropylene and high-density polyethylene include safety helm ets, stadium seating, 

insulation, pallets, bags, fiber and filament, agricultural and recreational equipment.

Some o f  the new er applications o f  ZnO are used in ceramics, such as electronic 

glass or low melting glass for metal-to-glass seals. When added to glass ZnO reduces the 

coefficient o f  thermal expansion, imparts high brilliance and lustre together with high 

stability against deformation under stress.

In pharm acy ZnO is mainly used in zinc soap, ointment, dental inlays and food 

powder. The optical properties o f  ZnO are used in cosmetics, for example, in creams and 

powders to protect the skin from absorbing the UV sun rays.

Other applications o f  ZnO would include such areas as adhesives and sealants, 

photocopying equipment, paints, m etal-protective coatings and many others.
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Fabricated in the film form ZnO is a transparent w ide band gap semiconductor 

with a direct energy gap o f  3.37 eV  at room temperature. ZnO is a strong piezoelectric 

in which the piezoelectric properties can change the characteristics o f  potential energy 

barriers at interfaces. Piezoresistance o f  ZnO is exploited in metal oxide varistors, which  

can dissipate large amount o f  power in a short response times and are com m only found as 

electrical surge protectors ZnO has a strong potential for various short-wavelength  

optoelectronic device applications. In order to explore its optoelectronic properties both 

high quality n-type and p-type ZnO is necessary.

ZnO thin film usually has N -type conductivity due to electron doping via defects 

including Zn interstitials (Zn,), O vacancies (Vq) in the ZnO lattice or different impurities 

(tor exam ple hydrogen), although, the real nature o f  residual N-type conductivity in 

undoped ZnO films is still remaining unanswered. Som e authors suggested that it is 

Znj rather than Vo is a dominant native shallow donor in ZnO, w hile others claimed  

that n-type conductivity in ZnO is only due to hydrogen (H). N-type doping is very easy 

to achieve, for exam ple, high electron carrier density can be realised by doping ZnO with 

group III elem ents (Al, Ga, In)

In contrast, P-type doping o f  ZnO is difficult to attain. The main difficulties could 

arise from different causes, like, low solubility o f  dopant in the host matrix or dopants 

may be compensated by low -energy native defects. P-type doping in ZnO may be 

possible by substituting group I elem ents (Li, Na and K) tbrZn sites or group V elem ents 

(N, P and As) for O sites. However, due to small atomic, radii group 1 elem ents tend to 

occupy interstitial sites rather than substitutional sites, and therefore, act mainly as donors 

in ZnO Moreover, K and Na have significantly larger bond length than ideal Z n -0  

(1.93 A), which induces lattice strain and increases the formation o f  native defects such 

as vacancies that com pensate dopants '̂*’1 All these reasons lead to the difficulties in 

attaining P-type doping in ZnO. It was predicted that N could be a good candidate tor a 

shallow P-type dopant in ZnO although solubility o f  N in ZnO is very low. For this 

reason different growth methods and different N sources were tried in order

to get p-type conductivity in N -doped ZnO. Although, the reproducibility o f  producing p- 

type ZnO still remains to be a major problem, which has to be solved before ZnO can be 

used in optoelectronics applications such as LEDs and laser diodes (LDs).
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Chapter 3 Co-doped ZnO films

ZnO  is also a prom ising candidate for spintronics applications. Interest in ZnO- 

based DMSs was initially generated by the theoretical work o f  Dietl and co-workers 

Their calculations showed M n-doped ZnO would exhibit above-room-tem perature 

ferrom agnetism  if  the material was grown with substitutional Mn^^ ions and sufficiently 

high levels o f  some p-type dopant. Recently, M n-doped ZnO has been showed to be 

ferromagnetic, but Curie tem perature was 250K '̂*1 Subsequent experiments, on C o

doped ZnO, performed by Ueda et al, showed ferromagnetism up to 320K Several

groups have fabricated transition (TM) metal doped ZnO, where TM  is Sc Ti
2 ,]^ V Cr I'*'-''], Mn [ ' 9 . 20 , 2 3 -2 5 ]  ̂ [2 ,]^ [20 ] [ 19, 2 1 , 2 5 -2 8 ]̂  [ 19-21 , 2 9 ] [2 0 , 21 ]

using different techniques. Although, there is a lot o f  controversy about the source o f  

ferrom agnetism  in TM -doped ZnO films found in different reports. Detailed review on 

recent status in a field o f  TM -doped ZnO is presented in Chapter 1.4.3.1.

Assum ing that ZnO can be made ferromagnetic by doping with TM m etals it has 

the potential to be a highly m ultifunctional material with coexisting magnetic, 

sem iconducting, electromechanical and optical properties.

This chapter is mostly focused on the deposition and investigation o f  Co-doped 

ZnO  films. In this work we used PI M OCVD technique to grow Co-doped ZnO. There 

are several reports on Co-doped ZnO grown by conventional CVD although very

few reports have been published on ZnO grown by MOCVD with liquid delivery system 

M ost o f  the attention was paid to the optimisation o f  growth conditions in order to get 

good crystalline quality o f  pure ZnO. The next step o f  the work included doping ZnO 

with Co in order to investigate its magnetic properties. We also investigated the effect o f  

magnetic field applied during the growth o f  Co-doped ZnO films. The main aim was to 

observe the possible changes in structure, m orphology and magnetic properties o f  the C o

doped ZnO films.

3.2. Deposition o f  undoped ZnO films

The initial work o f  this project was focused on the deposition o f  undoped ZnO 

films. To the best o f  our knowledge ZnO films have never been deposited using PI 

MOCVD. Therefore, it was crucial to establish and opfimise deposition conditions for 

achieving good quality crystalline ZnO films before investigating the growth o f  magnetic

78



Chapter 3 Co-doped ZnO films

Co-doped ZnO structures. The influence o f deposition temperature and oxygen 

concentration on the growth o f ZnO was investigated.

3.2.1. Precursor characterisation and screening

All ZnO films were grown using Zn(tmhd )2  precursor. The advantage o f this 

precursor is that it is highly volatile at higher temperature and stable at room temperature. 

The melting point o f  Zn(tmhd ) 2  is \44°C and boiling point is at 250"C Respectively, 

the evaporation temperature o f PI MOCVD reactor was selected in the temperature range 

o f 144-250”C, this should allow precursor vapours to travel to the heated substrate and 

decompose, forming ZnO film. Unfortunately, the premature reactions between Zn- 

metalorganic compound and the oxidant gas (O2 ) were observed under these conditions. 

This led to the particulates forming in the deposition chamber and as a result no ZnO film 

was formed on the substrate.

To avoid undesirable premature precursor reactions a TPA study o f Zn(tmhd )2  

was carried out. TPA showed that at 50 mbar pressure o f Ar gas evaporation o f 

Zn(tmhd )2  precursor began at 90"C, which is much lower than the previously chosen 

evaporation temperature. Relying upon the results obtained t'rom TPA, evaporation 

temperature for the growth o f ZnO was set at 90”C. The resultant growth o f ZnO films 

under different conditions is discussed below.

3.2.2. Studies o f  tiie influence o f  deposition temperature

To investigate the effect o f growth temperature ZnO films were grown on AI2 O3 

(0001) substrates at different temperatures. Deposited films were characterised by X-ray 

diffi-action. The main criterion for deposited ZnO films was good crystalline quality. The 

main deposition conditions are summarised in the Table 3.1.

T able 3.1 D eposition  cond itions for ZnO  grow n at different temperatures

D eposition  temperature 450-600"C  

9 0 ”C ^Evaporation temperature

Carrier gas flow  (A r + O 2) 1500 m l/m in
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Reactor pressure 5 mbar

Zn source Zn(tmhd )2

Solvent 1 ,2 - dimethoxyethane

Solution concentration 0.025 M

Impulse fi'equency 2 Hz

M icrodose mass 4 mg

All films deposited at different temperatures have showed ZnO (002) preferred 

orientation, as shown in Figure 3.1. ZnO (002) orientation is admitted to be preferred for 

films grown on AI2 O 3 (0 0 0 1 ) substrates due to its lowest surface energy

T dep 450  
T dep 500  c  2500 

T dep 525  I 2000 

T dep 550  ^
T dep 575  
T dep 600

. ./W,

 IkUAu

I
ibdMllkMIWiI

70 80

20 (°)

P »
' ' " Ikll

90 100

Fig. 3.1. X-ray diffractogram o f  the ZnO film s deposited at different temperatures. Inset shows 

magnified ZnO (002) reflection at 34.422“; * indicates AI2O 3 (0001) reflections

M oreover, no significant shift o f  the (002) diffraction was observed, indicating that 

residual stress and associated strain may not affect the structural properties o f  the films 

(see inset in Figure 3.1.). Films grown at 450°C, 500"C and 600‘’C showed very poor 

crystalline quality exhibiting very weak ZnO (002) reflection. As the growth tem perature
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Chapter 3 Co-doped ZnO films

increases to 575”C, the intensity o f  the ZnO (002) diffraction peak becomes much 

stronger. The FW HM value o f  the films confirmed that the best crystalline quality films 

were obtained at 550"C with FW HM o f -0 .23°, refer to Figure 3.2. Films grown at 450”C, 

500°C, and bOO^C tem peratures had significantly larger FWHM, indicating poorer 

crystalline quality.

The thickness o f  the ZnO  films was measured using XRR. The change o f  the film 

thickness with deposition tem perature can be seen in Figure 3.2. The maximum growth 

rate was found for the sample grown at 550°C, indicating that this tem perature is optimal 

for the decom position o f  precursor and growth o f  the film. We could not estim ate the 

thickness o f  the films grown at 450°C and 600”C due to its high roughness and low 

density, which resulted in the absence o f  fringes in the XRR measurements. For example, 

the density o f  the ZnO grown at 600”C was only 4.4 g/cm^, as compared to the bulk value 

o f  5.6 g/cm ^ The films grown at lower tem peratures had significantly higher densities 

(5.45 ± 0.05 g/cm^). Sim ilar growth rates were found in some liquid injection M OCVD

0.40
•  Thickness 
O FWHM55-

0.35

0.30

4 0 -
0.25

3 5 -

0.20
450 475 500 525 550 575 600

T deposition , (°C)

Fig. 3.2. Thickness (black symbols) and FWHM (blue symbols) o f  the ZnO films as a function o f  

deposition temperature

grown ZnO  films with the maximum rate found at 550"C. Above that tem perature 

growth rate rapidly decreased. The decrease in the growth rate was attributed to 

desorption o f  ZnO due to its high vapour pressure or decomposition o f  ZnO  The
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low  density o f  our ZnO films grown at 600‘’C could also be explained by desorption or 

decom position o f  the film.

In summary, it was found that the deposition temperature o f  550"C was optimal 

for the growth o f  ZnO films. Resultant films show ed maximum growth rate, high 

intensity ZnO (002) reflection with low est FWHM value. This optimal temperature was 

used for all further depositions o f  ZnO films.

3.2.3. The influence o f oxygen concentration

To find the optimal oxygen concentration ZnO film s were deposited at 550°C at 

different O2 content in the carrier gas mixture. O2 concentration was varied fi-om 0%, 

25%, 35% and 50% in total gas mixture. All other deposition conditions are similar as 

described in Table 3.1.

Again, on ly  the ZnO (002) diffraction peak could be found for all films deposited  

at different O2 concentrations, however, no film formation was observed when O2 

concentration was 0%. This means that O 2 is essential to promote the decom position o f  

the precursor vapours.

ZnO (002) peak intensity increased together with O 2 concentration. The highest 

peak intensity was found for the films deposited at 50% O2 in the total gas mixture, 

indicating that the strongest preferred orientation along the c-axis is obtained (Figure 

3.3.). FWHM measured for the (002) diffi'action o f  ZnO decreased with O2 concentration, 

also confirming that the better ciystalline quality o f  the films is achieved at 50% O2 .

The average crystallite size o f  ZnO films formed at different O2 concentrations 

was calculated fi'om (222) diffraction using Scherrer formula. For films grown at 20 % 

O2 calculated average crystallite size was ~  35nm, for 35% O2 it was ~  42nm  and the 

maximum crystallite size o f  ~  53nm was found for 50% O2 , The average surface 

roughness (Ra) and surface morphology were measured by AFM (Figure 3.4.). In 

correlation with the increased crystallite sizes, surface roughness also increased fi'om 

2.3nm to 6.26 nm with increase in O2 from 20% to 50%. In addition, formation o f  larger 

crystallites at 50% O2 is also confinned by AFM.
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Fig. 3.3. X -ray diffractogram o f ZnO (002) difTraction as a function o f  oxygen concentration

Tiie increase in c iysta llite  size together w ith  surface roughness w ith O2 concentration is 

attributed to an increase in precursor decomposition reaction and consequently increased 

reaction rate. A t these conditions the reaction at the substrate surface becomes d ifflis ion- 

rate hmited, consequently fewer growth centres are fonned resulting in the fonnation o f 

larger crystallites.

XPS analysis o f  the ZnO film  surface showed that oxygen content in the film s is 

noticeably decreasing w ith  decrease in O2 concentration. Stoichiometric film s w ith  Zn/Co 

= 1 were obtained on ly for 50% O2 . The Zn/Co ratios o f  1.18 and 1.32 were found for the 

film s grown at 35% and 20% O2 respectively.

50% O 2 35% O 2 20% O 2

Fig. 3.4. A F M  images o f  ZnO films at different O 2 concentrations. The scale size o f a square is 10/xm.
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Thus, results described in this section showed that ZnO tilms grown at 50% O2 were 

stoichiometric and had best crystalline quality. Oxygen concentration o f  50%  was selected  

for the deposition o f  Co-doped ZnO films.

3.3. Co-doped ZnO films

Ferromagnetism in diluted magnetic oxides is the most interesting new problem in 

magnetism. The results are found to be very sensitive to the form o f  the sample and 

preparation method. Follow ing the original report by Ueda e l  al. there have been a 

numerous reports on the wide-gap semiconductor ZnO, which exhibit ferromagnetism  

with Curie point above room temperature, when a few atomic percent o f  Co or 

another transition element is substituted for ZnO. However, these results are very

controversial, for exam ple Ueda e l  al. found that saturation magnetization (M s) per 

Co atom in PLD grown Co-doped ZnO films was lyLnlCo. W hile, Venkatesan el al. 

found a maximum saturation moment o f  2.6/x«/Co in som e PLD grown ZnO films doped  

with 5% o f  Co, in addition films showed enormous in-plane anisotropy. A very low  

saturation moment o f  0.7/is/C o was found in som e laser ablation grown (Z n ,C o)0  films 

And even smaller moment o f  0.56/ifl/Co was observed in spin-coated (Z n ,C o)0  films 

moreover magnetization curve measured at 350K  showed hysteresis loops with the 

coercive field o f  80 Oe in 20% doped sample. In M OCVD deposited (Z n ,C o)0  films 

the reported value o f  mom ent per Co atom at room temperature ranged fi'om 0.01 to 

0.07jU/;/Co, and coercive fields were in the range o f  100-200 Oe.

3.3.1. Preparation o f  Co-doped ZnO films

To probe the origin o f  high-temperature ferromagnetism in Co-doped ZnO thin 

films system atic variation o f  magnetism as a fiinction o f  Co concentration was examined.

The main deposition conditions for Co-doped ZnO films are presented in the table below .

10 different coatings were prepared on c-cut and r-cut sapphire substrates by PI 

M OCVD. Co concentration in the precursor solution was increased fi'om 1 to 20 mol%
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and Zn concentration in solution was m aintained to be constant (0.025mol/l). The 

thickness o f  the films varied with Co concentration and increased from 59nm to 102nm 

for 20%  Co doping, as measured by white light interferometer.

Table 3.2 Deposition conditions for Co-doped ZnO films

D eposition temperature 550“C

Evaporation temperature 9 0 ”C

Carrier gas flow  (Ar + O 2 ) 1500 ml/min

Reactor pressure 5 mbar

M etalorganic precursors Zn(tmhd)2 , Co(tmhd)j

Solvent 1,2- dimethoxyethane

Zn/(Co-i-Zn) concentration in solution 0.025 mol/l

C o/(C o+Zn) concentration in solution 1 , 2 , 5 ,  10,20%

Impulse frequency 2 Hz

M icrodose mass 4 mg

Substrates A l2 0 ,(0 0 0 l) ,  A l2 0 , ( l i0 2 )

3.3.2. Characterisation o f  the films 

3.3.2.1. Film composition

Film com position was examined using three different techniques: EDAX, SIMS 

and XPS. Co concentration in the film m easured by EDAX was found to be only slightly 

larger than that o f  the precursor solution (Figure 3.5). Errors were calculated as the 

average standard deviation using five measurements on each o f  the samples. Co 

concentration in a films deposited using 1 and 2% o f  Co in precursor solution was below 

detection limit o f  the instrument.

The Co doping concentration measured by the surface sensitive SIMS and XPS 

techniques is considerably larger than that obtained by EDAX (Figure 3.5), which for 

these films can be considered as a bulk technique. For the 1% Co doped ZnO films the 

signal was too small to be detected by the XPS and SIMS. Significantly higher Co 

concentration detected by SIMS and XPS suggests that distribution o f  Co in the films is 

not uniform. The formation o f  a Co-rich surface layer is also confirmed by the SIMS 

depth profile o f  a 20% Co-doped film shown in Figure 3.6. For this particular film the
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surface layer with enhanced Co concentration is about 20nm thick, and the transition 

from a highly doped surface layer to a film with a substantial lower Co concentration is 

quite sharp.

EDAX Gout 
- ♦  SIMS Gout 
- A  SIMS Rout 
- A -  EDAX Rout 

■  XPS Rout 
- D  XPS Gcut

□
u  - ) — ,— I— I— I— ,— I— I— I— I— I— —̂ I— I— I— I— I— 1— I— I— I— I—

0 2 4 6 8 10 12 14 16 18 20 22

C o  in so lution , (%)

Fig. 3.5. Comparison o f  SIMS, XPS and EDAX measurements for Co-doped ZnO films on AI2O3 

(0001) and AI2O3 (U 0 2 ) substrates.
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Fig. 3.6. S IM S deptli profile o f  the 20%  Co-doped ZnO film on A I2O 3 ( n 0 2 )  substrate

XPS analysis was also used to characterize the charge state o f  the Co ions in the 

film s. Figure 3.7, shows the Co 2p electron spectra for Co-doped ZnO films w ith

different doping concentrations. It is expected, that Co^^ would incorporate into the
2^ • • . . .  . 2 + 

wurtzite lattice at Zn sites, since the ionic radii o f  four-coordinate Zn and Co (0.060

and 0.066nm respectively) d iffe r by only 10%. In addition Co"^ is very soluble in ZnO

The Co 2 p3Q and 2 p i /2 core levels fo r Co-O bonding are measured at 780.6 eV and

796.3 eV. Indeed, these binding energies are comparable to those o f  Co photoelectrons

in CoO and C0 3 O4 Moreover, two shake-up satellites are visible at higher binding

energy. These satellite peaks are typical for Co ions in the divalent Co^^ state and are not

observed for Co^^. F inally, no maximum is measured at 777.7 eV, the binding energy o f

m etallic Co, and hence the presence o f  Co clusters can be ruled out. From the XPS

analysis we conclude that Co in ZnO woirtzite lattice is present in Co^^ state and that

m etallic Co or other secondary phases do not form during the PI M O C VD  growth.
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Fig. 3.7. XPS spectra o f  Co 2p electrons o f  Co-doped ZnO film s with different Co concentrations

3.3.2.1.1. X-ray absorption spectroscopy

Additionally, to probe the vacant states of the conduction band of the Co 2p, O Is 

and Zn 2p for the magnetic and non-magnetic samples the X-ray Absorption 

Spectroscopy (XAS) was performed in Trinity College Dublin. For the best comparison

the measurements were performed on undoped ZnO film and 2% Co doped ZnO
2+magnetic and also nonmagnetic samples. The results of the Co 2p XAS show Co ions 

substituted for Zn ions tetrahedrally coordinated by oxygen anions. The results compared 

for the 2% Co doped magnetic and 2% Co doped non-magnetic films are shown in Figure 

3.8.
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Fig. 3 .8 . 2% Co doped ZnO: Co 2p X A S. Magnetic sample is in red crosses; nonmagnetic sample 
is shown in blue circles

The O 2p XAS spectra o f  both o f  these doped fihns have an additional shoulder 

close to the threshold o f  absorption at 531 eV, shown in Figure 3.9. This corresponds to 

the Co 3dt2 states hybridised with O 2p states in the conduction band. However, the 

m agnetic film has another shoulder extending into the below-threshold region o f  the non

m agnetic films, located at 527 eV. It is strongly suggested that these additional states are 

caused by defects present in the magnetic film and are strikingly sim ilar in character to 

the features noted in the O Is  XAS spectra o f  the PLD grown films^‘̂ 1̂
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Fig. 3.9 O 2p X AS spectra for 2% Co doped magnetic film (red), non-magnetic film (blue), and 
undoped ZnO (black)

O K  Resonant Inelastic X-ray Scattering (RIXS) was also performed to probe the 

valence band of the Co-doped ZnO and undoped ZnO samples. RIXS analysis of 

MOCVD grown samples did not show the same degree of ‘filling in’ of the valley 

between the Zn 3d states located at 514.0 eV and O 2p states between 516 eV and 518 eV 

as the PLD grown filmŝ '*̂ .̂ Figure 3.10 shows the emission spectrum obtained for 

excitation energy of 534.6 eV corresponding to an excitation of a O Is electron into the 

states in the first peak of the absorption spectrum. No difference in the emission spectrum 

is seen for magnetic and non-magnetic Co-doped ZnO. Since the MOCVD grown films 

w'ere pix)duced at a high oxygen pressure, oxygen vacancy defects are not expected to be 

present as they are in PLD films giDwn at very low pressures. This suggests that the role 

played by the oxygen vacancy defect in the films is not ciitical. The defects signature 

seen in the absorption threshold of the O Is XAS spectra in the both the PLD and 

MOCVD grown films is more likely associated with ferromagnetic ordering.
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Fig. 3.10. O AT X -ray emission spectrum for 2% Co-doped non-magnetic and magnetic ZnO films

3.3.2.2. X-ray diffraction

X R D  analysis revealed that all Co-doped ZnO films grown on AI2 O3 (0001) and 

A I2 O3 ( n 0 2 )  substrates showed good crystalline quality independent on Co 

concentration. As shown in Figure 3.11, the resultant films exhibit high quality single 

crystalline (0 0 1 ) and ( 1 1 0 ) orientations perpendicular to the film  plane on A I2 O 3 (0 0 0 1 ) 

and A I2 O 3 (U 0 2 ) substrates respectively. Good film  quality was also confinned by 

measuring FW H M  for rocking curves, which were as low as ~1” and -0 .8 ” for film s on c- 

cut and r-cut sapphire. In addition, the FW HM  o f the Co-doped ZnO (002) and (110) 

reflections and their rocking curves did not change drastically w ith Co concentration.
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F ig . 3. 11.  X R D  0-20  spectra o f  Z nO  film s w ith different C o concentrations, grow n on A I2 O 3 

(0 0 0 1 )  and A I2 O 3  (1 1 0 2 )  substrates sh ow ing  good  crystalline quality even  for h igh est Co  

concentration  in precursor solution
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XRD analysis was performed for all o f  the samples and did not show any 

presence o f secondary phases o f CoO, C0 2 O3 or C0 3 O4 , or clusters o f  metallic Co, even 

for 20% Co concentration. However, it is well known that XRD is not very sensitive for 

detecting secondary phases, especially if  secondaiy phase clusters are less than lOnm in 

size. Since all o f  the above mentioned cobalt oxides are not ferromagnetic, they could not 

contribute to the room temperature ferromagnetism in Co-doped ZnO. The only possible 

ferromagnetic secondary phase in Co-doped ZnO system is metallic Co clusters. Some o f 

the magnetron sputtered and pulsed-laser deposited Co-doped ZnO films grown in our 

laboratory exhibit a small XRD reflection at 76.7“, which indicates the presence o f a 

hexagonal Co (110) phase. For this reasons the detailed measurements with a 25 times 

larger data collection scans were performed for the 70” ^ 6  >80" (Figure 3.12).

C
D
Oo  10

O)o

(/)c
0

Fig. 3.12. Detailed XRD 0-20  scan for ZnO films with 10% and 20% Co concentrations, grown on 

AI2 O3  (1102) substrate. No presence o f  metallic Co clusters at 76.7” 20  is seen in the scan
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From Figure 3.12 we can see no peak at 76.7 ” even for highest Co concentrations, thus 

ruling out the possibility o f formation o f metallic Co clusters in our Co-doped ZnO films.

From the X-ray diffraction it is also possible to calculate Co-doped ZnO film 

lattice parameters. The c parameter o f the (001) orientated crystal o f ZnO was determined 

by measuring the (002) ^/-spacing. The bulk value for the 16 angle o f ZnO is 34.426”, 

which yields a J-spacing o f 2.603A, and thus from Bragg’s equation a c parameter o f

To determine the a lattice parameter o f  (001) ZnO, a (103) (/-spacing was 

measured. From the (103) ^/-spacing and c parameter, the a parameter can be calculated:

For (110) orientated ZnO, the a parameter was obtained by measuring the (110) d- 

spacing. From the (110) d-spacing with a bulk 20 value o f  56.612”, the a parameter is 

given by a = 2d. The c parameter is determined through the (/-spacing o f the (112) plane:

It is well known that the lattice parameter varies with such things, like crystal 

composition, temperature, pressure, doping level and etc. An increase o f Co-doped ZnO

In our samples, the a lattice parameter calculated for undoped ZnO film grown on 

AI2 O3 (0001) was much lower (3.1607A) than that o f a bulk ZnO (3.25A). Such a 

deviation o f  lattice parameter o f undoped ZnO film fi"om it’s bulk value could be due to 

strain effect caused by significant lattice mismatch (Aa/a= -31.8). No expected increase in 

the a lattice parameter was observed with Co concentration in ZnO films. In fact, for the 

films grown at higher Co concentrations the a lattice parameter decreased (Figure 3.13, 

red symbols). Keeping in mind, that Co distribution through the film’s thickness is not

5.206A.

a = (27)

c = (28)

lattice parameter is expected with Co concentration due to the substitution o f  Zn by 

larger
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unifonn and significantly low er at substrate/film interface (refer to Chapter 3.3.2.1) could 

explain such change in a lattice parameter. On the other hand, the c lattice parameter for 

undoped ZnO film  was higher than that o f  bulk ZnO, but sharply decreased with Co 

concentration. For the film s grown on A I2 O 3 (0001) substrate c lattice parameter is 

perpendicular to the substrate surface, thus, associated strain is not that significant as for 

in plane a lattice parameter and would not affect c parameter strongly.

•  c lattice parameter
•  a lattice parameter
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Fig, 3 .13.The change o f  c and a lattice parameters in Co-doped ZnO films on A I2 O 3 (0001) as a 

function o f  Co concentration

Both the c and a lattice parameters for the undoped ZnO films on A I2 O 3 (1102) 

are lower than those o f  bulk ZnO. Figure 3.14 shows the change in a and c lattice 

parameters in Co-doped ZnO films. No expected increase in c lattice parameter was 

observed w ith  Co concentration up to 5% Co doping. The a lattice parameter did not 

change drastically for up to 10% Co doping, except for shaip increase in i t ’s value for 

highest Co concentration. Again, the possible explanation for the observed changes in 

lattice parameters w ith  Co concentration in a film  can be associated w ith the formation o f
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Co rich surface layer due to diffusion o f  Co^^ ions to the surface o f  the film, as confirmed 

by XPS and SIMS analysis.

•  c lattice parameter
•  a lattice parameter5.21 3.252

Bulk ZnO
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Fig. 3 .14 . The change o f  c and a lattice param eters in C o-doped Z nO  film s on A I2 O 3  ( l i 0 2 )  a s  a 

function o f  C o concentration

The change in crystallite size with Co concentration was also studied. Average 

crystallite size was calculated using Scherrer’s formula fi"om (002) reflection for C o

doped ZnO films grown on AI2 O 3 (0001) substrates and (110) reflections for films grown 

on AI2 O 3 (H 0 2 ) substrates, respectively. We found that when films are grown on AI2 O 3 

(0 0 0 1 ) the average crystallite size is approximately two times larger than when films are 

grown AI2 O3 (H 0 2 ) substrate. It was found that there is no obvious dependence between 

crystallite size and Co concentration in the films. The calculated values are given in 

Table 3.3.
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T able 3.3 A verage crystallite  size calculated for C o-doped Z nO  films w ith d ifferent Co 

concentrations

Co concentration in 

solution (%)

0

Average particle size 

(nm), c-cut sapphire

36

Average particle size 

(nni), r-cut sapphire

21

1 44 21

2 39 24

5 45 25

10 48 2 0

2 0 43 19

3 .3 .2 .3 . Morphology of the films

The surface o f  the Co-doped ZnO films was studied using AFM  and SEM  

techniques. Generally, Co-doped ZnO films grown on AI2O3 (0001) are rougher than 

those grown on A 1203 ( l i 0 2 )  (Figure 3.15). Average film roughness Ra (nm ) was found 

to change with Co concentration from 9.7nm -^  3.2nm —> 17.9nm—> 15.1nm -^ 1 .4nm on 

AI2O3 (0001) and 4 .0 n m ^  1.2nm—> 10.4nm—> 2.7nm ^ 3 .2 n m  on AI2O 3 (1102). The 

change in film ’s roughness with Co concentration did not have any particular trend, 

although films doped with 5% Co had highest roughness.

AI2O3 (0001) AI2O3 (1102)
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]% C o l% C o

0 2 . 5  5.D 7 . 5  lO.OuM D 2 . 5  5 . 0  7 . 5  lO.OuM

5% Co 5% Co
Fig. 3.15. AFM images o f  Co-doped ZnO film s for 1% and 5% Co on AI2O3 (0001) and AUOj

( 1102) substrates

SEM  images taken for the Co-doped ZnO films grown on AI2 O 3 (0001) showed 

that surface m orphology mainly consisted o f  granules with average size o f  ~ 90nm 

(doped with 1-10% Co) (Fig.3.16). Elongated grains were observed for the 5%  Co 

doping. Different surface m oiphology consisting o f  plane crystallites was found for 20% 

Co doped film. The crystallite size estimated from SEM micrographs is in the range o f  

~40-80nm  for the films grown on AI2 O 3 (0001) substrate. These results are in agreement 

with the average grain size calculated Irom Scherrer’s formula.

l%Co 2%Co
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5 /oCo 10 /oCo

20% C o

F ig. 3 .1 6 .S E M  im ages o f  C o-d op ed  Z nO  film s on AI2 O 3  (1 1 0 2 )  substrate

3.3.2.4. Magnetic properties o f  the films

3.3.2.4.I. SQUID magnetometer measurements 

M agnetisation measurem ents were carried out at room temperature in IT 

m agnetic field. Additionally, m agnetisation measurements performed for sapphire 

substrates showed straight line with negative slope, indicating that the substrate is 

diam agnetic and free o f  magnetic impurities. Undoped ZnO films were not ferromagnetic 

and m agnetisation curve showed only diam agnetic contribution from AI2 O 3 substrate 

(Figure 3.17).

9 9
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2.0

ZnO

- 2.0
1.0 - 0.5 0.0 0.5 1.0

Fig. 3 .17 .Magnetisation curve o f  undoped ZnO film

A ll C o-doped  ZnO  film s grow n on AI2 O 3 (00 0 1 ) and AI2 O 3 (M 0 2 ) substrates 

sh ow ed  m agnetisation  curve at room  tem perature characteristic for ferrom agnetic  

material (F igu re3 .18). M oreover, the saturation m agnetisation  w as found to be h igh ly  

anisotropic. For as deposited  sam ples, the m om ent is considerably  larger w hen  the field is 

applied perpendicular to the film  plane. A nisotropy increased w ith  d ecreasing  Co 

concentration in the film s and m agnetic m om ents d iffer by a factor o f  betw een  1.5 and 4  

com pared to parallel fields. A ll film s exhibit a sm all rem anence o f  10% (g iven  in inset, 

Figure 3 . 18)  and a saturation field o f  about 0 .5 T  w hen the field is applied perpendicular  

to the film  plane. W hen the field  is applied parallel to the film  p lane, a sm all h igh field  

slop e rem ains. This slop e is very sm all and even  for m easurem ents perform ed at 5T  

m agnetic field  a large anisotropy still persists. B ased on the extrapolation o f  the data it 

w as estim ated that the parallel saturation field  o f  the as-deposited  film s is larger than 

lOT.

10 0
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•  out of plane
•  in plane

0 . 8 -

0 . 6 -

0 .4 -

S 0 .2 -  

0 . 0 -
Io
^  - 0 .2 - 

£  - 0 .4 -

- 0 . 6 -

- 0.8

- 0.5 0.0 0.5 1.01.0

(T)

Fig. 3 .1 8 . M agnetisation curve o f  2%  C o-doped  ZnO  film , grow n on AI2OJ (1 1 0 2 ) substrate. 

D iam agnetic  contribution o f  sapphire substrate is subtracted. T he inset sh ow s the sam e data at 

sm aller m agnetic fie ld s indicating a sm all rem anence o f  about 10%

We also found, that stoiing samples in open air reduces both the saturation 

m oment (Figure 3.19) and the magnetic anisotropy. After 270 days the fihn moment is 

only slightly larger when the magnetic field is applied perpendicular instead o f  parallel to 

the film plane (see black squares in Fig.3.19.). For example, for the 1% Co-doped ZnO
7 2film on AI2 O 3 (H 0 2 ) the moment decreases from 0.99x10' Am for as deposited film to 

0.39x10'^Am^ after 270 days. The reasons for decrease o f  m agnetic moment in time are 

not quite clear, and could possibly arise from the interaction o f  the films with the ambient 

conditions (oxidising atmosphere, moisture).
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E<
O

15

perpendicular, as deposited 
parallel, as deposited 

■ perpendicular, after 270 days 
parallel, after 270 days

10 -

mTrri n 1111 n u i LLrnxm i 
TTrrrrrm  m  n n in x m i 111

-10  -

rrp-xi'timj I u n m i  rrrj-i

-15
1% (1̂ 0, C-cut Sapphire

- 1.0 -0.5 0.0 

MnH- (T)
0.5 1.0

Fig. 3.19. Magnetisation curves for 1% Co-doped ZnO film on c-cut sapphire substrate. The red 

squares were measured immediately after deposition and the black squares were recorded 270 

days later

The moment o f  Co-doped ZnO films on AI2 O 3 (0001) and AI2 O 3 ( l i0 2 )  substrates 

decays at a sim ilar rate as illustrated in Figure 3.20. Fitting the data in the inset o f  Figure 

3.20 gives a scaling law, m(t)/m(t=0) = for the degradation o f  the saturation

moment.
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O

o  0.8

0.6 100
t (days)

0.4
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t (days)

F ig . 3 .2 0 .  V aria tio n  o f  the  m a g n e tic  saturation  m o m e n t w ith  tim e for 1% C o -d o p e d  Z n O  film s  on  

A I2 O 3  ( 0 0 0 1 )  (b la ck  c ir c le s )  and A I 2 O 3  ( n 0 2 )  (red sq u ares). T h e  so lid  lin e s  in d ica te  fits to the  

data w ith  m ( t ) / m ( t = 0 )  =  +

The dependence o f  saturation magnetisation from Co concentration is summarised 

in Figure 3.21. The largest moment, a giant m = 18.9/i/j/Co is obtained for the 1% C o

doped ZnO on AI2 O 3 (1102) substrate. M oreover, the saturation moment o f  Co-doped 

ZnO  films decreases monotonically with increasing Co concentration irrespective o f  

substrate orientation. One exception is the 1% Co-doped ZnO film on AI2 O 3 (0001) 

whose magnetic m oment is slightly sm aller than that o f  the film with 2% Co (Figure 

3.21.(d)). As the 1% Co-doped film on AI2 O 3 (0001) substrate is much thicker (210nm) 

than the other films with 1% (59nm) and 2%  Co (6 6 nm and 69nm on AI2 O 3 (0001) and 

AI2 O 3 (H 0 2 ) respectively), this might suggest that only a relatively thin layer near 

sapphire/ZnO interface is m agnetically active. For example, the 2% Co-doped ZnO films 

on AI2 O 3 (U 0 2 ) and AI2 O 3 (0001) substrates have similar thicknesses and nearly equal

103



Chapter 3 Co-doped ZnO film s

saturation moments o f  6.5^«/Co and 6.7/z«/Co. In addition, film s doped w ith 20% Co did 

not show room temperature ferromagnetism.

C N

E<
r -

Io

CN

E<
'o

1.2

0.9

0.6

0.3

0.0
1.2

0.9
0.6
0.3
0.0

Co concentration, (%) Co concentration, {%)

0 5 10 15 20 0 5 10 15 20

-  (a) 1 (b)

V ,■ f < t ■ t > 1

(c)
> t » T » 1 » T—

< (d).

i

20

15 ^  
10 ^
5 E 
0

6  _  
o

4 ^
m

0
0 5 10 15 20 0 5 10 15 20

Co concentration, (%) Co concentration, (%)

Fig. 3.21. Magnetic saturation moment as a function o f Co doping concentration for ZnO film s on

A I2O3 (0001) [(a) and (b)] and A ljO , ( 1102) [(c) and (d)].

3.3.2.4.2. VSM magnetometer measurements

In contrast to SQUID, VSM  allows to perform magnetisation measurements at 

higher temperatures, which enables us to estimate the Tc o f  the films. Figure 3.22 

summarises in-plane magnetisation curves for 2% Co-doped ZnO film  on A I2 O 3 (U 0 2 ) 

substrate at different temperatures w ith  applied magnetic fie ld o f  IT . Between 300 and 

750K the magnetic moment decreases slightly. Beyond 750K the magnetic moment drops 

more sharply. The reduction o f  the magnetic moment at T>750K is irreversible, as
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illustrated by the m agnetisation curve measured at 300K after cooling the film down fi'om 

900K. This clearly indicates that stmctural and/or electronic modification o f  the ZnO film 

occurs above 750K. The fact, that film is still magnetic above 900K demonstrates that the 

intrinsic magnetic ordering temperature o f  the as-deposited Co-doped ZnO film well 

exceeds 900K.
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Fig. 3 .22 . In-plane VSM  magnetisation curves at different temperatures for a 2% Co-doped ZnO 

film on A iiO j (U 0 2 ) . The curve in the lower right panel and the red circle in the main frame were 

measured after cooling from 900K
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3.4. Co-doped ZnO films grown in magnetic field

In this work Co-doped ZnO films were also grown in magnetic field o f  IT  that 

was applied during the growth process. Previously, ZnO films were grown by 

conventional MOCVD in lOT magnetic field The crystalline quality and morphology 

o f  these ZnO films changed upon application o f  strong magnetic field. The X-ray 

diffi'action o f  the films was w eaker when grown in m agnetic field, reflecting the reduced 

film thickness by magnetic field. M orphology o f  the films remained similar, although, the 

size o f  leaf-like and plate-like crystallites was significantly smaller when grown in lOT. 

A sim ilar m agnetic field effect in grain size reducing has also been reported in M OCVD 

o f  YBa2 Cu 3 0 7  at a magnetic field o f  4 and 8 T However, magnetic properties o f  

doped ZnO films have never been studied before. For this reason, in our work Co-doped 

ZnO  films were grown by Pi MOCVD consequently in magnetic field and without 

magnetic field. The aim o f  this research was to investigate the influence o f  m agnetic field 

on structural, crystalline and magnetic properties o f  the ZnO films.

3.4.1. Preparation o f  Co-doped ZnO films in magnetic field

It is very important to note, that the dimensions o f  the PI M OCVD reactor 

equipped with IT perm anent magnet are different from that used earlier for the growth o f  

Co-doped ZnO films (refer to Chapter 2.2.2). Different reactor and flimace sizes mean 

that temperature gradients will be different. This might result in slightly different optimal 

deposition conditions fi'om those that were found previously for Co-doped ZnO films 

(gas flow, deposition tem perature and etc.). To find the optimal deposition tem perature 

2m ol%  Co-doped ZnO films were grown at different temperature (500"C, 525"C, 550°C, 

575°C, 600”C) and their crystalline and structural properties were examined.

Once the optimal growth conditions were found the series o f  Co-doped ZnO films 

with different Co concentrations in precursor solution were prepared on AI2 O 3 (0001) and 

AI2 O 3 ( n 0 2 )  substrates. Co concentration in the precursor solution was increased from 1 

mol%  to 30 mol%. To test the influence o f  m agnetic field, films for each Co 

concentration were first prepared without magnetic field and then consequently grown in 

IT magnetic field whilst maintaining the same deposition conditions. In addition.
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undoped ZnO  film s w ere also  prepared with and w ithout m agnetic field  and their 

structural, crysta lline and m agnetic properties w ere also exam ined.

Sum m arized optim al deposition  cond itions for C o-doped ZnO  film s are g iven  in 

the T ab le  3.4.

Table 3.4 Deposition conditions for Co-doped ZnO films

Deposition temperature 550 °C

Evaporation temperature 90 “C

Carrier gas flow  (Ar + O 2 ) 900 ml/min

Reactor pressure 5 mbar

M etalorganic precursors Zn(tmhd)2 , Co(tmhd)j

Solvent 1,2- dimethoxyethane

Zn/(Co+Zn) concentration in solution 0.025 mol/1

C o/(C o+Zn) concentration in solution 0, 1 ,2 ,5 ,1 0 ,  15,20%

Impulse fi'equency 2 Hz

M icrodose mass 4 mg

Substrates AIjO j COOOI)

M agnetic field OT, IT

3.4.2. Characterisation o f Co-doped ZnO films 

3.4.2.1. X-ray diffraction

A ll C o-doped  Z nO  film s grow n in PI M O C V D  reactor equipped w ith  IT  m agnet 

reveal good  crystalline quality even  when doped with high Co concentrations. Sim ilar to the 

p rev io u sly  grow n C o-doped  ZnO , film s grow n up to 10% Co in precursor solution  exhibit 

h igh  quality  s in g le  crystalline (0 0 1 ) orientation perpendicular to the film  p lane. H ow ever, the 

p resen ce o f  Z nO  (1 1 0 ) reflection  can be detected  by X R D  in film s doped  w ith  10% -20%  Co 

w h ich  w as not observed  before in C o-doped  ZnO  film s prepared by PI M C O V D  on AI2 O 3 

(0 0 0 1 )  substrates. T he film s grow n in IT  external m agnetic field  had identical crystalline  

orientations and sim ilar reflection in tensities as th ose grow n w ithout m agnetic  field. T he  

results sh ow in g  the X -ray diffraction patterns o f  ZnO  film s doped w ith  d ifferent Co  

concentrations in and w ithout m agnetic field  are g iven  in Figure 3 .2 3 . T h is rules out a
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possible effect o f  the external magnetic field on crystalline properties o f the films, which 

contradicts with results found in work by M. Kasuga et.al.

All films grown in PI MOCVD equipped with external magnet were also clear o f any 

possible secondary phases as confirmed by XRD. The results are consistent with the earlier 

result for Co-doped ZnO films.

(/)
" c

oo
05o

(f)c
0
c

20% C o

15%Co

10%Co

5%Co

2%Co

0%Co

Fig. 3.23. X-ray diffraction analysis o f  Co-doped ZnO film s grown in and without magnetic field show ing  

very similar crystalline structure o f  the film s independent on Co concentration or application o f  external 

magnetic field

The c and a lattice parameters o f Co-doped ZnO films were also calculated and 

their change as a function o f  Co concentration was evaluated. All calculations were 

carried out according to the procedure described in Chapter 3.3.2.2. The results are 

shown in Figure 3.24.

We found that c lattice parameter o f undoped ZnO film is slightly larger that the 

value o f 5.206A for bulk ZnO. The expected increase in c lattice parameter is observed

1 0 8
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when films are doped with 2 and 5% Co due to substitution o f  larger Co^^ 

However, when films are doped with larger Co concentration a sharp decrease in c lattice 

param eter is found with the values close to that o f  the bulk ZnO. The possible effect o f  

not uniform Co distribution with the film thickness in heavily doped ZnO would be able

to explain the observed decrease in c lattice parameter, rather than expected increase due
2^ .

to the substitution o f  larger Co . If  m ost o f  the substituted Co is concentrated on the

surface o f  the films, especially when doped with larger Co concentration, then the
2+increase in c lattice due to substitution o f  larger Co would not be observed. In fact, 

larger Co concentrations were detected by SIMS analysis at the surface o f  the films in 

high concentrations Co doped ZnO films as discussed earlier (Chapter 3.3.2.1.).

In contrast to the earlier grown ZnO {a = 3.16A), the a lattice param eter o f  

undoped ZnO  film grown in PI M OCVD reactor equipped with external magnet is only 

slightly larger than that o f  the bulk ZnO (3.25A). Different a lattice param eter values for 

undoped ZnO  films grown in different PI MOCVD reactors are more likely to arise due 

to changes in deposition conditions (such as temperature gradient, gas flow rate and etc) 

as a resuh o f  the change o f  the reactor geometry. There is no clear tendency in the change 

o f  a lattice param eter with Co concentration. Although, the low'est value o f  a lattice 

param eter was found for the films doped with 20% o f  Co. Again, this contradicts with the 

assum ption that a lattice param eter o f  Co-doped ZnO films should increase with Co 

concentration due to substitution o f  larger Co^^. The reason for this behaviour is again, 

m ost likely is a result o f  Co distribution through the film thickness, which is believed to 

be not unifonn with larger Co content on the surface o f  the film. However, this has yet to 

be confirmed.

It is noted that films grown in external magnetic field have very sim ilar lattice 

param eter values to those grown without magnetic field. This is consistent with the XRD 

results, since no effect was found on the crystalline properties o f  the films we did not 

expect to see any effect o f  m agnetic field on a and c the lattice param eter values.

Finally, the average crystallite size calculated for all Co-doped ZnO films from 

Z n0(002) reflection using Scherrer’s formula. With only one exception, all films showed 

gradual increase in crystallite size with Co concentration in a film. Again, this contradicts 

with our earlier results, where no clear dependence between average crystallite size and
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Co concentration in a film  was found. Typically, films with larger crystallites normally 

give rise to narrower FWHM. This is also observed in our Co-doped ZnO films. Table 

3.5 summarises results fo ra  and c lattice parameters, FWHM and average grain size.

•  c param, OT
•  c param, IT
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Fig. 3.24. The change o f  c and a lattice parameters in Co-doped ZnO films grown A I2 O 3 substrate 

as a function o f Co concentration

Table 3.5. Summary o f important parameters evaluated from XRD analysis for Co-doped ZnO film s

Co

concentration,

(% )

FW H M  (002), 

('■)

c lattice 

param eter, (A )

a lattice 

param eter, (A )

Average  

crystallite size, nm

A I2O 3 substrate

0 0.2510 5.2118 33

0, IT 0.2632 5.2100 3.2607 32

2 0.2352 5.2153 3.2671 35

2, IT 0.2328 5.2153 3.2671 36

5 0.2087 1 .2  rs 3 3.2298 “ 40

5, i t " ^ ^"0^2035 ~5.2135 3.2509 41

1 10

5.214-

B  5.210- 
0)

E
2 5.208-1
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10 0 .2 0 0 6 5 .2135 3 .2509 42

10, IT 0 .2055 5 .2135 3.2621 41

15 0 .1 7 2 7 5 .2 1 0 0 3 .2 7 0 4 48

15, IT 0.1641 5 .2 1 0 0 3 .2 4 7 9 51

20 0 .1 6 2 8 5 .2 0 6 4 3 .2465 52

20 , IT 0 .1 9 6 4 5 .2 0 1 2 3 .2329 42

3A.2.2 .  Film composition

Co concentration in Co-doped ZnO films was m easured by EDAX technique. 

Each sample was measured in 6 different areas of~100/xm  size. EDAX analysis revealed 

that Co is substituted into ZnO  lattice (Figure 3.25). Co concentration in a film was found 

to be almost two tim es sm aller than in precursor solution. Films grown in IT external 

magnetic field had very sim ilar Co concentration in a film. However, previously we have 

found that Co concentration in Co-doped ZnO films grown in PIM OCVD reactor without 

magnet is slightly larger than that in precursor solution. The obtained results signal the 

importance o f  the size o f  the reactor on film composition. Figure 3.26 shows the 

dependence o f  Co concentration in a film from Co concentration in precursor solution for 

the films grown in and without extemal magnetic field.

0 2 4 6 8 10 12 14 16
-ull Scale 8158 cts Cursor: 0.000 keV

Fig. 3 .2 5 . E D A X  spectrum  o f  15%  C o-doped  ZnO film  sh ow in g  the presence o f  C o  and Zn 

e lem en ts in a film . A l peak is appearing in all spectra due to AI2O , substrate
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Fig. 3.26. Co concentration in Co-doped ZnO films versus Co concentration in precursor solution for

the film s grown in and without external magnetic field, show ing smaller Co content in a film

3.4.2.3. Morphology o f  the films

SEM analysis revealed that all Co-doped ZnO films consisted o f  granules. The 

granules size was vaiying depending on Co concentration in the films. For the lower Co 

concentration (0-5%mol in precui'sor solution) the surface o f  the films consisted o f  

approxim ately -3 0 -4 0  nm diam eter granules. These results are very consisted with 

average crystallite size calculated ft'om ZnO (002) retlection using Scherrer’s formula. 

Slightly larger granules o f  approxim ately 40-50nm in diam eter have been detected by 

SEM for 10% Co-doped ZnOfilms. The granulated crystallites o f  different sizes varying 

from 70 to 200nm have been found with further increase in Co concentration, which is 

larger than those calculated using Scherrer’s formula. This is possibly a result o f  

coalescence o f  sm aller crystallites, which then form larger grains. Finally we found a 

slight decrease in crystallite size for the film grown at 20% Co in precursor solution 

which were approxim ately o f  ~60nm  in diameter. The films grown with 20%  Co in IT 

external field was the only exception, which showed different surface m orphology fi'om 

those films grown without external magnetic field. It is noted that the surface m orphology
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o f  the films grown in a PI M OCVD reactor equipped with IT magnet was quite sim ilar to 

those grown earlier. The SEM micrographs o f  all Co-doped ZnO films grown in and 

w ithout m agnetic field with different Co concentrations are shown in Figure 3.27.
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Fig. 3 .27. SEM  m icrographs for C o-doped ZnO  films w ith different Co concentrations. T he left 

colum n represents films grow n w ithout external m agnetic field and the right colum n represents 

film s grow n in IT  external m agnetic field. The im ages are given w ith Co concentration increasing 

from  top to bottom  from 0 , 2 ,5 ,10,15, and 20%

3.4.2.4. Magnetic properties

Squid magnetisation measurements were earned out on all samples at room  

temperature with IT magnetic field applied perpendicular to the film plane. The idea was 

to reproduce earlier obtained giant magnetic moments in Co-doped ZnO films and also 

enhance the magnetic moment when films are grown in IT external magnetic field.
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M agnetisation  m easurem ents revealed that only  five film s (doped w ith 2, 5 and 

20%  Co) ou t o f  tw elve show ed ferrom agnetic behaviour. This indicates that 

rep roducib ility  o f  ferrom agnetic properties in oxide based DM S is a big issue. T hese 

obsei'vations have also been m entioned in o ther w orks T he saturation

m agnetisation  o f  five ferrom agnetic C o-doped Z nO  film s was m uch low er than earlier 

found giant m agnetic m om ents. H ow ever, C o-doped Z nO  film s doped w ith 2%  Co in 

p recu rso r so lution (2%  Co in p recu rso r so lu tion  corresponds to -0 .3  % Co in a film ) had 

the m agnetic m om ent o f  5.73 and 5.78 tj^lCo for the film s grow n w ithout and in IT  

m agnetic field consequently . 5%  C o-doped Z nO  grow n w ithout external m agnetic field 

show ed only  ve iy  w eak  ferrom agnetic m om ent. N o m om ent w as found for 5%  C o-doped 

Z n O  grow n in IT  ex ternal m agnetic field. F inally , film s grow n w ith 20%  Co in p recu rso r 

solu tion had m agnetic m om ents o f  on ly  0.2 and 0.15 / / b/C o for films grow n w ithout and 

in external m agnetic field. As m entioned above the observed m om ents are m uch low er 

than  the g iant m om ents found earlier in o u r C o-doped ZnO  films. T he above results 

suggest there is still a big  issue with the reproducib ility  o f  the m agnetic m om ents and 

ferrom agnetism  on  its ow n in oxide based DM S system s, particu larly  in C o-doped  Z nO  

th in  films. M oreover, opposite  to expected, the external m agnetic field did not enhance 

saturation m agnetisation  o f  C o-doped  Z nO  film s grow n in external m agnetic field. 

SQ U ID  m agnetisation  curves for all five ferrom agnetic C o-doped Z nO  films are show n 

in Figure 4.28.
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Fig. 3 .28 . SQUID magnetisation curves for Co-doped ZnO films grown in and without magnetic field

3.5. Conclusions

W e h ave su ccessfu lly  deposited  both undoped and C o-doped  ZnO  thin film s on  

various substrates using  PI M O C V D . B ig  novelty  o f  this work w as that ZnO  and C o 

doped Z n O  film s for the first tim e have been prepared using  PI M O C V D  m ethod. 

M oreover, C o-doped  ZnO  film s w ere also prepared in PI M O C V D  reactor equipped with  

IT perm anent m agnet.

System atic  optim isation  o f  d ep osition  cond itions has show n that PI M O C V D  is a 

suitable and versatile technique for the growth o f  h igh ly  (0 0 1 ) oriented ZnO  film s. T he  

best quality  Z nO  film s w ere obtained at 550  °C and 50%  o f  O 2 in a total carrier gas  

m ixture. A lthough an insign ificant change in deposition  tem perature or ox y g en  

concentration  caused  the d ecrease in the crystalline quality o fZ n O  film s.

H igh ly  crystalline (0 0 1 ) and (110)  oriented C -doped ZnO  film s w ere deposited  by  

PI M O C V D  on  (00 0 1 ) and ( l i 0 2 )  A I 2 O 3 substrates, w ith  Co concentration varying from  

1 to 20  m ol%  in solution . A n X PS study revealed that C o is substituted into ZnO  lattice  

in a Co^^ va len ce  state. N o  presence o f  m eta llic  Co clusters w as detected  in the film s by  

the X P S  and X R D .

T h e in h om ogen eou s d op ing  profile w as confirm ed by SIM S, ind icating the 

co ex isten ce  o f  a thin h igh ly  doped surface layer and a ZnO  film  w ith  a constant, but 

considerab ly  low er, C o concentration.

1 1 6
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The magnetic moment o f  Co-doped ZnO films was found to decrease with Co 

concentration and saturation magnetization was found to be highly anisotropic. A giant 

ferromagnetic moment o f  14/Ib/C o was found for 1% Co. This is the largest moment 

observed in Co-doped ZnO ferromagnetic oxides to date. W e suggest that magnetic 

mom ent in films grown by PI M OCVD, originates fi'om a ferromagnetic/ 

antiferromagnetic ordering transition in a Co-doped ZnO layer.

The Co-doped ZnO films grown on AI2O3 (0001) in PI M OCVD reactor equipped 

with external magnet have developed ZnO (001) preferred orientation which is similar 

crystalline properties as to Co-doped ZnO discussed above. When doped with 15 and 

20%  o f  Co in precursor solution additional ZnO (101) reflection have appeared in XRD  

scans, which is different to our previous results. The morphology o f  the films grown was 

also very similar to those described above with the average calculated crystallite size  

matching those estimated from SEM  micrographs. Finally, it was found that only five out 

o f  12 prepared films are ferromagnetic at room temperature. The magnetic moments are 

low er than earlier observed giant magnetic moment in Co-doped ZnO film. In addition, 

opposite to expected, the preparation o f  the films in IT external magnetic field did not 

induce the ferromagnetic ordering in Co-doped ZnO films, neither increase in the 

saturation magnetisation. The crystalline and structural properties o f  the films were 

identical when grown with and without magnetic field. Earlier, Kasuga et.al. and 

Yanwei Ma et.al. found that the growth rate o f  their ZnO and Y B a2Cu3 0 7  films was 

reduced and m orphology was also different when grown in external magnetic field, 

however the magnetic field w as much stronger than used in this work.

To summarise, it has been shown that PI M OCVD technique offers great potential 

for the preparation o f  room temperature ferromagnetic Co-doped ZnO films. Giant 

magnetic mom ents were measured for Co-doped ZnO films when doped with 1 and 2% 

Co. Different studies performed on structural and crystalline properties o f  the films 

confirm the intrinsic nature o f  observed ferromagnetism. The magnetic field applied 

during the growth o f  the films did not show the effect on structural, crystalline or 

magnetic properties o f  the films. W e believe that PI M OCVD Co-doped ZnO films have 

great application perspectives in spintom ic devices. However, the main drawback o f  

these oxide based DM S is poor reproducibility o f  the magnetic properties.
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Chapter 4: Cr-doped Iri203 films

4.1. Introduction

Iri203 is a transparent n-type sem iconducting oxide m aterial (behaves as an 

in su la to r in sto ich iom etric form ) w ith a w ide band gap o f  ~ 3 .6 eV. Due to its unique 

properties, In203 found a varie ty  o f  applications in m icroelectronic technologies. T in 

doped  In203 (IT O ) is w idely  used as a transparent conductive electrode in various types 

o f  electron ic devices, such as liquid crystal displays so lar cells in tunnel junctions

as a barrier layer and as gas sensing m aterial in gas sensors In sem iconductors,

In203 is used as a resistive elem ent in integrated circuits W hen doped w ith tin d ioxide, 

ind ium  ox ide form s indium  tin oxide (ITO ), w hich has high n-type conductiv ity  and 

w idely  used in practice for transparen t conductive coatings. In203 can serve as a 

sem iconducto r m aterial, form ing hetero junctions w ith p-InP, n-G aA s, n-S i, and o ther 

m ateria ls and used for m anufactu re o f  so lar cells

In203 doped w ith  several atom ic percent o f  transition  m etal was also considered 

as p rom ising  candidate  for sp intronics applications. T he fiill rev iew  on recent p rogress on 

ln203 is given in C hapter 1.4 .3 .2 .

Up to date ln203 film s exhibiting  high crysta lline quality  have been successflilly  

prepared  by M O C V D  technique H ow ever, up to date there are no publications on the 

preparation  o f  ln203 film s and doped In203 film s by PI M O C V D  technique. T hus, the 

m ain aim  o f  th is part o f  the w ork is to prepare and characterise C r-doped ln203 films as 

possib le  candidates for sp in tronics applications using PI M O C V D  m ethod. Full 

characterisation  o f  the  films using  X R D , X PS, SIM S, SEM  and SQU ID  is p rovided  in 

th is chapter. In addition, C r-doped In203 film s are also prepared in m agnetic field applied 

during  the grow th. T he effect o f  applied  m agnetic field on m agnetic and structural 

p roperties o f  C r-doped In203 film s is investigated.

4.2. Cr-doped In203  films

Thin film s o f  C r-doped In203 was recently  reported to be a m agnetic 

sem iconducto r d isp lay ing  high-tem perature ferrom agnetism , single-phase crystal
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structu re , and sem iconducto r behav iou r w ith high concentration  o f  charge carriers ^'*’1 

C r-doped  In2 0 3  believed  to be such a unique system , w here the electrical and m agnetic 

beh av io u r can be con tro llab ly  tuned  by the defect concentration. B eing optically  

transparen t and high tem perature ferrom agnetic , C r-doped In2 0 3  appears as a viable 

can d id a te  for the developm ent o f  spin  electronics. A nother strong fact supporting 

su itab ility  o f  In2 0 3  for the research  o f  sp in tron ics is based on  the fact that m agnetic ions 

w hen in troduced into the lattice are d istribu ted  uniform ly in the w hole th ickness o f  the 

film  T his is in contrast to the reported  transition  m etal-doped ZnO , w hich  was also 

experim en tally  observed  in this w ork  in C o-doped Z nO  film s.

4.2 .1 . Preparation o f  Cr-doped In203  films  

C r-doped  In2 0 3  film s w ere grow n on c-cu t and r-cu t AI2O 3 substrates using PI 

M O C V D  technique. G eneral deposition  conditions are presen ted  in the T able 4 .1. C r 

concen tra tion  in p recu rso r so lution was kept constant at 2 mol %. T he substrate 

tem peratu res during  deposition  w ere increased every 50°C  from 500 to 750°C . A fter 

deposition , the film s w ere slow ly  cooled  to room  tem perature in an oxygen pressure o f  1 

atm osphere . T he th ickness o f  the films, w hich w as m easured using scanning  electron 

m icroscopy  cross section, ranges from 270 nm to 400 nm  depending  on differen t 

substra te  tem peratures.

T able 4,1 D eposition  cond itions for C r-doped In 20 i film s

D eposition  temperature 500  "C - 7 5 0  ”C

Evaporation temperature 2 0 0  ”C

Carrier g as flow  (A r + O 2 ) 8 0 0  m l/m in

R eactor pressure 5 mbar

M etalorgan ic precursors In(acac)i C r(acac ) 3

S o lv en t 1,2- d im ethoxyethane

ln/(C r+In) concentration in so lution 0 .03  mol/1

C r/(C r+ ln) concentration in so lution 2%

Impul.se frequency 2 H z

M icrod ose  m ass 4 m g

Substrates A ljO U O O O l), A l 2 0 j ( H 0 2 )
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4.2.2. Characterisation o f  the Cr-doped In203  films 

4.2.2.1. X-ray diffraction 

X R D  analysis w as perform ed for all sam ples grow n at different tem peratures. The  

results for the X R D  analysis for the Cr-doped In2 0 3  film  on c-cut and r-cut sapphire are 

sh ow n  in Figure 4.1 and Figure 4 .2 , respectively . F ilm s grow n fi'om In(acac )3 at 500°C  

w ere m o stly  am orphous and had o n ly  very w eak  reflections from (2 2 2 ) and (4 0 0 ) planes. 

T his fact ind icates that 500°C  is not sufficient tem perature for precursor decom p osition  

to occu r on  substrate surface, thus, resulting in the bad quality film  (not show n in the 

graphs). A ll film s deposited  at 55 0 °C -7 5 0 °C  on  c-cu t and r-cut sapphire substrates w ere  

p olycrysta llin e and retained a cubic b ixbyte structure. N o  secondary phases o f  m eta llic  Cr 

or any other p ossib le  chrom ium  o x id es w ere detected by X R D .

For the film s grow n on AI2O 3 (0 0 0 1 ) substrate (222 ) and (4 0 0 ) orientations w ere  

dom inant at all tem peratures. F ilm s deposited  at 5 5 0  and 600 °C  also  had other peaks, 

co iresp on d in g  to (440), (600 ), (6 1 1 ), (6 2 2 ) orientations o f  In2 0 3 . T h e intensity o f  (2 2 2 )  

reflection s increased w ith temperature, at the sam e tim e intensity o f  (4 0 0 ) reflections  

decreased. For the film s grow n at 750°C  (2 2 2 ) preferential orientation w as found to be 

dom inant and on ly  very w eak reflection  fi-om (4 0 0 ) plane w as observed . Sim ilar change  

in preferred orientation fi'om tw o (222) and (4 0 0 ) dom inant orientations to m ore intense  

(2 2 2 ) orientation with the increase o f  substrate tem perature w as reported by K ostlin et. 

a i ,  in sprayed In2 0 3  film s It w as also reported that in the case  o f  the film s grow n by  

ch em ica l vapours the prevalence o f  the (2 2 2 ) orientation w as observed '"*1

F ilm s grow n on AI2O 3 (M 0 2 )  substrate had (222), (4 0 0 ) and (4 4 0 ) preferred  

orientations. At low er deposition  temperature all three reflections seem  to be dom inant 

along with very w eak reflection s irom (6 2 2 ) plane. For Cr-doped ln 2 0 3  film s grow n at 

higher (6 5 0 -7 5 0 °C ) tem perature the intensity o f  (4 4 0 ), (2 2 2 ) reflection  increased, but the 

in tensity  o f  (4 0 0 ) decreased, sim ilarly as w as observed  for the film s grow n on AI2O 3 

(0 0 0 1 ) substrate. O verall, it w as found that growth o f  the film s at h igher tem peratures on  

both substrate orientations had led to an im provem ent in the crysta lline quality, 

confirm ed by sm all va lues o f  FW H M .
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The structural parameters such as lattice constant, crystallite size were calculated 

from the X R D  data and their variation as a function o f  deposition temperature was 

studied. The a lattice parameter o f  cubic Cr-doped In203 film s was calculated using the 

relation:

a = d ^ (h ^  + k ^  + / ' )  (29)

where h, k, I are the lattice planes and d  is the interplanar spacing calculated from Bragg’s 

equation. The a lattice parameter value was calculated fi"om most intensive (222) 

reflection fo r film s on AI2O3 (0001), and fi'om (222), and (440) for the film s on AI2O3 

( U 02) sapphire. Figure 4.3 shows the variation o f  the lattice parameter w ith the 

deposition temperature.
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I  10.115-1
CO
Q.
o 10.110 

CO 10.105
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In203
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A Cr-doped In^Oj, (0001) 
T Cr-doped In^Oj, AI^O  ̂(1102)

550 600 650 700 750

Tdep, (°)

Fig. 4.3 .Variation o f  a lattice parameter ofCr-doped Ih203 films with deposition temperature

The lattice parameter o f  undoped In203 on both substrates was s ligh tly  larger than 

the reported value^'^^ o f  10.1 ISA for the cubic In203. 2% Cr-doped In203 film s on two 

different substrates grown at lowest temperature had the highest lattice constant value o f
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10.128 A. In both cases, a slightly smaller a lattice parameter values are expected for Cr- 

doped Iri2 0 3  films, since the smaller Cr atom substitutes for the larger In atom. For the 

film s grown on AI2O3 (0001) the a parameter decreased from 10.128A to 10.115A as the 

substrate temperature increased and had the minimum value at 750°C indicating an 

improvem ent in the crystallinity. Similar change in lattice constant was found for the 

film s on AI2O3 (U02), with the low est value o f  10.105A at 750°C. Since the thickness o f  

the films is w ell above lOOnm w e excluded the possibility that lattice mismatch between  

ln2 0 3  and AI2O3 substrate, which is as high as 25%, is responsible for the observed  

changes in the lattice parameters. The above condition, where the strain effects play 

significant role in the change o f  lattice parameters may apply m ostly for the films with 

thickness w ell under lOOnm.

W e found that the optimum temperature for the growth o f  2% Cr-doped ln2 0 3  

films using PI M O CVD method is quite broad and lies within the range o f  600-750°C .

The average crystallite size (D) o f  the films prepared at different substrate 

temperatures was calculated trom the FWHM o fth e  (222) peak rellection using Scherrer 

foimula. The calculated values are given in Table 4.2. For the films grown on AI2 O 3 

(0001) no correlation between deposition temperature and crystallite size was found. For 

the Cr-doped In2 0 3  films grown on AI2 O 3 (1102), the crystallite size increased with 

deposition temperature with the exception for the sample obtained at 550°C , which had 

the largest crystallites.

Table 4.2 The average crystallite size calculated using Scherrer formula for Cr-doped ln20j film 

grown at different temperatures

T deposition (°C) Average crystallite si/e  

(nm), on AI2O3 (0001)

Average crystallite size 

(nm), on AI2O3 (n 0 2 )

550 41 51

600 40 32

650 51 36

700 40 41

750 47 48
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4.2 .2 .2 . M orphology o f  Cr-doped In203 films

SEM and AFM analysis were carried out on all samples (Figures 4.4 and 4.5).

The influence o f deposition temperature on Cr-doped ln2 0 3  films morphology was 

studied. SEM pictures revealed that surface morphology depends strongly on deposition 

temperature and it is consistent with the XRD results. Films grown at 500°C had very 

smooth surface. Referring back to XRD for the films deposited at 500°C it was suggested 

that SEM showed only the surface o f the sapphire substrate and no film was formed at 

this temperature. Films deposited at 550°C consisted o f  densely populated crystallites 

with different preferred orientations. Increase in temperature to 750°C resulted in the 

growth o f well ordered films having mainly In2 0 3  (222) and In2 0 3  (400) together with 

In2 0 3  (440) oriented crystallites on AI2 O3 (0001) and AI2 O3 ( li0 2 )  substrates 

respectively. These crystallites tend to grow together at higher temperatures forming 

continuous film consisting o f larger coalesce crystallites. Average crystallite size at 

750°C ranged from 340nm - 450nm and 250 - 500nm for the films grown on AI2 O 3 

(0001) and AI2 O 3 (1102) substrates respectively.

Mag . R/VD| Till Spot I C8/16/C6 I HFW I ---------------------  500 nm
5.00 kV: 100 (0( 5 186 -0.0" . 2 11:54 41 3.04

Tdep550°C
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lE-Deaml Mag |P W O | T«!« Spot D6.'18A36 HFW
jSOC’ kV h c o k x  5 225 -O.C' 2 11.51:17 3.04

Tdep700°C Tdep 750°C
Fig. 4 .4  SE M  im ages o f  C r-doped IniO j film s on A I2 O 3  (1 1 0 2 ) substrate deposited  at different 

temperatures
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In203(4p0) In203(222)

In203 (222)

Tdep750°C
Fig. 4 .5  SEM  im ages o f  C r-doped Iri2 03  films on .M2O 3 (0001) substrate deposited a t d ifferent 

tem peratures

SEM  cross-section analysis was also used to estimate the thickness o f  the Cr- 

doped InzOs films. The example o f  SEM cross-section analysis is shown in Figure 4.6. 

The variation o f  films thickness with growth tem perature is presented in Figure 3.7.
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iflim-M

56194 WD11.7mm S.OkV x20k

Fig. 4 ,6  SEM  cross-section  im age for C r-doped Iri2 0 3  film on AI2O 3 (0001) grow n at 750°C
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Fig. 4 .7  T he variation o f  C r-doped  In2 0 3  film s thickness w ith grow th tem perature

From SEM cross section it was found that fihns thickness increased with 

deposition temperature with the exception for the films grown at 600°C on both 

substrates, which were the thickest. This inconsistency in the film thickness grown at 

600°C could arise due to pulse instability during the injection o f the precursor into the 

evaporation zone. The thickness increased fi'om 320nm to 450nm and from 280 to 320nm
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for the films on AI2 O3 (0001) and AI2 O3 (1102) substrates respectively. In addition all 

films grown on AI2 O3 (0001) were thicker than those grown on AI2 O3 (1102) substrate, 

which could be due to shifted deposition centre o f the sample holder.

AFM micrographs o f Cr-doped In2 0 3  deposited at different temperatures were 

recorded over the area o f  5/xmx5//m. Figure 4.8 shows the AFM images o f the films 

deposited at 750°C. AFM analysis confirmed the surface morphology o f  the films 

observed in SEM analysis. AFM also showed that films deposited at 550-700°C were 

very rough. The average surface roughness (Ra) ranged from 3.9 nm to 20.8nm for the 

Cr-doped In2 0 3  films on AI2 O3 (0001). Films grown on AI2 O3 (U 02) had smaller 

roughness deviation, which was found to decrease with deposition temperature form 

13.5nm to 7.0 nm. Films grown at 750°C had the smallest Ra values o f 3.9nm on AI2 O 3 

(0001) and 7nm on AI2 O3 (1102) due to increase in films texture and coalescence o f 

smaller crystallites.

0 2.50 S . O O U M O  2.50 5.00)jm

Fig. 4 .8  AFM images o f  the Cr-doped ln20j films deposited at 750°C . Left image- film grown on 

A l2 0 j ( 0 0 0 1 ), and right image for the film grown on A l2 0 3 ( n 0 2 ) substrate

4.2 .2 .3 . Com position o f  Cr-doped In203 films

EDAX was carried out on all Cr-doped In2 0 3  films. For all films the presence o f  

aluminium, indium, chromium and oxygen was detected (Figure 4.9). The strong A1 

signal is coming from AI2 O3 substrate. Weak Cr and very intensive In signals were
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detected in ail films. Measurements were carried out in 5 different regions o f  the film and 

the average value was estimated.

■  A n a ly s is  -IZ SOOl .pgl

Fig. 4.9 Typical ED AX analysis spectra for Cr-doped In20i films grown on AI2O3 substrate

Cr concentration in a film was identified from relative intensities o f  In and Cr 

peaks by comparing them with peak intensities for the standards o f  In203 and Cr203. 

EDAX analysis revealed that Cr concentration in the films deposited at different 

temperatures was only slightly larger than that in precursor solution. The results are 

presented in Figure 4 . 10.
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Fig. 4 .10  Variation o f  Cr concentration in the 2% Cr-doped In20j film s with deposition  

temperature

In order to detennine the valence state o f  Cr ions in ln2 0 j matrix, core levels o f  

XPS were measured. XPS analysis was perfom ied on Cr-doped In2 0 3  films grown at 600 

and 700°C on AI2O 3 (0001) and AI2 O 3 (1102) substrates. Prior to XPS all samples were 

cleaned by sputtering the surface with Ar^ ions to remove surface contam ination. XPS 

m easurem ents were obtained using Mg Ka line radiation (hv= 1253,6 eV). Recording 

spectra a detail scan o f  AE=50meV was used. The binding energies o f  core electrons 

were corrected with the respect to the C Is peak (284.6 eV).

Cr2 p 3/2 peaks were obtained by subtracting the background from the recorded 

spectrum and then normalised. The Cr2p spectra o f  Cr-doped In2 0 3  films are shown in 

Figure 4.11. Vertical lines in the spectra indicate previously reported binding energies for 

Cr ions in the different valence states reported in and Cr*̂  corresponds to the binding 

energy o f  m etallic Cr.
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Cr
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Tdep 600 c cut 
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Fig. 4.11 XPS spectra o f  the Cr2p core level in the Cr-doped In^O, films

Except for Cr, In, O and C elements, no other elements were found in the Cr-doped In203 

film s. It is believed that some amount o f  carbon inay arise fi om the contamination on the 

surface o f  the films. The binding energy o f  the major C r l p i a  core level contribution in all 

Cr-doped In203 films is about 576.0 ±0.3 eV, which is more consistent w ith the binding 

energy o f  C r‘*’̂  (576.2-576.4eV) in CrO i The accepted value o f  Cr^^ peak in Cr2p3/2 

spectra o f  C02O3 lies in the energy interval o f  576,6^577eV The position o f  Cr'’^

ions in Cr2p binding energy spectrum o f  Cr03  was in the range o f  579,2^580eV The 

Cr2p binding energy for Cr metal is at 574.2eV In XPS spectra measured for PI 

M O C VD  grown Cr-doped ln203 film s no maximum is observed for the binding energy o f  

Cr metal and Cr^^, hence the presence o f  C / ’^ and formation o f  metallic C r clusters is 

ruled out. The presence o f  Cr2p core level peak at 576.0 ±0.3 eV suggests that C r in 

ln203 m atrix is present in Cr‘̂  ̂ state. However, the possibility that Cr in In203 is present 

in Cr^^ valence state cannot be excluded because the binding energies o f  Cr'*^and Cr^^are
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very close . Additional 0 1 s  XPS spectrum is required to differentiate between the Cr^  ̂

and Cr"̂ ,̂ like was found in the chromium oxide junctions XPS analysis also 

confirmed that Cr-doped In203  films were stoichiometric with 0/(In+C r) ratio ranging ~  

1.5 to 1.55.

SIMS analysis for the Cr-doped Iu203  films reveals a hom ogeneous distribution 

o f  Cr ions with the film depth without any surface or interface segregations in contrast to 

Co-doped ZnO films For exam ple, in from Rutherford backscattering

spectroscopy measurements was also found that Cu and Ni distribution in In203 is much 

more uniform than that in T i02  and ZnO. In general, as for the In203  host, it seem s to be 

easier to get a uniform dopant distribution, in contrast to the case o f  doping transition 

metals for other host oxides such as ZnO. The results for SIMS depth profiles are shown  

in Figures 4.12 and 4.13. The position o f  the dashed line indicates the start o f  the registry 

o f  secondary ions and the black solid line indicates the moment when substrate surface is 

reached. Furthermore, Al^ ions were observed through the whole thickness o f  the film, 

due to either diffusion o f  the A1 into the film or due to the presence o f  holes in the films. 

Other SIMS registered ions were Na^-23, 0^-16, In - 1 15, C r -52,  I n O -131,  CrO^-68, 

Al^-27. It is noted that som e presence o f  Na^ is always found on the surface o f  the 

sam ples due to contamination.
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Fig. 4.12 SIMS depth profile as a function o f  m illing  time fo r 2% Cr-doped In203  film  grown at 

600°C on A liO j (H 0 2 ) substrate
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Fig. 4.13 SIMS depth profile as a function o f m illing  depth for 2% Cr-doped In203  film  grown at 

700°C on A I2O 3 (0001) substrate
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4.2.2A.  Optical properties o f Cr-doped Iri203 films

All Cr-doped Iri203 were transparent under visual examination. The optical 

transmission spectra were taken for the films grown at three different temperatures: 

550”C, 650”C and VSO^C, in the wavelength range between 300nm and 800nm. The 

results are shown in Figure 4.14. From the obtained spectra it is obvious that optical 

transmittance o f  the films is h ighly affected by the deposition temperature. The optical 

transmittance o f  the films was high and had the value o f  -9 0 % . H owever the films grown  

at VSO^C had a sharp decrease in transmittance with decreasing the wavelength. The film 

grown at 650°C had better optical transmittance, although the best value was obtained for 

the film grown at 550°C. Generally, the high transmittance in the films is attributed to 

less scattering effects, structural hom ogeneity and good crystalline quality.

100

9 0 -

8 0 -
p 7 0 -O

6 0 - Tdep 550 
Tdep 650 
Tdep 750

0
Oc
TO 5 0 -

h -

1 0 -

300 400 500 600 700 800
Wavelenght, (nm)

Fig. 4 .1 4  O ptical transm ission spectra o f2 % C r-d o p ed  Ih203 grow n at d ifferent temperatures
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4.2.2.5. Magnetic properties o f  Cr-doped Iri203  films 

M agnetisation measurem ents were earned on all Cr-doped In2 0 3  films using 

SQUID m agnetom eter. All measurem ents were performed at room temperature in 1 Tesla 

m agnetic filed applied perpendicular and parallel to the film surface.

All films grown on AI2 O 3 (0001) substrate were found ferromagnetic at room 

tem perature. Although, films grown on AI2 O3 (1102) substrate did not show 

ferromagnetic behaviour at room temperature. Typical m agnetisation curve for 2%  Cr- 

doped In2 0 3  film on AI2 O 3 (0001) substrate is shown in Figure 4.15.

0 .4 - out of plane 
in plane

0 . 2 -

S<
0.0

o 2.0

In203

E  - 0 - 2 - 0.0
-0.5
-1.0

-0 .4 - -2.0
0.0 0.5- 0.5

1.0 - 0.5 0.0 0.5 1.0

(T)
F ig . 4 .1 5  SQ U ID  m agnetisation curve for 2% Cr-doped In2 0 j film  grow n at 7 0 0 °C  on AI2O 3 

(0 0 0 1 )  substrate. Inset in the figure sh o w s m agnetisation curve o f  undoped In203  film

The diam agnetic contribution fi-om AI2 O 3 substrate is subtracted fi'om the data. To rule 

out any contribution from magnetic impurities, which may arise during deposition 

process, undoped In2 0 3  film was also measured with SQUID. As expected, no magnetic 

m om ent was measured for undoped In2 0 3  (Figure 4.15, inset). Similar to Co-doped ZnO
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film s, all Cr-doped In203 films, except for the film s grown at 600°C, which had very 

small anisotropy value, were found to be h ighly anisotropic having the highest magnetic 

moment when field is applied perpendicular to the film  plane (Figure 4.16). The highest 

saturation magnetisation o f  1.65^B/Cr assuming that all the C r atoms contribute to the 

magnetisation, was found for the Cr-doped In203 film  grown at 700°C. Overall, the 

saturation magnetisation did not change drastically w ith  deposition temperature, except 

for the film  grown at 600°C, which had the smallest magnetic moment o f  only 0.42//B/Cr. 

The absolute magnetic moment for the film s grown at d ifferent temperatures is shown in 

the inset in Figure 4.16.
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o
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F ig . 4 .1 6  S atu ra tion  m agne tisa tion  o f  C r-d o p e d  In 203 f i lm s  expressed in  p i\^C r atom  as a fu n c tio n  

o f  de p os ition  tem pera tu re , the inset show s the v a ria tio n  o f  abso lu te  m agne tic  m om e n t fo r  C r-  

doped In 203 f i lm s  as a fu n c tio n  o f  d e p os ition  tem pera tu re
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In addition to room temperature ferromagnetism and high anisotropy all films 

exhibited a small remanence o f -  10% when field is applied perpendicular and ~ 15% for 

the parallel fields (Figure 4.17).

0.8 
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0.4

I  0.2
"o 0 .0
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Fig. 4.17. Hysterisis curve for the Cr-doped In20j film  grown at TOO^C, graph inside shows 

magnified area o f  the hysterisis curves
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Small coercive fields were found for all the samples. Coercive fields o f  up to 65 

Oe together w ith  saturation magnetisafion o f  1.5//B/Cr were also found in 2% Cr-doped 

InaOj film s prepared by reactive evaporation technique ^'”1 This results are consistent 

w ith  the results obtained form our Cr-doped In203 films. The coercive fie ld in PI 

M O C V D  prepared film s was higher when the magnetic fie ld is applied parallel to the 

film  surface w ith  one exception for the film  grown at 750‘’C. The measured coercive field 

values for both magnetic field directions are shown in Table 4.3.
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Table 4.3 C alculated coercive  fields for C r-doped Iri203  film s grow n at different tem peratures

Deposition  

temperature, (°C)

Coercive field, (Oe) for 

perpendicular direction o f  

magnetic field

Coercive field, (O e) for 

parallel direction o f  

magnetic field

550 65 74

600 72 89

650 53 80

700 50 80

750 71 58

In this work, the variation o f  the magnetic moment o f  Cr-doped In203 films as 

function o f  time was also studied. It was previously found in our Co-doped ZnO films 

that magnetic moment is not stable and decreasing with time. For this reason, the 

magnetisation measurements o f  Cr-doped In203 films grown at 550”C and 750”C were 

earned out system atically over time. The results are shown in Figure 4.18. In both cases 

the as deposited films had the largest saturation magnetisation, nom inally 5.6><10'**Am  ̂

and 5.4x1 O’*Am^ for the films grown at 550”C and 750"C respectively, when field is 

applied peipendicular to the film surface. When films were repeatedly measured after 4 

months, the out o f  plane saturation magnefisation decreased for films grown at 5 50”C and 

750”C to ~ 4 .5 x  10‘*̂ Am̂  and 4.0^1 O’*Am^, respectively. Finally, when measured after 9 

months, films had saturation magnetisation o f  ~ 4 .5x  10’**Am̂  and ~ 3 .4 x lO ’̂ Am^. W e 

found, that similar to Co-doped ZnO films, the saturation magnetisation in Cr-doped 

In203  film is not stable with time. Although, the decrease in saturation magnetisation for 

Cr-doped IniOs films is significantly smaller (and even stabilises for the sample grown at 

550‘’C) than that observed for Co-doped ZnO, where more than 50% decrease in 

magnetisation was measured just after 2 weeks. At the same time the in plane 

magnetisation changed differently for both samples. For the film grown at 5 50”C the in

plane saturation magnetisation increased fi'om 2 .6x lO ’*Am^ to 3 .7xlO ’**Am̂  and 3.9x10"
8 2Am when measured after 5 and 9 months, respectively. However, for the film grown at
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750”C the in plane saturation magnetisation s lightly decreased from 3.5xlO ‘*Am^ to
8 2 8 2 3.4x10’ Am  and 3.0x10’ Am  . Although, there is inconsistency in the changes o f  in

plane saturation magnetisation w ith time, one common trend is observed for both

samples: the magnetic anisotropy tends to decrease w ith  time.
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Fig. 4.18 The variation o f  out o f  plane and in plane saturation magnetisation with time for Cr- 

doped In203 films deposited at 550“C and 750°C

4.2.2.5.I. Effect o f vacuum annealing on magnetic and structural 

properties

In most cases the observed ferromagnetism in TM-doped ln203 film s was found 

when film s were semiconducting or even showing some metallic behaviour but 

not in insulating film s These results suggest Carrier-mediated model for

ferromagnetism, in which the ferromagnetism is produced by «-type carriers that arise 

from oxygen vacancies in the sample. However, all our ferromagnetic Cr-doped In203 

film s prepared by PI M O C V D  technique were insulating therefore it is hard to explain the 

observed ferromagnetism in these films.
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To find out i f  induced oxygen vacancies could affect the ferromagnetic behaviour 

o f  our films, two sam ples were annealed in vacuum and their magnetic properties were 

investigated. Apart fi-om magnetic properties o f  the films, their structural and crystalline 

properties were also investigated subsequently after annealing in vacuum (10'^ kg/cm^). 

For this reason, two films grown on c-cut sapphire substrates at 600‘’C and 700”C were 

annealed in vacuum at 600°C for 1 hour. The visual examinafion o f  the films showed that 

after vacuum  annealing films retained its transparency. Annealing in vacuum also 

induced som e conductivity in the film s, as measured by multimeter, which was in the 

range o f  ~  2kfi and did not change with time. This means that annealing in vacuum  

induced oxygen vacancies in the films.

4.2.2.5.2. Conductivity measurements

In order to check the conductivity o f  vacuum annealed Cr-doped ln203 film, two  

point DC conducfivity measurements were carried out in School o f  Physics, Trinity 

C ollege Dublin. Indium contacts were attached to the sample surface and served as 

electrodes. The current in the sample was measured as a ftmction o f  applied voltage, 

which was varied fi’om  0 to 0.05 at a rate o f  0.005 volts per second at an interval o f  10 

points per second (Figure4.19). K nowing the samples thickness (/), width (w) and length 

(/) it is possib le to calculate the conductivity using Formula 30.

a  = (30)
V w x t

The film with the thickness o f  460nm  and 5mm length and width resulted in quite high  

conductivity value o f  1876 S/m. Consequently; this gives the resisitivity value o f  5.33"* 

fl/m  for vacuum annealed Cr-doped In203 film.
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Fig. 4 .19  Current (I) versus applied voltage in vacuum annealed Cr-doped In20j film show ing the 

linear dependence as expected from O hm ’s law

4 .2 .2 . 5 .3 . Structural properties and morphology o f  annealed films 

It w as crucial to investigate how  vacuum  annealing o f  the Cr-doped In203  film s  

could  affect its crystalline properties. For this reason, X R D  analysis w as perform ed on  

annealed  sam ples and com pared w ith  the initial X R D  data. The results o f  X R D  analysis  

for annealed film s are sh ow n  in Figure 4 .2 0 . X -ray diffraction  analysis revealed  that 

annealing in vacuum  did not affect the crystalline quality o f  the film s. In fact, film  grow n  

at dOO^C had the sam e crysta lline structure exh ib iting (2 2 2 ) and (4 0 0 ) preferred  

orientations. T he film  grow n at 7 0 0 ‘’C also sh ow ed  sim ilar crystalline structure w ith  on ly  

on e (2 2 2 ) preferred orientation as com pared to (2 2 2 ) and (4 0 0 ) reflection s prior to 

annealing in vacuum .
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Fig. 4.20 Comparison o f  XR D  spectra for Cr-doped In20j grown at 600°C and 700"C before and 

after annealing in vacuum

145



Chapter 4 Cr-doped In2 0 3  film s

The m oiphology o f  the annealed films was studied using SEM and AFM  analysis. 

The results for SEM analysis are shown in Figure 4.21. From SEM analysis it becomes 

obvious that vacuum  annealing changes the morphology o f  the films. Before annealing 

films consisted o f  densely populated crystallites which grew together to form continuous 

film. Although, after annealing in vacuum the surface o f  the films changed significantly. 

For example, after annealing both films consisted o f  random ly populated crystallites 

separated by pores. AFM analysis also confirmed the structural changes in the films after 

annealing observed fi-om SEM analysis.

As deposited Annealed in vacuum

!r.4rL-:' . i f ;
1 3 -N o v “ 06 5 6 0 5 6  WD16.1rtim S .O kV  x l 5 k  2um5 5 411  WD12.4mm S.O kV  x 2 5 k

Tdep 700"C
Fig. 4 .21  SE M  m icrographs o f  C r-doped Iri203  film s before and after annealing in vacuum
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4.2.2.5.4. Magnetic properties o f  annealed films

M agnetic properties o f  annealed films were studied using SQUID magnetometer. 

Since the saturation magnetisation o f  Cr-doped In203  film was not stable with time the 

magnetisation data o f  annealed films was compared with the results obtained sam e day 

prior to vacuum annealing o f  the films. The changes in magnetisation with time for 

annealed films were also studied. The magnetisation results for vacuum annealed Cr- 

doped In203  are shown in Figure 4.22. The magnetisation data for the film grown at 

600”C revealed that out o f  plane saturation magnetisation slightly increased fi'om ~  

I .9x lO ‘*Am^ to ~ 2 .3 x I 0 ‘*Am^ after vacuum annealing. The ftjrther increase (-2 .9 x 1 0 '  

^Am^) was found when sample was repeatedly measured after 2 w eeks. H owever, som e 

inconsistency in the saturation magnetisation was found when the film was measured 2 

and 6 months after annealing in vacuum. First, the saturation magnetisation slightly  

decreased to ~2.3xlO"*Am^ and then increased again to ~2.8xlO"*Am^. It is possible that 

during vacuum annealing som e oxygen vacancies were introduced in the films, which  

contributed to the total magnetism o f  the film. Another possibility could arise due to the 

fact that sample was remounted for each measurement, so its position (parallel or 

perpendicular) could slightly change each time and introduce the error in the 

magnetisation readings. However, SQUID measurements taken for the sample grown at 

700‘’C showed that the out o f  plane saturation magnetisation for this sample did not 

change after annealing in vacuum (Figure 4.22 f)-)- Overall, w e can conclude that 

annealing in vacuum did not drastically change magnetic properties o f  the films.
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Additionally, the vacuum annealed Cr-doped In203 film  grown at VOÔ C was 

annealed for 1 hour at 600“C in O2 atmosphere. The magnetic properties together with 

structural properties o f this film  were studied. The results for magnetisation o f the Cr- 

doped ln203 film  annealed in O2 are shown in Figure 4.23. Magnetisation measurements 

revealed that after O2 annealing film  was no longer ferromagnetic at room temperature. 

To understand what factors could trigger the observed changes in magnetic properties o f 

the film  we looked at the structural properties o f the annealed sample. The associated 

changes in X-ray diffraction and SEM analysis o f the film, caused by O2 annealing are 

shown in Figure 4.24.

10.0 
8.0 
6.0 
4.0I 2.0 

^  0.0 
C^-2 .0  
£ -4.0 

- 6.0 
- 8.0

- 10.0
-5 -4 -3 -2 -1 0 1 2 3 4 5

(T)
Fig. 4.23 S Q U ID  magnetisation measurement for Cr-doped In20j film  after annealing in O 2

Only very weak reflection from In203 (222) plane together with some fraction o f 

amorphous phase was found from XRD analysis o f  the annealed sample, indicating that 

the crystalline structure o f the film was significantly altered by O2 annealing. Surface 

morphology o f the film  also changed after annealing in O2 as evident from SEM

Annealed in 02 at 600°C for 1 h
out of pla 
in plane
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m icrograph . T he w ell ordered crysta lline structure o f  the film ’s surface w as com pletely  

destroyed.

T h e  above results suggest that the observed  ferrom agnetism  in C r-doped  In203 

film s is closely  associated  w ith  the crysta lline structure o f  the  sam ple. T he 

ferrom agnetism  vanishes, once the film s are no longer crystalline.

2 0  n   I

Fig. 4 .24  XRD pattern (left) and SEM micrograph (right) o f  the Cr-doped In20j film after annealing in 

O2

4.3. Growth o f  Cr-doped lri203 film s in magnetic field  

In th is w ork C r-doped In20a film s w ere also grow n in m agnetic  field o f  IT  

applied  du rin g  the grow th process. To the best o f  o u r know ledge m agnetic p roperties o f  

T M -doped  In203 film s have n ev er been investigated  before. W e expect that the m agnetic 

field applied  d irec tly  during  the grow th o f  the  C r-doped In203 film s could  boost the 

m agnetic  p roperties  and possib ly  increase the saturation m om ent. If th is  w as achieved, it 

w ould  b e  a very  im portan t step tow ards developm ent o f  sp in tronic dev ices. For this 

reason , in fluence o f  m agnetic  field on structural, crysta lline and m agnetic  p roperties o f  

C r-doped  In203 film s w as carefiilly  investigated  using X -ray diffi-action, SE M , A FM  and 

SQ U ID  m ag n etisa tio n  m easurem ents.

T dep 700“C
an n ea led  in 0 2  for 1h at 600°C

<;7 Q>vd WT-11T rifMn i; n v \ /

10 15 2 0  2 5  30 35  40

4.3 .1 . Preparation o f  Cr-doped In203 film s in magnetic field

T h e grow th o f  the  C r-doped  In203 film s w as carried ou t in the PI M O C V D  reacto r
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equipped with 1 Tesla perm anent magnet. Since the dim ensions o f  the reactor differ from 

the PI M OCVD reactor without magnet, (for full details refer to Chapter 2.2.2) optimal 

deposition conditions differ from those described in Chapter 4.2.1. This tim e In(tmhd )3  

was chosen as the In precursor, since it produces the similar quality films as from 

In(acac)3 , but is m ore stable and does not precipitate from solution. The deposition 

conditions are shown in Table 4.4. Films with different Cr concentrations were 

subsequently grown without applied magnetic field and in IT magnetic field on c-cut and 

r-cut sapphire substrates. The Cr concentration in precursor solution varied from 1 to 30 

mol% . The substrate temperature during deposition was 650°C. A fter deposition, the 

films were slowly cooled to room temperature in an oxygen pressure o f  1 atmosphere. 

The films grown in IT  magnetic field were also cooled in magnetic field. The thickness 

o f  the films, which was measured using XRR did not change upon applying magnetic 

field and only increased slightly with Cr concentration from 70nm for 1% Cr to 90nm for 

30%  Cr doped films.

T able 4 .4  D ep osition  con d ition s for C r-doped In2 0 j film s grow n in PI M O C V D  equipped with 1 T esla  

m agnet

D eposition  tem perature 650  °C

Evaporation temperature 140 “C

Carrier gas flow  (A r + O 2 ) 3 5 0  m l/m in

R eactor pressure 5 mbar

M etalorganic precursors In(tmhd)j. C r(acac)i

S o lven t 1 ,2 - d im ethoxyethane

In/(Cr+In) concentration in so lution 0 .0 1 5  m ol/l

Cr/(Cr+In) concentration in so lution From 1% to 30%

Im pulse frequency 2 H z

M icrod ose m ass 4 m g

Substrates AI2O 3 (0 0 0 1 ) and AI2O 3 ( H 0 2 )

4.3.2. Characterisation o f  the Cr-doped Iri203 film s grown in 1 Tesla  

Characterisation o f  Cr-doped In2 0 3  films grown in and without magnetic field 

was carried out using different techniques, such as X-ray diffraction, SEM, EDX, AFM
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and SQUID. A ll this techniques are very important in order to observe any possible 

changes in crystalline quality, morphology, and the most important in magnetic 

properties o f  the film s caused by the application o f  magnedc field. A ll these 

characteristics o f  the films were carefully examined and subsequently compared for the 

samples grown w ithout magnetic fie ld and in IT  magnetic field.

4.3.2.1 . Composition o f  Cr-doped 1 0 2 6 3  films

E D A X  was carried out on all Cr-doped ln 203 films. Measurements were taken in 

5 different regions o f  the film  and the average Cr concentration in a film  was estimated. 

Cr concentration in a film  was identified from relative intensities o f  In and C r peaks by 

comparing them w ith  peak intensities for the standards o f  ln203 and Cr203. The results 

for E D A X  analysis o f  Cr-doped In203 films are shown in Figure 4.25. Cr concentration in 

Cr-doped In203 film s linearly increased w ith Cr concentration in the precursor solution 

independent on substrate orientation o r presence o f  magnetic field, as evident from 

ED AX. However, the actual Cr concentration in a film  was almost twice as low  as 

compared to Cr concentration in precursor solution. Thus, the 30mol% Cr in solution 

corresponded only to ~ 17% Cr in a film .

18-
AI^03 (0001)

16-
14-

E

O

0 10 205 15 25 30
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1 6 -

1 4 -  

1 2 -  

^  1 0 -

0 5 10 15 20 25 30
Cr in solution, (%)

Fig. 4 .25  Variation o f  Cr concentration in a film as a function o f  Cr concentration in precursor

solution for Cr-doped InjOj films

4.3.2.2. X-ray diffraction analysis

X-ray diffraction analysis was performed for all films deposited with different Cr 

concentrations with and without applied IT magnetic field. The observed diffraction 

patterns for som e Cr concentration in In203 are shown in Figure 4 .26 . The careful 

examinafion o f  the X-ray diffraction patterns for the Cr-doped InzO^ films showed that 

application o f  IT magnetic field did not have any noticeable effect on crystalline 

properties o f  the films. XRD patterns were identical for the films grown with and without 

magnetic field. In fact, crystalline quality was found to change only with Cr content but 

not with the magnetic field. The In203 films with lower Cr (up to 10% in precursor 

solution) concentration had good crystalline quality. For the films on AI2O3 (0001 ) In203 

(222 ) reflection is dom inant together with weak reflections fi-om In203 (400 ) and In203 

(433 ) planes. For the films grown on AI2O3 ( 1102) In203(222) and In203 (440 ) reflection 

are dom inant with weak reflection fi-om In203(400) plane. With the increase o f  Cr 

concentration in precursor solution only one strong reflection fi'om In203 (222) plane was 

found for the films grown on both substrate orientafions indicating that addition o f  Cr 

into In203 lattice improved crystalline quality o f  the films. The improvement in 

crystalline quality o f  the films doped with higher Cr concentrations ( 10- 15% in the
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precursor solution) could be associated with less stress between substrate and ln203 

lattice mismatch (lattice mismatch between In203 and AI2O3 is +0 .25%). Since, the ionic 

radius o f  Cr^^ is 0.76A, much smaller as compared to 0.94A for In^^, the introduction o f  

Cr into In203 would result in the reduction o f  lattice constant and consequently the 

reduction o f  lattice mismatch. The fiirther increase in Cr concentration resulted in much 

poorer crystalline quality o f  Cr-doped In203 films. The intensity o f  ln203 (222) reflection 

significantly decreased with fiirther addition o f  Cr and the reflection from In203 (400) 

appeared again for the films on both substrate orientations. Moreover, the reflection from 

Cr203 peak was found for Cr concentrations higher that 25mol% for the films grown on 

AI2O3 (0001) substrates. This indicates that Cr solubility limit in In203 film is below 

25mol%  in precursor solution (or less than 14% in a film) for the films on AI2O3 (0001) 

substrate. However, the solubility o f  the Cr in In203 grown on AI2O3 (l i 02) is higher, 

since no fonnation o f  any Cr oxide secondary phases was found even for 30mol% Cr in 

precursor solution (or 17% in a films).
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Fig. 4 .26 X R D  patterns for Cr-doped In203 films with different Cr concentrations and grown in 

and without I T  magnetic field

T he  la ttice  constant and c ry s ta llite  size w ere  also ca lcu la ted  fro m  the X R D  data 

fo r  a ll C r-doped  ln 203 f i lm s  us ing  the same fo rm u la  as described in  C hapter 4 .2 .2 .1 . T he  

v a ria tio n  o f  the la ttice  constant was studied as a fu n c tio n  o f  C r concen tra tion . T he  

in flu e n ce  o f  m agne tic  f ie ld  on the la ttice  constant was also investiga ted . F igu re  4 .27 

show s the va ria tio n  o f  the  la ttice  param eter w ith  the C r concen tra tion  in  a f i lm . T he  

la ttice  param eter o f  undoped In 203 film s  on both  sapphire substrates was s lig h t ly  lo w e r 

(10.13A) than  the reported va lue  o f  10.1 ISA  fo r  the cu b ic  fn 203. T h is  is e as ily  

exp la ined  b y  the induced stress due to la ttice  m ism a tch  betw een th in  f i lm  and sapphire 

substrate.
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As expected, the lattice parameter o f  Cr-doped IniOs film s decreased with Cr 

concentration on both substrate orientations independent o f  magnetic field, w ith several 

exceptions at lower Cr concentrations. Although, for Cr concentrations above 14 atomic 

% in a film , the lattice parameter either decreased ve iy insignificantly or even increased, 

for the film s on both substrate orientations. This also confirms, that the solubility lim it o f  

C r ions in the In203 cubic lattice for PI M O C V D  grown films is -1 4  atomic %.
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Fig. 4.27 The calculated lattice parameter o f Cr-doped In2 0 j films for different C r concentrations
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The average crystallite size (D) o f  the films with different Cr concentrations was 

calculated from the FWHM o f  the (222) peak reflection using Scherrer formula. The 

average crystallite size was studied as a function o f  Cr concentration in precursor solution 

and also as a function o f  applied IT magnetic field. The calculated values are given in 

Table 4.5.

Table 4.5 The average crystallite size calculated using Scherrer formula for Cr-doped In20j film for

different Cr concentrations in precursor solution for the grown in and without magnetic field

Cr in 

solution, (%)

Average crystallite 

size, (nm), AI2 O 3  

(0001), OT

Average crystallite 

size, (nm), AI2 O 3  

(0001), IT

Average crystallite 

size, (nm), AI2O 3  

(U 02), OT

Average crystallite 

size, (nm), AI2 O 3  

(H 02), IT

1 2 9 31 32 30

2 33 28 42 39

3 2 8 32 35 38

4 2 8 3 0 35 35

5 2 9 30 33 3 4

6 2 1 23 29 31

7 2 2 2 2 29 2 4

8 2 1 2 2 27 2 6

9 19 2 2 26 26

1 0 2 0 2 1 25 23

1 2 2 1 2 0 23 2 4

15 19 18 2 0 25

18 18 17 38 29

2 0 19 18 17 23

2 2 15 18 2 1 19

19 ' 16 16

2 8 2 1 19 2 4 16

3 0 13 2 6 14 2 9
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From  Scherrer form ula w e found that average crystallite s ize , w ith  som e  

ex cep tio n s, w as largest for the film s grow n at low er Cr concentrations (up to 5m ol% ) and 

then s lo w ly  decreased with increasing Cr concentration. At the sam e tim e the average  

crysta llite  s ize  depends on substrate orientation and w as sligh tly  larger for the film s  

grow n on AI2O 3 (1 1 0 2 )  substrate. The average calculated particle size  o f  Cr-doped In203 

did not drastically  change w hen film s w ere grow n in IT, su ggestin g  that m agnetic field  

d o es not have the effect on the grow th process and form ation o f  crystallites in C r-doped  

In203  film s.

4.3 .2 .3 . M orphology o f  Cr-doped Iri203 films 

S E M  analysis w as done for all C r-doped In203 film s. T he changes in film ’s 

m orp h ology  w ith  Cr concentration w ere invesfigated . The m orphology  o f  the film s grow n  

w ith  and w ithout m agnetic field  for different Cr concentrations w as also com pared. T he  

results for SE M  analysis are show n in Figure 4 .28 . The film s grow n w ithout Cr and w ith  

l% C r in precursor solution  had sim ilar m orphology  as Cr-doped In203  film s sh ow n  in 

C hapter 4 .2 .2 .2 , grow n at 650"C. T he m orphology  o f  those film s is sligh tly  different 

w hen  grow n in m agnetic field , but as w as later found this effect w as arising m ore lik ely  

from the injection pulse instability  rather than m agnetic field effect. W ith Cr 

concentration increase (fi-om 3%Cr in precursor so lu tion) the crystallite s ize  b ecom es  

sm aller  and is further decreasing w ith Cr concentration. For Cr concentration higher that 

25%  in precursor solution, the inclusions o f  b igger  crystallites are tbund on the surface o f  

the film . T h ese  crystallites could  p o ss ib ly  be the secondary Cr203 phase, w hich  is also  

observed  in the X R D  results. W e found that m agnetic field  did not have any substantial 

v is ib le  e ffec t on the film ’s surface m orphology, as evident fi-om SEM  analysis.
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HMHDMra

F ig. 4 .2 8  SEM  m icrographs o f  C r-doped Iri2 0 3  film s with different Cr concentrations grow n in and 
w ithout m agnetic field

4.3 .2 .4 . M agnetic properties o f  Cr-doped Iri203  films 

To test the samples for room tem perature ferromagnetism all films (grown in and 

without magnetic field) were analysed using SQUID magnetometer. The measurements 

were performed at 300K in IT magnetic field applied perpendicular and parallel to the 

film surface. Additionally, sapphire substrates were also measured using SQUID in order 

to test them for the presence o f  possible magnetic impurities. As expected, no 

ferromagnetic signal at room temperature was detected and only diamagnetic contribution 

from substrate was observed (Figure 4.29).
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The magnetisation measurements revealed that all Cr-doped ln203 film s grown in 

a new reactor equipped w ith IT  magnet were not magnetic at room temperature, even the 

film s w ith  higher Cr concentrations. The magnetisation results for Cr-doped In^Os film s 

are shown in Figure 4.30. Moreover, film s grown in IT  magnetic field also did not show 

the presence o f  room temperature ferromagnetism. These results suggest that the 

feiTomagnetism in this system very strongly depends on the deposition conditions and 

even small shift in any o f  the deposition parameters can influence the ferromagnetic 

coupling and thus the reproducibility o f  the magnetic properties previously observed in 

Cr-doped In203 films.
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Fig. 4.30 SQUID magnetisation data for 6 and 12% Cr-doped In20i films grown on c-cut sapphire 

substrate in and without magnetic field
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4.4. Conclusions

For the first tim e Cr-doped 1 0 2 6 3  films have been successfiilly prepared using PI 

M OCVD method. The crystalline properties, morphology and optical properties o f  the 

films strongly depend on deposition conditions including temperature and substrate 

orientation. The crystallographic structure o f  the films was highly influenced by the 

deposition temperature. The films grown at higher temperatures (700‘’C and 750”C) 

showed a strong (222) orientation on AI2 O 3 (0001) and (222) and (440) on AI2 O 3 (H 0 2 ) 

substrate and exhibited a cubic structure. The films grown at lower temperature were 

random ly orientated. In addition, no formation o f  secondary phases was detected in 

2% Cr-doped In2 0 3  films, as evident from XRD and XPS analysis. The SEM and AFM 

analysis indicated that surface topology was better for the films grown at 750”C with 

average grain size and roughness values o f  47nm and 48nm, and 3.9nm and 7nm for the 

films on AI2 O 3 (0001) and AI2 O 3 ( l i0 2 )  substrates respectively. Suiprisingly, the films 

grow n at lower temperatures (550"C, 650"C) showed the better transmittance o f -9 0 %  in 

the visible region, as compared to the film grown at 750”C.

W e found that Cr concentration in films is only slightly larger than that in 

precursor solution and that Cr is more likely to substitute for indium in In2 0 3  cubic lattice 

in Cr"*̂  oxidation state, however, the povssibility o f  Cr'^  ̂ is not fully excluded. In contrast 

to Co-doped ZnO  films, chre)mium ions distributed unifonnly over the whole thickness o f  

the films.

W e found that magnetic properties o f  the Cr-doped films strongly depend on the 

substrate orientation, but not so much on neither deposition temperature nor crystalline 

quality. All 2% Cr-doped In2 0 3  films grown at different temperatures on AI2 O 3 (0001) 

substrate were room tem perature ferromagnetic and insulating at room temperature, while 

films grown on AI2 O 3 (1102) were not magnetic. The magnetic moment o f  the films did 

not show any dependence on the deposition temperature and (with only one exception) 

did not change significantly. The highest magnetic moment o f  1.65//B/Cr was found for 

the film grown at 700"C which is com parable with the reported value o f  l.S/zn/Cr found 

for 2% Cr-doped In2 0 3  In addition, the saturation magnetisation was found to be 

highly anisotropic, with the highest magnetic moment when the magnetic field is applied 

perpendicular to the film surface. Similar, as was observed for Co-doped ZnO films, the
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saturation magnetisation decreased with time, resulting in the decrease o f  the anisotropy 

o f  the films. However, the decrease in magnetic moment o f  Cr-doped In203 films was not 

so sharp as found for Co-doped ZnO films and seemed to stabilise after some period o f  

time. By contrast to our results, other researchers found that only films, which show  

metallic or semiconducting behaviour, are room temperature ferromagnetic The

annealing o f  our ferromagnetic films induced conductivity, although magnetic properties 

o f  the annealed films did not change upon vacuum annealing. This suggests that some 

other mechanism, rather than proposed carrier induced magnetism is responsible for the 

observed ferromagnetic properties in our films. The origin o f  ferromagnetism in our 

samples is not quite clear. We ruled out that possibility o f  formation o f  secondary phases 

is responsible for observed ferromagnetism in our films, because it is known that metallic 

Cr is non-magnetic. In addition most o f  known Cr oxides are antiferromagnetic. We 

suggest double exchange mechanism between Cr"*̂  and In̂  ̂ ions as a possible origin o f  

room temperature ferromagnetism in Cr-doped In20j films. Furthermore, there is always 

some degree o f  detects present in every lattice, which could also contribute to the 

observed room temperature ferromagnetism in our films.

The growth o f  the Cr-doped In203 films in IT magnetic field did not have an 

obvious effect neither on the crystalline properties and morphology o f  the films nor on 

magnetic properties. Furthermore, all films grown in a new PI MOCVD reactor equipped 

with IT permanent magnet did not show room temperature ferromagnetism. This result 

confirms that ferromagnetic ordering in DMS based oxide films is very sensitive to 

different deposition factors resulting in a very poor reproducibility also found in many 

other groups '̂**1

Finally we have shown that it is possible to obtain room temperature 

ferromagnetism in Cr-doped In203 films grown by pulse injection MOCVD on AI2O3 

(0001 ) substrate. The high anisotropy and absence o f  secondary ferromagnetic phases 

suggest the intrinsic nature o f  room temperature ferromagnetism in our films. The 

observed ferromagnetism at room temperature in Cr-doped In203 films has confirmed 

that doping 2 mol % o f  Cr atoms into In203 may provide a promising magnetic material 

for new generation spin electronic devices.
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Chapter 5: Deposition and investigation o f Fe304  
oxide layers

5.1. Introduction

At room temperature magnetite (Fe304) is a soft ferromagnetic material and has 

an inverse spinel cubic structure. The tetrahedral A sites o f Fe304 are occupied by one- 

third o f  the Fe^  ̂ ions and the remaining Fe^^ and Fe^^ ions are located on the octahedral B  

sites with an average charge o f 2.5  per formula unit. Ions at B  sites are aligned 

ferromagnetically, but at the same time they are aligned antiferromagnetically with ions 

at A sites. This results, that magnetic moments o f Fe^  ̂ ions are cancelled out and the net 

magnetic moment in Fc304 is due to Fê "̂  ions (4/Xb), leading to the ferrimagnetic 

behaviour o f magnetite. Apart from the interesting magnetic properties, magnetite has a 

structural transition at - 1 2 5 K , known as the Verwey transition. At low temperature, 

below the Vcrwey transition the electrical conductivity o f magnetite decreases by two 

orders o f magnitude and Fe304 becomes insulating Above the Verwey transition 

temperature Fe304 behaves as a metallic conductor.

Since the discovery o f magnetism in Fe304 it has a great impact on Materials 

Science due to its fascinating properties. Magnetite has also found a great number o f 

applications, such as electric motors, electromagnets, transfomiers, video and audio 

adapters, magnetic inks, biomedical applications and etc

Band structure calculations on Fe304 suggested that only minority spin (spin 

down) electrons present at the Fermi level, thus indicating the semi-metallic nature o f 

Fe304. Therefore, for one spin orientation Fe304 acts as a metal, while for the opposite 

orientation it acts as an insulator This also means that the spin polarisation o f Fe304 is 

100%.

Semi-metallic magnetic oxides have recently attracted great attention for 

spintronics as they have high polarisation at the Fermi level and high Tc which are 

believed to benefit the injection o f spin carriers into the semiconductors. Fc304 is one o f 

the most potential semi-metallic oxides for spintronic applications due to its half 

metallicity, relatively low deposition temperatures and high Tc ( - 8 6 0 K )  in comparison 

with other semi-metallic materials, such as LauxSrxM nOs (T c= 3 6 0 K ) or C r02  

(T c= 3 9 5 K ). Thus, F e304  offers a greater perspective for large T M R  at room temperature 

The growth o f these half-metallic oxides with higher T c  is still under progress. Prior
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to application in real devices it is very important to be able to control the growth, 

magnetic and transport properties o f  Fe304 in the form o f thin lilms. For example, the 

growth o f  the spinel Fe304 should be flirther optimised to prevent the tbnnation o f  

intrinsic growth defects o f  anti- phase boundaries that reduce the magnetic properties o f  

thin epitaxial films These defects lead to some unusual features, the most remarkable 

being the non-saturation o f  magnetisation in thin films o f  Fc304, meaning that the 

properties o f  magnetite are very sensitive to the extrinsic or intrinsic defects.

Thin films o f  Fc304 have been well explored on single crystal MgO substrate that 

determines the epitaxial growth, since the lattice constant o f  magnetite (a=8.397A) is 

twice as large as the lattice constant o f  MgO (a=4.2I2A). Although, when depositing 

Fe304 on MgO, because o f  the different symmetry ofFc304, neighbouring growth islands 

can be shifted or rotated with respect to each other, resulting in anti-phase boundanes. 

The magnetic coupling over the large fraction o f  these boundaries is anti ferromagnetic, 

thus acting as a barrier for the spin polarised conduction electrons There are also few 

reports on thin film growth o f  Fc304 on other substrates, such as AI2O3, SrTi03, Si and 

GaAs

Various growth techniques have been used to fabricate single-cr>^stalline Fe304 

films including MBE PLD RF magnetron sputtering ^'“*1 Up to date PI

MOCVD have never been employed for the deposition o f  Fe304 films. Thus, the main 

aim o f  this part o f  our work is to deposit Fc304 films using PI MOCVD technique and 

investigate their magnetic properties. During deposition, IT magnetic field was also 

applied. Until now, there are only very few examples o f  the utilisation o f  magnetic field 

during the fabrication o f  Fc304 films. For example, the magnetic field was applied during 

the growth o f  DC magnetron sputtered Fe304 films in order to define uniaxial magnetic 

anisotropy o f  the magnetic layer for using in spintronic devices The idea was to apply 

magnetic field during the growth o f  Fc304 films in order to enhance its magnetic 

properties. In the case o f  successful results, the PI MOCVD in an external magnetic field 

could be used in the fabrication o f  spintronic devices.

5.2. Preparation o f  Fc304  film s

In this work the direct growth o f  iron oxide film in the tbrm o f  Fe304 phase was 

achieved by using PI MOCVD technique and inert carrier gas. It is well know that a -
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Fc2 0 3  is the most stable phase o f  iron oxide below 560”C. Normally, in reactive oxidising 

atmosphere most o f  the as-deposited iron oxide films are in a-Fe2 0 3  phase. Therefore 

frequently the second step is necessary to reduce this iron oxide phase by annealing at 

temperatures below 350”C for 3-5 hours in a H2  (reducing) atmosphere to fonn a Fe3 0 4  

phase. Here Pe3 0 4  films were grown in a single step reaction using Pe(tmhd) 3  as a 

precursor at different temperatures and employing two different carrier gas mixtures. The 

first series o f  films were grown using only Ar carrier gas and at deposition temperatures 

o f  450°C, 500°C, 550°C, and 600°C. The second series o f  the Pe3 0 4  films were grown at 

500°C and 550°C in reductive atmosphere using the mixture o f  Ar and H2  gases. Each o f  

the film growth process was consequently carried out without and in applied external 

magnetic field (IT) in order to compare the magnetic properties o f  the films and estimate 

the effect o f  external magnetic field. Films were grown on MgO(lOO) and A I 2 O 3  (0001) 

substrates. In addition, to check the dependence o f  magnetic properties on the film 

thickness, six films were grown at 550°C on A I 2 O 3  (0001). The thickness o f  the films was 

increased by increasing the number o f  injection pulses, fi"om 1000 to 3000. The 

depositions were also repeated in IT external magnetic field. After deposition, films were 

slowly cooled in vacuum to room temperature. The summary o f  the general deposition 

conditions is given in Table 5.1.

Table 5.1 General deposition conditions for Fc304 film s

D eposition temperature 450”C - 600“C

Evaporation temperature 140 "C

Carrier gas flow 80 m l/m in

Carrier gas Ar, Ar+10% H2

Reactor pressure 5 mbar

M etalorganic precursors Fe(tm hd)3

Solvent 1,2- dim ethoxyethane

Fe concentration in solution 0 .015  m ol/l

Im pulse frequency 2 Hz

M icrodose m ass 3 mg

Substrates MgO(lOO), AbOjCOOOl)
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5.3. Investigation o f  Fc304  films

In our studies o f  Fe3 0 4  films we mostly focused on the magnetic properties o f  the 

films grown without and in external magnetic field. However, structural and crystalline 

properties o f  the films were also carefully examined and the optimal deposition 

conditions for the preparation o f  high quality Fe3 0 4  films were found.

5.3.1. Thickness o f  the Fe304  films

In this work, it was very important to detennine the thickness o f  the films 

accurately, which is used to calculate the magnetic moment per formula unit or per mass 

unit for all Fe3 0 4  films. Then magnetic moments o f  the films grown in and without 

external magnetic field can be compared and the effect o f  the magnetic field can be 

esfimated.

The thickness o f  Fc3 0 4  films was measured in four different areas using Zygo 

White Light Interferometiy technique. The average value o f  tour measurements was then 

used to estimate the thickness o f  the films. The thickness could not be estimated for the 

F e 3 0 4  grown at 500°C on A I 2 O 3 ,  due to bad adhesion o f  the films on the substrate 

surface. For this reason it is not possible to get good step o f  the film-substrate interface 

necessary for the accurate thickness measurement. Even tliough the sensitivity o f  the 

White Light Interferometer is very high (less than Inm) there is ~5% uncertainty in the 

film thickness arising from the edge effect (the thickness o f  the films is lower at the edges 

o f  the substrates) in MOCVD grown films.

For both deposition methods (using Ar or Ar+H2 atmosphere) films on MgO  

substrate are thicker than films grown on AI2 O3 when grown at 450°C and 500°C. This 

could be due to the fact that optimal precursor decomposition/absorption and diffusion 

rate on MgO substrate is lying in this temperature range. Another reason is a possible 

gaseous phase turbulence resulting in the shift o f  the deposition centre on the substrate 

holder.

As expected, the increase in films thickness from ~60nm  to ~140nm  is found 

when the number o f  pulses during the deposition is increased from 1000 to 3000. All 

results are summarised in the Table 5.2.
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Table 5.2. The average thickness o f  Fej0 4  films grown in different deposition conditions

Deposition  

tem perature, ("C)

Thickness, (nm)

AI2O3 substrate M gO substrate

Films grown in Ar atmosphere

450 44 73

450, IT 38 67.5

500 -1 0 0 140

500, cooled in IT -1 0 0 137

500, IT -1 0 0 144

550 46 45

550, cooled in IT 50 39

550. IT 45 31.5

600 40 25

600, IT 24.5 21

Films grown in Ar+H i atm osphere

500 30.5 55

500, IT 28 52

550 92 134

550, IT 89 129

Films grown with different pulse numbers

1000 61
—

1000, IT 59
—

2000 95
—

2000, IT 94
—

3000 147
—

3000, IT 139
—

5.3.2. X-ray diffraction studies

5.3.2.1 . Crystalline properties o f  Fe304  on AI2O3

X-ray diffraction structural characterisation o f  the films grown in Ar atmosphere 

on AI2 O 3 at different temperatures is shown in Figure 5.1. The main peaks o f  the films 

were compared with the JCPDS database and are corresponding to the Fe3 0 4  cubic 

inverse spinel structure. As evident fi-om XRD patterns the Fe3 0 4  has developed (111) 

preferred orientation at all deposition temperatures. For the films grown at 450°C, 500°C 

and 550°C additional peaks at 39.3° were observed which corresponded to nonmagnetic 

Q!-Fe2 0 3  phase. The most intensive 0 !-Fe2 0 3  reflection was found for the film grown at
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500°C , w h ile  other film s had on ly  very w eak reflection from 0 !-Fe203  (600) phase. All 

film s which had presence o f  a -F e203  phase were brown-red in colour, rather than 

m etallic dark colour typical for pure magnetite. In contrast, the film  grown at 600°C  had 

no evidence o f  other phases and had brown-grey colour with m etallic shine. W e also 

found that film  grown at 600°C  has very low  resistance (in a range o f  ~  150-350kfi as 

m easured by m ultim eter) typical for m agnetite.

In addition, Fe304  has nearly the sam e structure and lattice parameter as 

m aghem ite (y-Fe2 0 3 ) that is w hy they cannot be distinguished from each other only by  

X R D . To confirm the growth o f  Fc304  in the film s Raman spectroscopy m easurem ents 

w ere perfom ied, which w ill be discussed  later in the section 5.3.3.

20, n
F ig. 5.1 X R D  patterns {0- 20) o f P e 3 0 4  f ilm s grow n on A I2O 3 at d ifferent d ep osition  tem peratures

The X R D  patterns o f  the Fe304  film s grown in Ar w ithout external m agnetic field were 

com pared with those cooled  in IT extem al m agnetic field (only for the film s grown at 

500°C  and 550°C ) and also grown in IT m agnetic field at all deposition temperatures. 

The results are show n in Figure 5.2. W e did not observe any changes in crystalline 

properties o f  the film s when cooled  or grown in IT extem al m agnetic field. A ll film s had
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( 111)  preferred orientation regardless i f  film s w ere grown in or without the presence o f  

external m agnetic field. W e also did not find any consistent change in the intensity o f  the 

Fe304  peaks w ith application o f  external m agnetic field. This a llow s us to suggest that IT 

m agnetic field does not have any significant effect on the crystalline properties o f  the PI 

M O C V D  Fe304  film s grow n in Ar. In contrast to our film s, Tang et.al. found that the 

preferred orientation o f  DC magnetron sputtered Fe304  film s changes even  upon applying  

0.035T  external m agnetic field parallel to the film  growth direction

cno

52. T dep 450
OT 
1T

CM m

Tdep 500C 
OT

50 60
20, ( ° )

Tdep 5500 
OT
cooled in IT 
grown in IT

CN CO

cooled in 1T 
grown in IT

CN

50 60
26, n

O)o

Tdep 600C 
OT 
1T

Fig. 5.2 The com parison o f  XRD patterns o f  Pe304 films grown in and w ithout m agnetic field on AI2O3 

substrate, showing similar crystalline structure

The FW HM o f  (333) peak for Fc304  is low est for the film s grown at 450°C , and is 

~ 0 .5 7 °  and 0 .52° for the film s grown without and in extem al m agnetic field , respectively, 

indicating a good crystalline quality o f  the films. The film s grown at other temperatures
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had an average FWHM o f -0.65° with sHghtly larger values for the films grown at 500°C 

and 550°C.

The XRD patterns o f the Fe3 0 4  films grown on AI2O3 using Ar+H2 as reactive 

atmosphere are shown in Figure 5.3. Similar to the films grown in Ar atmosphere all 

films have developed (111) preferred orientation. However, the films grown at 500°C had 

an additional weak reflection from Fc3 0 4  (400) plane. The films grown at 550°C were 

single crystalline. In contrast to the films grown in Ar, no secondary o;-Fe2 0 3  phase was 

detected by XRD. Comparison of XRD patterns for the films grown in and without 

external magnetic proved to have no effect on crystalline properties.

iittibiiWiiufiy

20, n
Fig. 5.3 XRD patterns o f  the Pe304 films grown on AI2O3 sapphire in Ar+H2

The out o f plane a lattice parameter o f cubic Fe3 0 4  films grown on AI2O3 was calculated 

from (333) reflection and the variation o f a lattice parameter as a function o f deposition 

temperature was studied. We found that a lattice parameter o f Fc3 0 4  films grown on 

AI2 0 3  substrate in Ar atmosphere was smaller than the accepted literature value o f 

8 .3 9 7 A for the cubic Fc3 0 4 . The films grown at 450°C and 500°C had quite similar value 

of a lattice parameter. Further increase in the deposition temperature resulted in the 

decrease o f the a lattice parameter. Since the thickness o f the Fc3 0 4  films is well below 

lOOnm, we believe that the slight deviation in the lattice parameters o f  thin films on the
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s in g le  crystal substrate m ay be due to the substrate induced strain in the film. In fact, it 

w as found when Fe304  is grown on amorphous glass substrate its lattice parameter is very 

c lo se  to the bulk value since amorphous glass does not provide any substrate induced  

strain and hence the film s grow  com pletely relaxed. Film s grown at low er temperatures 

(450°C  and 500°C ) experienced less out o f  plane com pressive strain than those grown at 

higher temperatures, and their lattice parameters differ less irom that o f  the bulk value o f

FC 304.

8 .4 0 -

<

8 .3 5 -
Q)
E ro
ro
Q.

8
I  8 .3 0 -  

8 .2 5 -

F ig . 5 .4  T he variation o f  lattice param eter (a ) w ith  d ep osition  tem perature tor the F e i 0 4  f ilm s grow n  on  

A I 2 O 3  substrate in Ar atm osphere

T he a lattice parameter o f  Fe304  film s grown in Ar+H 2 reactive atm osphere at 500°C  is 

sligh tly  sm aller than that o f  the film s prepared in Ar atm osphere at the sam e temperature. 

A gain , the decrease o f  a lattice parameter was also found with increase in deposition  

temperature to 550°C  for the film s grown in Ar+H i atmosphere. This is sim ilar to the 

observed changes in lattice parameter in film s grow n in Ar atm osphere. T he fiall 

summary o f  the results for a lattice parameter, FW HM  and effective out-of-plane strain 

for F e304  film s grown on AI2O3 is shown in Table 5.3.

a lattice parameter

b u l k  F e A  "  ^3 4  •  cooled in 11
A grown in IT

I

450  500 550 600

Tdep, rC)
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Table 5.3 The experimental values o f  FWHM, a lattice parameter and effective out-of-plane strain

for Fej0 4  films grown in and without magnetic field at different temperatures

T deposition, (°C) FW HM , (°) a lattice 

param eter, (A)
Effective out-of- 

plane strain, (%)

Fe.104 grown in Ar atmosphere

450 0.58 8.332 -0.78

450, IT 0.52 8.335 -0.74

500 0.64 8.339 -0.70

500 cooled in IT 0.71 8.332 -0.78

500, IT 0.68 8.353 -0.53

550 0.64 8.309 -1.06

550 cooled in IT
—

8.292 -1.27

550, IT 0.60 8.305 -1.12

600 0.63 8.285 -1.35

Fe304 grown in Ar+Hj atm ospliere

500 0.73 8.31 -1.04

500, IT 0.56 8.309 -1.06

550 0.41 8.297 -1.21

550, IT 0.80 8.297 -1.21

The a lattice parameter and associated strain was also calculated tor the different 

thickness films grown with different pulse number. The results are shown in Table 5.4. 

All films had typical (111) dominant orientation regardless to the external magnetic field, 

similar to that for the films grown at 550°C in Ar. The FWHM o f the film peak decreases 

with increasing film thickness. While, the a lattice parameter increased with film 

thickness (or number o f pulses) and had the highest value o f 8.367A tor the thickest film, 

indicating the relaxation o f the substrate induced strain with the film thickness. The strain 

in the films was determined as the difference between measured and expected lattice 

parameter divided by expected lattice parameter value (taken trom JCPDS database).

Table 5.4. The experimental values o f  FWHM, a lattice parameter and effective out-of-plane

strain for the Fe304  films grown with different pulse numbers

Num ber of  

pulses

(111) FW HM , 

(°)

a lattice 

param eter, (A)

Effective out-of-plane 

strain, (% )

1000 0.40 8.301 -1.16

1000, IT 0.42 8.302 -1.14

2000 0.21 8.352 -0.54
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2000, IT 0.21 8 .354 -0.51

3000 0.17 8.367 -0 .36

3000, IT 0.17 8.365 -0 .38

The average grain size was calculated from X R D  (33 3 ) reflection for Fe3 0 4  using  

Scherrer’s formula. W e found that average grain s ize  o f  Fe3 0 4  film s grow n at different 

temperatures in Ar did not change very drastically and w as lying in the interval o f  12- 

18nm. The slightly sm aller grain sizes w ere found for the film s grown in Ar+H 2 reactive 

atm osphere. At the sam e tim e the film s grown with different pulse numbers had larger 

grain size. H ow ever, the results w e obtained using Pe3 0 4  ( 111)  peak rather than (333) 

peak. The average grain sizes for all Fc3 0 4  film s grow n on AI2 O 3 substrate are shown in 

T able 5.5.

Table 5.5. The average grain size calculated for Fe304  film s grown on AI2OJ substrate

Average grain size, (nm) Nr of pulses Average grain 

size, (nin)T deposition, 

(°C)

Grown in Ar Grown in 

Hz+Ar

450 15.7
—

1000 20.9

450. IT 17.4
—

1000, IT 26

500 14.2 11.1 2000 23.4

500, cooled in 

IT

12.7 — 2000, IT 20.6

500. IT 13.4 11.2 3000 22.5

550 14.1 12.3 3000 23 .6

550, cooled in 

IT
— — — —

550, IT 15.1 11.3
— —

600 14.5
— — —

600, IT 15.7 — — —

5.3.2.2. Growth o f  Fe304  on MgO substate

It was previously reported that the growth o f  Pe3 0 4  film s on MgO(lOO) substrates 

results in h ighly oriented or epitaxial film s S in ce Fc3 0 4  film s on M gO  (1 0 0 ) have a 

reported (100) preferential growth w e could not detect the expected (400) peak at 43 .052°  

because it was overlapping with much more intensive M gO  (200) peak at 42 .9 1 6 °. For
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Chapter 5 Deposition and investigation o f Fc304 oxide layers

this reason the X-ray diffraction structural characterisation o f  the Fc3 0 4  films on 

M gO (l 00) was perfonned by tilting  the sample at psi angle o f  15.79° between M g0(200) 

and Fe(511) and performing the 6-26 scan in the angle range o f  50°- 60° so as only the 

reflection for Fc3 0 4  (511) plane is observed at 56.9”. The typical XRD pattern for Pe3 0 4  

films on MgO(lOO) substrate grown at different deposition temperatures is shown in 

Figure 5.5. As evident from XRD the Fc3 0 4  films deposited at different temperatures 

exhibited a single phase on (100) MgO substrate (Figure 5.5.b). In contrast to the films 

grown on A I2 O3 , Fc3 0 4  films on MgO did not show any presence o f  other iron oxide 

phases. A ll films had grey metallic colour and were highly conducting. The position o f 

Fc3 0 4  (511) peak was shifted to larger angles indicating the presence o f  stress in the 

films.

The FW HM o f  the films was less than 1 ° indicating rather good quality. The films 

grown at 500°C had the lowest value o f  FW HM (Table 5.6.). The FW HM o f  the rocking 

curve, which is a measure o f  a mosaic spread in the films, was found to be less than 

0.85°, w ith slightly smaller values for the films grown at higher temperatures.

6

5

4

3

2

0

Fe304 (511)

20 30 40 50 60 70 80 90 100
20, (°)

o
c

-450°C,0T
450°C,1T

-500”C,0T
500°C,1T

-550°C,0T
550°C,1T

-600°C,0T
600°C,1T

57.0 57.5

20 . ( °)

58.5

Fig. 5.5 Typical X R D  pattern for the Fej04  film  grown on (100) M gO  substrate and Fej04  (511) reflection 

for the film s grown at different temperature in and w ithout external magnetic fie ld (b)

We also found that all Fe3 0 4  films on (100) MgO are epitaxial. Figure 5.6 shows 

typical phi scan o f  the (511) reflection observed for the Fes0 4  films. A long the 360° 

sample in-plane rotation, four peaks o f sim ilar intensity are observed as expected for this 

particular reflection due to expected Fe3 0 4 [ 1 0 0 ]/M g 0 [ l  0 0 ] heteroepitaxial orientation.
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Figure 5.6 Phi scan performed for Fe304  (511) reflection, growTi at 450°C showing four reflections

The Fe3 0 4  films grow n in A r+H 2 atm osphere w ere heteroepitaxial and had 

identical crystalline structure as films grown in Ar.

The a lattice param eter o f  Fc3 0 4  was sm aller than that o f  bulk  value, indicating 

that films grown on M gO experienced out o f  plane com pression. The films grown in 

A r+H 2 atm osphere had slightly larger values o f  a lattice param eter than those grown in 

Ar atm osphere and consequently experienced less substrate induced strain. Overall, 

Fe3 0 4  films grown at 500°C in A r+H 2 had the best crystalline quality w ith low est FW HM  

values and sm allest lattice m ism atch induced stress. For all films grown in two different 

atm ospheres, the a lattice param eter increased with tem perature decrease, suggesting that 

higher deposition tem peratures result in form ation o f  the films with larger stress (Figure 

5.7.).
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Fig. 5.7 The change o f  a lattice parameter with deposition temperature o f  Fej0 4  films on MgO

substrate grown in Ar atmosphere

The average grain s ize  calculated for the films had sim ilar values as calculated for 

the film s grown on the AI2O3. N o dependence between deposition temperature and 

particle size  was found for the Fc304  film s grown on M gO substrate. All results for Fc304 

film s grown on M gO substrate are summarised in the Table 5.7.

It is noted that film s grow n in IT external m agnetic field have show n slightly  

larger FW HM  values as those grown without m agnetic field. The average grain size  

calculated for the film s grow n in external m agnetic field is also slightly  larger than those  

for the film s grown w ithout m agnetic field. To be able to make con clu sions it is 

necessary to grow  more film s and investigate the reproducibility o f  this effect. H ow ever, 

w e do not exclude the possib ility  that external m agnetic field applied during the growth  

o f  the film s is responsible for the observed changes in FW HM  and crystallite size in 

PIM O C V D grow n Fe304  film s.
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T ab le  5 .6  T he FW H M , rock ing  curve, a la ttice  param eter, effec tive  ou t-o f-p lane  strain  and  average  grain  

size va lues o f  the F ej0 4  film s on M gO  substrate

T deposition,  

(°C )

F W H M , (°) O m ega  

F W H M , (°)

a lattice  

p aram eter ,

(A)

Effective out-of

p lane strain,  

(%)

A verage  grain  

size, (nm )

Fc3 04  grow n  in A r atm osphere

450 0 .66 0.68 8.340 0.68 13.7

45 0 ,  IT 0.72 0 .84 8.337 0.72 12.5

500 0.56 0.83 8.318 0.95 16.1

500 cooled  in IT 0.53 0 .79 8.315 0.97 17.2

5 0 0 , IT 0.58 0 .79 8.312 1.02 15.6

550 0.72 0 .56 8.301 1.16 12.5

550 cooled  in IT 0.69 0.68 8.293 1.25 13.0

550, IT 0.79 0.64 8.302 1.14 11.5

600 0.53 0 .66 8.284 1.36 17.1

600, IT 0.93 0.68 8.300 1.17 9.8

F ei0 4  grow n  in  Ar-l-H2 a tm osphere

500 0.49 0.68 8.362 0.41 10.5

500, IT 0.51 0.71 8.360 0.43 11.3

550 0.86 0.69 8.352 0.54 18.3

550, IT 0.80 0.57 8.348 0.59 17.9

Finally, it is possib le to conclude that the film s grown in Ar+H 2 atm osphere have  

better crystalline quality than those grown in Ar only. The M gO  substrate proved to be 

better choice tor obtaining good quality epitaxial film s o f  Fc304  prepared by  PI M O C V D  

technique.

5.3.3. Raman spectroscopy studies

Room  temperature Raman spectroscopy w as performed in order to ascertain the 

Fc304  phase and also detect any other possib le iron oxide phases. The excitation  

w avelength  used w as 514 .5nm  from an Ar^ ion laser (Laser Physics Reliant 150 Select 

M ulti-Line) with m axim um  pow er o f  ~10m W . In order to avoid an ex cessiv e  heating and 

oxidation, ~3m W  reduced laser pow er w as used for all the measurements.

Generally, there are four actives m odes for magnetite: Aig, Eg and 3T2g are Raman  

active m odes, while; 4Tiu is an intrared active m ode. The A |g  m ode is the highest
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frequency mode occurring at 670cm '. The Eg mode occurs at 306crn'' and T 2 g modes 

occur at 193cm'' (T '2 g), 540cm '' (T^2 g) and 490cm ' for T^2 g The magnetite thin films 

grown on AI2 O 3 substrate showed Raman shifts (A|g) corresponding to Fc3 0 4  phase at 

-667 ; 663, and 669cm ' for the films grown correspondingly at 450, 500 and 550°C. The 

Aig mode is directly linked to the structure o f  the magnetite system and possesses the 

minimum FWHM for the film grown at 450°C, suggesting better crystalline quality o f  the 

film. The Raman bands are shifted to slightly lower wave number position in comparison 

with the values observed for bulk single crystal o f  Fc3 0 4  (which are 670cm '') and are 

representative o f  in-plane tensile strain The T^2 g mode is observed only for the films 

grown at 500°C and 550°C at ~492cm ', while the Eg mode is not observed at all. There 

is also a presence o f  the peak at 297cm '', which suggests a beginning o f  oxidation, 

showed in studies by Dunnwald and Otto and Hart et al. especially when 

associated with the lines at 410-420cin''.In fact the Raman spectroscopy o f  our films 

shows two peaks at ~410cm ' and 71 lcm  '(the peak at 71 Icm"' is observed for all films, 

while the peak at 410cm 'only for films grown at 500°C and 550°C). These peaks belong 

to the characteristic signature o f  hematite

Raman measurements therefore confinr. that films on AI2 O3 have ir.agnetite phase 

with the inclusion o f  secondary o;-Fe2 0 3  phase found tor the films prepared at 450°C, 

500°C and 550°C. The results obtained from Raman measurements agree well with the 

XRD analysis o f  Fc3 0 4  films. Figure 5.8 shows Raman spectra for the films grown on 

AI2 O3 substrate.
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Fig. 5.8 Raman spectrum o f  Pe304  film s, where * indicates substrate peaks, numbers in red indicate the 

approxim ate positions tor Pe304  phase and in black indicate a -F e2 0 j phase

5.3.4. Investigation of surface microstructure
The surface microstructure o f  all Fe304  film s w as studied using SEM , AFM  and 

MFM m icroscopy techniques. The changes in surface m orphology w ere studied as a 

fiinction o f  the deposition temperature, substrate, deposition atm osphere and the 

application o f  external m agnetic field. It was previously reported, that the surface 

microstructure o f  superconducting film s changes quite significantly under influence o f  

external m agnetic field It is quite possib le that the effect o f  the m agnetic field on the 

m orphology could be even stronger when applied during the growth o f  ferrom agnetic 

sam ples.

5.3.4.I. SEM

The SEM micrographs for the Fc304  film s grown in Ar on ly  atm osphere on c-cut 

sapphire substrate show ed that the microstructure o f  the film s strongly depends on the 

deposition temperature (see Figure 5.9). The m agnetic field had no effect on the
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microstmcture o f  the films since all films had exactly the same surface morphology when 

grown in and without external magnetic field. For the growth temperature o f  450"C, the 

surface resembled an aggregation o f  grains o f  about ~20nm in size. Similar morphology 

was found for the films grown at 550"C and 600"C but with grains fonning smaller 

aggregations than at 450“C. The surface morphology o f these films was relatively rough. 

This implied that a few defects, for example, small angle boundary existed in the grains 

Our films grown at 500”C are very rough, many crannies have appeared on the 

surface, which may be due to the thermal stress. It is believed that the boundary region 

may contain some voids, which would definitely increase the electrical resistivity o f  the 

films. In fact, the multimeter measurements proved that films grown at 500"C had the 

resistivity over 5M fi.

We also studied the change in surface microstructure with the thickness o f  the 

films. The results can be found in Appendix 3. As expected, the film roughness and the 

grain size increased in diameter from ~25-35nm to -lOOnm with the film thickness 

increasing from 60nin to 140nm.

6 /S .48  K D lb - i a r .  5 - 0 ^ x 5 C t C 6 7 7 6 3  K D lb . in r ,  t.0< < V ji6C lc

500°C 500‘’C,1T
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F igure  5.9. SEM  m icrog raphs o f  the F e30 4  film s on AI2O 3 substrate  grow n in A r atm osphere , show ing  

d iffe ren t m orpho logy  o f  the film s grow n at d ifferen t tem peratures. T he im ages in the left row  are  

co rrespond ing  to film s grow n w ithout m agnetic  field  and  in the righ t row  in IT  external m agnetic  field

The surface microstructure o f  the magnetite films grown in Ar atmosphere on 

MgO(lOO) substrates is shown in Figure 5.10. When grown at 450"C films were smooth 

and consisted o f  particles forming small aggregates o f  approximately 25-35nm  in size. 

The films grown at 550°C and 600‘’C possessed similar structure with slightly larger 

aggregates and are rougher. The films grown at 500"C had different structure and 

consisted o f  coalescent particles. It is noted, that in contrast to the films grown on AI2O3 

at SOÔ C the films on MgO substrate had the lowest resistivity o f~ 5 0 k fi. The presence o f  

the external magnetic field did not change the surface morphology o f  the magnetite films 

grown on MgO substrates.

184



Chapter 5 D eposition and investigation o f  Fe304  oxide layers

SE 3 l - 0 c t - C 7  T O 1 5 .4 n ri 5 . 0 W SE 07-N O V -07 6 7 7 6 9  K D lt .2 n tn

45 0 ”C 450"C,1T

SE 07-N O V -C 7 6 7 7 i,3  i.OiCf

500"C 500"C,1T

i
3 :  0 0C -C 7  67 5 3 0  V D l$ .2 a r .  t.OAV x tC k  l e a  S2 3 1 - O e t  07  67*>46 K D lS ..4n r. t.OXV xSC k l u n

550”C 550”C,1T

' - V ' V ’ vA"

.t  . . r--

• V, v-^ *-w ~ : > - .
■ « V , ^ .  * ' * • 1 .  ' •  ' - ' V *• * ,  . ' » ' - * V ^  , ' t ;

S 2  3 ;  O o t - 0 7  ’ 6 7 5 6 3  T O li> -4 ar. i .O < c V * tC k  l u a  S2 0 /  N ov 07  67 7 8 3  K D ib .^n ir. ii .O W K ^ C Ic  ' l u a '

600“C 600"C,1T

Fig. 5 .10  SEM  m icrographs o f  the Fe304  film s on M gO (100) substrate grown in Ar atm osphere. The film s 

in the left row are grown without m agnetic field and in the right row in IT external m agnetic field

The surface microstmcture o f  the magnetite films grown in Ar+Ha atmosphere 

was also studied. The results are shown in Figure 5.11. Films grown at 550"C consisted
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o f  approximately ~25-35nm aggregated grains and is very similar to that observed for the 

films grown in Ar atmosphere. However, the films on c-cut sapphire grown at 500”C had 

different microstructure and consisted o f  the large (~80nm) ciystallites distributed over 

the smooth matrix. The different surface microstructure tor those films is easily explained 

by the tact that those films have different XRD reflection (Fe3 0 4  (400)) not observed in 

other films, which results in this particular microstructure. Generally, films grown on 

AI2 O 3 substrate in Ar only and Ar+H: atmosphere at SOO^C have much rougher surface 

consisting o f  randomly oriented grains than films grown at other deposition temperatures. 

We believe that this structure is a result o f  high saturation o f  precursor vapours near the 

substrate surface and low substrate temperature. This results in the rapid supply o f  

reactants, but the low substrate temperature limits surface diffusion thus resulting in 

fewer nucleation sites.

At the same time, the surface o f  the films grown on MgO substrate at 500”C 

consisted o f  coalescent particles, similar to that found for the films grown at 500”C in Ar 

atmosphere on MgO substrates.

AI2O 3, 500“C AI2O 3 . 500“C,1T

S2 27  NOV-07 «842fJ tC i e . s m c  6 .0 i« v  x s c i t  1-ora 5E 2 7 -K o v  07 68434  H D 16.4raa lum

AI2 O3 , 550°C AI2 O3 ,550“c ,rr
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F ig .5.11. SEM micrographs o f  the Pe3 0 4  film s grown in Ar^H2 atm osphere

5.3.4.2. AFM

The AFM studies were done on some o f  the fihns in order to evaluate the change 

in films topology and roughness with deposition temperature. The AFM studies for 

surface roughness are consistent with the SEM studies. The average surface roughness 

(Ra) for som e o f  the films is given in the Table 5.8. The smoothest films were obtained at 

450"C on both substrates indicating less stress in the films, also confinned by XRD  

results. The smoothest films are obtained at 450"C on MgO substrate. Together with good 

crystalline quality, good surface microstructure and low roughness it is possible to 

conclude that the best quality films are produced on MgO substrate at 450”C. The 

roughness o f  the films grown at 500”C is too high to be detected by AFM. Figure 5.12 

shows examples o f  AFM images for the films grown at 550“C on AI2 O3 and MgO  

substrates.
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0 1 . 0 0  2 . 0 0  0 1 - ^ 0  2 . 0 0  urn

Fig. 5.12 AFM images o f  Fe3 0 4  films grown at 550“C on AI2O3 and MgO substrates. The 

dimensions o f  the square are 2 /im

Table 5.7. Tlie estimated Ra for the Fc3 0 4  films grown on c-cut sapphire substrate in Ar atmosphere

Deposition temperature, (°C) Roughness average, Ra, (nm)

AI2O3 MgO

450 4.8 1.4

450, IT 4.4 1.8

500 Very rough Rough

500, IT Very rough Rough

550 5.1 4.7

550. IT 5.4 5.2

600 5.2 4.9

600, IT 5.0 4.8

5.3.5. Magnetic force microscopy

The m agnetic dom ain structure o f  the Fe304  films was investigated by m agnetic 

force m icroscopy (M FM ). The M FM  m easurem ents revealed that films have an irregular 

dom ain structure. J. Cheng et.al. found that the dom ain structure m orphology o f  

heteroepitaxial Pe304  films grow n by M BE strongly depends on the substrate He 

found that the films grow n on the SrTiOs substrate, which has the largest lattice 

m ism atch with Pe304 , have a nanoscale dom ain size o f  ~200nm . H ow ever w hen grown 

on M gO  the films had the largest dom ain size. In contrast to the observed dom ain size 

increase w ith the decrease o f  the lattice m isfit betw een Pe304  and the substrate, ou r PI
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M O C V D  grown m agnetite films had sim ilar dom ain structure when grown on c-cut 

sapphire and M gO substrates. The films grown in Ar atm osphere on AI2 O 3 substrate at 

450°C  show ed well defined m agnetic dom ains o f  approxim ately ~400-500nm  in size. 

The films grow n at 450°C on M gO  substrate had sim ilar dom ain structure, however it 

w as not that well defined as on c-cut sapphire. The films retained the irregular shape 

dom ain structure with approxim ately 400-500nm  then grown in d ifferent conditions, 

suggesting that growth param eters such as deposition tem perature (550°C ) o r reactive 

atm osphere (Ar+H 2 ) do not have a m ajor im pact on the dom ain structure. The structure o f  

the m agnetic dom ains did not change either in size neither in shape w hen the external 

m agnetic  field was applied during the grow th o f  the films. The M FM  im ages for the 

Fe 3 0 4  film s are shown in Figure 5.13.

0 2 .5 0  5.00  fjm 0 2 .50  5 .00  pm

Mg0,450°c Mg0,450°c, IT
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Mg0,550°c Mg0,550°c, IT

Fig. 5.13 MFM im ages for the Fe304  film s grown in different conditions

5.3.6. Magnetisation measurements

The m agnetic properties o f  the film s, e.g. saturations m agnetisation (Ms), 

rernanence ( M r )  and coercivity  (H e) w ere measured using superconducting quantum  

interference d ev ice  (SQ U ID ). M agnetic characterisation o f  the Fe304  film s w as carried 

out at 300K  in IT m agnetic field applied parallel to the film  surface. Som e o f  the 

m easurem ents for Fc304  grown on M gO substrates w ere also performed in IT m agnetic 

field  applied perpendicular to the film s surface and results w ere compared with those for 

the applied parallel field. It is noted, that the Ms are approxim ate values, because the raw 

m easurem ents contain the substrate contribution and also due to the 5% uncertainty in the 

film  thickness. The substrate contribution was determined by fitting the h igh-field  data to 

a linear contribution and w as subtracted fi'om all experim ental data in order to determ ine 

Ms.
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5.3.6.1 Fc304  grown on AI2O3 substrate

For the Pe304  films grown in Ar atmosphere on A I 2 O 3  substrate we observed a 

clear hysteresis nature confirming their room temperature ferromagnetic property. In 

contrast to the earlier reports all our films grown on A I 2 O 3  substrate demonstrate a trend 

to saturate with a saturation field o f  ~0.5-0.6T , which is much lower than earlier reported 

saturation fields. For example, Tang et al. reported non saturation o f  magnetisation in 

PLD grown Fc304  films on Si(OOl) substrate, which was attributed to the presence o f  

anti-phase boundaries (APBs) in those films. The clear temperature dependence o f  the 

saturation magnetisation Ms was observed for the films grown on A I 2 O 3  substrate. The 

saturation magnetisation o f  the Fe304  was lowest for the film grown at 450“C with the Ms 

value o f  only 227emu/cm  . This is more than 50% lower than the value o f  490em u/cm  

reported for the single crystal Fc304  or for the bulk Fc304  value, which is 471 emu/cm^ 

(or 4/XB/f u.) Increasing the deposition temperature irom 450”C to 600"C resulted in

the increase o f  Ms with the largest value o f  372emu/cm^ recorded for the films grown at 

600"C. This result is better than the earlier reported Ms value o f  ~315emu/cm^ for the 

magnetite films grown A I 2 O 3  substrate^^^l The increase o f  the Ms with the deposition 

temperature in our films is attributed to the improvement in the crystalline quality. As 

previously discussed, the detected presence o f  the nonmagnetic o;-Fe304  phase in the 

films grown on A I 2 O 3  substrate decreased with the deposition temperature and 

completely vanished in the films grown at 600”C, thus resulting in the highest Ms value in 

those films. The only exception is the films grown at 500“C that had the largest fi'action 

o f  secondary phase and the poorest morphology. Due to the difficulties o f  estimating the 

thickness o f  those films the magnetic properties are not evaluated.

It is also evident form Figure 5.14 that the external magnetic field applied during 

the growth has a significant effect on the magnetic properties o f  the deposited films. For 

all deposition temperatures the increase in both the M s  and M r is observed when films 

are grown in IT external magnetic field. Similar behaviour was earlier reported by Tang 

et al. where an increase in Ms fi'om 390emu/cm^ to 420emu/cm^ was observed for the 

Fe304  when grown in 350 Oe external magnetic field applied along the film plane. W e 

also found a little increase in Ms values when films were cooled only to room  

temperature in IT extemal magnetic field. For all deposition temperatures the M r values 

were also largest when films are grown in extemal magnetic field. The Ms as high as 666
•7

emu/cm was obtained for the film grown at 600“C in IT extemal magnetic field. This
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value is much higher than 471 emu/cm^ estimated tor the bulk Fe3 0 4 . Keneddy et.al.
•5

also observed a higher Ms value o f  730emu/cm in their Fc3 0 4  films on the GaAs 

substrate, which was accounted for by the presence o f  metallic Fe rich regions within the 

film. We did not find any presence o f  the metallic Fe in our films neither by XRD or 

Raman. The presence o f  the giant magnetic moment in our films was attributed to the 

extem al magnetic field applied during the growth.

On the other hand, one o f  the interesting aspects seen fi-om Fig.5.14 for the Fc3 0 4  

films grown at 600”C in IT extemal magnetic field is that the hysteresis curve shows 

extra structures. During the magnetic reversal extra steps on the magnetisation appear and 

the hysteresis curve becomes double loop. From XRD and Raman spectrum no indication 

o f  other phase is found. At this moment the origin o f  those magnetic steps is not clear, 

but one o f  the possible explanations is the formation o f  an in-plane strained interface 

layer.

FejO^. T dep  550. 

inp lane
Fe^O^, T d ep  600, Al^O  ̂

inp lane  
•  OT
■ grow n in 1T■ coo led  in 1T

■ grow n In 11

MoH (T ) MoH, (T)

F ig. 5 .1 4  H ysteresis cu rv es o f  the F e3 0 4  f ilm s grow n in and w ithou t external m agn etic  field  on

A I2O 3. T he b lu e  line in d ica tes the e ffec t o f  c o o lin g  the film  in IT  ex tem a l m agn etic  field

The magnitude o f  the coercive fields. He for the films prepared with and without 

an extemal magnetic field was different. All the films grown in the extemal magnetic 

field had larger He. Moreover, the increase in H( with the deposition temperature was 

also found with the largest value o f  ~ 7000e obtained for the film grown at 600"C in an 

extemal magnetic field.

Different results were obtained for the Fe3 0 4  films grown in a reductive Ar+H 2 

atmosphere on AI2 O3 . The giant Ms values are observed for the films grown at 500”C, 

while for the films grown at 550"C the Ms dropped to 1/3 o f  its bulk value, but H( values 

are still quite large. The magnetic field effect was also not that significant, and the Ms
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increased by very small am ount when the films were grown in the external m agretie 

field. It was previously reported that the m agnetic param eters o f  the Fe3 0 4  films prepared 

by  LPC V D  technique deteriorate on H2 reduction, possibly due to the creation o f the 

oxygen deficiency in H2 reduced Fc3 0 4  o r the form ation o f  antiferrom agentic m etastible 

FeO phase A lthough, this assum ption cannot explain the giant Ms and large He or M r  

values for the films grown in reductive atm osphere at 500"C. Generally, the films grown 

at SSO^C have slightly poorer crystalline quality and larger lattice m ism atch indiced 

strain, which could lead to enhanced growth related defects. W e suggest that the 

increased density  o f  the APBs in ou r films gown at 550"C could result in low Ms vabes. 

To better observe the changes in the Ms values with deposition tem perature for the films 

grow n in and w ithout extem al m agnetic field the results were plotted in Figure 5.15 and 

also tabulated in Table 5.8.

7.25160-

6.35140-

5.441 2 0 -

1 0 0 -
' t

£< 3.63

60- 2.72E
1.8140-

2 0 - 0.91

450 500 550 600

Tdeposition, (°C )

Fig. 5 .15 The Ms and /^H/fu. values versus deposition temperature for the film s on AI2 O 3  grown 

in and without extem al m agnetic field

T able5.8. The m agnetic properties o f  Fe3 0 4  film s grown on AI2 O 3 at different deposition parameters

A1203 Magnetic parameters
Specific  (m ass) 

m ag n e tisa tio n , 

o ,(cm u /g  o r  

A m V kg)

M ag n e tisa tio n , M s 

(c m u /c m ' o r  

10’A /m )

R em an en cc , M r 

(em u /g  o r 

A m Vkg)

C o crs iv c  field. 

Hr, ( O e o r  10 ^T)

M ag n e tic  

m o m e n t p e r  f.u

( H B / f .u . )

Grown in Ar only atmosphere

450 44 227 20 206 1.82

450, IT 57 296 29 240 2.37

550 65 337 34 360 2.70

193



Chapter 5 Deposition and investigation o f  Fc304 oxide layers

550, 

cool. IT

76 393 45 502 3.15

550, IT 100 518 62 640 4.15

600 72 372 40 500 2.94

600, IT 130 666 81 705 5.34

Grown in A r+H i atmosphere

500 152 781 95 520 6.26

500, IT 160 841 99 640 6.74

550 35 182 21 480 1.45

5 5 0 ,IT 37 189 19 540 1.51

We also found that magnetisation o f  the films changes upon changing the film  

thickness (Figure 5.16). The largest Ms values have been observed for the Fc304 films 

grown at 2000 pulses (~95nm) and decreased again at 3000 pulses (~140nm). This is 

quite unexpected. The increase in the Ms with film  thickness was expected due to 

decrease in disordered Fc304 phase atoms at the grain boundaries and better crystallinity. 

We suggest that possible error in the thickness estimation for the films grown from 3000 

pulses could result in the lower Ms values. The increased Ms values were also observed 

for three different film  thicknesses when grown in external magnetic field.

95 

90 

85

d
80

n

75 

70 

65
1000 2000 3000
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Fig. 5.16 The Ms values o f  the Fej04  films versus film  thickness (number o f pulses)
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5.3.6.2. Fe304  films grown on MgO substrate

Figure 5.17 shows the magnetic hysteresis curves for the Pe304 iilms prepared on 

MgO ( 100) substrate. We tbund that the magnetisation o f  all tilms saturates at - 0.6-0 .8T, 

which is slightly larger than for the films grown on AI2O3. The phenomenon reported by 

Marguiles et al. where the magnetisation did not saturate in the applied fields as high 

as 7T is not observed in our films. Similar as was found for Pe304 films on AI2O3 the Ms 

o f the films on MgO substrate increased with the deposition temperature. Similar trend 

where the Ms o f  Fc304 on MgO substrate increases with the deposition temperature is 

reported in other work The increase in Ms was also found then the films are grown in 

external magnetic field. However, the estimated Ms values were much lower than tor the 

films on AI2O3. For example, the Fc304 grown at 450"C on MgO has the saturation
3 3magnetisation value o f  only 82emu/cm as compared to 227emu/cm for the same film 

grown on AI2O3. This value is almost 6 times smaller than the bulk value tor Fe304 

(471 emu/cm^). The highest Ms values o f  457emu/cm^ were obtained for the film grown 

at 600‘’C in IT magnetic field. It was discovered, that physical properties o f  epitaxial 

Fc304 films deviate fi'om those o f  the bulk, such as a larger electrical resistivity 

magneto-resistance and magnetisation wiiich does not saturate in high magnetic

fields These differences are attributed to the presence o f  antiphase boundaries 

(APBs), which are natural defects occurring during growth o f  Fe304/M g0 thin films 

It is well known that epitaxial Fe304 films grown on a single crystal MgO substrate 

possess a high density o f  APB defects arising because o f  the double lattice parameter o f  

Pe304 (8.397A) as compared to that o f  the MgO substrate (4.213 A) and lower symmetry 

o f  Pe304 compared to MgO. In the first stages o f  growth islands o f  Fc304 are deposited 

on MgO, however, because o f  the difference in unit cell parameter and crystal syminetry, 

the different islands can be related by a shift vector, which is not a lattice translation 

vector APBs are formed when islands o f  Fc304 on MgO surface coalesce and the

neighbouring islands are shifted with respect to each other We believe that much 

lower Ms values observed for the films on MgO substrate can be accounted to the 

presence o f  APBs.
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F ig. 5 .1 7  H y steresis curves for P e304 film s on  M gO  substrate grow n in and w ith ou t external

m agn etic  field . T he b lue lin e  in d ica tes the e ffec t o f  c o o lin g  the film  in IT  external m a g n etic  field

The magnitude o f the He for the Fe304 films on MgO is much lower and does not 

follow the trend observed for the films on AI2O3. This can be attributed to differences in 

surface roughness when films grown on different substrates. It was shown by Cheng et al. 

that for magnetic films with similar thicknesses, coercivity is proportional to surface 

roughness Indeed, all our Fc304 films grown on MgO substrate had slightly smaller 

average roughness than those grown on AI2O3 substrate.

For the Fc304 grown on MgO substrate we can also find that the magnetic easy 

axis lies on the film plane, as shown in Figure 5.18. Thus, the larger He is expected when 

the magnetic field is applied perpendicular to the film plane, which is consistent with our 

results.
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4 0 -
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Fig. 5 .18 Flysteresis curves o f  the Fe304  film with magnefic field applied parallel to the film plane 

(black squares) and perpendicular to the film plane (red squares)

Again, the saturation magnetisation and other magnetic parameters o f  the Fe3 0 4  

films, grown on MgO in Ar/H2 atmosphere exhibit similar behaviour to those grown on 

AI2 O3 . However, the Ms o f  the films grown in external magnetic field is improved ver>' 

little as compared to the films grown in Ar atmosphere. The Ms o f  the 50nm Fe3 0 4  

grown at SOO^C was much higher than that o f  the bulk. Similar and even 25% larger Ms 

were also observed in the work done by Arora et al. where 5nm thick films exhibited 

a giant Ms o f  922emu/cm^, although the origin o f  giant moments in the films is not quite 

clear. When grown at 550"C the M s value o f  our films (together with the H( and M r )  

decreased and was only 1/8 o f  its bulk value. The increased density o f  APBs in the films 

grown at 550"C could possibly play a major factor in the decrease o f  magnetic properties. 

This is supported by the fact that the lattice mismatch induced strain and grain size 

(roughness) are larger for the films grown at 550"C which could lead to the increased 

density o f  the APBs and consequently decline in magnetic properties.

To better observe the changes in the Ms values with deposition temperature for 

the films grown in and without external magnetic field the results were plotted in Figure 

5.19 and also tabulated in Table 5.9.
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120 5.44

100 4.53

6 0 -

4 0 - 1.81

2 0 - 0.91

0.00
450 500 550 600

Tdeposition, (°C )

Fig. 5 .19  The Ms and /Xn/fu. values versus deposition temperature for the film s on M gO , grown 

in and without external m agnetic field

T ables.9. The m agnetic properties o f  Fej04  film s grown on M gO at different deposition parameters

MgO
Magnetic parameters

Specific (mass) 

magnetisation, 

a (AmVkg)

Magnetisation, 

Ms (emu/cm^ or 

lO’A/m)

Remancncc, M r 

(AmVkg)

Coersivc fie ld , 

Il(, (Oe or 10
4.,-)

Magnetic 

moment per 

f.u .

Grown in Ar only atmosphere
450 16 82 6.8 100 0 .66

450 , IT 21 107 9.3 100 0 .86

500 32 166 19.6, (4 .8 1 ) 83, (1 8 5 1 ) 1.33

500, cool. IT 31 159 18.1, (5 .2 1 ) 1 4 5 ,(2 2 0 1 ) 1.27

500, IT 35 181 22.2, (6 .3 1 ) 120, (2 1 0 1 ) 1.45

550 37 191 5, (6 .8 1 ) 4 7 ,(1 3 0 1 ) 1.53

550, cool. IT 45 233 10 90 1.87

550, IT 83 430 31, (2 4 1 ) 1 1 8 ,(1 8 5 1 ) 3.45

600 57 296 6.1, (1 1 .3 1 ) 52, (1 5 3 1 ) 2 .37

600, IT 89 457 13.6, (9 .1 1 ) 35, (6 0 1 ) 3 .66

Grown in Ar+Hi atmosphere
500 114 592 61 126 4 .74

500, IT 122 630 70 90 5.05

550 12 63 3.5 89 0.51

550, IT 18 71 4.1 68 0.73
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5.4. Conclusions

Thus we have shown that Fe304 thin fihns can be successfully prepared by using 

PI MOCVD and Fe(tmhd)3 precursor in a single step.

The crystalline quality morphology and magnetic properties o f  the films strongly 

depend on deposition conditions. All films grown on AI2O3 have developed ( 11) 

preferred orientation, regardless to the deposition temperature and reactive atmosphere. 

However, only films grown at 600"C in Ar atmosphere had no presence o f  secondary 

phases, while films grown at lower temperatures showed XRD peak corresponding D a -  

Fc203 phase. The presence o f  secondary phase was also confinned by Raman 

measurements. In contrast, Ar+H2 reductive atmosphere promoted the formation o f  cabic 

Fc304 phase with no evidence o f  secondary phases, as confirmed by XRD measurements. 

At the same time, films grown on MgO substrate at different deposition temperatures in 

both Ar/Ar+H2 atmospheres are epitaxial and no presence o f  secondary phase can be seen 

fi'om XRD in those films. The XRD analysis revealed that lattice mismatch related stress, 

i.e. in plane compressive strain is present in all films, regardless to the substrate. We 

found that stress in the films increases with increase in deposition temperature due tc the 

contribution o f  thermal stress.

The SEM and AFM analysis showed that when film.s are grown in Ar atinosphere 

the smoothest surface is obtained at 450"C on both AI2O3 and MgO substrate. Generally, 

low substrate temperature results in low surface diffusion and supersaturation o f  

precursor vapours near the surface, thus leading to fewer nucleation centres and rougher 

surface microstructure. However we believe that 450"C could be low enough to slow 

down the decomposition o f  precursor and consequently slow down the heterogeneous 

reaction near the substrate surface. This would provide more time for nucleation centres 

to form in low diffusion conditions than at slightly higher temperatures and thus resulting 

in smoother surface morphology.

Smoother surface and smaller stress means that there are less defects and 

consequently less antiphase boundaries present in those films, which are responsible for 

larger coercivity. In contrast to literature reports we did not observe any changes in 

morphology neither crystalline properties o f  Fc304 films when films are grown in IT 

external magnetic field. This implies, that external magnetic field does not have any 

visible effect on the structural and crystalline properties o f  the films. Magnetic force
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microscopy also confirmed that magnetic field does not have the effect on shape and the 

size o f  magnetic domains in Fc304  films.

The saturation magnetisation and coercive field o f  the films are found to depend 

on crystalline and structural properties o f  the films. The saturation magnetisation 

increased with the deposition temperature and was largest for all Fe304  films in Ar 

atmosphere prepared at 600°C. However, the saturation magnetisation o f  the films grown 

in Ar+H2 atmosphere was larger for 500”C rather than 550”C. In both case the increase in 

saturation magnetisation is related with the improvement in crystalline quality o f  the 

films. The coercive field was also changing with the deposition temperature. The changes 

in coercive field o f  the films on AI2 O3 are associated with the strains in the films, where 

larger coercive values are found in films with larger stains. However, the coercivity o f  the 

films on MgO does not follow this trend and is a result o f  several factors like surface 

roughness, lattice mismatch induced strains and also the presence o f  antiphase 

boundaries. These results show that magnetic properties o f  thin films are very different 

from that o f  bulk the Fc3 0 4 . Much more investigation needed in order to understand the 

magnetic behaviour o f  thin Fc304  films grown on different substrates and in different 

deposition conditions.

Here we have shown that saturation magnetisation o f  Fc304  can be tuned by 

introducing an external magnetic field during the growth process. The increase in 

saturation magnetisation was achieved in all Fe304 films grown in external magnetic 

field. These results suggest that external inagnetic field can be very effectively used to 

tune magnetic properties o f  Fe304  thin films during PI MOCVD growth. We believe that 

this approach can be useful for the preparation o f  various spintronic devices.
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Chapter 6: Deposition and investigation of 
CoFe204 layers

6.1. Introduction

CoFe204 has the similar inverse spinel structure as Fe304, but in contrast to Fe304 

is a hard ferrite rather than a soft ferrite. In CoFe204 the octahedral B sites are occupied 

by eight Co^^ and eight Fe^  ̂ cations, while tetrahedral A sites are occupied by the

remaining Fê "̂  cations. CoFe204 is also a half metallic material with a smaller saturated
2+magnetic moment o f 3.7//B/f u. Co ions on the B sites o f the spinel CoFe204 give rise to 

large anisotropies In thin film form the magnetic anisotropy o f CoFe204 strongly 

depends on the amount o f strain. For example, by selecting substrates with different 

lattice constants or depositing films at different substrate temperatures it is possible to 

change their preferred orientation, the amount of stress in the films and hence their
f21magnetic properties .

From practical point o f view ferrite thin films offer great potential applications, as 

they are good candidates for magneto-optical devices. Particularly, CoFe204 thin films 

have attracted much attention in recent years due to their unique physical properties, such 

as high T( , large magnetic anisotropy, moderate magnetisation and excellent chemical 

stability These properties were exploited in high-density magnetic recording and 

magneto-optical recording devices. More recently, CoFe204 has also been used In 

magnetoelectric composite thin films due to its magnetostriction.

Recently much attention has been paid to the material systems with ferroelectric 

and magnetic composites known as multiferroics, in which the mechanical deformation 

o f the magnetostrictive phase results in polarisation in the piezoelectric phase through the 

interphase elastic interactions CoFe204 is a potentially good candidate tor

fabrication o f multiferroic composites, polycrystalline bilayers or multilayers Also, 

the hard ferromagnetic CoFe204 thin films have been used to act as a strong 

unidirectional exchange biasing for soft ferrite films The strong exchange coupling 

between single-crystalline spinel structure ferrite thin films have been found at room 

temperature The magnetic interlayer coupling between CoxFei-x04/Fe304 bilayer and 

Fe304 layer isolated by MgO was already researched The purpose o f CoxFei.x04 base 

layer was to increase the coercive field o f Fe304 layer.
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CoFe204 thin films have been fabricated using different techniques like sol-gel 

sputtering CVD MBE PLD and other. An important task is to make 

CoFe204 that meets the requirement o f  high coercivity for high-density recording media 

and also other applications by using the technology that is as simple as possible. The 

focus o f  this work is to prepare CoFc204 films using PI MOCVD technique. Similarly to 

Fe304 films we plan to apply the extemal magnetic field during the growth o f  CoFc204 

films. Our main objective is to obtain the good quality CoFc204 thin films and investigate 

their magnetic properties when films are grown in and without extemal magnetic field. 

The obtained results are to be compared with those o f  Fc304.

6.2. Preparation o f  CoFe204  films

CoFe204 films were grown on AI2O3 (0001) substrates in Ar+02 gas mixture 

using PI MOCVD technique. After the deposition all films were slowly cooled to room 

temperature in O2 atmosphere. All films were grown in and without extemal magnetic 

field in order to estimate the effect o f  magnetic field on the structural and magnetic 

properties o f  the films.

I'o  prepare stoichiometric CoFc204 films the Co(tmhd)2 concentration in 

Co(tmhd)2 +Fe(tmhd)3 precursor mixture was varied. The films were grown at 10%, 

20%, 30% and 40% Co(tmhd)2 concentration in precursor solution while maintaining 

Fe(tmhd)3 concentration fixed and the optimal Co precursor concentration was found. 

To evaluate the optimal deposition temperature CoFc204 films were grown at different 

deposition temperatures. The magnetic and structural properties o f  those films were 

investigated as a function o f  deposition temperature. To check the reproducibility o f  the 

magnetic properties o f  CoFc204 the films were repeatedly grown on two AI2O3 (0001) 

and two MgO substrates at the optimal deposition conditions. The deposition was 

repeated under the same conditions with applied IT extemal magnetic field. The 

summarised deposition conditions are given in the Table 6 .1.
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Table 6.1 General deposition conditions for CoFc2 0 4  films

Deposition temperature 500“C - 700”C

Evaporation temperature 140“C

Carrier gas flow 80 ml/min

Carrier gas Ar, O2

Reactor pressure 5 mbar

Metalorganic precursors Fe(tmhd)3 , Co(tmhd ) 2

Solvent 1,2- dimethoxyethane

Fe concentration in solution 0.015 mol/1

Impulse frequency 2 Hz

Microdose mass ~3 mg

Substrates MgO, AbOjCOOOl)

6.3. Characterisation o f  CoFc204  films 

6.3.1. Thickness measurements

The thickness o f  all films was estimated from X-ray Reflectivity (XRR) 

measurements. In contrast to Fe304 all CoFc204 films possessed high density 

(comparable to that o f  5 .3g/cni^ for the bulk CoFc204). This gave us the possibility to 

measure thickness using XRR technique rather than white light interferometry used for 

Fc304 films. The obtained XRR measurement was simulated using Philips X ’Pert 

program and the thickness was estimated. The simulation error for all measurements is 

not greater than 2%.

The maximum thickness was found for the films grown at 600°C indicating that at 

this temperature the precursor decomposition and films growth rate is opfimal. The films 

thickness slightly decreased when grown at temperatures lower or higher that 600°C. The 

results for film thickness grown at different deposition temperatures, in and without 

magnetic field are shown in Figure 6.1
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Fig. 6 . 1  Thickness o f  C oFc204 film s versus deposition temperature for the film s grown ir and 

w ithout external magnetic field on AI2O3 (0001)

Preliminary, the average film roughness and density w ere also estim ated from 

XRR m easurem ents. It w as found that all film s have very high density, whic.i is 

com parable to that o f  the bulk C oFe204  value o f  5.3g/cm^. All film s also have /ery 

sm ooth surface with the average roughness values as low as ~ ln m , except for the flm s  

grown at 500"C with the roughness o f~ 5 n m .

6.3.2. X-ray Diffraction studies

6.3.2.1. Co concentration influence 

To evaluate the optim al Co concentration in precursor solution, the X-ray 

diffraction w as carried out on the film s prepared with different Co concentrations. The 

results are show n in the Figure 6.2. A ll the fihns show ed the presence o f  cubic CoPe204 

phase developed  in (111)  preferred orientation. For the film s grown with 10% Co in 

precursor solution the additional peaks can be found w hich  do not b elong to CoFe204 

phase. T he peak at 3 9 .6 “ is attributed to of-Fe203 phase. The extra peak at 3 8 .1 “, which  

looks to b e splitting o f  the (2 2 2 ) C oFe204  peak is also found for the film s grow n with 

10% and 20% Co in precursor solution. The splitting o f  C oF c204  is also observed for 

(33 3 ) and (444) reflections. The possib le origin o f  the peak splitting could be the 

presence o f  other iron ox ide phase, how ever due to sim ilar structure and lattice
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parameters it is hard to distinguish them from each other on ly  by X R D . The other 

possib ility  is that due to the lattice m ism atch and m isorientation betw een C oFe204  and 

A I2 O 3  substrate causing the peak to split. B ecause o f  the difference in the lattice 

m ism atch induced stress different regions o f  the film  under different strains are fornied  

(h igher stress is induced at the substrate/film interface). C onsequently those regions w ill 

have slightly  different J-lattice spacing, which w ill result in the shift (or splitting) o f  the 

X -ray diffraction peak. A s for exam ple, the studies on 4H -doped SiC  epilayers by high  

resolution X R D  proved that the peak splitting is occurring due to the m isorientation, 

caused by  the tilt against substrate by  sm all tilting angles T he film s grow n with 30%  

and 40%  o f  Co in precursor solution had no presence o f  secondary phases or peak 

splitting. H ow ever, the intensities o f  the main peaks o f  C oFc204  were higher as w ell as 

FW HM  o f  the peaks was sm aller when grown with 30% Co indicating better crystalline 

quality o f  the film s compared to those grown with 40%  Co. R elying on the results 

obtained from X-ray diffraction all turther C oFc204  film s prepared at different 

temperatures w ere grown with 30%  Co in precursor solution.

40%Co,1T

30%Co,1T 

30% Co 

20%Co,1T 

20%Co 

10%Co,1T 

10%Co

Fig. 6.2 X-ray diffraction of CoFc2 0 4  films grown at 600”C on AI2O3 with different Co 

concentrations in precursor solution

The FW HM , calculated a lattice parameter and associated strain are shown in the 

Table 6 .2 . W e have also calculated the a lattice parameter and strain for the splitting  

X R D  peak in the film s prepared with 10% and 20%  Co in precursor solution.

I 03 K-J. \
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It was estimated that the FWHM o f CoFc204 (111) peak decreases with the Co 

concentration in precursor solution and has the smallest value o f  - 0 .1271“ for the film 

grown w'ith 30% Co. The slight increase in FWHM is found when films are deposited 

with 40% Co. The decrease o f  FWHM indicates the improvement in crystalline quality o f  

the CoFe204 films with the Co concentration increase up to 30%. This suggests that at 

30% Co in precursor solution the closest to stoichiometric Co/Fe ratio in the film is 

achieved, thus resulting in good crystalline quality.

The out o f  plane a lattice parameter o f  cubic CoFe204 films grown with different 

Co concentrations on AI2O3 was calculated fi'om (222) reflection. For all Co 

concentrations in precursor solution the a lattice parameter o f  the films is smaller than the 

accepted literature value o f  8.392A for the cubic CoFe204. The closest to its bulk value a 

lattice parameter o f  8.364A and the smallest out o f  plane stress was found for CoFc204 

film grown with 30% Co. This result signals that the film grown with 30%> Co in 

precursor solution has either stoichiometric or very close to stoichiometric Co/Fe ratio in 

the film. Similar to Fc304 films all CoFe204 films grown with different Co concentration 

experienced substrate induced out o f  plane strain. As expected, the a lattice parameter 

calculated Irom the splitting (222) CoFe204 peak was almost 2.5% smaller than the bulk 

value tor CoFe204 due to Al203/CoFe204 interface lattice mismatch induced stress.

The average grain size was calculated from CoFc204 (222) reflection using 

Scherrer’s formula. It was found that the average grain size slightly increased with Co 

concentration and was largest for 30% Co in precursor solution.

For all films grown with different Co concentrations the FWHM, a lattice 

parameter or grain size did not change upon application o f  IT external magnetic field, 

suggesting that external magnetic field does not affect the crystalline properties o f  the 

CoFe204 films grown by PI MOCVD technique.

Table 6.2 Summary o f  e.xperimental values o f  FW HM , a lattice parameter, effective out-of-plane strain 

and average grain size for C oFe2 0 4  film s grown with different Co concentrations on .'VI2O 3 substrate. 

The ' indicates the main peak, and  ̂ indicates the splitting (222) peak
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Co conc. in 

solution, (%)

FWHM'  

(222)/FWHM^ (°)

aVa^ lattice 

parameter, (A)

Effective out-of- 

plane strain, (%)

Average crystallite 

size, (nm)

10% 0.2632/0.2708 8.332/ 8.185 -0 .71/-2 .46 32/31

10%, IT 0.2577/- 8.350/8.173 -0.50/2.61 33

20% 0.1823/0.2351 8.340/8.198 -0.62/ 2.31 4 6 /3 4

20%, IT 0.2173/0.2515 8.350/8.197 -0.50/ 2.32 39/33

30% 0.1271 8.362 -0.36 47

30%, IT 0.1151 8.364 -0,33 46

40% 0.1717 8.323 -0.82 34

40%, IT 0.1726 8.326 -0.79 35

6.3.2.2. Deposition temperature influence

The X-ray diffraction patterns o f  the C oFc2 0 4  film s grown at different deposition  

temperatures on AI2O3 substrate with 30% Co are g iven  in Figure 6.3. A ll as deposited  

film s have good crystalline quality and are formed in a single phase with ( 1 1 1 ) preferred 

orientation. It is noted, that the peak intensity increases with deposition temperature and 

is highest for the film s grown at 600"C and TOO^C. The increase in intensity is m ainly  

attributed to the formation o f  larger grains. In general, the film s grown at higher 

temperatures (600“C and higher) developed better crystalline quality with sm aller FW HM  

and sm aller lattice m ism atch associated stress. The best results w ere obtained for the film  

grow n at 600°C w hich has FW HM  as low  as ~ 0 .1 2 ‘’ and the lattice parameter value o f  

8.36A m atching the best as compared to its bulk value o f  8.392A All film s grow n

on A I 2 O 3  substrate exhibit an out o f  pane com pressive strain and a corresponding in plane 

tension regardless to the deposition temperature. T he effective  out o f  plane strains, 

FW HM  and a lattice parameters are determined from X R D  and show n in Table 6.3. It is 

been previously reported that the strain induced by substrate could g ive  rise to significant 

effects on the m agnetocrystalline anisotropy This w ill be discussed  b elow  in the 

section dealing with m agnetic properties o f  the C oFe2 0 4  film s.
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F ig . 6 .3  X -ra y  d iffraction  patterns for C oP e2 0 4  f ilm s grow n  on A I2O 3 substrate at d iftsrent 

tem peratures

Similarly as to Fe304 films cubic CoFc204 is expected to grow epitaxiallj on 

MgO(lOO) substrates due to small lattice mismatch between film and substrate The 

X-ray difft'action was performed following the same procedure as described for the Fc304 

films on MgO(lOO) substrate. The X-ray diffraction revealed the epitaxial growth o f  

CoFc204 films on MgO(lOO) substrate with CoFe204[l 00]/ Mg0 [100] heteroepitaxial 

orientation as evident fi-om the phi scan. The results are shown in Figure 6 .4 , inset shows 

the ph i scan around CoFe204(511) which reveals four expected peaks o f  sirr.ilar 

intensities.

The FWHM measured for CoFe204 (333) reflection on MgO is between 0.6- 

0 .66°. This is three times larger than the one found for films grown on AI2O3, however, it 

is not possible to compare the FWHM for two different substrates. For the films grown 

on AI2O3 the ( 111) reflection was used to esfimate the FWHM and (333) reflection was 

used for the films grown on MgO, where the third order peak FWHM is always larger.

The calculated a lattice parameter o f  CoFe204 was smaller than that o f  the bulk 

value, indicating that films grown on MgO experienced out o f  plane compression. The 

effective out o f  plane strain for the films grown on MgO is compatible with that for the 

films grown on AI2O3 at 650”C and 700"C. The summary o f  all experimental values for
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C oF c204 grown on MgO and AI2O3 substrates obtained from XRD measurements can be 

found in Table 6.3.

3500

3000- Fe30^(511)_M g0 

— — OT, rep ea tedS  2500-

— -  1T, rep ea ted2 0 0 0 -

1500-

c  10 00 -

500

56.0 56.5 57.0 58.0 58.557.5

20, n
F ig . 6 .4 . X -ray  d iffraction  o f C o F e 204  ( 5 1 1 )  reflection  grow n  on (1 0 0 ) M gO  substrate at 6 0 0 ‘'C in 

and w ithout external m agn etic  field . T he inset is  sh o w in g  phi scan around C o F e204  ( 511)  

reflection  e v id en c in g  the ep itax ia l relation  betw een  film  and M gO  substrate

The average crystallite size was calculated for all CoFe204  films. The ciystallite 

size increased with deposition temperature and had the maxitnum average value o f  

~63nm  - ~70nm  for the films grown at 600"C. The slight decrease in average crystallite 

size with fiarther increase in deposition temperature was then observed. These results are 

quite expected, since the larger crystallites produce a higher intensity peaks in 0 / 2 0  scan. 

Therefore the films grown at 600°C with highest peak intensity have the largest 

crystallites. The films grown on MgO at 600‘’C had much smaller crystallite size than 

those grown on AI2O3. Judging from small (~15nm) crystallite size it is expected that 

CoFe204  filin have very smooth surface morphology when grown MgO substrate.
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Table 6 .3 . Summary o f experimental values o f  FWHM, a lattice parameter, effective out-of-plane 

strain and average grain size for CoPe204 films grown at different temperatures on AI2O3 and MgO 

substrates

T deposition, 

(°C)

FW HM  (111), 

(°)

a lattice 

param eter, (A)

Effective out-of

plane strain , (% )

Average 

crystallite size, nni

AI2OJ substrate

500 0.2855 8.357 -0.42 28

500, IT 0.2577 8.291 -1.20 31

550 0.1560 8.344 -0.57 52

550, IT 0.1707 8.348 -0.52 47

600 0.1271 8.362 -0.36 63

600, IT 0.1151 8.364 -0.33 70

650 0.1535 8.355 -0.44 52

650, IT 0.1632 8.356 -0.43 49

700 0.1762 8.354 -0.45 46

700, IT 0.1667 8.353 -0.46 48

IVIgO (substrate)

600 0.6469/0.6569 8.356/8.355 -0.43/-0.44 15/14

600, IT 0.6425/0.6520 8.36/8.354 -0.38/-0.45 14/15

All CoFe204 films grown in IT external magnetic fields exhibited similar 

crystalline structure to those films prepared without external magnetic field. Thus, we 

concluded that external magnetic field does not have any noticeable effect on the 

crystalline properties ofCoFe204 films.

6.3.3. ED AX measurements

EDAX analysis revealed that Co concentration in CoFc204 films grown at 600“C 

is almost corresponding to the one in precursor solution. The only exception is the film 

grown with 10% Co in precursor solution, which has slightly larger Co amount in the 

film (Figure 6 .5).
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Fig.6.5. Variation o f  Co concentration in the film with Co concentration in precursor solution for

CoFc204 films grown on AI2O3 substrate. Red triangle denotes Co concentration for the film

grown in IT on AI2O3 substrate and blue square for the films grown on MgO substrate

From Figure 6.3 it is easy to estimate that stoichiometric Co concentration (Co/Fe 

= 1/2 ) in a CoFe2 0 4  film grown at GOÔ C is achieved at -30%  Co in precursor solution. 

These results coincide well with the X-ray diffraction analysis o f  CoFc 2 0 4 .

6.3.4. Raman spectroscopy studies

Room temperature Raman spectra were recorded to confirm the presence o f  

CoFe2 0 4  phase. The excitation wavelength used was 514.5nm from an Ar^ ion laser 

(Laser Physics Reliant 150 Select Multi-Line) with maximum power o f-lO m W . In order 

to avoid an excessive heating and oxidation, -3m W  laser power was used for all the 

measurements.

The Raman spectra o f  cobalt ferrite do not differ much from the Raman spectra o f  

magnetite. The same five optical active Raman modes (A|g-t- Eg+STig) characteristic o f  

the cubic inverse spinel structure are generally observed

It was observed that all CoFe2 0 4  films grown at different temperatures present 

similar Raman spectra given in Figure 6.4. The films grown on AI2 O 3 substrate showed 

four out o f  expected five Raman shifts at 305, 470, 620 and 690cm ''. Except from the 

downshifts observed in all Raman peaks, the spectrum showed in Figure 6.6 is similar to

2 1 3



Chapter 6 Deposition and investigation o fC o F e 204  films

the spectrum o f  bulk maghemite presented in The observed downshift is due tc the 

larger Co-atom mass compared to the Fe atom mass. The similarities between the Raman 

features o f  the CoFe204 films and bulk maghemite suggest that our film s present the 

crystal structure o f  cobalt modified y-Fe203 reported in the literature Raman 

measurements therefore confirm that all films have developed cubic inverse spinel 

CoFc204 structure.

12000
T dep 600
 OT
 IT0000 -

reference3
cd

8000- 470

690
c /5

I  6000 -
c
E 4000 -TO
a:

620.

2000 -

500 600 700 800200 300 400
-1

Wavenumber, (cm )

Fig. 6.6 Raman spectrum o f CoPe204 films, where * denotes substrate peaks, numbers denote the 

approximate positions for CoPe204 phase

6.3.5. Investigation o f surface microstructure 

6.3.5.1. SEM

SEM micrographs o f  the CoPe204 films grown AI2O3 substrate are shown in 

Figure 6.7. It is noted, that the microstructure o f  the films depends on the deposition 

temperature. As, when grown at 500"C, the surface o f  the films is rough and consists o f 

smooth matrix w ith an aggregation o f large, approximately ~70nm in size crystallites. 

W ith the increase in deposition temperature the surface becomes less rough and presents 

a very smooth matrix w ith only few impurities. The decrease in surface roughness with 

deposition temperature indicates that films develop less growth related defects. However, 

these results disagree w ith the previously obtained from X-ray diffraction, where the 

largest crystallites were calculated for the films grown at higher deposition temperatures.
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The possible explanation is that at lower deposition temperature films morphology 

consists o f  large aggregates formed from smaller crystallites, while for the higher 

deposition temperatures crystallites do not form aggregates but rather spread uniformly 

on the surface. The magnetic field showed to have no visible effect on the microstructure 

o f  the films since all films had exactly the same surfacc morphology w'hcn grown in and 

w ithout external magnetic field.
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Fig. 6.7. SEM  micrographs o f  C oFej04  film s grown at different deposition temperature in and 

without external m agnetic field

6.3.5.2. AFM microscopy

Surface morphology o f  CoFe204  films grown on MgO substrate was 

studied using AFM microscopy. The films prepared at 600”C revealed a very 

smooth surface roughness, Ra o f  only ~  0.182nm and ~  0.190nm  when grown 

without and in IT external magnetic field respectively.
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0 1 . 0 0  2 . 0 0  pm 0 1 . 0 0  2 . 0 0  um

MgO, OT, R a-0.182nm MgO, 1T, R a-0.190nm

Fig. 6 .8 .A FM  im ages o f  C oFe204  film s grown on M gO substrate

6.3.6. Magnetic force microscopy

The MFM have been employed to reveal the magnetic domain structure o f  

CoFe2 0 4  films. MFM images were taken in zero fields at room temperature. The out o f  

plane domain images for the CoFe2 0 4  grown at 600‘’C on AI2 O3 and MgO substrates are 

shown in Figure 6.9. The recorded domain images were also compared with the ones 

obtained for the films grown in IT extemal magnetic fields. The observed domain image 

is o f  very high contrast consisting o f  cluster-like domains o f  various shapes, where the 

magnetisation is confined up and down. Similar irregular domain structure was reported 

in epitaxial CoFe2 0 4  films grown on SrTiOs substrate. Moreover, very similar domain 

structure was found in our Fe3 0 4  films although the contrast o f  the domains was much 

smaller, especially for the films grown on MgO substrates. Magnetic domain structure or 

size did not change when grown on different substrates or in IT extemal magnetic field.
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• 1 . 0 0

2 . 0 0  urn 0 2 . 0 0  |jm1 . 0 0

AI2O3, OT Al203 ,lT

M gO, OT M gO ,lT

Fig. 6.9 M agnetic domain structure o fC o P e 204  film s grown at 600”C. ITie scale is 2/zm

6.3.7. Magnetisation measurements

The m agnetic properties o f  the films, e.g. saturations m agnetisation (Ms), 

rem anence ( M r )  and coercivity  (H e) w ere m easured using superconducting quartum  

interference device (SQUID). M agnetic properties o f  CoFe204 films were measured at 

room  tem perature w ith a m axim um  m agnetic field o f  5T applied parallel to the film 

surface. Som e o f  the m easurem ents w ere also perfonned in 5T m agnetic field applied 

perpendicular to the films surface to study the m agnetic anisotropy o f  the films. Like for 

Fc304 films the calculated M s are approxim ate values, because the raw m easurem ents 

contain the substrate contribution and also due to the 5 % uncertainty in the Sim 

thickness. The substrate contribution was determ ined by fitting the high-field data to a

2 1 8



C hapter 6 D ep o sitio n  and in v estig a tio n  o f C o F c 204  film s

linear contribution and was subtracted from all experimental data in order to detennine 

Ms.

6.3.7.1. Co concentration influence on magnetic properties 

The magnetic hysteresis curves o f  CoFc204 films grown at 2 different Co 

concentrations and magnetic field applied parallel to the film surface are shown in Figure 

6 .10. The shape o f  the hysteresis curves is rather different fi’om that o f  the Fc304 films. 

The CoFe204 films are magnetically much harder than the Fe304 films.
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The dependence o f  the saturation magnetisation trom Co concentration in 

precursor solution for CoFe204 films is shown in Figure 6 .11. The saturation 

magnetisation o f  the films grown with 10% Co in precursor solution was quite small as 

compared to the saturation magnetisation o f  - 69Am /kg for a bulk CoFc204. Low 

saturation magnetisation value was expected; since a non-magnetic 0!-Fe203 phase was 

detected in films grown with 10% Co. Depending on the amount present in a film a -  

Fc203 phase would significantly reduce the magnetic moment o f  CoFc204. An increase in 

saturation magnetisation with Co concentration was observed for the films grown in IT 

extemal magnetic field. The largest value o f  ~ 85Am /kg was found for the film grown 

with 40% Co in IT extemal magnetic field. This value is larger than the saturation 

magnetisation found for bulk CoFe204, the origin o f  these large Ms values is not very 

clear. W hile for the films grown without magnetic field the sharp increase in saturation 

magnetisation is found for 20%Co. However the saturation magnetisation slightly 

decreases with fiarther increase in Co concentration (Refer to Table 6 .4 ). All films except
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those grown at 20% showed larger saturation magnetisation when grown in 1T external 

magnetic field follow ing the same trend as observed for Fe3 0 4  films.
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Fig. 6.11. Ms values o fC o F e204 films grown with different Co concentrations with and without 

external magnetic field

Table 6.4. The magnetic properties o f  CoFe204 films grown on AI2O3 with different Co 

concentrations

Co Magnetic parameters
concent

ration,

(%)

Specific (mass) 

m agnetisation, 

ff,(cmu/g o r 

Am^/kg)

M agnetisation, 

Ms (em u/cm ' o r 

lO’A/m)

Kcm ancnce, M r 

(cniu/g o r 

AmVkg)

C oersivc field, 

II, , (O e o r  I0"‘T)

M agnetic 

m om ent per 

f.u.

At different Cr concentrations

10% 8.2 41 7.3 2480 0.47

10%, IT 35.3 270 18 2440 1.48

20% 76.4 405 19 6 1620 3.2

20%, IT 68.2 361 18.1 1960 2.9

30% 65.6 348 22.4 2260 2.76

30%, IT 80 423 31.8 1920 3.9

40% 72 383 26.9 2510 3

40%, IT 85 453 35.3 2930 3.6

The change in coercivity o f  the films with Co concentration was also studied. We 

found that films grown with 10 and 40% Co in precursor solution have the largest 

coercivity values. The lowest coersivity was found for the film grown with 20% Co. Such 

changes in coercivity values could be related to the stress in the films and also to the

220



Chapter 6 Deposition and investigation o fC o F e 204  film s

crystallite size. It has been found that coercivity o f  CoFe204  films increases with the 

increasing grain size and reaches maximum value for the grain with diameter o f  about 

40nm  Grains more than 40nm divide into domains and domain wall movements 

result in reduced coercivity with increasing size. Similar phenomenon was also observed 

in work done by Y.C.W ang et al. Indeed, the grain size o f  our films grown with 

30% is slightly larger than 40nm. Therefore, lower coercivity for the films grown with 

30%Co could be associated with the larger grain size, more than 40nm. On the other hand 

the large lattice mismatch induced stress in the films result in high coercivities. Thus, the 

film s that have more stress (with 10% and 40%Co) have larger coercivities as compared 

to those, which have lower stress (20, 30% Co). The large coercivity values found in our 

film s are comparable to those previously reported by different groups

6.3.7.2. Deposition temperature influence on magnetic properties

1 he change o f  Ms value in our films was studied as a function o f  deposition 

temperature. The summarised results are shown in Figure 6.12. The Ms value o f  CoFc204 

films grown without external magnetic field was largest (~81 Am^/kg) for the film grown 

at 500‘’C. This value is larger than the bulk value o f  ~69Am^/kg for CoFc2 0 4 . The films 

grown at 550 "C and 600"C had almost ideal Ms value o f  the bulk CoFc2 0 4 . However, the 

Ms values dropped with fiarther increase in deposition temperature. The film grown at 

700"C had only 14 o f  the bulk CoFe204  Ms value. Similar results were found in CoFc204 

films grown by PLD where saturation magnetisation decreased for the films grown at 

temperatures above 600”C, with a very low Ms value observed for the film grown at 

700"C Generally, CoFc204  show the saturated moment o f  approximately 1/3 o f  that 

o f  Fc3 0 4 . According to the local moment theory, the magnetisation is determined by the

distribution o f  metal ions in two different sites o f  spinel. As was mentioned earlier,
2+ 2+CoFc204  form inverse spinel and Co is assumed to replace Fe at octahedral B site. The

magnetic moment o f  CoFe204  should drop to about % o f  the Ms o f  Fc3 0 4 . The decrease
2+o f  the magnetic moment is due to the fact that Co has smaller magnetic moment (3/Xs) 

compared to Fê "̂  (4/i«), thus replacing Fe by Co tends to reduce magnetic moment 

Flowever, the saturated moment o f  CoFe204  films does not always follow this prediction, 

which is also the case o f  our films.
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Chapter 6 D ep osition  and in vestiga tion  o f C o F e 204  film s

The Ms value o f the CoFe204films grown in IT external magnetic field was rather 

different from that when grown without magnetic field. The largest saturation 

magnetisation o f  80Am /kg was observed tor the film, grown at 600°C. This value is 

larger than the one obtained for the films grown at 600°C, but without external magnetic 

field. This is in good agreement with the results o f Fe304 films, where an enhancement o f 

Ms values was obtained for the films grown in IT extemal magnetic field as compared to 

those grown without extemal magnetic field. However the saturation magnetisation o f 

CoFe204 grown at other deposition temperatures in extemal magnetic field was even four 

times smaller (another exception is a films grown at 700°C, which has both Ms values o f 

!4 o f the bulk value with slightly larger Ms value when grown in extemal magnetic field), 

than when films are grown without extemal magnetic field (Figure 6.9, red symbols).

We also found that the trend for Ms in IT field is very similar to the trend in 

thickness shown in Fig.6.1. It is quite possible that the effect o f extemal magnetic field 

depends on the thickness o f CoFe204 films.

8 0 -

7 0 -

6 0 -
D£

5 0 -
'e
<  4 0 -

s 3 0 -

20 -

1 0 -

500 550 600 650 700

Tdep, (°C)

Fig. 6 .12 M s o f  C oFc204  grown at different deposition temperature with and without extem al 

m agnetic field

Like for Fc304 films, the enhancement o f the magnetic properties was expected 

for the CoFe204 grown in extemal magnetic field. As opposite, significant reduction o f 

magnetic properties o f  CoFe204 is achieved when films are grown in extemal magnetic 

field for all deposition temperatures except 600“C. It is hard to explain such magnetic 

field effect. The hysteresis loops o f  CoFez04 and the influence o f the extemal magnetic
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field on m agnetic properties o f  the films grow n at different deposition tem peratures can 

be seen in Figure 6.13.

One can see that all C oFe204  films have high coercivity. The coercivity  value 

does not seem  to change drastically  with the applications o f  external m agnetic field. 

Film s grown at 500°C had the largest coercivity, w hich then decreased w ith increasing 

deposition tem perature. Sim ilar behaviour was observed for C oFc204  films grow n by  sol- 

gel and PLD m ethods J.P. Z hou et al. found the opposite, w here the increase in He 

w ith deposition tem perature was attributed to a high planar stress caused by  the therm al 

expansion m ism atch betw een C oFe204  and substrate High coercivities in CoFe204  

are know n to arise due to the stress induced by  substrate lattice m ism atch. In fact, our 

film s grow n at low er deposition tem peratures have larger stress as calculated fi'om a 

lattice param eter values than those grown at h igher deposition tem peratures, thus the high 

He values are expected.
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Chapter 6 D eposition and investigation o f  C oFc204  films

The coercivity values at higher deposition temperature could also be reduced due 

to larger crystallite size (over 40nm). This effect was already discussed when studying 

coercivity changes in films grown with different Co concentrations in precursor solution, 

in spite o f  the fact that parallel H( is rather large for all films, perpendicular H( is always 

larger, so even larger He values are expected when magnetic field is applied 

perpendicular to the film surface. In this work the hysteresis loop o f  CoFe2 0 4  with 

magnetic field applied in perpendicular and in plane directions were also measured. The 

results are shown in Figure 6.14. The in plane and perpendicular coersivity has the same 

value (2140 Oe) and hysteresis curve shows similar shape. In several works it was 

suggested that this occurs due to the randomly orientated easy axes o f  the ferrite films, 

because the CoFc2 0 4  films were grown without any preferred growth direction 

Yet, this suggestion cannot be applied for our films, since all films grown on AI2 O3 

substrate showed (111) preferred orientation. Basically, these results seem to indicate that 

the magnetic easy axis no longer lies on the film plane for the CoFe2 0 4  film. This effect 

in our samples is possibly caused by both magnetic anisotropy and shape anisotropy. The 

in plane direction is an easy magnetisation direction in consideration o f  the shape 

anisotropy. However, the hardest magnetic axis is along (110) directions, which is mainly 

parallel to the film surface in consideration o f the stress effects on the magnetic 

anisotropy
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Chapter 6 D eposition and investigation o f  C oFe204  film s

Table 6.5. Summary o f  the magnetic properties for CoFc204 films grown on AI2O3 and MgO

substrates at different deposition temperatures

A1203 Magnetic parameters
Specific (mass) 

magnetisation, a 
(AmVkg)

Magnetisation, 

Ms (emu/cni' or 

lO’A/m)

Remanence, Mr 

(emu/g or 

AmVkg)

Cocrsivc field, 

H(, (O co r lO"*!)

Magnetic 

moment per 

f.u.

500 81 430 25 2320 3.4

500, IT 18.7 99 7 3280 0.78

550 63.2 336 23 2650 2.65

550, IT 16.0 85 5.6 2150 0.67

600 65.6 348 32 2270 2.76

600, IT 80 423 22 1920 3.35

650 52.4 282 17 1800 2.20

650, IT 15.8 83 2.8 1800 0.67

700 16.4 89 6 1930 0.69

700, IT 17.5 94 4.6 1970 0.74

Tdep 600"C

MgO 45.3/43.6 240/234 2 .5/2.8 420/510 1.90/1.84

MgO, IT 40/49 213/265 2.5/3.5(201) 430/520

(60401)

1.7/2.08

AijOj,

repeated

63.8/19.7 340/105 19/6.6 2140 2.68/0.83

A I 2 O 3 ,

repeated,

IT

68.6/73.6 365/391 21/29(I6_L) 1780/2140,

(21401)

2.88/3.09

6 .3 .7 .2 .1 . Magnetic properties o f  CoFe204  on MgO substrate 

Hysteresis curve o f  CoFc2 0 4  grown on MgO substrate showed rather different 

shape from those grown on AI2 O3 . CoFc2 0 4  films had very small coercive fields o f  

approximately ~400-500 Oe when magnetic field applied parallel to the film surface. 

These He values are only half o f  that measured for bulk CoFe2 0 4  (-900  Oe) 

However, He value increased more than 11.5 times when magnetic field is applied 

perpendicular to the film surface. The He value for magnetic field applied perpendicular 

to the films surface increased to 6040 Oe as compared to only 430 Oe when field is 

applied parallel (Figure 6.15.a). Obviously, this signals that the hysteresis loops o f  

CoFc2 0 4  on MgO exhibit strong magnetic anisotropy with magnetic easy axis lying on
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Chapter 6 D ep osition  and in vestiga tion  o f C o F e 204  film s

the film plane. The anisotropic property has often been observed in strained structures. 

Lisfi et al. has found that the m agnetic anisotropy is sensitive to the film thickness in 

CoFe704  films on M gO Liu et al. also investigated the anisotropy induced by residual 

strain in CoFe204  pow ders A lthough, the m echanism  responsible for the strong 

m agnetic anisotropy o f  CoFe204  films is not yet well understood, the strain induced 

strong terrom agnetic behaviour has been found in m any m agnetic thin films such as 

((La,C a)M n0 3  and (La,Sr) MnOs W hen transition metal ions w ith an orbitally 

degenerate ground state, such as Fe^’̂ (3d^) o r Co^^(3d^) are incorporated into the ferrite 

lattice, the degeneracy o f  the ground state is lifted by the local crystalline field, the 

exchange interactions and the spin-orbit coupling, thus leading to energy levels which 

depend on the direction o f  m agnetisation. Such effects enhance m agnetocrystalline 

anisotropy and the anisotropy o f  the m agnetostricfion. Y. Suzuki et al. found very sim ilar 

perpendicular anisotropy in single crystalline CoFe204  films grown on M gO  substrate 

and explained his observations using m agneto-elastic theory H ow ever m ore m agnetic 

m easurem ents needs to be provided to evidence the dom inant role o f  strain in the 

observed m agnetic anisotropy o f  our films. Until then the possibility  o f  the o ther factors 

like shape anisotropy and antiphase boundaries influence cannot be excluded.

The effect o f  m agnetic field on m agnetic properties o f  C oFe204  films grown on 

MgO substrate was also studied. Figure 6.15b shows hysteresis curves to r tou r CoFc204 

films grow n at 600“C with m agnetic field applied perpendicular to the film plane, ft is 

noted that we found that m agnetic m om ent is reproduced for two films grow n in the same 

conditions during the sam e deposition process. At the sam e tim e the m agnetic moment 

was not reproduced for two films grow n in IT external m agnetic field during the same 

deposition process. This signals that it is very hard to judge i f  m agnetic field causes the 

increase o f  the m agnetic m om ent o f  C oFc2 0 4 . Further investigations are necessary in 

order to confinn  the m agnetic field effect on the m agnetic properties o fC o F e 204  films.
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Fig. 6 .15. a) Hysteresis curves for CoPe204  film s with m agnetic field applied parallel and 

perpendicular to the film surface, show ing huge m agnetic anisotropy effect; b)

6.4. Conclusions

In s u m m a ry , it w a s  s h o w n  th a t h ig h ly  c ry s ta l l in e  C o F c2 0 4  film s c o u ld  b e  g ro w n  

b y  P I M O C V D  te c h n iq u e . T o  th e  b e s t o f  o u r  k n o w le d g e  th is  is fo r  th e  first t im e  w h e n  PI 

M O C V D  w a s  a p p lie d  fo r  th e  g ro w th  o fC o F e 2 0 4  film s.

In o rd e r  to  fin d  th e  o p tim a l d e p o s itio n  c o n d itio n s  fo r  C o P e2 0 4  film s a  se r ie s  o f  

te s ts  w e re  c a rr ie d  o u t. T h is  in v o lv e d  d e p o s itio n  o f  th e  film s w ith  d if fe re n t  C o  

c o n c e n tra t io n s  in  p re c u rs o r  so lu tio n  and  a lso  d e p o s itio n  at d if fe re n t  te m p e ra tu re s  o n  tw o  

d if fe re n t  o f  s u b s tra te s  (h e x a g o n a l A l2 0 3 (0 0 0 1 ) an d  c u b ic  M g O  ( 111)). T h e  o p tim a l 

C o F e 2 0 4  g ro w th  w a s  a c h ie v e d  at 600"C w ith  30%  C o in  p re c u rs o r  so lu tio n . T h e s e  

d e p o s itio n  c o n d itio n s  re su lte d  in  a h ig h  q u a lity  C o P e2 0 4  film  w ith  s to ic h io m e tr ic  C o  

c o n te n t. U n d e r  th e s e  c o n d itio n s  film s p ro d u c e d  o n  AI2O3 s u b s tra te s  w e re  s in g le  

c ry s ta ll in e  an d  d e v e lo p e d  ( 111) p re fe r re d  o r ie n ta tio n . T h e  film s g ro w n  o n  M g O  

s u b s tra te s  w e re  e p ita x ia l. T h e  su rfa c e  m o rp h o lo g y  o f  th e  f ilm s  g ro w n  a t o p tim a l 

d e p o s itio n  c o n d itio n s  is v e ry  s m o o th  (R a  is in  th e  o rd e r  o f  ~ 0 .2n m ), w h ic h  is a  g o o d  

fa c to r  fo r  p ra c tic a l  a p p lic a tio n s  in  e le c tro n ic  d e v ic e s . T h e  la tt ic e  p a ra m e te r  o f  a ll film s 

w a s  s l ig h tly  s m a lle r  th a n  th e  a c c e p te d  v a lu e  o f ~ 8 .392A  fo r c u b ic  C o P e2 0 4 , m e a n in g  th a t 

a ll f ilm s  e x p e r ie n c e  o u t  o f  p la n e  c o m p re s s iv e  s tra in  an d  a c o rre s p o n d in g  in  p la n e  te n s io n  

re g a rd le s s  to  th e  d e p o s itio n  te m p e ra tu re  o r  su b s tra te . It is w e ll k n o w n  th a t  la ttic e  

m is m a tc h  in d u c e d  s tra in s  in  th e  fe rr ite  film s can  b e  re s p o n s ib le  fo r  la rg e  m a g n e tic
[341a n is o tro p ie s   ̂ \

T h e  m a g n e tic  p ro p e r tie s  o f  th e  film s s tu d ie d  as a  fu n c tio n  o f  C o  c o n c e n tra tio n  in 

p re c u rs o r  so lu tio n  sh o w e d  th a t s a tu ra tio n  m a g n e tis a tio n  s tro n g ly  d e p e n d s  o n  C o
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C hapter 6 D ep osition  and in v estig a tio n  c f C o F e 204  filn-s

concentration. T he saturation m agnetisation w as very low  for film s grown with \0°A Co, 

w hich  is related to poorer crystalline properties o f  those film s having inclusiors o f  

nonm agnetic Of-Fc203  phase. T he high presence 0 !-Fe203  is believed  to be responsible for 

sm all m agnetic m om ent o f  C oF e204  film grown with 10% Co. Film s grown with 20, 30 

and 40%  Co had much larger saturation m agnetisation, com parable to the bulk valuj for 

C oF e204  (~72Am ^/kg). The increase in saturation m agnetisation with Co concentration is 

due to an improved crystalline structure o f  the film s, w ith all film s d isplaying Co content 

c lo se  to stoichiom etric. T he coercivity  o f  the film s grown at different Co concentntion  

w as largest for the film s grow n with 40  and 10% Co in precursor solution. The variction 

in coerciv ity  values in our film s is m ost likely  to be related to the com bination o f two 

factors. First factor is a lattice m ism atch induced stress in the film s w hich  is larges for 

the film s grow n with 10 and 40%  Co and is w ell known to significantly increase the 

coercivity . T he second factor is possib ly  related to the s ize  o f  the crystallites, as it was 

show n previously in several reports that C oFc204  film s with larger crystalites

have reduced coercivity. C onsequently, C oF e204  film s grown with 20 and 30%  Co, 

w hich have larger crystallites o f  around 40nm  and sm aller stains show  sm aller coerci /ity. 

Film s grown w ith 10 and 40%  Co, how ever have larger coercivity  due to larger stress and 

sm aller crystallites.

The m agnetic properties o f  C oFe204  film s studied as a function o f  d ep ostion  

temperature revealed that saturation m agnetisation decreases with depostion  

temperature. T he largest saturation m agnetisation value w as obtained for the film  gr>wn 

at 500°C . The in plane coerciv ity  value w as largest for the film s grown at 500°C  and 

55 0 ”C. H igh Hc' in those film s is associated with the large lattice mism atch induced 

stress. T he m agnetic m easurem ents o f  the film s performed with m agnetic field applied in 

plane and out o f  p lane directions revealed that coercivity o f  the film s is alm ost the same. 

This suggests that m agnetic anisotropy in our film s grown on AI2O 3 substrate is not 

pronounced. T his effect is m ost likely caused by both m agnetic and shape anisotropy in 

the film s.

Very unexpected results w ere obtained w hen grow ing C oFc204  in IT external 

m agnetic field. The m agnetic field effect w as opposite to that observed in Fe304  fim s. 

The significant reduce (alm ost four tim es) o f  m agnetic m om ent is found w hen films are 

grow n in external m agnetic field. The exception  is the film  grown at 600'’C, w hich  tave  

sligh tly  larger saturation m agnetisation when grown in external m agnetic field. T he nlm  

grow n at 700°C also has slightly  larger saturation m agnetisation, but the actual value s  so
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Chapter 6 Deposition and investigation o f  C oFc204  film s

sm all that the effect can be neglected. It is not quite clear w hy the external m agnetic field 

caused the drop in saturation m agnetisation o f  CoFc204 films and not an increase as was 

observ'ed for Fe304.

T he m agnetic properties o f  CoFc204 films prepared at 600"C are d ifferent when 

grow n on M gO substrate. First o f  all, the saturation m agnetisation is - 1/3 tim es sm aller 

than that o f  CoFe204 on AI2O3 even though the films w ere grown during the sam e 

deposition process. Secondly, the hysterisis o f  the films on M gO is m ore than four tim es 

sm aller w hen m agnetic field is applied parallel to the film surface. At last, in the contrast 

to the films grow n on AI2O3 the m agnetic properties o f  CoFc204 on M gO substrate have 

very large out o f  p lane anisotropy with m easured coercive field o f  m ore than 6000 Oe. 

The large anisotropy and slightly low er saturation m agnetisation o f  the films on M gO is 

attributed to the strains in the films and possibly to the presence o f  antiphase boundaries, 

w hich are very com m on for epitaxial Fc304 films.

D ifferent m agnetic properties are found for CoFe204 prepared at 600"C on MgO. 

First o f  all, the saturation m agnetisation o f  those films is about 1/3 tim es sm aller than 

found for the films on AI2O3. M oreover, the in plane coercive field o f  the films on M gO 

is m ore than tour tim es smaller. Finally, films grown on M gO substrate show ed huge out 

o f  plane m agnetic anisotropy with coercive field o f  m ore than 6000 Oe to r m agnetic field 

applied perpendicular to the film plane. The reduced saturation m agnetisation and large 

anisotropies o f  the films grown on M gO are m ost likely to be due to the strains in the 

lattice and the presence o f  antiphase boundaries very often reported for the Fc304 films 

and discussed in C hapter 5 .

The effect o f  external m agnetic field on m agnetic properties o f  CoFc204 on M gO 

substrate tested on two sam ples is not very clear. For one sam ple the increase in 

saturation m agnetisation is found w hen grown in extem al m agnetic field. H ow ever, the 

slight decrease in saturation m agnetisation is found for the second sam ple grown in 

extem al m agnetic field. This m eans that reproducibility o f  m agnetic properties o f  

CoFe204 films is poor.

To sum m arise, w e have shown that extem al m agnetic field applied during the 

growth o f  CoFc204 films on AI2O3 and M gO substrates can be achieved. This could be 

effectively used to r future practical applications, by em ploying films with large saturation 

m agnetisation and also large coercive fields. However, the effect is not only “positive” 

but also “negative” , resulting in the decrease o f  saturation m agnetisation. To check 

reproducibility o f  m agnetic properties it is necessary to produce large num bers o f  the
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films under the same deposition conditions and measure its magnetic properties. In order 

to understand what triggers “negative” magnetic field it is necessary to produce a larger 

series o f  the films under different deposition conditions and also investigate their 

magnetic properties.
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Chapter 7: Conclusions and Future Work
7.1. Conclusions

In this work we have prepared and investigated a number o f  magnetic oxide 

materials, which could have potential applications in a new generation o f  spintronic 

devices.

We have demonstrated that PI MOCVD technique offers a great potential for 

the preparation o f  wide range high quality oxide thin films. Together with the ease o f  

use and low cost PI MOCVD has a great advantage over more complex and expensive 

thin film preparation techniques.

The new PI MOCVD equipped with IT external magnet was developed in this 

work. This gave us the possibility for the first time to study the effect o f  external 

magnetic field on the structural and magnetic properties o f  the films.

Extensive studies have been performed on Co-doped ZnO films. It was shown 

that films grown on AI2 O3 (0001) and AI2 O 3 (H 02) substrates by PI MOCVD exhibit 

room temperature ferromagnetism and found to be highly anisotropic. The films 

doped with 1% Co in precursor solution showed the largest ferromagnetic moments 

reported for this system to date. The absence o f  metallic Co clusters as confirmed by 

XRD and XPS studies together with monotonic decrease o f  magnetic moment with 

Co concentration all suggest the intrinsic origin o f ferromagnetism in Co-doped ZnO 

films.

We have also successfully prepared Cr-doped In2 0 j films and studied their 

magnetic properties. We found that all films prepared on AI2 O 3 (0001), but not on 

AI2 O3 (1102), at different temperatures were room temperature ferromagnetic when 

doped with 2% Cr in precursor solution. All films were found to be highly anisotropic 

with largest saturation magnetisation found when magnetic field is applied 

perpendicular to the film plane. The magnetic moment o f  Cr-doped In2 0 3  films was 

found to slightly decrease with time and then stabilised after some certain period. This 

is different to what was previously found for Co-doped ZnO films where the 

saturation magnetisation was monotonically decreasing with time. The absence o f  the 

secondary ferromagnetic phases also proposes the intrinsic nature o f  room 

temperature ferromagnetism in Cr-doped In2 0 3  films. The annealing o f  the films in 

vacuum revealed that there is no correlation between conductivity and 

ferromagnetism o f  the films as opposite to the proposed in All this suggests that
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the proposed mechanism o f  carrier-mediated magnetism in Cr-doped In203 films 

cannot be fully applicable for our PI MOCVD grown films.

The studies o f  the external magnetic field effect on m.agnetic properties o f  

oxide based DMS have also been examined. Unfortunately the expected enhancement 

o f  magnetic properties in Co-doped ZnO films and Cr-doped In203 films has not been 

achieved. We also have not found any significant effect o f  magnetic field on the 

structural or crystalline properties o f  the films. Moreover, sometimes it was very hard 

to reproduce the earlier obtained magnetic moments in the films even upon 

application extemal magnetic field. All these suggest that the reproducibility o f  the 

magnetic properties in oxide based DMS systems is still a big issue and drawback for 

the possible application o f  these oxide based DMS in spintronic devices. However, in 

overall we have found evidence for an intrinsic origin for the feiTOmagnetism in 

studied Co-doped ZnO and Cr-doped ln203 films. The observed ferromagnetism 

cannot be fully explained in conventional terms, thus a novel theoretical explanation 

is urgently needed.

We have also successfially prepared high quality ferromagnetic Fc304 and 

CoFc204 films using PI MOCVD technique. The structural and crystalline properties 

o f  the films were studied when films are prepared without and in extemal magnetic 

fields. We found that calculated average particle size slightly smaller when films are 

grown in extemal magnetic field. Moreover, the magnetic properties o f  the films were 

also found to strongly depend on the presence o f  the extemal magnetic field. Very 

promising results were achieved for Pe304 films grown in extemal magnetic field with 

all films showing the enhancement o f  the magnetic moment. With some exceptions 

the opposite magnetic field effect causing the reduction o f  the magnetic moment was 

found in CoPe204 films grown in extemal magnetic field. We believe that it is also 

possible to achieve the positive magnetic field effect in CoFc204 films by testing 

under different deposition conditions.

To conclude, it has been shown that extemal magnetic field could be 

successfiilly utilised during the MOCVD growth o f  Fe304 and CoFe204 films to tune 

their magnetic properties. We believe that this approach can be useful for the 

preparation o f  various spintronic devices.
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7.2. Future work

The future work will include ftirther research on oxide based DM S and 

magnetic oxides. W e plan to investigate the effect o f  extem al magnetic field on 

structural and magnetic properties o f  the films over wide range o f  deposition  

conditions. W e expect to find certain deposition conditions when CoFe2 0 4  films 

grown in magnetic field would exhibit an improvement o f  magnetic moment rather 

than earlier found decrease. We also plan to develop Mn3 0 4  and C03O4 thin films and 

investigate their magnetic and structural properties in extemal magnetic field over 

w ide range o f  deposition conditions.

We also aim to increase the strength o f  extemal magnetic field (to use stronger 

magnets), thus expecting to observe even larger magnetic field impact on the 

magnetic properties o f  the films.

7 .2 .1 . Preparation o f M n 304  film s

The success o f  enhancement o f  saturation magnetization in Fe3 0 4  and 

CoPe2 0 4  films when grown in extemal magnetic field has been encouraging. One o f  

the future challenges will be to study the effect o f  extemal magnetic field in 

antiferromagnetic systems.

Mn3 0 4  (hausmannite) is an antiferromagnetic oxide with its ferrimagnetic 

Curie point at ~42K . By applying the extemal magnetic field during the growth o f  

Mn3 0 4  films w e expect tune its magnetic properties. Preliminary studies carried on 

Mn3 0 4  have showed that films can be successfully grown in PI M OCVD reactor over 

wide temperature range o f  550-850°C. Two different Mn precursors: Mn(tmhd ) 3  

synthesized in Trinity College and Mn(acac)2H0C2H4N]Vle donated by SLU 

(Uppsala) in Sweden, were tested for the preparation o f  Mn3 0 4  films. The resultant 

films were prepared in and without extemal magnetic field. W e found that Mn3 0 4  

films have developed good crystalline quality with (101) preferred orientation 

independent on precursor type or magnetic field. Figure 7.1 shows preliminary XRD  

studies o f  Mn3 0 4  films grown at 600”C on AI2O3 (0001) substrate.

Preliminary studies o f  the surface morphology o f  the films grown in and 

without magnetic field have been also preformed (Figure7.2.). Even though w e found 

that for the films grown at 600"C the surface morphology does not change visibly  

with the application o f  extemal magnetic field w e expect that saturation magnetization
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o f  the films could be tuned. For this reason systematic studies o f  crystalline, structural 

and magnetic properties o f  Mn304 films are planned to be carried out in the fiature.

Tdep 600 Mn(tmhd)

CO-4—'
c

oo
D)
O

c nc
0

Mn(acac) HO H NMe
Mn(tmhd)

Fig. 7.1. X-ray diffraction patterns o f  M n3 0 4  film s grown at 600”C on AI2O 3 (0001) substrate 

from tw o different precursors show ing similar crystalline quality independent on the precursor 

choice or presence o f  external m agnetic field

SE 1 5 -A p r -0 8  72156  W D 9 .2 ix n  5 ,  OkV x 2 S k  2uni SE 1 5 -A p r-O 0  72157  W D '^ .lrcn  S .0 k V ; i2 £ k  * 2«in

Fig. 7.2. SEM  micrographs o f  M n3 0 4  film s prepared in (right im age) and without (left im age) 

external m agnetic field (IT ), show ing similar surface m orphology

7.2.2. Preparation o f C0 3 O4 films

An antiferromagnetic oxide that is planned to be studied is C03O4 with Neel 

temperature o f  ~ 3 0 K. We have already prepared several C03O4 samples by PI
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M O C V D  in and w ithout external m agnetic field. O ur prelim inary XRD studies have 

show ed that all films have developed good crystalline quality show ing (111) preferred 

orientation (Figure 1 .3 . ) .  The prelim inary SEM  studies perform ed for the films grown 

in and w ithout extem al m agnetic field are given in Figure 7.4.

W e hope that by carefully testing  and selecting different deposition 

conditions the crystalline, structural and m agnetic properties o f  C 0 3 O 4 films could be 

possibly tuned by  extem al m agnetic field.

8
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1T

CN
CM
CM

CO
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CO6

Tdep 5002

Tdep 550
0
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20,D

Fig. 7 .3 . X-ray diffraction patterns o f  C03O4 films showing good crystalline quality, 

independent on the presence o f  external magnetic field

500‘’C,0T 500‘’C, IT
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5 5 0 ^ ,0 1  550”C, IT

Fig. 7.4. SEM microhraphs o fC o 304  film s prepared in and without external magnetic field

We expect that our approach to growth oxide films by PI MOCVD in external magnetic 

can be utilised to prepare a number o f  various magnetic oxide based materials with controlled 

magnetic properties. We believe that in the long term this research will contribute usefijlly to 

lurther development o f  MOCVD technology and new oxide based magnetic and electronic 

devices.
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Chapter 8: Appendices

A p p e n d ix  1: AFM  images ofC r-doped  In2 0 3  films deposited on AI2 O 3 (0001) substrate 
at different deposition temperatures

550°C 600°C
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Appendix 2: AFM  im ages ofC r-doped Iri203  films deposited on AI2O3 (1120) substrate 
at different deposition temperatures

550°C  600°C
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Appendix 3: SEM micrographs o f  Fc3 0 4  films on AI2O3 (0001) grown at 550”C in Ar 
atmosphere with different number o f  pulses
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